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Abstract

Maturation of projection neurons

in the visual cortex of the rat

Ekkehard M. Kasper

St. John's College, D.Phil Thesis, October 1991

A variety of in vitro brain slice preparations were employed to study the development
of electrophysiological and morphological characteristics of pyramidal neurons from

layer 5 of the rat visual cortex.

By combining conventional intracellular recording techniques with intracellular dye
injection into neurons which were back-labelled from their respective target, it was
possible to demonstrate a correlation between the intrinsic electrophysiological
properties and the morphology of projection neurons. Superior colliculus projecting
neurons fired action potentials in a burst-firing pattern whereas interhemispheric
projecting neurons fired action potentials in a regular spiking pattern. Both groups

differed also in the morphology of their dendritic arborizations.

A developmental study of the physiological properties of morphologically identified
layer 5 neurons demonstrated that subthreshold properties and characteristic action
potential parameters of these neurons change progressively during the early postnatal
period. Membrane time constants and input resistances changed to lower values and
action potentials became higher, faster and thus briefer. No burst-firing patterns were

found in early developmental stages.

Using intracellular injection of Lucifer Yellow in fixed slices, it was then shown that
superior colliculus (SC) projecting neurons and interhemispheric (CLH) projecting
neurons differ significantly in their morphology already early in development. SC-
nneurons have more basal dendrites which give rise to more branches and total tips than

neurons projecting to the CLH.
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Historical Introduction

The early days of neuroscience :

It is not easy to determine who actually first saw a neuron in the cerebral cortex
as we might think of it today. It most probably was the microscopist Ehrenberg, who
was aware of single neurons in cortex preparations from animals as well as from man,
but he referred to them as "granules" or "globules" (1833, 1836) and did not publish
any specifying illustrations. Shortly thereafter Valentin (1836) and Remak (1841) gave
more elaborate descriptions of what they called nucleated "ganglion bodies"” with
Remak also mentioning what we know to be myelinated fibres which he felt were -
continuously arising from processes of the ganglion cells of the cortex. The
morphological term "pyramidal” was subsequently introduced by von Kolliker (1849),
who described cells from unstained material of deeper parts of the human cortex. He
was also the first to affirm that nerve fibres were the continuation of nerve cell
processes, although it was not yet possible to demonstrate it then. The definite
statement was made several years later by Deiters (1865).

In those early years of cellular neuroanatomy Berlin (1858) was the first one to describe
observations indicating that the cortex is organized in layers as well as the fact, that it is
composed of different cell types which he called pyramidal, granular and fusiform,
although he might have chosen these names with reference to von Kolliker (1852), who
had used such descriptive terms as "triangular, round and spindle cells" as well as

"pyramidal” cells for neurons in the cortex .



Cortical lamination :

The first systematic description of layering in the cortex was made by Meynert
(1867-1872), who studied tissue of animals and man. He distinguished a common type
of stratification that was five layered and was discernible in most parts of the human
cortex. He described an outer "neuroglia layer" with only a few angular nerve cells, a
second layer of small pyramidal cells , a third layer of large pyramidal cells, a fourth
layer of multiform and granular cells and a fifth layer containing large but short
pyramidal cells and deeper located spindle-shaped cells. His fifth layer thereby includes
both our layers 5 and 6. Meynert was also in a position to detect what he called
projection fibres and association fibres entering and leaving the cortex, clearly showing
continuity with the processes (axons) arising from pyramidal cells.

The next important step ahead was the series of studies carried out by Lewis as
well as Clarke, his collaborator, on the comparative structure of cortex in man, sheep
and cat (1878). Lewis noted that the motor cortex was five layered, but concluded that
fundamentally the cortex should be regarded as six layered. The idea of six layers as the
basic pattern of cortical stratification became firmly established in the literature as a
result of its adoption by the Vogts (O.Vogt, 1903; C.and O.Vogt, 1919) and their pupil
Brodmann (1903, 1909, 1912), who believed that it showed the fundamental
evolutionary as well as embryological scheme of cortical organization. Most of this
work was done on Nissl stained material, although the subsequently adopted
nomenclature relating to the fibre lamination emerged as a result of new methods for
fibre staining, used by the German school (Mauss, 1908; Vogt and Vogt, 1919;
Edinger, 1896; Flechsig, 1898) but also others (Campbell, 1905; Bechterew, 1894;
Ramon y Cajal, 1909-1911). The myelin stains were naturally not suitable to add any

information about cellular morphology.



Morphology of individual cell types :

It is important to mention that the variety of cell types was only recognisable as a result
of the application of new methods such as the .methylene blue (Ehrlich 1868) or the
Golgi stain (Golgi 1873), whicﬁ also brought to light the extent of ramification of
individual cells. Golgi himself had applied the silver method to the cerebral cortex
around 1883, when he described both pyramidal and nonpyramidal cells in some detail
(1884, 1885, 1886, 1894). The most revolutionary observation he contributed thereby
(according to Cajal 1954) was probably the fact that the processes of cells did not form
anastomoses, but ended freely. He also distinguished for the first time clearly between
axons and dendrites, a notion he took up from earlier work by Deiters. Other eminent
studies on the cortex were done by Ramon y Cajal (1891,1894), Retzius (1893, 1896)
and von Kolliker (1896).

The most important contribution to the field made by a single person is without any
doubt the work of Ramon y Cajal. He classified cells as belonging to one of two basic
categories named "pyramidal cells" and "cells with short axons" (1911) and recognised
the similarity of all pyramidal cells of all layers. Nevertheless he also detected
differences amongst them such as for example the considerable variation of the
branching pattern of the dendritic tree depending on the layer in which the soma of
observed cell was located in. The section on cortex in his final work about the nervous
system ends thus: "One thing is certain: classification of the manner of connection
between the innumerable centrifugal and centripetal, terminal and collateral branches
emanating from thalamic, callosal and association fibres constitutes at present an
overwhelming problem. In it many generations of future neurologists will put in their

sagacity and their patience to the test".



Chapter 2:




General Introduction :

2.1 Structure and organisation of n m:

the development of pyramidal neurons

in the visual cortex of the rat

Neurons of the neocortex can be assigned to various classes according to
distinctive anatomical details (Golgi, 1909; Ramon y Cajal, 1911; for an extensive
description see Peters and Jones, 1984). In recent years it has been shown that the same
is possible with respect to electrophysiological features (e.g. Connors et al., 1982;
Connors and Gutnick, 1984; McCormick et al., 1985; for reviews see Peters and Jones,
1984; Connors and Gutnick, 1990). Another way of grouping cells has emerged from
investigations of the circuits in which cells are involved. Using various tracing
techniques and employing lesion studies it has been be demonstrated that neocortiéal
neurons project to a variety of targets. The following general principle emerged
throughout the last two decades from studies on mammals: projections from the smaller
supragranular cells located in the upper part of layers 2/3 tend to be intrahemispheric
(cortico-cortical cells projecting ipsilaterally), whereas the axons of cells with somata
located in layer 3 tend to be interhemispheric (cortico-cortical cells projecting
contralaterally). However, no rigid size or sublaminar separation of the parent cells of
these different projections could be found (for review see: Jones, 1984). In addition to
these supragranular intracortical projections found in all mammals studied so far, only
rodents seem to possess a significant number of callosally projecting cells in the

infragranular layers (Wise and Jones, 1976; Diirsteler et al., 1979).



Neurons from the infragranular cortical layers project to a variety of targets,
partly cortical, but mainly subcortical, such as the contralateral hemisphere, the superior
colliculus, the pons, the spinal cord, the claustrum, the lateral geniculate nucleus. This
has been shown for various species including the rat (e.g. Nauta and Bucher, 1954,
Miller, 1986a, 1988b; Miller and Vogt, 1984b; Legg et al., 1989; the cat (e.g.
Holldnder, 1974; Gilbert and Kelly, 1975; Magalhaes-Castro et al., 1975; Katz, 1987);
and some monkeys (e.g. Graham et al.,1979, Lund et al., 1975); for review see

Swadlow, (1983); Jones, (1984).

Nevertheless it is still unclear whether those classes defined on the basis of
neuronal morphology, electrophysiology or circuitry bear any functional significance.
One of the greatest problems in studies of neurons from the mammalian central nervous
system (and in particular cortex) is the large number of anatomical or physiological
features which can be used to classify neurons as belonging to particular subclasses.
Attempts have been made to correlate receptive field types such as simple and complex
with different morphological cell types in the cat (Gilbert and Wiesel, 1979; Martin and
Whitteridge, 1984). Other studies tried to correlate the orientation of dendritic fields of
neurons within the cortex with visual patterns the animal has experienced under certain
rearing conditions (Coleman et al., 1981). Nevertheless it is very difficult to assess the

biological significance of such a finding and consequently of the subdivision.

One way to avoid epiphenomenal classification, not reflecting any biological
functional implications, is to look for correlations between several characteristic features
within a given population of neurons. This can be achieved by the combination of

experimental techniques which allow the simultaneous investigation of several aspects of



neuronal form or function. This has been done to link questions concerning single cell
morphology with questions concerning circuitry. Other studies have linked the
investigation of physiological properties with simultaneous investigation of
morphological aspects of the cells studied (e.g. Deschenes et al., 1979; Larkman and

Mason, 1990).

Pyramidal cells are the predominant cell type in the six-layered rat visual cortex
and account for up to 90% of the entire neuronal population in adult animals (Peters and
Kara, 1985; Peters et al., 1987; Winfield et al., 1980). Using an interdisciplinary
approach as mentioned above, it was demonstrated that pyramidal cells even within a
given layer of neurons can show distinct morphological features which are correlated
with their site of projection in rat (Schofield et al., 1987; Hallman et al., 1988; Hiibener

and Bolz, 1988) and also in cat (Katz, 1987).

From those studies it could be concluded that, for example, cells projecting to
the superior colliculus are of the large type found in layer 5 and they all have an apical
dendrite which ascends towards the pial surface and arborizes to form a terminal tuft in
layer 1. In contrast, cells projecting to the contralateral hemisphere via the corpus
callosum, which are also found in layer 5 of the rat cortex, are smaller in size and have
an apical dendrite that tapers in most cases below the upper border of layer 2/3 or within
one of those layers and does not form a terminal arborization in layer 1. Similar findings
have been reported for other rodents (Klein et al., 1986; for hamster), the rat (Hiibener
and Bolz, 1988), the cat (Buhl and Singer, 1989) and monkeys (Lund et al., 1975;

Valverde, 1985).

In addition to these obvious differences in neuronal morphology it has been



reported that pyramidal cells of the visual and somatosensory cortex of various species
have different characteristic intrinsic electrophysiological properties (Connors et al.,
1982; Staftstrom et al., 1985; McCormick et al., 1985; Connors and Prince, 1990;
Larkman and Mason, 1990: Mason and Larkman, 1990). One striking difference was
whether cells fired distinctive bursts of action potentials or steady trains in response to
injected depolarizing suprathreshold current pulses (Connors et al., 1982; Schwindt at
al., 1985; McCormick et al., 1985; Kriegstein et al., 1987; Mason and Larkman, 1990;

Chagnac-Amitai et al., 1990).

In this thesis experimental results are presented which demonstrate that another
step can be made in correlative studies, by combining retrograde labelling techniques
with conventional electrophysiological techniques for intracellular recording and dye-
injection. This combination allowed the investigation of pyramidal cells belonging to
particular classes of cortical projection neurons and made it possible to examine
simultaneously whether there is a correlation between the intrinsic electrophysiological

properties, the individual neuronal morphology and the projection site.

2.2 The development of central neurons :

Several previous studies have attempted to describe the maturation of pyramidal
cells using intracellular recording techniques for physiological changes (McCormick and
Prince, 1987; Kriegstein et al., 1987) or staining methods for anatomical analysis
(Juraska, 1982; Miller, 1981, 1984a, 1985, 1986, 1988; Petit et al., 1988).
Nevertheless there is an important aspect that has largely been ignored in previous

studies: neurons that are finally located in different cortical layers are generated at



different birthdates during cortical ontogenesis. The cells whose final destination is in the
infragranular layers are generated and in place much earlier than the cells destined for the
supragranular layers. Thus at any one time during the early postnatal period there are
cells of various developmental stages present in the cortex, a situation that can confuse
developmental studies. Because the process of laminar and cellular differentiation are so

closely linked I shall first give a brief review of the period of corticogenesis.

2.3 The generation of the cerebral cortex :

The laminae of neurons in the mammalian cerebral cortex are derived from the
cortical plate, a histological entity consisting of postmitotic neurons. This transient
structure exists throughout the migration period of neurons in early differentiating stages
at the beginning of corticogenesis (see Boulder Committee, 1970; Caviness, 1982;
McConnell, 1988). The neurogenesis proper takes place in the so-called ventricular zone
(Sauer, 1935; Fujita, 1963, 1964; Berry, 1974; Shimada and Langman, 1977), a
pseudostratified epithelium that forms the walls of the cerebral vesicles at the very
beginning of forebrain development. More recent evidence indicates that projection
neurons and local circuit neurons are generated at the same time (Miller, 1985). Cohorts
of postmitotic neurons leave the ventricular zone to migrate along guiding radial glial
cells (Rakic, 1970; Butler and Caley, 1972; Sidman and Rakic, 1973; Caviness and
Rakic, 1978; Rakic, 1988) towards the pial surface to stop their migration and thereby

form the cortical plate (e.g. Hicks and D'Amato, 1968).

After the first "wave" of generated neurons is positioned within the cortical

plate, the following "wave" of neurons will settle progressively more superficially



(closer to the pia). This creates an "inside out sequence" of positioning in which the
earlier generated cells occupy the deeper layers of the emerging laminar structure and the
later generated cells form the more superficially located layers (Angevine and Sidman,
1961, 1962; Berry et al., 1964). However, prior to the appearance of the cortical plate, a
primordial plexiform layer or "preplate"is formed by a group of early generated neurons
(Marin-Padilla, 1971, 1972). This is later split into the prospective cortical layer 1 and
the subplate, probably including layer v6b in the rat (see Luskin and Shatz, 1985; Chun
and Shatz, 1989; Bayer and Altman, 1991), this happening through the arrival of
neurons forming the cortical plate. Therefore layers 2-5 and the upper half of layer 6 of
the adult cerebral cortex are derived from the cortical plate, whereas layer 1 and the lower

half of layer 6 are considered to be derivatives of the primordial plexiform layer.

This "inside-out sequence” of neurogenesis of cells settling in the cortical plate is
typical for both projecting neurons and local interneurons (Miller, 1985) although the
two classes of neurons are considered to be derived from separate progenitor cells (Price

and Thurlow, 1988; Luskin et al., 1988).

The anatomical development of pyramidal cells from the rat cerebral cortex has
been previously investigated in a number of studies using techniques for either the light
microscope, the electron microscope or both (e.g. Ramon y Cajal, 1911; Eayrs and
Goodhead, 1959; Berry and Rogers, 1965; Berry, 1974; Parnavelas and Lieberman,
1979; Miller, 1981; Miller and Peters, 1981; Juraska, 1982; Juraska and Fifkova, 1979a;
Petit et al., 1988; see reviews by Jones, 1981; Miller, 1988b). Despite the ever
increasing amount of data available concerning the anatomical maturation of single cells,
the intrinsic physiological changes occurring throughout the same postnatal period have

received comparatively little attention. This is most probably due to the great number of



technical difficulties the experimenter faces in such investigations. Therefore the bulk of
available physiological observations is concerned with either extracellular single unit
recording or evoked potentials in response to central or peripheral stimulation
(Huttenlocher, 1967; Mathers et al., 1974; Verley and Axelrad, 1975; Verley, 1977;
Schwob et al., 1984; see also Fregnac and Imbert, 1984) or cortical encephalography
(Purpura, 1969; Snead and Stephens, 1983). In vivo studies have provided useful data,
primarily on the development of synaptic potentials in these cells (Purpura et al., 1965;
Purpura, 1969) but they were not successful in showing the developmental changes
involved in the generation of action potentials. There are only two more recent studies on
the topic employing intracellular recording techniques extensively in vitro (McCormick
and Prince, 1987; Kriegstein et al., 1987). Both groups investigated the development of
properties in neurons from the somatosensory cortex but neither of these studies
differentiated between subsets of neurons: they pooled cells from all cortical layers rather
than focusing on a particular subset of neurons. This approach suffers from two major
disadvantages. First, data from cells at different maturational stages will be pooled at
each time point. Second it ignores the differences that are known to exist between
different types of neurons in different layers and even within the same layer (see e.g.

Larkman and Mason, 1990; Mason and Larkman, 1990).\

I therefore wanted to describe developmental changes of neurons from within a
single layer. I decided to limit the experiments for this study to the investigation of
pyramidal cells from layer 5 of the visual cortex because those cells are generated
relatively late in the gestation period - around embryonic day 16/17 (Berry et al., 1964;
Berry, 1974; Briickner et al., 1974; Bayer and Altman, 1991) - and reach a
distinguishable layer of destination at around p3 (see below). Because pyramidal cells
start their main differentiation period only after having arrived in their correct laminar
position, this provides the investigator with a situation in which a considerable part of

10



the maturation process can be studied postnatally.

To avoid pooling of cells in different stages of the maturation process it is
necessary to record exclusively from cells in one particular layer. This is possible with a
technique which combines electrophysiological as well as histological methods. The cell
type and the laminar localization of the soma was confirmed by visualizing the cell from
which recordings were taken. The simultaneous use of intracellularly injected tracers
such as HRP or Biocytin makes it possible to obtain anatomical and electrophysiological
data from the same neurons within a single experiment and yields further insight into

neuronal function (See Chapter 3).

2.4 Using the slice technique :

Since the establishement of the in vitro slice technique it has been widely
accepted as a valid tool for electrophysiological investigation (Lynch and Schubert,
1980; Schwartzkroin, 1981; Richards, 1981; Schurr et al., 1984). More recently, it has
also been used for anatomical studies (e.g. Buhl and Liibke, 1989; Buhl and Singer,
1989; Burkhalter, 1989) or combined morphological-electrophysiological investigations
(e.g. Larkman et al., 1988; Aghajanian and Rasmussen, 1989; Mason and Larkman,
1990). Nevertheless it should always be considered that the slice preparation creates an
artificial situation in which a region of relatively intact tissue is bounded by two layers of
damaged tissue. Therefore the structural and metabolic integrity of the slice might be
altered (for a review see Reid et al.,1988), although intact cells appear to be healthy as
can be judged by comparison with data collected from tissue in vivo (Bindman et al.,

1988; Reid et al., 1988).
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Within the last few years studies using the slice preparation have elucidated
many of the developmental changes of intrinsic physiological properties of various
principal neuronal cells (Llinas and Sugimori, 1979; Schwartzkroin, 1982;
Schwartzkroin and Kunkel, 1982; Gardette et al., 1985; Walton and Fulton, 1986;

Kriegstein et al., 1987; McCormick and Prince, 1987).

A study of layer 5 neurons is of particular interest because these neurons
project to a variety of targets including the superior colliculus (SC) and the contralateral
hemisphere (CLH) in rat. At least two distinct morphological types, which are correlated
with the projection target, have been identified for these cells (Klein et al., 1986;
Hallman et al., 1988; Hiibener and Bolz, 1988). Very recently it has been shown that
pyramidal cells in layer 5 can be subdivided into two groups according to whether they
display a burst-firing pattern or a regular spike-firing pattern, when depolarized to above
threshold (Chagnac-Amitai et al., 1990; Mason and Larkman, 1990). The distinct
response patterns are also correlated with a distinct morphological appearance. Therefore
it would be interesting to ask the question whether cells with different firing patterns

project to different targets and when this difference appears during development.

The aim of this investigation was to determine whether pyramidal neurons in
layer 5 of the visual cortex of the albino rat that project to the same target area exhibit
homogeneous electrophysiological properties and share common features of
morphology. I also wanted to study the development of electrophysiological properties
and morphology to see whether pyramidal cells follow a particular time table during

maturation in which physiological changes are correlated with simultaneous structural

changes.
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Both intracellular recording and staining techniques were used in combination
with a retrograde tracing technique to characterize the structure and morphology of
identified pyramidal neurons in living brain slice preparations. In addition, a fixed slice
preparation was employed to investigate the structure of projection neurons in the visual

cortex at early developmental stages in postnatal corticogenesis.
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Chapter 3:




Materials and Methods :

A variety of techniques were used for the work presented in this thesis which are centred
around the in vitro slice preparation. Because a number of technical procedures were
employed in each single experiment performed the main common procedures will be
described in detail in this chapter, whereas specific methods or analysis techniques relevant
to only one part of the study will be described in the appropriate individual chapters in more

specific terms.

3.1 Nissl study of the development of the visual cortex :

In the experiments carried out for the investigation of the development of electro-
physiological properties of pyramidal cells from the cerebral cortex (see Chapter 5)
individual cells or cell layers could not be resolved in the living slice preparation at the
time of the experiment. Therefore the location of layer 5 had to be established
beforehand by measuring the distance of layer 5 cells from the pia. To this end a set of
Nissl stained coronal sections was prepared from transcardially prefused animals of
different postnatal ages. From each age group (p3, p6, p9, pl2, p15, p18, p21 and
adult i.e.around p49) two animals of the average litter size were anesthesized either
with s.c. injection of sodium pentobarbitone (Sagatal, RMB 60mg/ml) if older than
one week or via prolonged hypothermia, if younger than one week. Sufficient depth of
anesthesia was assessed by ensuring that the animal did not show any response to

pinching one of its extremities. They were then perfusion-fixed as follows. The animals
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Figure 3.1:  Nissl-stained coronal sections of the visual cortex of the rat prepared

from animals of various postnatal stages : a) p3; b) p6 ) p12; d) p15; e) p18; f) p21

Each photograph shows the medial border of area 17 (towards area 18b) which is

approximately indicated on each plate by a black arrow on the pial surface. White arrows

indicate the depth at which impalements were attempted .

Note the following features in the plates shown:

a) No cortical layers can be distinguished at p3.

b) The superficial layers are not yet fully differentiated at p6 as can be seen by the
narrow band of high cell density close to the pia representnig the cortical plate.

c)-f) From the second postnatal week onwards layer S can always be recognized as

layer of a loosely packed neurons with relatively large somata.

Scale bare in f) =250um and applies to all plates; wm= white matter






Table 3.1 Age-related changes in cortical thickness.

AGE in postnatal days
Method Ps Py P;; Ps P, Adult
Golgi ° 290-500 400-700 550-850 650-1000 © 750-1100 850-1250
Nissl ~400 ~500 ~700 ~800 ~900 ~1000
In vitro * 10u 13u 17u 20u 22u 26u

* from Miller 1981,88

+ . . .
u=units as seen through a microscope equipped

with an eyepiece with graticules; lu=40um

The distance between pial surface and the grey matter/white matter border was measured
in living slices to determine the location of layer 5 with respect to the pia at each
developmental stage.

Coronal slices were stained for Nissl-substance to study the developing cytoarchitecture
and to delineate the borders between areas 17 and 18. The progressing differentiation of
layer 5 could clearly be seen in these preparations and is illustrated in the plates of Figure
3.1.

Impalements were attempted in a living slice preparation by choosing a region equivalent
to the values obtained from the Nissl study and to data from published litterature



were positioned on a foam-covered board ventral side up, the thorax opened and a
butterfly syringe needle of the appropriate size inserted into the left ventricle. The vena
subclavia dextra was cut open to serve as an outflow port. After an initial rinse with
sterile phosphate buffered 0.9% saline (pH 7.4) each animal was sequentially perfused

with several fixative solutions of different composition (see table below).

1. 4% paraformaldehyde in 0.1M phosphate buffered 0.9% saline
2. 10% paraformaldehyde in 0.1M phosphate buffered 0.9% saline (PBS)

3. 30% sucrose enriched10% paraformaldehyde in 0.1M PBS

After the final perfusate the animal was left for a few minutes to allow time for
afterfixation. The fixed brain then was removed from the skull and stored for 48 hours
in 30% sucrose-enriched 10% formalin in phosphate buffered 0.9% saline prior to
sectioning on a freezing microtome. This time was required to achieve an even sucrose-
infiltration within the tissue, which is important for smooth sectioning and
cryoprotection of the tissue during the sectioning procedure. Brains were embedded in
gelatine blocks for stabilization and then cut in S0um sections on a conventional sledge-
cryo-microtome (Leitz Kryostat 1400, Wetzlar). All sections taken from the occipital
polle were mounted on gelatinized (subbed) slides and subsequently stained using a
protocol for cresyl violet stain for Nissl substance (see appendix 1). From those
sections the depth of layer 5 cells was determined as the distance measured from the pia
at various postnatal stages (see Table 3.1 and Figure 3.1). Results were compared to
data from published litteratur on Golgi-material (Juraska and Fifkova, 1979; Miller

1981, 1984, 1988).
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Table 3.2 Fixative amounts used for
different postnatal stages.

transcardial perfusion of animals

of

POSTNATAL AGE IN WEEKS

PNW 1 PNW 2 PNW 3 Adults
0.9% PBS 25 40 75 100
4% PFA 100 175 250 350
10% PFA 25 25 50 50
10% PFA + sucrose 50 50 100 100

The sequentially used fixatives are listed on the left side. The PNW number indicates the
postnatal age of the perfused animal in weeks. |




3.2 Preparation_and maintenance of living slices :

Details of the technique for preparing and maintaining slices in an interface-type
chamber configuration have been given previously (Larkman et al., 1988; Mason and
Larkman, 1990; Larkman and Mason, 1990; Mason et al., 1990; Kasper et al., 1991).
A brief discussion of the advantages and disadvantages of the slice preparation for
combined morphological and electrophysiological studies is given in the appendix to

Larkman and Mason (1990).

3.2.1 The slicing procedure :

Wistar rats of the approriate age groups were deeply anesthesized via inhalation of
halothane (Fluothane, I.C.I) and decapitated. The brains were then rapidly removed
from the skull and placed in ice-cold artificial cerebrospinal fluid (ACSF) at about 2°C
for ca.3 min. The composition of the ACSF used throughout the preparation of slices

and the subsequent electrophysiological recording was :

constituent concentration in mM amount in gram/l
NaC(Cl 125.00 7.305
NaHCO, 26.00 2.184
KCl 2.30 0.171
KH,PO, 1.26 0.172
MgSO, 1.00 0.246
CaCl, 2.50 0.277
Glucose 10.00 1.802
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The pH-value was 7.4 at 35 °C when the solution was gassed with 95% 0,/ 5% CO,.
All subsequent steps were performed with the brain kept cold. Three or four coronal
slices (400um thick) were cut on a vibrating microtome (Campden Instruments Ltd.)
from about 2mm anterior from the pole of the occipital cortex of the left hemisphere.
The coronal slices were then trimmed with a razor blade to consist entirely of visual
cortex as determined from published stereotactic and cytoarchitectonic studies (Zilles et
al. 1984, 1985; Schober and Winkelmann, 1975; Peters and Kara, 1985). Each slice
was then cut in half orthogonal to the pial surface to finally obtain two tissue pieces of
about 1.5 mm width. The slices were transferred and maintained in an interface-type
recording chamber where they sat on a wet lens tissue strip on top of a nylon mesh. For

a detailed description of the chamber see opposite page.

The chamber was constantly supplied with humidified gas (95%0,/5%CO,) and
throughout the whole experiment the chamber temperature was maintained at
35.0%0.5°C. The slices were constantly superfused at a rate of <lml/min with warm
(=35°C) ACSF of the same composition as mentioned above. Slices remained in the
chamber for at least two hours for recovery before impalements for intracellular

recordings were attempted.
.2.2 Electrophysiological recording :
After the initial two hour recovery period intracellular impalements were attempted

by the advancement of the micropipette via a computer controlled microdrive with

position display (Digitimer SCat-01).
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Recording electrodes were filled with 2M KMetSO, (pH 7.4) and 1% Biocytin
(Sigma). This electrolyte solution was used for intracellular recording with backfilled
glass microelectrodes (WPI Instruments, o.d. 1.2mm, i.d. 0.69mm, standart-wall,
inset filament) pulled on a horizontal puller (BB-CH Mechanex, Switzerland) and
having a DC-resistance of 50-170 MQ (measured in ACSF). Electrodes were
positioned on the surface of the slice at the depth from the pia corresponding to layer 5
(from the Nissl study) using a calibrated eyepiece gratilule in an inverted microscope
(Wild, Germany). The distance of layer 5 was determined previously according to the

procedure mentioned above.

The recording micropipette was then advanced until a cell was impaled.
Conventional bridge balance techniques were employed to allow current injection and
voltage recording with a single micropipette (see Figure 3.3). Capacitance
compensation was continuously monitored throughout the recording period. Signals
from the micropipette amplifier (WPI model 701 or Axoprobe 1A) were amplified and
then digitized (CED 1401, Cambridge Electronic Design Ltd.) to be stored on a
computer (IBM PC AT). The recordings were subsequently measured using software

from C.E.D. (Signal averaging system, version 3.3).

To ensure that an impaled cell still had all the major parts of its dendritic branches
neuronal impalements were only accepted at a depth greater than 100pum and less than
250pum as defined with the position display of the microdrive used. After each
recording procedure the slice was fixed by immresion in a mixture of 2%
paraformaldehyde and 4% glutaraldehyde in 0.1 M PB (pH 7.4) and processed

according to a modified protocol for the biocytin-reaction originally described by
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Figure 3.3:  Simplified circuit diagram of the equipment showing the main features of the single microelectrode current
clamp configuration.

A trigger device (Digitimer D4030), initiates a pulse sequence and triggers simultaneously all circuits involved in current
injection, recording and display of the signal.

After a specified delay, the microelectrode receives a current injection signal via an external pulse generator (Digitimer DS2),
whose command voltage-output is converted to the appropriate current pulse via a voltage/current converter within the
amplifier (WPI Model 701 or Axoprobe 1A).

The microelectrode sends its signal to the head stage amplifier (represented by a FET) which in turn connects to a buffer-
amplifier to drive the external micreoelectrode shield, thus minimizing signal distortions. The capacitance of the recorded
signal can be adjusted via the capacitance compensation loop, to counteract stray capacitance. The output signal is then fed

into an external homebuilt amplifier also equipped with bessel filters. This final signal is sent to the analog/digital converter

(CED 1401) and subsequently recorded on a IBM AT computer for later analysis.



< 4 > Q3D
O>— 73a 9d
NObB
L o> LA
A (2374
aad 3doos
A A
SX \€9o
NIVO \
d-d = ang

> 3d0DS

noe

134

SH




Figure 3.4:  A) Experimental set up as used for conventional recording techniques
employing an interface-type slice chamber for electrophysiological studies of neurons in
living brain slices. The slice chamber (3) is fixed on an air-table and can be observed via
a stereoscope from above (2). The microelectrode and amplifier headstage are mounted
onto a microdrive-stepper (SignifiCat) which in turn is positioned on a Leitz
micromanipulator (1). A second micromanipulator (4) serves to position the tungsten
stimulus electrode on the slice.

B) Close up view of the slice chamber (3). Thé microelectrode (1) and the stimulus
electrode (4) are positioned on the same slice, indicated by a white arrow. The slice sits

on top of a lens tissue, which itself is located on a nylon mesh.






Horikawa and Armstrong (1988, see below) to get additional information about the

location and morphology of the cell from which recordings were taken.

Cells were filled with biocytin, which could be ejected from the electrode using
0.1nA to 0.5 nA current pulses of either polarity. It is therefore likely, that some
biocytin was injected during the period of gathering the electrophysiological data.
Additionally, after the recording protocol, long (250ms) negative current pulses of

approx. 0.3 nA were applied at about 3Hz for at least 10 more minutes.

1. After each successful recording period from a single cell (in one of the
electrophysiological experiments of the kind described in Chapter 4) the
corresponding slice was immersion fixed in a solution of 2.5% glutaraldehyde and
1% paraformaldehyde in 0.1M phosphate buffer (PB) and stored in a specimen-jar

at 4°C over night.

2. During next day's further processing, each single slice was glued down onto a layer
of dental wax using an extremly thin film of cyanoacrylate-glue and mounted on the
block of an vibrating microtome. Following this, each slice was re-immersed into
buffer solution and resectioned into several sections of 60pm each on a vibrating
microtome (Campden Instruments Ltd.). Thin sections were kept in a multiwellplate

(Falcon Inc.) in PB.

3. Sections were incubated for 1 hour in the detergent Triton X-100 (Sigma, 1% in
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0.1M PB)to permeabilize the cell membrane to facilitate the penetration of the HRP-

complex needed later.

. Sections were then incubated for 2 hours with avidin-horseradish peroxidase
(Vector Lab.) diluted for a final concentration of 1:200 in 0.1 PB (Vector Lab.)

with 0.5% permeabilizer (Triton X-100).

. Sections were rinsed three times for 10 min. in PB to decrease the tissue
concentration of unbound avidin- HRP which otherwise causes a high level of

background staining.

. Sections were incubated for 15 min in Hanker-Yates reagent (Sigma, 0.16g in

100ml1 0.1M PB at 4C°.

. To initialize the enzymatic visualization-reaction a few drops of 0.2% H,O, were

added and after a few minutes cells could be observed appearing slowly.

. To stop the chromogenic reaction sections were rinsed 3 times with PB for 10 min..

. To improve the contrast between reacted filled cells and the level of background

staining sections were reacted with 1% OsO,-solution for 15 minutes and

subsequently rinsed twice for 10min. with PB.

10. Sections were dehydrated in an ascending ethanol series (50%, 70%, 90%,

3x100% and finally in absolute alcohol), before being embedded and coverslipped
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in resin (E-mix resin, medium grade, Em-Scope Laboratories Ltd.).

Electrophysiological recording with simultaneous

carboxyflourescein staining :

In further experiments, intracellular recordings were obtained from cells which had
been prelabelled by incorporation of retrogradely transported fluorescent microspheres

conjugated with rhodamine (Katz et al., 1984, 1987).

For these experiments I used an interface recording chamber mounted onto a
crosstable attached to an epifluorescence compound microscope (Oxford
Microinstruments, with Nikon optics and Nikon FAX photo attachment). (see Figure
3.5). In this way it was possible to change the relative position of both the chamber and
the micromanipulator independently. To avoid condensation on the microscope
objective lenses which were very close to the slice surface, the objectives in use were
warmed up to about 35°C via steady DC-current flow from a low noise power supply
(Farnell Electronics Ltd.) passed through a high resistance wire wrapped around the
terminal part of the objectives. A part of the slice which contained a high proportion of
backlabeled cells in layer 5 was then placed in the microscope-field as seen through a
x10 LWD objective with a filter-block (Nikon G2A) appropriate for the emission-
wavelength of excited rhodamine beads. Afterwards a carboxyfluorescein (CF)
containing electrode (for details see below) was also placed in the same region of layer
5 using a second filter set (Nikon B2A). This also allowed me to see a faint picture of

prelabelled cells because of an overlapping bandwith of the emission wavelength for
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Figure 3.5:  A) Experimental set-up combining the interface-type slice chamber with
an epifluorescent microscope to study neurons back-labelled by fluorescent microspheres
in living brain slice preparations. The slice chamber (3), the microscope (1) and the
manipulator (2) are placed on a heavy steel plate, which is supported by four rubber feet
to dampen vibrations.

B) Close view of the slice chamber. The objective of the epifluorescence microscope (1)
is heated by a high resistance wire, which is wrapped around its end. An external power
supply delivers a DC-current to heat the objective lenses to = 35°C to avoid condensation
of moist air from the chamber. The recording microelectrode containing another
fluorescent dye (2) is positioned with the aid of a Leitz micromanipulator. The focal
illumination of one particular slice can be seen by the spot of green light which is

appropriate for rhodamine excitation.






rhodamine and the B2A-filterblock specificity (see appendix 2). [ originally attempted
visually-controlled impalements using a Leitz hand-guided micromanipulator for
advancement of bent micropipettes under visual control (for bending technique: see
appendix 3). This procedure was surprisingly successful in achieving impalements of
the in cells for which I aimed, but the electrophysiological recordings obtained this way
were not of high enough quality, probably due to damage of the cell membrane. I
therefore refrained from employing this particular technique any further. Subsequently
intracellular impalements were attempted blindly via advancement of the micropipette
through the slice using a stepping microdrive with position display as described
previously (see above and Larkman et al., 1988). This technique yielded
electrophysiological and morphological results of good quality. Again, neuronal
impalements were accepted only at a depth greater than 100m and less than 250pm to
ensure that the impaled cell still had all the major parts of its dendritic branches. Only
after the recording and filling procedure did I examine under fluorescence optics and
higher magnification (x40 ELWD) whether the cell from which the recordings were
made was properly filled and backlabelled with microspheres. This procedure was
adopted because the cell's physiological properties suffered seriously if they were
exposed to the light of excitation during the recording and filling period. This
deterioration is most probably due due to intensive formation of free chemical radicals
and subsequent oxidation of intracellular metabolites (Ross et al., 1977; Valenzeno and

Pooler, 1978; Waggoner, 1979).

In experiments intended to visualize the entire dendritic arborization of such RH-
prelabelled cells at the time when intracellular recordings were made, an electrolyte

solution containing another fluorescent dye had to be used, which had to have an
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excitation/emission bandwidth different from that of the rhodamine conjugated beads. I
initially tried a 2% Lucifer Yellow (LY) solution in dH,0 or in 2M KMetSO, (Eastman
Kodak) made from either the LY-dilithium salt or the more recently available LY-
dipotassium salt, but in both cases the quality of the recordings was impeded by the
LY. I later used a electrode filling solution containing 1.25 % carboxyflourescein in
2M KMetSO,, which had the advantage of possessing approximately five times the
fluorescent yield of Lucifer Yellow but the disadvantage of fading more quickly.
Eventually the most satisfactory method was the use of the dye in its diacetate form
(obtained from Sigma). This was prepared by adding 25 mg dye to 2 ml of a filtered
2M KMetSO, solution, heating it up in a water bath to about 75 °C and adding drops of
2M KOH to the solution (ca.2ul/mg dye) until the dye granules dissolved. The pH was

subsequently re-adjusted to 7.4.

This electrolyte solution was suitable for successful intracellular recording with
backfilled glass microelectrodes (WPI Instruments, o.d. 1.2mm, i.d. 0.69mm,
standard-wall, inset filament) pulled on a horizontal puller (BB-CH Mechanex,
Switzerland). Electrode -DC-resistance ranged from 55 to 125 MQ (measured in

ACSF).

3.4 Preparation of slices from fixed brains :

In some experiments I investigated the morphology of single cells via the injection
of fluorescent dyes into prelabelled neurons in fixed slices prepared from the

developing cerebral cortex.
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For theses slices brains were used from animals, which were perfused transcardially as
follows: Following the stereotaxic injection of tracer and a suitable recovery period
(vide infra) the rats were reanaesthesized with a high dose of pentobarbitone sodium
(Sagatal, RMB, 60mg/ml). The animal was then positioned on a foam-covered board
ventral side up and the thorax opened. An incision was made in the right atrium to
provide an outflow port and a butterfly-syringe needle was inserted into the left
ventricle through which solutions were injected by pressure. To clear the blood vessels
the animal firstly received a rinse with a solution of 0.9% NaCl in 0.1M phosphate
buffer (PB) followed immediately by a solution of 4% paraformaldehyde (PFA) also
made up in 0.1M PB. The amount of solutions used varied with the age of the animal

perfused, (for details see Table 3.2).

After a 10min. postfixation period, the brains were removed from the skull and kept
in the same fixative for at least two more hours. Coronal slices were then cut at 150pum
thickness on a vibratome (Campden Instruments Ltd.). Sections not immediately used
for intracellular injections were stored in 2% PFA in 0.1M PB at 4C°. A single slice
was then transferred into a special slice chamber where it was held in position by a

fenestrated millipore filter to prevent floating of the tissue (see Figure 3.6).

The slice chamber was then attached to the stage of an epifluorescence microscope
(Oxford Microinstruments) equipped with x10 and x40 long working distance
objectives (Nikon) and a part of the presumptive primary visual cortex brought into the
viewing field. This way layer 5 neurons backlabelled from either the contralateral
hemisphere or the ipsilateral superior colliculus could be visualized and impaled with

micropipettes. For intracellular staining cells were injected via a steady negative DC-
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Figure 3.6: The experimental set up employing a brain slice chamber in combination
with an epifluorescence microscope to study the morphology of back-labelled neurons in
fixed slices. The slice chamber (2) and the microscope (1) and the microelectrode
(indicated by an arrow) are shown in a close view. The epifluorescence objective is
illuminating one immersed slice containing back-labelled cells. The slice is held in
position by a fenestrated piece of filter paper which itself is stabilized with three pieces of
a stainless steel rod. The microelectrode, containing Lucifer Yellow, is positioned on the
surface of a slice with the aid of a Leitz micromanipulator and advanced with a computer

controlled microdrive.






current of 0.5-4 nA using electrodes containing 5% Lucifer Yellow dissolved in
distilled water. Electrodes pulled from a different glass were found to be superior for
this work, probably because of their greater stiffness. Such borosilicate glass
micropipettes (F.Hilgenberg, Germany) were pulled on the horizontal electrode puller
(BB-CH, Geneva, Switzerland), had a tip diameter of 0.1-0.2 um and a final DC-
resistance ranging from 80-250 MQ (measured in 0.1 M phosphate buffer). Impaled
cells could be observed throughout the filling period and were subsequently

photographed or photo-converted to a permanent preparation.

Photoconversion of single cells after injection with Lucifer Yellow:

In the experiments to investigate the morphology of immature prelabelled pyramidal
neurons fixed slices were prepared form the early postnatal phase of cortical
development. Cells were injected intracellularly with Lucifer Yellow (LY, see above) as
the intracellularly visible marker (see Stewart, 1978, 1981; Tauchi and Masland, 1984;

Buhl and Liibke, 1989).

There are several great advantages of LY which make it a powerful tool for the
investigation of neuronal morphology: Firstly it is highly charged, which is
advantageous for iontophoresis; secondly its low molecular weight (457.2 as dilithium
salt and 521.6 as dipotassium salt) allows it to diffuse relatively quickly within the cell
and its branches. It is therefore suitable for filling the cell with all its dendrites to the
very tip, also including appendices like spines and growth-cones; thirdly it bleaches to a
much lesser extent than any other fluorescent dye (e.g. carboxyfluorescein) suitable for
intracellular injection and it can therefore even be used under long exposure to light of

its excitation wavelength. The last property makes it one of the ideal tracers for a
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photoconversion technique using diaminobenzidine (DAB) as a chromogen for the
injected dye. The result is a permanently stable reaction product which can be used for
light microscopy or even processed further for electron microscopy (Maranto, 1982;
Buhl and Schlote, 1987; Buhl and Liibke, 1989; for review see Liibke, 1991). The

protocol for processing the tissue was as follows.

After intracellular filling of single neurons with LY the brain slice was incubated for
about 10min. in ice-cold 0.1 M phosphate buffer containing freshly dissolved DAB
(Sigma, Grade II) at a concentration of 1.5mg/ml PB (Maranto, 1982; Buhl and Liibke
1989).The solution was filtered and 1mg/ml potassium-cyanide was added to reduce
background staining caused by endogenenous peroxidase activity in the tissue. The
pre-incubation period without illumination was needed to enable the DAB-solution to
equilibrate within the slice. Fresh DAB-solution was placed into the chamber and the
reaction was initialized by exposure of the cells to light appropriate to the LY-excitation
bandwidth (Nikon filter-block B-2A and Osram 100W high pressure mercury bulb,
see appendix 2) using a medium power objective (Zeiss Neofluar x16 or Nikon Fluar

10x).

The photo-conversion was judged to be successful when an opaque brown reaction
product had formed that could be observed under bright field illumination and the
fluorescence of cells had faded completely. The conversion time varied between 20
min. and about one hour. Success was, in my experience, mainly dependent on the
quality of the preceding filling process, but it is difficult to be definite because the
underlying oxidation reaction is only poorly understood. After the photo-oxidation,

slices were given three 10 min. rinses with 0.1M phosphate buffer and subsequently
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mounted on gelatine subbed slides and air-dried for about 24 hours. Sections were then
briefly (1-2 min.) immersed in 1% OsO, in 0.1M PB to improve the contrast between
cell and background. Following this intensification reaction, sections were dehydrated

in an ascending ethanol series, cleared in xylene and coverslipped in DPX .

These preparations were permanently stable and cells could be drawn like Golgi-
stained material (see Figures in Chapter 4) under normal bright field illumination with
the help of a camera lucida attachment to a suitable microscope (Nikon Optiphot or Leitz
Dialux 20) under a final magnification of x1250. Any quantification subsequently
carried out for a more detailed morphological description of the neuronal sample from

the immature cortex was based on the drawings produced in such a way.

3.5 Procedures for back-labelling projection neurons :
3.5.1 Operations on_adult animals :

Male Wistar albino rats of about 130 - 160 grams (aged about seven weeks) were
deeply anaesthesized using a two phase and two component anesthesia of firstly
Halothane (Fluothane, I.C.1.) followed by i.m. injections of hypnorm (0.3 ml/kg:;
Jansen) and hypnovel (0.4 ml/kg; Roche). The breathing performance of each animal
was carefully observed and if necessary improved via s.c. injections of atropine
(0.1ml/kg; Veterinary Inc.). After shaving the dorsal aspect of the skull and disinfection
of the bare skin with an antiseptic solution (Pevidine, BK Veterinary Products Ltd.) the

animal was placed in a stereotaxic-frame (Narashige). A parasagittal longitudinal
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animal was placed in a stereotaxic-frame (Narashige). A parasagittal longitudinal
incision was made, the wound edges were covered with a gel of local anesthetic
(Xylocaine 2%, Astra Pharmaceuticals Ltd.) and an operation retractor inserted to keep
the wound wide open. Trepanation was performed by means of a dental drill at
predetermined sites using stereotactic coordinates obtained from published literature
(Zilles et al., 1984, 1985; Schober and Winkelmann, 1975; Paxinos and Watson,
1986) (see also Table in appendix 5). After the craniotomy and a cut through the
underlying dura mater, injections of 0.3ul - 1.0ul dispersed flourescent latex
microspheres (diameter range 0.02um-0.2um, LumaFlour Inc.) suspended 1:4 in
sterile 0.9% saline were made into either the superior colliculus (SC) or the primary
visual cortex of the right hemisphere. In cases of SC-injections the ipsilateral occipital
cortex was penetrated posterior to the area from which brain slices were prepared later.
For the injection of the tracer solution a homebuilt pressurized air ejection device with
inserted backfilled glass micropipettes (Clarke Biomedical Instruments, od 1.2mm, no
inset filament) was used. About 2-3 minutes later the pipette was withdrawn from the
injection site and the exposed brain surface covered with an absorbable piece of sterile
gelatine sponge (Allen and Hanburys Ltd.). The skull opening was then closed with
Horsley's sterile bone wax (Macarthys Ltd.), the wound sutured and finally covered
and stabilized with tissue adhesive (Vet Bond, Animal Care Products/3M) which also
helped to avoid infections. The total duration of each operation procedure was about 45

minutes.

To prevent hypothermia the animals were placed on a heating pad during the
immediate postoperative period. To prevent dehydration and to improve recovery

animals also received postoperative s.c. injections of warm 4% glucose-enriched
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0.18% saline (Baxter Healthcare Ltd.). The rats treated this way survived well and
behaved normally after about 6 hours, taking food and drinking water by then. After
the operation animals were allowed to survive a time of at least two days for the

retrograde transport of the injected tracer before slices were prepared from their brains.

3.5.2 Operation procedure for young and juvenile animals :

Wistar albino rats of both sexes at ages as early as postnatal day 3 (p3) were used
for this set of experiments. At this postnatal age they have a total body weight of only 5
grams. This postnatal date was chosen for the operation procedure because it had
previously been reported to be the earliest stage at which cortical cells can be labelled
reliably by retrogradely transported tracers injected into either the superior colliculus
(Thong and Dreher, 1986; Thong and Dreher 1987; Richburg and Kirby, 1989) or one
of the hemispheres in living animals (Miller and Vogt, 1984; Miller, 1984). Because
animals at that postnatal day are very small and there is no stereotaxic atlas available for

the early phases in corticogenesis a different procedure was adopted.

The rats were deeply anaesthesized via inhalation of diethylether (BDH) and fixed
with tape on an operation stage to remain in a stable position throughout the operation

procedure.

a) Injections into the contralateral occipital cortex to identify
corticocortical projection neurons :

A part of the occipital cortical surface located paramedian about 2mm lateral from
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the sagittal suture and about half way between the lambdoid suture and the bregma
point was exposed by trepanation and removal of the overlying dura mater. This
occipital cortical area is later to become primary visual cortex (T.P.S. Powell, personal
communication). In this region of the right hemisphere about 0.5ul tracer solution
(Rhodamine-conjugated latex microspheres, LumaFluor Inc., dispersed 1:4 in 0.9%
saline) was pressure injected into multiple sites from a sharp glass micropipette at a
depth of 0.5mm-0.8mm, where interhemispheric axons are thought to terminate (Miller
1986). After 2-3 minutes, the pipette was withdrawn, the skull opening covered with a
piece of absorbable gelatine sponge and then the excised bone flap repositioned to close

the area injected.

During the postoperative recovery period the animals were placed on a heating pad
at around 37°C to prevent hypothermia. After about 2 hours the animals behaved
normally again and they were placed back with the litter in the original cage. After a
survival time of several days animals were reanaesthesized (at pS and p10 respectively)
with 0.1ml i.p. injections of pentobarbitone (Sagatal RMB, 60mg/ml) and perfused
transcardially as mentioned above to obtain tissue suitable for single cell injection in

fixed slices.

b) Injection into the_ipsilateral superior colliculus for identification of
corticotectal projection neurons :

The mesencephalon was exposed from dorsal by taking off the squama occipitalis
just posterior to the lambdoid suture carefully avoiding damage to the transverse sinus
(See photographic illustration in appendix S). Tracer was then injected into the left

superior colliculus (the ipsilateral side for slices subsequently prepared from the left
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occipital cortex) at a depth of about 0.5-0.8mm which corresponds to the stratum
griseum superficiale and the stratum opticum, where most corticotectal fibers terminate
in rat and hamster (Thong and Dreher, 1987; Schofield, 1987; Ramirez et al., 1990).

Subsequent steps were the same as those described above.

31



Chapter 4:




Projection-neurons in layer 5 of the adult

rat visual cortex:
Correlations between single-cell morphology and
intrinsic electrophysiological properties in

corticotectal and interhemispheric pyramidal

neurons studied in vitro:

4.1 Introduction:

Pyramidal neurons in layer S of the visual cortex are involved in several specific
projecion circuits, and show diversity in their dendritic morphology and intrinsic
electrophysiological properties. The aim of this set of experiments was to determine
whether pyramidal neurons projecting to a given target share common electro-

physiological and morphological features.

Several anatomical studies have convincingly shown that, in some cortical
regions, neurons projecting to a single target area share a common morphology (e.g.
Deschenes et al., 1979; Katz, 1987; Hiibener and Bolz, 1988). Very recently it was
also shown by means of intracellular recording techniques that characteristic intrinsic
physiological properties of neocortical pyramidal cells are correlated with a distinct

morphology (Larkman and Mason, 1990; Mason and Larkman, 1990).
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It was demonstrated that pyramidal neurons of layer 5 of the visual cortex, that
fired action potentials in a burst, when stimulated by intracellularly injected currents,
formed a morphologically homogeneous group of cells, all having a thick apical
dendrite that arborized with a terminal tuft in layer 1. Furthermore the authors showed
that regular spiking cells (also termed non-bursters) possessed an apical dendrite,
which tapered as it ascended and did not show any arborization in layer one. The two
types of cells also showed other differences in their intrinsic electrophysiological
properties. Thick, burst-firing neurons had low input resistance values and short
membrane time constants whereas neurons of the slender, regular-spiking type had
high input resistance values and long membrane time constants. Thick, burst-firing
neurons also showed more time-dependent rectification in response to injected current
pulses than slender cells besides several other significantly different
electrophysiological features (for the details the reader should refer to Mason and
Larkman, 1990). These findings were essentially confirmed for neurons from primary
visual and somatosensory cortex by Chagnac-Amitai et al. (1990) but are not fully
consistent with results from secondary visual cortex (Lohmann et al., 1991) and the in

vivo results from neurons in motor cortex by Pockberger (1991).

Other authors (Klein et al., 1986; Schofield et al., 1987; Hallman et al., 1988)
have shown that cells of similar appearance to the thick neurons noted above projected
to the superior colliculus, whereas callosally projecting cells did not have an apical
dendrite reaching into layer 1. The morphological description (Hallman et al.,1988;
Hiibener and Bolz, 1988) of interhemispheric projection neurons resembled that of

slender cells (Larkman and Mason, 1990; Larkman 1991a).
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Although several research groups have been able to correlate gither the intrinsic
physiology with the individual neuronal morphology or the individual cell morphology
with the respective projection target, it has not previously been shown directly that cells
projecting to the same target area share similar physiological properties as well as
common anatomical features e.g.that thick, burst-firing neurons project to the superior
colliculus (SC) and slender regular spiking neurons project to the contralateral
hemisphere (CLH), as might be suggested on the basis of previous findings. This
correlation could most clearly be demonstrated with the use of combined experimental
techniques, simultaneously investigating the dendritic morphology, the electro-
physiological properties and the projection targets of individual cells. Such a study
would also confirm ( or otherwise) the findings of Larkman and Mason (1990), Mason

and Larkman (1990) and Chagnac-Amitai et al. (1990).

In this study I have therefore combined a retrograde tracing technique with
subsequent intracellular recording and simultaneous intracellular staining of individual

prelabelled neurons located in layer 5 of the visual cortex.

4.2 Materials and Methods :

Neurons were back-labelled by incorporation of rhodamine-conjugated
microspheres, after injection of tracer into either the SC or the CLH and its retrograde
transport to the cell somata. (For details of the surgical procedure, for stereotaxic
injection of rhodamine conjugated microspheres, details of the slice preparation, the use

of an electrode filling solution containing the fluorescent tracer carboxyfluorescein (CF)
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and the techniques employed for electrophysiological recording and the subsequent

analysis (see Chapter 3, Materials and Methods).

Back-labelled neurons were impaled in living slices and their intrinsic
electrophysiological properties characterized using electrodes containing CF. After a
successful recording period they were also coxﬁpletely filled with CF and were
photographed using a low power objective to reveal their morphology immediately after
electrode withdrawal. The cell body of each injected neuron was subsefluently

examined for backlabelling using a higher power objective.

From 26 animals a total of 53 layer 5 pyramidal neurons were recorded in two
series of prelabelling experiments. In one set of experiments corticotectal projection
neurons were investigated, whereas in the other set of experiments interhemispheric
projection neurons were studied. 14 cells were unequivocally prelabelled from the
superior colliculus (SC) and 19 were unequivocally prelabelled from the contralateral
hemisphere (CLH). In addition I recorded from 20 pyramidal neurons which were not
backlabelled from either site of injection but were impaled while searching for
backlabelled cells in the same slice preparations. A survey of the electrophysiological

properties of all groups is compiled in the results section in Tables 4.1 and 4.2,

In the following sections I shall first describe the observations made concerning

the morphology of individual cells before presenting the electrophysiological properties
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Figure 4.1: Coronal slices from the rat visual cortex which contained neurons back-
labelled by injection of fluorescent microspheres into A) The contralateral

hemisphere or B) the superior colliculus.

Both plates show the equivalent medial part of area 17 with the medial border between
area 17 and 18b to the right side. Cortical laminae are indicated approximately on the

right side of plate a.

a) Slices containing back-labelled CLH-neurons. A large number of labelled neurons is
visible in layers 2/3 and in layer 5. Note the large number of back-labelled CLH-cells
which was always present in the lower part of layers 2/3. Layer 4 and the upper portion
of layer 5 can be recognized as a zone containing only a few back-labelled CLH-

neurons.
b) Slices containing back-labelled SC-neurons. Note that all back-labelled neurons were
exclusively located in layer 5 with a higher number of neurons found in the upper

portion of the layer.

Scale bar in b =50um and applies to both.






of the back-labelled cells studied. In the following sections data comparing the two
neuronal populations back-labelled from the SC or CLH are presented. For an
abbreviated description I have termed neurons that were back-labelled from the
superior colliculus SC-neurons and neurons that were back-labelled from the

contralateral hemisphere CLH-neurons.

4.3.1 Qualitative anatomical observations :

a) General results from slice preparations containing cells backlabelled
from the SC:

All the cells prelabelled via the injection into the ipsilateral SC were located in
layer 5 of the visual cortex. This population of projection neurons formed an
uninterrupted band of cells that extended from medial to lateral throughout the whole
cortical visual area 17 and extended further laterally into area 18a and medially into area

18b (see Figure 4.1B).

A total of 14 back-labelled neurons was recorded from and simultaneously filled
with CF. They all had a similar morphology showing the following characteristic
features: a large elongated soma that was higher than wide (see Figure 4.2a,c), a thick
apical dendrite that emerged gradually from the upper pole of the soma and ascended
towards the pial surface to divide near the border of layers 2/3 and layer 1 to form an
extensive arborization in layer 1 (see Figure 4.3 see also Chapter 7). All the

backlabelled cells possessed between 3 and 7 basal stem dendrites which were
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Figure 4.2: Somata of layer 5 pyramidal neurons of the visual cortex which were back-
labelled by injection of fluorescent microspheres into the superior colliculus and
subsequently filled intracellularly with carboxyfluorescein (CF).

Plates show two representative neurons from the sample described in Chapter 4.

a) High power magnification of the cell body of a corticotectally projecting neuron filled

with CF during the recording period.

b) Corresponding picture after the filter block was changed to the wavelenght appropriate
for excitation of rhodamine fluorescence. The white arrow points to the neuron also
shown in a). Rhodamine- conjugated microspheres could clearly be seen in the soma

extending into the apical dendrite.

¢) High power magnification of another soma of a corticotectally projecting neuron

filled with CF during the recording period.

d) corresponding picture after the filter block was changed to the wavelength appropriate

for rhodamine excitation. The white arrow points to the neuron also shown in c).

Scale bar in d =25um and applies to all plates.






Figure 4.3: Morphology of two layer 5 pyramidal neurons of the rat visual cortex
which were back-labelled via tracer injection into the ipsilateral superior colliculus and
subsequently filled intracellularly with carboxyfluorescein (CF) during the recording
period.

Plates are photo-montages of two representative SC-neurons from the sample described
in Chapter 4, whose physiological characteristics are shown in Figures 4.8A and 4.9.
In both neurons the thick apical dendrite can be seen ascending towards the pial surface
and forming a terminal arborization in layer 1.

Scale bar in b =50um and applies to both plates.






generally short, highly branched and extended radially into the vicinity of the cell body
but showed no obvious preference in direction. In addition the thick apical trunk of

these cells gave rise to a high number of oblique stem branches which were located

predominantly near the soma.

Recordings and fills were also made from 10 non-backlabelled cells. One of
those non- backlabelled cells had a thick ascending apical dendrite forming a terminal
arbor in layer 1 and its dendritic skirt had the same pattern of structure as the SC-
neurons. The other 9 non-back-labelled cells from which I recorded in these
preparations differed substantially from the SC-backlabelled neurons in their
morphological appearance, mainly because they did not possess a thick apical dendrite.
Those neurons had only a thin apical dendrite, fewer basal stem dendrites (between 3

and 5) with less branches and therefore a slender appearance.

There were two more non-labelled cells of a different appaerance than the non-
labelled cells of the slender type mentioned above. These two neurons (see Figure 4.6)
had a thick apical dendrite which bifurcated approximately at the lower border of layers
2/3 and gave rise to two daugther trunks, each of which ascended further up through

layers 2/3 to form an apical tuft in layer one.

b) General anatomical results from slice preparations containing cells
prelabelled from the contralateral hemisphere :

In a second series of experiments (n=13) fluorescent microspheres were

injected into area 17 of the right hemisphere and slices were prepared from the
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Figure 4.4: Somata of two layer 5 pyramidal neurons of the visual cortex which were
back-labelled by injection of fluorescent microspheres into the contralateral hemisphere and
subsequently filled intracellularly with carboxyfluorescein (CF) during the recording
procedure.

Plates show the somata of two representative CLH-neurons from the sample described in

Chapter 4.

a) High power magnification of the soma of an interhemispheric projecting neuron.

b) Corresponding picture after the filter block was changed to the wavelength appropriate
for rhodamine excitation. The white arrow points at the neuron also shown in a).
Rhodamine-conjugated microspheres can clearly be seen in the soma of this neuron,

although the quality of the prints is lower than that of the respective slides.

¢) High power magnification of the cell body of another interhemispheric projecting

neuron filled with CF during the recording period.

d) Corresponding picture after the filter block was changed to the wavelength appropriate

for rhodamine excitation. The white arrow points at the neuron also shown in ¢).

Scale bar in d =25um and applies to all plates.






Figure 4.5: Morphology of two layer 5 pyramidal neurons of the rat visual cortex
which were back-labelled via tracer injection into the contralateral hemisphere and
subsequently filled intraceliularly with carboxyfluorescein (CF) during the recording
period. Plates show two representative CLH-neurons from the sample described in

Chapter 4, whose physiological characteristics are shown in Figures 4.8B and 4.10.

In both CLH-neurons the thin apical dendrite can be seen as it tapers and ends below the
pial surface without forming a visible arborization in layer 1.

Scale bar in b =50um and applies to both plates.






Figure 4.6: Morphology of a cortical layer 5 pyramidal neuron with a twin apical
dendrite filled intracellularly with carboxyfluorescein (CF) during the recording period.
This neuron was not back-labelled in a slice containing back-labelled SC-neurons.

The plate shows a photo-montage of one of two such neurons from the sample described

in Chapter 4, whose physiological characteristics are also shown in Figures 4.8C and

4.11.

Note that the apical dendrite bifurcates on its way towards the pial surface. Both apical
dendrite daughter branches form an extensive terminal arborization in layer 1.

Scale bar =50um.






homotopic area of the contralateral cortical hemisphere. There, backlabelled cells were
distributed from medial to lateral throughout the visual areae 17 and 18 and found in all
layers except layer 1 (see Figure 4.1A). Towards and beyond the medial border of area
17 the number of prelabelled cells in the superficial layers increased substantially,
whereas in more lateral directions the density of labelled cells decreased in the
superficial layers 2/3, but rose again towards the borders of areas 17 and 18a. Layer 4

was always recognisable as a zone of sparse labelling.\

In the slice preparations with such backlabelled corticocortical projection
neurons a total of 27 layer S pyramidal cells was recorded, of which 19 were

backlabelled via the tracer injection and the remaining 8 were unlabelled.

All backlabelled interhemispheric projection neurons formed a group that was
distinctly different from the SC-cells described above. Their morphology was of the
slender type described by Larkman and Mason (1990) and could be characterized by the
following features: a slender appearance, a small cell soma of about equal height and
width and an apical dendrite that emerged abruptly from the upper part of the soma (see
Figures 4.4a,c and 4.5). In some cases the cell body appeared to be "displaced” (see
also Miller, 1988a; Bueno-Lopez et al., 1991). The trunk of the apical dendrite was
relatively thin and tapered to a fine diameter as it ascended towards the pial surface to
terminate in layers 2/3 without reaching the pial surface (see Figure 4.5). Not a single
apical dendrite of any of these cells reached layer 1 or formed an arborization which
extended visibly into layer 1. The basal dendritic skirt pattern was less uniform
(compared to the group of SC-neurons) but consisted always of a few (between 3 and

5) basal stem dendrites, which showed only a few branch points. Those basal dendrites
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seemed to be longer than those from SC-projecting neurons. Sometimes the basal
dendrites did not extend uniformly in all directions but were biased towards one side of
the soma. Oblique stem dendrites were present in all cells but occurred in relatively

smaller numbers, compared to the cells backlabelled from the SC.

All but two of the 8 non-backlabelled neurons recorded from in these
experiments with CLH tracer injections belonged morphologically to the slender class.
The two remaining other neurons showed a morphology that fitted well into that of cells

of the group backlabelled from the SC.

4.3.2 Intrinsic electrophysiological properties :

a) General findings :

All cells included in this sample were capable of firing multiple action potentials
overshooting the zero potential if stimulated via intracellularly injected suprathreshold
rectangular current pulses but did not fire action potentials spontaneously at the resting

membrane potential.

b) Subthreshold properties :

Resting potential: The resting membrane potential (V) did not differ between the
two groups of backlabelled projection neurons with values of Vmg. = 68.813.1mV

and Vg g = 69.713.6mV (see Table 4.1).
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Membrane time constant: The membrane time constant (tau) was measured from the
voltage decay (averaged) following a brief (0.5ms) current pulse (see Figure 4.7). A
straight line was selectively fitted to a region of the semilog plot by least-squares linear
regression and the region was chosen (by eye) td exclude the initial, faster decay which
represents redistribution of charge over the neuron (Rall, 1969; see also Chapter 3:
Materials and Methods for details). The membrane time constant, tau, of SC-neurons
was significantly shorter than the time constant obtained from CLH-neurons (p<0.01)
(see Table 4.1). In almost all layer 5 cells the voltage decay following a brief
hyperpolarizing current pulse showed some time-dependent rectification phenomenon
called "sag" (Connors et al., 1982). Thus the transient voltage decay became more
rapid with later times than expected from a single exponential decay. This phenomenon
was especially pronounced in SC-neurons. In most SC-neurons the voltage response
following such a brief pulse also showed a transient overshoot with respect to the
resting membrane potential. This was much less than during long pulses (used for the

investigation of other I/V relations) and is not likely to affect the conclusions.

Current voltage relationship:  To test the current/voltage relationship of single cells

long (t 2200ms) current pulses of different amplitude and polarity were injected
repeatedly through the microelectrode and the resulting voltage response averaged (see
Figure 4.8). The input resistance (R;,) was measured from the range negative to rest
using values of a voltage deflection between —-5SmV to —10mV. The result of the
measurements showed that SC-neurons had significantly lower R, values than CLH-
neurons (p<0.01) (see Table 4.1). Non-backlabelled regular-spiking neurons (n=17)

had R,,-values, which were indistinguishable from CLH-neurons, whereas values of
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Figure 4.7:  Membrane time constants of layer 5 projection neurons from the visual
cortex. Semilogarithmic plots of the voltage decay following brief (0.5ms),
hyperpolarizing current pulses injected into

A) a SC-neuron

B) a CLH-neuron.

Inset scale bars in A apply also to B. Zero value on the X-axis corresponds to the end of
the injected current pulse. The dotted lines (from which time constants were taken) are

least-squares fits to the straightest portion of the plots.






Figure 4.8:  Current voltage relationships of layer 5 projection neurons from the rat
visual cortex. Voltage responses (left side top traces) to long (t=200ms) current pulses
(left side bottom traces) injected into:

A) a SC-neuron

B) a CLH-neuron

C) a non-labelled twin apical dendrite neuron.

The voltage response was measured at its peak (hollow circles) and just before the end of
the current pulses. Both voltage values were plotted for each pulse against the respective
injected current amplitudes (right side plots in A, B, C).

Scale bars in Calso apply to A and B.









non-backlabelled burst-firing neurons (n=3) fell into the SC-neuron range (see Table
4.1). During such long current pulses of both polarities the membrane potential of SC-
neurons and CLH-neurons tended to "sag" back towards the resting membrane
potential. Although I did not quantify this in the present study, it appeared that the sag
was more pronounced in cells from the group of SC-neurons compared to the group of
CLH-neurons or non-backlabelled neurons in preparations containing backlabelled
corticotectal neurons. This observation would be in agreement with previous results
obtained from burst-firing neurons and regular-spiking neurons (Mason and Larkman,

1990). For an example see Figure 4.8.

At the end of the injected current pulse the membrane potential tended to
overshoot (after hyperpolarizing pulses) or to undershoot (after depolarizing pulses) the
resting level (see Figure 4.8). Rebound action potentials were not elicited at the offset
of a hyperpolarizing pulse (overshoot) in the range of current I used (-0.75nA to
+0.75nA), which I limited to less than those values because electrodes showed signs of
rectification with long current pulses above these values. Nevertheless it is conceivable
that larger currents might have elicited APs, as has been reported previously for tectal

neurons (Lopez-Bamneo and Llinas, 1988) .

¢) Suprathreshold properties :

Burst firing: The obvious electrophysiological criterion that made it possible to
distinguish the intrinsic properties of the two populations of projection neurons in my
preparation was the ability of all SC-projecting neurons to fire action potentials in

a burst-discharge in response to injected suprathreshold depolarizing current pulses. On
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the other hand, not a single neuron backlabelled from the contralateral hemisphere was

found which showed such a burst-firing pattern after intracellular current injection.

A variety of burst-discharge patterns could be found (see Figure 4.9) but a burst
usually consists of several fast action potentials riding on a slow depolarizing envelope
of membrane potential. The first spike was generally higher and faster than the
following spikes which sometimes decremented substantially during a single burst-
discharge. Successive spikes always broadened. The latency of activation could vary
substantially and bursts could arise abruptly from the voltage baseline. In several cases
I also observed that the burst-discharge was a somewhat fragile firing pattern and
changed with successive trials. After an initial full burst in response to an injected
current pulse the cell later fired only "collapsed bursts", which often only consisted of
one initial fast and large spike and a second smaller spike with an extremely slow

falling phase (see Figure 4.9).

Ten out of 14 SC-cells showed a burst-discharge in response to any
suprathreshold current pulse injected. The other four cells fired single spikes in the just
suprathreshold range and bursts only in response to larger current injections. This
change occurred gradually, with the burst becoming more pronounced as the injected
current strength was increased. Nevertheless each cell fired only one burst followed by

a number of single action potentials (see Figure 4.9 and also Chapter 7 Figure 5 B).

The shape of single action potentials (AP) was broadly similar in all pyramidal
cells with respect to their overall appearance, (but see below for spike-firing patterns of
SC-neurons versus CLH-neurons), but there were some statistically significant

differences between SC-neurons and CLH-neurons in quantified AP parameters (see
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Figure 4.9:  Action potential firing patterns of layer 5 pyramidal neurons projecting to
the SC. Various burst-firing patterns were elicited in response to injected depolarizing
current pulses of minimal suprathreshold strength (A1, B1, C1). The right-hand traces
(A2, B2, C2) show responses to slightly increased current strengths necessary for the
recruitment of one additional spike in each case.

The injected current pulse amplitude is indicated in each trace.

A-traces: the corresponding cell morphology is shown in Figure 4.3 plate a.

B-traces: the corresponding cell morphology is shown in Figure 4.3 plate b.

Scale bars in C apply also to A and B.






Figure 4.10:  Action potential firing patterns of layer 5 neurons projecting to the CLH.
Various regular spike-firing patterns were elicited in response to injected depolarizing
current pulses of minimal suprathreshold strength (A1, B1, C1). The right traces (A2,
B2, C2) show responses to slightly increased current strengths necessary for the
recruitment of one additional spike in each case.

The corresponding current pulse amplitude is indicated in each trace.

A-traces: the corresponding cell morphology is shown in Figure 4.5 plate A.

B-traces: the corresponding cell morphology is shown in Figure 4.5 plate B.

Scale bars in C apply also to A and B.
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Table 4.2).

For all cells (SC-neurons, CLH-neurons, non-backlabelled regular-spiking
cells and non-backlabelled burst-firing cells) the 10/90% rise time of APs was
substantially shorter than the 90/10% fall time (p<0.001) with the rise time measures
being only slightly shorter for SC-neurons compared to CLH-neurons (p<0.1, but see
table 4.2). Furthermore there was a significant difference in AP peak amplitude above
threshold (p<0.01) with SC-neurons having higher spikes than CLH-neurons. The
SC-projecting bursters also had a higher 30/70% rise rate and 70/30% fall rate
(p<0.01) and therefore a shorter width (measured as time from rising phase to falling
phase at half peak amplitude) compared to values from CLH-projecting nonbursters.
Because both the rise rate as well as the fall rate were faster in SC-neurons, the ratio of

the rise-rate to fall-rate was only slightly different between the two cell groups.

Spike afterpotentials :  If single action potentials of the two prelabelled neuronal cell
populations were compared it could be seen that APs of both groups were followed by
the same sequence of after-potentials. Often the falling phase continued to a value
below threshold to form an initial after-hyperpolarisation (i.A.H.P) which was
followed by a second depolarizing afterpotential (D.A.P) which again was followed by
a late slow A.H.P (1.LA.-H.P.). These three after-potentials were more clearly

distinguished and more pronounced in CLH-neurons (see also Chapter 5, Figure

5.10).

Repetitive firing :  In the range just above threshold, CLH-neurons usually fired one

or two separated action potentials. As the amplitude of the injected rectangular current
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Figure 4.11:  Action potential firing patterns of a non-back-labelled layer 5 twin apical
dendrite cell elicited in response to an injected depolarizing current pulse of minimal
suprathreshold strength (A). The other traces (B, C, D) show responses to slightly
increased current strengths necessary for the recruitment of one additional spike each
time.

The corresponding current pulse amplitude is indicated in each trace. The corresponding
cell morphology is shown in figure 4.6.

Scale bars in D apply also to A, B and C.






pulse was increased, all cells fired an increasing number of spikes. Although there was
considerable variation amongst cells of one group, all CLH-neurons showed a gradual
increase in spike frequency as the injected pulse strength was augmented. Their firing
pattern also showed obvious signs of adaptation with longer interspike intervals after
successive spikes. Of the 14 SC-neurons described above, 10 fired in bursts and 4

showed a single spike in response to injected current pulses just above threshold.

d) Neurons with a twin apical dendrite:

Two neurons were impaled (in slice preparations containing backlabelled SC-
neurons) which differed both in morphology (see Figure 4.6) and electrophysiology
from the backlabelled populations. They possessed intermediate values for their input
resistance (21.2 MQ and 20.4 MQ) and membrane time constant (14.4ms and
13.8ms). They appeared to have less "sag" than the SC-neurons and showed
pronounced overshoot/undershoot voltage deflections in the subthreshold range tested
for the current/voltage relationship (see Figure 4.8c). They fired single action potentials
in response to a depolarizing, but only minimal suprathreshold current pulse and
always "doublets” if the current strength was slightly increased (see Figure 4.11a,b).
An even further increase in amplitude of the injected current pulse elicited additional
spikes after substantially longer interspike intervals (see Figure 4.11c). Because only
two non-backlabelled neurons of this class were recorded from, it is inappropriate to

make further statements about their intrinsic properties.
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4.4 Discussion :

The aim of this set of experiments was fo explore any correlation between the
intrinsic electrophysiological properties, the morphology and the projection target of
neurons, which were backlabelled from the site of their axonal termination. The
experiments of this chapter demonstrated that in layer 5 of the visual cortex of the rat
the corticotectal projection arises from a population of burst-firing neurons of a distinct
morphological type, which is characterized by a thick apical dendrite extending towards
the pia and reaching into layer 1. On the other hand it was demonstrated, that the
interhemispheric projection of layer S arises from a population of regular-spiking
neurons with a slender morphological appearance, whose apical dendrite does not reach
layer 1. The results showed that the two classes of neurons investigated differ
significantly in both their subthreshold as well as their suprathreshold properties.
Subdivisions of the two groups could not be revealed, but a larger number of cells
might have allowed this. The findings thus confirmed those of Larkman and Mason
(1990), Mason and Larkman (1990), and Chagnac-Amitai (1990) and extended them to
provide the first direct demonstration of a correlation between two cell classes of this

kind and the projection target of the cells studied.

The known existence of other projection neurons within other layers of the
visual cortex (e.g. projecting to the pons or the LGN) or within the somatosensory
cortex (eg. projecting to the pons or via the pyramidal tract) encourages further
investigation to see whether other neuronal populations with comparable correlations

can be found.
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In the following sections it will be discussed to what extent this sample is
representative for the two populations of projection neurons studied. The result will
then be compared to previous anatomical and physiological studies before the

significance of the findings is discussed.

4.4.1 Anatomy :

Possible reasons for a sampling bias :

The results presented in the preceding sections show that corticotectal cells
located in layer S of the visual cortex are relatively large, burst-firing cells with a long
apical dendrite reaching layer 1. It is conceivable that some smaller cells with different
electrophysiolgical properties might also participate in this projection but remained
undetected because larger neurons were impaled more often. I consider this possibility
unlikely for several reasons. Firstly, relatively sharp microelectrodes were used for
impalements in this study compared to other combined electrophysiological-
morphological studies employing the HRP-technique (e.g. Deschenes et al., 1979;
Parnavelas et al., 1983; Mason and Larkman, 1990). Secondly, none of the burst-firing
cells found in this study or in any of the previous studies (Chagnac-Amitai et al., 1990;
Larkman and Mason, 1990; Mason and Larkman, 1990; Lohmann et al., 1991) had a
morphology that was different from that of the SC-neurons examined. Thirdly, all the
previous studies of corticotectal cells showed a morphology that is very similar to the
thick type found in SC-neurons here (e.g. Klein et al. 1986; Schofield et al.1987).
With respect to the interhemispheric projection neurons the possibility of a sampling

bias is more difficult to exclude. The variability of measured electrophysiological
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parameters was much higher in CLH-cells and the possibility exists that a substantially
larger sample would allow some subdivision of that class of neurons, as was hinted by
Mason and Larkman (1990). The greater morphological heterogeneity has been noticed
before (e.g. Hiibener and Bolz, 1988 in rat; Diao and So, 1991 in hamster; Buhl and
Singer, 1989 in cat ) and supports this idea, and it woud be of interest to see whether

there are functional or structural differences in cells of such possible subclasses.

Subpopulations of ramidal neurons in the infragranular layers of th

neocortex :

The investigation of differences in the morphology of cortical pyramidal cells is
by no means modern. The existence of two cell types has been mentioned for more than
40 years (Lorente de N6, 1943; Parnavelas et al., 1977) including the important
observation that one type of neurons possessed an extensive apical dendrite and the
other one does not. In the motor cortex of cat, different physiological classes of
corticospinal cells have been distinguished on the basis of their dendritic morphology
(Deschenes et al., 1979, Samejima et al., 1985). Other studies have also pointed out the
existence of more than one type of pyramidal neuron in layer 5 of the rat visual cortex.
Peters and collaborators (Peters, 1985; Peters et al., 1985, 1987; Peters and Kara,
1985) have emphasized two types of neurons, which they called large- and medium-
sized pyramids, based on measurements of the soma size and diameter of the apical
dendrite. Their large cell type had an apical trunk which gradually arose from the upper
pole of the cell body, whereas the medium sized pyramids showed a more abruptly

arising apical dendrite. It is therefore reasonable to assume that their two classes
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correspond to the two cell types Larkman and Mason (1990) as well as Chagnac-Amitai
et al. (1990) and coworkers have described in combined anatomical-
electrophysiological studies which in turn seem to correspond well to the two
populations under investigation in this thesis. With respect to the corticotectal cell group
this correspondence is more likely because these cells formed a more homogeneous
group, especially with regard to the correlation between morphology and action

potential firing pattern. (For the interhemispheric projection neurons see below).

The results for the corticotectal group are also strongly supported by
morphological observations of corticotectal cells made by Klein et al.(1986) and
Schofield et al.(1987) and those of corticotectally and callosally projecting neurons
studied by Hiibener and Bolz (1988), with the latter authors also indicating a
differential intralaminar distribution of these pyramidal cells. They reported that
corticotectal cells are located in the superficial portion of layer 5 whereas the
interhemispheric cells are found throughout layer 5 and upper layer 6, an observation
which was also made in this study (see Figure 4.1). The same intralaminar distribution

was also found in a similar rat visual cortex preparation by Hallman et al.(1988).

Most efferent projections from the neocortex originate from pyramidal cells

located in the infragranular layers (Creutzfeld, 1983) although in higher mammals the
majority of corticocortical cells is located in the superficial layers. Some of these cells

innervate two projection targets, but these are generally speaking either both subcortical
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or both intracortical and not mixed (e.g. Toyama et al., 1969; Toyama et al., 1974;

Catsmann-Berrevoets et al., 1980; Wong and Kelly, 1981; Weber et al., 1983).

For the cortico-mesencephalic projection it has been shown physiologically —by
antidromical activation— that two thirds of corticotectal neurons in the cat also project to
the pontine nuclei (Baker et al., 1983). The related anatomical evidence for this
observation is supportive but less coherent. Kéizer et al. (1987) showed by double-
labelling studies for the same pathways a much lower percentage (12-60%) of axon
collaterals in cat; Hallman et al. (1988) used other fluorescent tracers in a study cortical
neurons in rat and showed about the same percentage of neurons double-labelled as
expected from the physiological results, with 71% of corticopontine cells sending

collaterals to the SC and 81% of corticotectal cells sending collaterals to the pons.

There is also evidence for a differential distribution of projection neurons within
a single cortical layer. Hallman et al.(1988) reported that in the rat 80% of all
corticotectal and corticopontine neurons are located in the upper two thirds of layer S.
A comparable observation of the distribution of corticotectal cells was previously made
in studies of the cat (Kawamura and Konno, 1979) and the macaque monkey (Lund et

al., 1975).

There were no differences observed in the intralaminar distribution, if single-
labelled neurons neurons projecting to the SC or the pons Were compared to a SC-pons

double-labelled population (Hallman et al., 1988). Other reports indicate that
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corticopontine projecting cells were located even more superficially than corticotectal
projection neurons (O'Leary and Stanfield, 1986). All these reports are at odds with
two other published studies: Wiesendanger and Wiesendanger (1982) concluded that in
rat cortex all corticopontine neurons are located in lower layer 5 and Peters and Kara
(1985) described their largest pyramidal cells as being located in the lower portion of

layer 5.

It appears that the discrepancy in some results of previous studies may have
been caused by different ways of delineating cytoarchitectonic borders of the respective

layers which is particularly difficult in rodents.

Interhemispheric projections :

In the visual cortex the distribution of neurons projecting to the contralateral
hemisphere is very different from the corticotectal projections in the several species
studied so far. It was demonstrated that these interhemispheric fibers originate and
terminate for most mammals near the border of area 17, as in the rat (Jacobson and
Trojanowski, 1974; Olavarria and Van Sluyters, 1983; Miller and Vogt, 1984; Hiibener
and Bolz, 1988), the mouse (Olavarria and Van Sluyters, 1984), the rabbit (Swadlow
et al., 1978), and the hamster (Diirsteler et al., 1983; Rhoades and Delacroce, 1980;
Jen et al., 1984: Diao and So, 1991). In cat it has been described that the main callosal
projection of the primary visual cortex originates in layers 2/3 in the lateral portion of
area 17 (Innocenti and Fiore, 1976, Shatz, 1977). In primates such projections seem to
be sparse from the primary visual cortex (Swadlow, 1983), but if present they are also

arise in layers 2/3 (Weyand and Swadlow, 1980; for a review see Swadlow, 1983).
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Most of these studies concluded that the majority of callosal connections originate and
terminate close to the border of area 17/18, thus representing the vertical meridian of the
visual field. Despite this common feature in the organisation of transcallosal
connections, the functional significance of the differences in regional and laminar
distribution of cells participating in the interhemispheric connectivity remains obscure.
(Some aspects of specific functions for the interhemispheric and the corticotectal

projections are discussed in Chapter 8).

Few, if any, of these interhemispheric projection neurons have subcortically
projecting axon collaterals (see Wong and Kelly, 1981 for corticothalamic projection in
cat auditory cortex; Catsman-Berrevoets et al., 1980 for corticospinal projection from rat
somato-sensory cortex; Weber et al., 1983 for cat corticotectal projection from the
visual cortex). Such results have also been corroborated for rat visual cortex
preparations, with neither Hallman and coworkers (1988) nor Hiibener and Bolz
(1988) finding any neurons projecting to the superior colliculus (or the pons) and the
contralateral hemisphere, as investiated using fluorescent double labelling techniques. It
may therefore be a general principle of cortical organisation that interhemispheric axons

do not send collaterals to subcortical targets.

Dendritic morphology of single cells :

With the introduction of fluorescent microspheres for retrograde tracing
techniques (Katz et al., 1984) and subsequent intracellular injection of such back-

labelled cells or by combining electrophysiology with intracellular dye injection (e.g.
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Deschenes et al., 1979) it has been possible to study the morphology of individual cells
whose projection site is known.

In 1987 Katz reported that there are obvious distinctions between the dendritic
morphology of layer 6 neurons projecting to the claustrum and those that project to the
dorsal lateral geniculate nucleus in the cat. In studies of cortical neurons a considerable
heterogeneity in the morphology of interhemispheric projecting neurons has been
noticed (e.g. Klein et al., 1985, 1986; and Diao and So, 1991 for hamster neocortex,
Schofield et al., 1987; Hiibener and Bolz, 1988 for rat visual cortex). This is in sharp
contrast to observations of a strikingly homogeneous group of corticotectal projection

neurons.

In the study of Hallman et al.(1988), the authors described a sample of callosal
projection neurons in which no cell had an apical dendrite extending beyond layer 4 and
concluded that the observation of an apical dendrite reaching layers 2/3 is sufficient to
distinguish corticotectal or corticopontine neurons from callosal projection neurons.

Neither the results from Hiibener and Bolz (1988) nor my own observations
(see also Chapter 6) support this conclusion, because some of the corticocortical cells

had relatively long apical dendrites, which reached considerably further than layer 4.

For most layer 5 pyramidal cells the basal and apical oblique dendrites together
contribute over 70% of the total dendritic shaft membrane area of the cell (Larkman and
Mason, 1990; Larkman, 1991b) and of the oblique dendrites the majority arises close to
the soma. The basal dendrites together with the proximal oblique dendrites occupy a
roughly spherical volume of cortex around the soma predominantly in layer 5

(Larkman, 1991b), within which they therefore receive most of their synaptic input. On
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the other hand the apical dendrite might sample a very different cortical volume. The
apical trunk and some distant oblique dendrites can receive inputs from layers 2/3 while
the terminal arborisation receives input from layer 1. The different classes of layer 5
neurons will receive different proportions of their input from specific layers which may
be functionally very important. Since many local_ and also extrinsic axons from different
sources form synapses in a laminar-specific fashion, it is worth thinking about the
functional aspects of such an observation in terms of the different inputs to the dendritic
branches (e.g. cholinergic, serotonergic etc.) which might have a modulatory role in

cortical function. For a discussion of these aspects see Chapter 8.

4.4.2 Electrophysiological properties :

The values for basic cell properties such as resting membrane potential,
apparent input resistance, membrane time constant and action potential parameters
reported here are within the range of previous results of neocortical neurons in vitro
from various laboratories (e.g. Connors et al., 1982; Stafstrom et al., 1984 ;
McCormick et al., 1985; Sutor and Zieglgidnsberger, 1987; Bindman et al., 1988;
Chagnac-Amitai et al., 1990; Mason and Larkman, 1990). It can therefore be said with
confidence that the quality of the intracellular recording was not seriously diminished
by the use of the fluorescent tracer CF, which was necessary to obtain morphological
information and to confirm the back-labelling of the cells from which recordings were

taken.

Evaluation of subthreshold properties :
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The membrane time constant (tau,), measured from the voltage decay following a brief
current pulse, was significantly longer for CLH-neurons than for SC-neurons. The
measured values will represent the real time constants only if a number of conditions
are satisfied (Rall, 1969; Jack, 1979). These include the necessity that the voltage decay
is passive, that means not influenced by active conductances. This was clearly not the
case in most layer 5 neurons in which the later part of the decay became more rapid than
expected from a single exponential and the resting membrane potential was transiently
overshot. The same observation was made in an identical preparation by Mason and
Larkman (1990) and similar observations have been made from motoneurons in vivo
(Gustavson and Pinter, 1984; Fleshman et al., 1988). This might have caused some
underestimation of the real value of the membrane time constant, although
measurements were taken before the onset of the sag was apparent. This problem is

minimized by the use of short pulses (Durand et al., 1983).

The apparent input resistance was measured over a voltage range just negative to rest.
Values of SC-neurons were significantly lower (p<0.01) than those of CLH-neurons,
although the presence of sag might have caused some underestimation of the R, value
(Fleshman et al., 1988; Mason and Larkman, 1990). Because both types of projection
neurons showed some sag the underestimation would have affected both cell groups
although not necessarily to the same extent, thus probably influencing the difference

between the two groups only a little.

Current/voltage relations; All cells tested showed a decrease in R;, when the amplitude
of injected current pulses was increased in either the hyperpolarizing or the depolarizing

direction. Such inward (or anomalous) rectification has previously been observed in
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neocortical neurons (Connors et al., 1982; Staftstrom et al., 1982; Stafstrom et al.,
1984; Sutor and Zieglgansberger, 1987; Bindmann et al., 1988; Avoli and Olivier,
1989; Mason and Larkman, 1990). In the depolarizing direction it is most probably
caused by a persistent inward sodium current (Connors et al.,1982; Stafstrom et al.,
1984; Stafstrom et al., 1985; Sutor and Zieglgédnsberger, 1987). In the hyperpolarizing
direction it could be explained by a fast inward potassium current (anomalous rectifier)
found in cortex (Spain et al., 1987; Sutor and Zieglginsberger, 1987) or other brain
areas (e.g. Osmanovic and Shefner, 1987, Griffith, 1988). Phenomena similar to the
sag and overshoot/undershoot observed in both layer 5 populations studied have been
found in a wide variety of neurons (e.g. Halliwell and Adams, 1982; Griffith, 1988,;
Hounsgaard and Midtgaard, 1988) including those of the mammalian neocortex
(e.g.Staftstrom et al., 1982, 1984; Penit-Soria et al., 1987; Spain et al., 1987; Avoli
and Olivier, 1989; Connors and Gutnick, 1990). These findings suggest a slow inward
rectifier, although other currents such as the M current, the calcium-sensitive potassium
current (I g ,)) and the low threshold calcium current could contribute to the observed
voltage deflection. The functional role of such nonlinearities is unclear, but it could be
the case that currents such as the anomalous rectifier are involved in spike-frequency
adaptation and control of cell excitability after repetitive activation via a regulation of
size and duration of spike-afterpotentials. The persistent inward sodium current
contributing to non-linearities in the range above resting membrane potential could

selectively influence cable properties (Adams and Galvan, 1986; Yoshii et al., 1988).

Suprathreshold properties: Although single action potentials were similar in their
general shape, significant differences were detected between the two cell groups

studied. A greater rise rate and fall rate was observed in SC-neurons, which therefore
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determined the smaller width and the only slightly larger 30%/70% rate ratio of spikes
of these cells compared to those of CLH-neurons. The values for action-potential
parameters obtained in this study are in good agreement with those from neurons of the
rat sensorimotor cortex (McCormick et al., 1985). However all AP-parameters
measured (AP peak amplitude, rise and fall time, rise and fall rate, and width) were
considerably smaller than those from rat visual cortex published by Mason and
Larkman (1990). The values for membrane time constants and cell input resistance
were also noticeably smaller than those reported the study by Mason and Larkman

(1990).

The main reason for this discrepancy is probably the fact that a new set up was
used that was especially assembled for this study. The absence of a conventional air-
table, the employment of the epifluorescence compound microscope and an additional
crosstable necessary for movement of the complete slice chamber might well have
caused some additional mechanical instability. The use of carboxy-fluorescein might
also have influenced the membrane characteristics, since it is known that some dye-
molecules bind to membraneous proteins (Waggoner, 1978). One additional reason for
the discrepancy between the results of this study and results of Mason and Larkman
(1990) might be that the latter authors used excessive capacitance compensation
throughout the recording duration because they did not continously monitor it during

the recording procedure. This may have artifactually boosted the amplitude of APs.

Nevertheless the differences in action potential parameters and subthreshold
properties between the two backlabelled cell populations (SC-cells and CLH-cells)

investigated in this study are similar to those between slender regular spiking and thick
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burst-firing cells reported by Mason and Larkman (1990).

Spike afterpotentials: Single action potentials of cells from both groups were followed
by a similar sequence of after potentials. An initial fast A.H.P was followed by an
intercalated D.A.P, which in turn was followed by a late A.H.P. This observation has
been made in previous studies (McCormick and Prince, 1987; Bindman et al., 1988;
Huguenard and Prince, 1988; Mason and Larkman, 1990). The initial A.H.P may be
due to activation of a K+-current (A-current, e.g. Connor and Stevens, 1971; Prince
and Huguenard, 1988), the intercalated D.A.P. is caused by Ca2*-currents
(e.g.Konnerth et al., 1986; Friedman and Gutnick, 1987; Schwindt et al., 1988) and
the late A.H.P is mediated by a calcium dependént K*-current (e.g. Hotson and Prince,
1980; Lancaster and Adams, 1986). Most of these currents have their main effect on
spike repolarisation, but they may also be involved in modulating neuronal spike

frequency and its accommodation.

Burst firing: Of the two populations of projection neurons studied in this set of
experiments only the SC-neurons fired action potentials in bursts. Such bursts could
vary between cells, but all consisted of a number of fast action potentials riding on a
depolarizing envelope, which was followed by a slow A.H.P. Various studies have
reported burst-firing neurons in neocortex (McCormick et al., 1985; Prince and
Huguenard, 1988; Montoro et al., 1988; Connors and Gutnick, 1990; Mason and
Larkman, 1990; Lohmann et al., 1991). My observations confirm the finding that the
threshold for burst-firing was in some cases greater than that for eliciting single action
potentials and that bursting could develop gradually as the injected depolarizing current

was increased. Because such a burst-firing pattern could be elicited via intracellular
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injection of current and could be changed by changes in the current amplitude injected, I
consider it to be generated by intrinsic membrane properties rather than by synaptic
input. Transmembrane calcium currents are believed to be involved in generation of
bursts in hippocampal CA3 neurons (Wong and Prince, 1978; Johnston et al., 1980)
and in neocortical neurons (Deisz and Prince, 1990). Several calcium currents have
been found in neocortical neurons (Connors et al., 1982, Stafstrom et al., 1985, Franz
et al., 1986; Friedman and Gutnick, 1987; Deisz and Prince 1990) but there is also
strong evidence for a sodium component of the depolarizing envelope (Konnerth et al.,
1986, Deisz, 1988). The contribution of a potassium current in preventing burst firing
became evident via pharmacologial experiments in which blocking of K*-currents
converted regular spiking cells into burst-firing cells (Connors and Gutnick, 1984;

Schwindt et al., 1988).

In this study, only the SC-neurons were capable of generating the intrinsic
burst-firing pattern. However, previous studies of cell populations other than layer 5 of
the visual cortex also found cortical cells that fired action potentials in bursts (Connors
et al., 1982; Artola and Singer, 1987; Friedmann and Gutnick, 1987; Montoro et al.,
1988; Thomson et al., 1988; Lohmann et al., 1991). The different and partially
contradictory findings might be explained in several ways. First, different species were
used and different cortical areas were studied. Second, there were differences in the
definition of a burst-firing pattern. Third, by the fact that it is impossible to determine
the location of the cell from which recordings were taken if the recording electrode is
not filled with a dye that allows observation of the recording site and of each recorded
cell. If morphological data are not available it is conceivable that impalements achieved
in one of the more superficial layers (2/3 or 4) were actually obtained from the apical

dendrites of cells located in the deep layers of the cortex. This may have been the case
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in early studies by Connors et al. (1982) and McCormick et al. (1985) in which they
concluded that a large proportion of their bursting cells were spiny stellate cells of layer
4 although the photographs published in these paper did not definitively prove this
hypothesis for such cells in s. Workers in this laboratory frequently obtain impalements
of thick apical dendrites in layer 4 and lower layer 2/3 (A. Larkman, personal
communication). So far, only two recent studies have provided detailed anatomical
descriptions of the pyramidal cell types that were capable of either burst-firing or
regular-spike firing (Chagnac-Amitai, 1990; Larkman and Mason, 1990; Mason and

Larkman, 1990) and their findings are consistent with mine.

What is the functional significance of bursting? It has been speculated
that burst-firing cells recorded in layer 4 (which in fact might have been layer 5 cells
impaled in their apical dendrite) receive a strong excitatory thalamic input which may
evoke their burst-discharge in vivo (McCormick et al., 1985; Prince and Huguenard,
1988). Perhaps such a massive excitation deos affect corticotectal layer 5 cells via the
basal and especially proximal oblique dendrites of these neurons. The possibility of a
synaptic initiation of burst discharge has been shown by Mason and Larkman (1990),
who reported that orthodromic synaptic suprathreshold stimulation of thick layer 5 cells

could elicit a burst-discharge in 5 out of 6 cells tested.

If a burst of action potentials (as recorded in the soma) occurs, it is very likely
that it will propagate along the axon to its terminal arborizations where it will cause
release of transmitter. Burst generation could then provide one way of establishing a
secure and profound effect on a target neuron (e.g. via temporal summation of

postsynaptic potentials as shown by Miles and Wong, 1986). Such cell interactions
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could also be involved in certain kinds of rhythm generation in the cerebral cortex
where they could serve as pacemakers. Bursts could be the synchronizing elements for
epileptiform discharges (Hablitz, 1986). Another possible functional role of the burst-
firing pattern is the initiation of long-term potentiation (Hablitz, 1986; Gamble and
Koch, 1987). Mason and Larkman (1990) have also pointed out that burst-firing
neurons can fire an initial burst followed by a tonic regular spiking pattern. They
propose that this could enable the cell to switch between two operating modes, perhaps
regulated via the influence of modulatory transmitters (McCormick and Prince, 1988;
Steriade and Llinas, 1988). These activity patterns might therefore have important

consequences for the integration performed by cortical microcircuitry.

4.5 Conclusions :

This study has directly demonstrated the existence of a clear correlation between
the intrinsic electrophysiological properties, the morphology and the projection target of
pyramidal cells in layer 5 of the visual cortex. It was also possible to show that
corticotectal projection neurons have different subthreshold and intrinsic suprathreshold
membrane properties compared to interhemispheric projection neurons. The differences
in the morphological structure will determine the range of specific synaptic inputs
available to each cell with the subsequent possibility of different afferent systems
causing functional differences between the two groups of projection neurons. The
electrophysiological characteristics of the two groups will ~together with other yet
unknown properties— influence the input-output relations of the neurons to serve their

particular functions of which we still know so little.
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Chapter 5:




The development of intrinsic electrophysiological

properties of pyramidal neurons from layer S of
the rat visual cortex studied in vitro:

5.1 Introduction :

To understand the mechanisms of electrical information processing in
neocortical circuits in detail, a precise knowledge of the biophysical properties of
neuronal membranes and synapses of the cells involved in this process is required
because the way neurons integrate the flow of electrical signals will determine their

output and consequently their role within the synaptic circuit.

The spread of current within the dendritic tree as the main information receiving
part of a cortical neuron is largely passive. To gain further insight into the physiological
role such neurons play, it is therefore essential to determine the passive characteristics
such as membrane time constant and cell input resistance. Those data for single nerve
cells are of interest because most of the processing of incoming information from other
neurons (in the form of synaptic potentials) is a subthreshold event and therefore
largely dependent on passive properties. Besides the synaptic location and the degree of
activity of synaptic sites, both of which are determinants of a synaptic potential, these
properties determine largely the influence such synaptic potentials have on the firing-

pattern output of a neuron via their summated response at the somatic membrane.
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If the goal of neuroscience is to understand the complex structure of nerve cells,
their circuits and their functions in specific regions of the adult brain, it often helps to
investigate the properties of the same type of neuron throughout the development of the
structure concerned. This could give clues to differentiate between the properties that
are intrinsic to the constituents themselves and those which are acquired through

interaction with extrinsic factors (see Chapters 7 and 8 : suggested experiments).

The main period in which pyramidal neurons from the cortex of rodents mature
is the early postnatal phase of forebrain development (e.g. Berry et al. 1964, Dobbings
1967, for review see Miller 1988b). Because the bone-structure of the skull is not yet
well developed during that period and the main part of the cranium consists of
cartilaginous material, it is relatively easy to expose the brain partially or remove it

entirely from the skull to have it accessible for experimental investigation.

5.2 Materials and Methods :

Amongst the available experimental techniques, the in vitro slice preparation
has many advantages for studies of the electroresponsiveness of single cells in the
developing cortex. Experimental advantages include accessibility to selected parts of the
tissue and the high mechanical stability of the preparation, which is of great importance
for intracellular work. The recording site can be more precisely determined and
intracellular recordings can be obtained more easily, than in in vive experiments.
This approach also allows a definite correlation between the physiology and the

anatomy of a single neuron by including a suitable marker for intracellular staining in
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the electrode filling solution.

There are two intracellular markers commercially available which have been
extremely popular for a long time amongst investigators of single cell properties. These
are Lucifer Yellow CH (LY) and horseradish peroxidase (HRP). Both meet the general
requirements of easy solubility, relative stability during histological processing as well
as rapid diffusion and retention within the injected neuron, but they differ substantially
in their applicability for the investigation of single cell characteristics. LY has proved to
be unsuitable for electrophysiology -the investigation of which was one of the
intentions for this study- and it will therefore not be considered further here. The latter
(HRP) is commonly used for combined electrophysiological/anatomical investigations
of single cells but has several disadvantages, if compared to the more recently available
marker, biocytin. Biocytin is a small organic complex formed by biotin and lysine and
was introduced to the neuroscience literature about three years ago (Horikawa and
Amstrong, 1988). The main advantage of using biocytin rather than HRP is its lower
molecular weight (372.5 versus ca. 40000) and its high affinity to avidin (Wright et al.,
1952), which can subsequently be coupled to a variety of markers. The low molecular
weight and its high charge allow unproblematic iontophoretic ejection using either
current polarity from sharp, unbevelled microelectrodes. Biocytin is compatible with all
common electrode filling solutions, unlike HRP which seems to be inactivated by salt
solutions of high molarity. Biocytin also diffuses rapidly within the injected cell. If the
slice is then immersion-fixed and subsequently reacted with the avidin-HRP complex
and a chromagen substrate, it provides an image that is similar to the opaque
histochemical product of HRP injections. In my experience the only disadvantage

biocytin fills have is that they are less reliable in their morphological quality when
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Figure 5.1:  Camera lucida drawing of a pyramidal neuron from layer 5 of the rat
visual cortex from a postnatal day 17 preparation. The neuron was impaled in
conventional living slices (thickness 400um) and the electrophysiology studied. During
the recording procedure the neuron was injected with biocytin which was included in the
recording micropipette. The filled neuron was reconstructed from separate drawings. To
improve visibility the axon is shown in red on an overlay.
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compared to results from HRP fills. The appropriate parameters for the histological
reaction of biocytin were established in our laboratory (see Chapter 3) and it was
possible to obtain comparable results from cells of all age groups used in this set of

experiments.

Developmental electrophysiological data could be compared to data from
pyramidal neurons from the adult rat visual cortex as collected with the HRP-technique

(Larkman and Mason, 1990; Mason and Larkman, 1990; Chagnac-Amitai et al., 1990).

This set of experiments was designed to investigate the changes in the electro-
responsiveness of pyramidal neurons from the rat visual cortex throughout the early
postnatal period, up to the fourth postnatal week when the neurons are essentially adult.
Subthreshold current/voltage relations, action potential parameters and the occurrence
and time course of evoked excitatory as well as inhibitory postsynaptic potentials were
all investigated using conventional intracellular recording techniques. Many of the
features examined changed progressively during this postnatal period of cortical

maturation.

Animals of different postnatal ages were assigned to specific groups, each
spanning three days only rather than a full week as in previous investigations
(McCormick and Prince, 1987; Kriegstein et al., 1987; Luhmann and Prince, 1991).
In this way I hoped to make even small changes more apparent and to relate this
investigation closely to previous anatomical studies (e.g. Miller, 1981, 1988b) using

the same binning width.
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Intracellular recordings were obtained using backfilled glass micropipettes
containing 2M KMeS0, enriched with 2% biocytin with a DC-resistance of 70-270 MQ
measured in ACSF. The signal was fed into a bridge circuit, amplified, filtered and
stored on disk for later analysis. The location of layer 5 was estimated using depth
measures (from the pia) of the presumptive recording site as observed through an
inverted microscope equipped with eyepiece graticules. This measure was compared
with results from a set of Nissl-stained coronal sections of cortices from animals of
varying postnatal ages (see Chapter 3: Materials and Methods). After recording from
a particular cell the slice was fixed in a solution of 2.5% glutaraldehyde and 1.5%
paraformaldehyde in 0.1M PB and subsequently reacted histochemically with a
chromagen substrate (Hanker-Yates Reagent, Sigma), so that the location of each
neuron and its morphological type could be confirmed (see Figure 5.1). This procedure
also allowed to study the morphology of each single cell in detail and it could be drawn
using a bright-field microscope (Nikon Optiphot) with a camera lucida attachment. All

the cells included in this sample were pyramidal in shape.

5.3 Results :

5.3.1 General findings :

Intracellular recordings from pyramidal cells in layer 5 of adult rodent visual
cortex have previously shown that these cells do not fire action potentials
spontaneously during intracellular recording at membrane resting potential in the slice

preparation (Connors et al., 1982; McCormick et al., 1985; Mason and Larkman, 1990:
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Chagnac-Amitai et al., 1990). Nevertheless all those studies reported that cells were
capable of generating multiple action potentials in response to injected depolarizing
current pulses of sufficient length and amplitude. This was also the case for all the cells
in this study. Knowing that such impaled neurons were silent at rest -after an initial
injury discharge of action potentials as the electrode penetrated the cell membrane- cells
were only accepted for analysis if they had a resting membrane potential more negative
than -50mV —without permanently injected negative DC-current— and if they were
capable of generating action potentials overshooting the zero potential when stimulated
via injection of depolarizing current. Neurons that fired spontaneously at rest were
judged to be damaged and were not included in the sample —as were those incapable of
generating overshooting action potentials before and at the very end of the recording
procedure. The selection criteria mentioned above are similar to those used in
comparable studies from adult rodent cortex (Connors et al., 1982; McCormick et al.,
1985; Mason and Larkman, 1990) and developing cortex (Kriegstein et al., 1987;
McCormick and Prince, 1987; Schwartzkroin, 1982) although the criterion for
accepting resting potentials was less stringent for immature neurons if compared to the

studies of adult cortical cells.

The success rate for obtaining stable acceptable intracellular impalements was
substantially lower in slices from young animals, especially from the two youngest age
groups (binned as p6 and p9). This may be the consequence of several factors
influencing the success of impalements: firstly, slices of the immature brains tended to
flatten considerably in this interface chamber arrangement during the several-hour
period of the experiment. This process of "thinning" is most likely caused by a
shrinkage of the extracellular space which is relatively larger in immature brain tissue

than in more mature brain tissue (Ransom et al., 1985). Because of this phenomenon
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the long-term recording stability is decreased, thus causing some problems for
experiments involving pharmacology which require lasting impalements for long wash-
in/wash-out periods. Secondly it seemed to be more difficult to hold cells immediately
after the impalement, even if a relatively large hyperpolarizing DC-holding current was
applied to stabilize the membrane potential initially. This observation may also be
explained through a greater mechanical fragility of these membranes. Another possible
explanation could be that transport mechanisms across the cell membrane are less well
developed in immature neurons and such membranes can not yet restabilize the
membrane potential sufficiently well as the cell is penetrated. Thirdly one should also
take into account that cells from the developing cortex are smaller in size compared to
mature pyramidal cells. They might therefore be more susceptible to osmotic changes as

they occur during microelectrode impalements.

The vast majority of impalements in this set of experiments was obtained from
pyramidal cells, although occasionally nonpyramidal cells were recorded as could be
determined from their electrophysiological properties using the criteria of McCormick et
al. (1985). Spontaneously active nonpyramidal neurons were found only after the first
postnatal week, which seems to correlate well with other indications of a delayed
development of inhibitory functions (vide infra: section on synaptic action). The data
obtained from such nonpyramidal cells were not included in the present investigation
since the intention was to focus on the time course of developmental changes in

pyramidal neurons only.

2 litative_morphological ervations :
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Some general features of developmental changes in layer 5 neurons could be
observed when drawings of single cells were made and examined after they had been
reacted for the intracellularly injected biocytin and individual cells had subsequently
been reconstructed. No attempt was made to quantify the structural changes of cells
from this sample (but for comparison see Chapter 7), so only a qualitative description

is possible.

It was striking to see that those pyramidal neurons were more mature in their
appearance than expected from Golgi-stained material in the published literature (Eayrs
and Goodhead, 1959; Juraska and Fifkova, 1979a; Miller 1981, 1988b; Petit et al.,
1988). There were two types of cells to be found in all the age groups from this set of
experiments. One type had an thick apical dendrite that ascended towards the pial
surface and terminated there in an arborization extending into layer 1. The other cell
type possessed a slender apical dendrite, which did not reach the layer 1 and did not
form a terminal arbor (see Figure 5.2). This slender apical dendrite tapered to a very
fine diameter somewhere on its way to the more superficial layers until it was
impossible to follow it visibly. No cell of this type had an apical dendrite that arborized
and terminated in layer 1. Neurons from younger age groups had small somata and
obviously shorter dendrites with a smaller number of higher order branches, than seen
in cells from the older age groups. The basal dendrites had only a few spines in the two
youngest age groups, whereas the spine density on basal dendrtites from neurons of the
older groups seemed to be much higher. Although the full extent of the dendritic
arborization cells was still much smaller in the age groups of the second postnatal

week, they already resembled closely the general appearance of neurons from the adult
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Figure 5.2: Composition of several camera lucida drawings of representative
pyramidal neurons from layer 5 of the rat visual cortex from different postnatal stages :
a) neurons from the first postnatal week

b) neurons from the second postnatal week

¢) neurons from the third postnatal week.

Two pyramidal neurons are shown from each postnatal stage to demonstrate the two

different cell types observed at each postnatal stage used.

All neurons were impaled in living slices (thickness 400pm) and the electrophysiology
studied. During the recording procedure each neuron was injected with biocytin. After
recording, slices were fixed by immersion in a mixture of paraformaldehyde and
glutaraldehyde. After a reslicing procedure to obtain several thin slices (60um), the
injected marker was reacted with a chromagen substrate (see Chapter 3: Materials and
Methods) to obtain a Golgi-like product which could be drawn using bright field
illumination.

Each neuron was reconstructed from separate drawings. For better visibility of the
dendritic arborization most of the axonal collaterals are omitted from these
reconstructions although they were well preserved as can be seen in figure 5.1.

The main axon is indicated by triangles.

Scale bar in C =100 um and applies to all cells.






Figure 5.3:  Dye coupling in pyramidal neurons from the developing rat visual cortex.
Plates show two representative clusters of pyramidal neurons seen after the slice (in
which only a single impalement was obtained) was reacted for intracellularly injected

biocytin.

A) Cluster of dye-coupled pyramidal neurons from a brain slice preparation at p3. The
aggregate of coupled cells consisted in this case of 12 neurons all of which were located

in layer S.

B) Pair of dye-coupled pyramidal neurons from a brain slice preparation at p15. At this
postnatal stage dye-coupling was rarely seen and, if present, consisted in my experience
of a few cells only.

Scale bar in A =100um and applies also to B.






S5.3.3 Electrophysiological observations :

Although we also looked initially at single sweep records from each injected
current step and its resulting membrane voltage response, I then decided to work with
averaged responses employing signal-averaging software obtained from C.E.D.
(Cambridge Electronic Design, U.K.). This method improved the signal to noise ratio
of the records considerably and helped in addition to avoid the possibility of selecting
an unrepresentative trace for the subsequent analysis procedure. All measurements for
the investigation of subthreshold I/V-relations were performed on such averaged

responses (vide infra).

bthreshold properties: membrane restin otential, input resistance

and membrane time constant

Measurements to determine the membrane resting potential were taken at the
very end of the recording period from each cell by comparing the voltage reading from
within the cell with the value measured immediately after electrode withdrawal, leaving
the tip of the electrode still within the slice. The resting membrane potential in immature
neurons was less negative than in mature neurons (see Table 5.1) and the progressive
postnatal change was significant (p<0.01) when the p6-group values (mean

60.1+4.1mV) were compared with the values from the adult group (mean 70.3+5.4)

(See Figure 5.6a).

Membrane time constant and input resistance were measured using short (0.5
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Figure 5.4: Membrane time constants of pyramidal neurons from the developing
visual cortex. Semilogarithmic plots of the voltage decay following brief (0.5ms),
hyperpolarizing current pulses injected into

A) a p7-neuron

B) a p12-neuron

C) a p21-neuron

Zero value on the X-axis corresponds to the end of the injected current pulse. The dotted
lines (from which time constants were taken) are least-squares fits to the straightest
portion of the plots. Values are indicated in each trace. Note the age-related decrease in
membrane time constant, which is described in detail in Table 5.1. The current/voltage
relations and the morphology of the corresponding cells are shown in figure 5.5.

Inset scale bars in A also apply to B and C.












ms) current pulses (for advantages see lansek and Redman, 1973; Durand et al., 1983)
of 0.5nA and 1nA amplitude and of positive or negative polarity. Such pulses were
repeatedly injected at 3Hz and the resulting voltage response was digitized at 20 kHz
and averaged (n=200) to reduce the electrical background noise. The voltage decay
following such an averaged brief pulse of current was then plotted semilogarithmically
versus time and a simple regression line fitted selectively through the straightest portion
of the data points obtained at late times (see Figure 5.4). This region was chosen to
exclude the early period of the voltage decay, which reflects charge redistribution
within the neuron itself (Rall, 1969; Durand et al., 1983; Jack et al., 1983). The slope
of that regression line was used to calculate the time constant of the cell membrane and
the same plots were also used to determine the apparent input resistance using the
method of Durand et al., 1983 (based on Iansek and Redman, 1973). Both positive and
negative pulses were recorded in each case for two different current pulse strengths and
the four obtained values were compared to increase reliability and to assure linearity.
All the values were very close to one another so I decided to quote in the following
section only those values &+ SD which were obtained from the 1.0nA negative current

pulses injected.

Both the membrane time constantand the apparent input resistance
decreased significantly with age from 18.1+5.3 ms at pS to 11.8%3.0 ms in the adult
(p<0.01) and from 93.0+21.9 MQ at p5 to 38.7x11.3 MQ in the adult (p<0.01)
respectively (see Table 5.1 and also Figure 5.4 and 5.6). This age-related decrease in
input resistance could occur because of a progressive increase in cell size, a decrease in
specific resistance of the neuronal membrane or both. Assuming very little postnatal
change in the specific membrane capacitance the observed decrease in membrane time
constant could be explained by a lower specific cell membrane resistivity for older
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Figure 5.6: Age-related changes in neuronal subthreshold properties of layer 5
pyramidal neurons from the developing rat visual cortex.
Data presented in this and subsequent figures of this chapter give means = SDs;

corresponding values are listed in Table 5.1.

A) Resting membrane potential, as measured immediately after electrode withdrawal
B) Apparent input resistance, obtained from short hyperpolarizing current pulses

C) Membrane time constant, obtained from short hyperpolarizing current pulses
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neurons.

The current/voltage relations of all cells were examined by applying rectangular
current pulses of variable amplitude through the recording electrode. For this analysis
the maximal and the steady-state voltage response of the neurons to long (t=200 ms)
positive or negative current pulses in the hyperpolarizing as well as the subthreshold
depolarizing directions were measured in current-steps of 0.1 nA. Because
micropipettes showed time-dependent changes in resistance when passing large
currents of more than 0.75 nA, procedures requiring measurement of the intracellular
potential during current injection were limited to pulses with amplitudes less than such

values (usually about —0.70 nA to +0.5 nA or nearest to threshold).

Plots of injected current step amplitudes versus voltage responses obtained from
cells of the young groups showed linearity over a wide range which seems to be larger
than in data collected from adult animals, although this was not quantified (see Figure
5.5). The slope of this I/V relation decreased during the maturation process and I/V
values between -5mV to -10mV from resting potential were also used from this set of
data as another measure of slope (=R, ) for control purposes. In most of the neurons
the slope measured with long small depolarizing current pulses was greater than ihe
slope measured using hyperpolarizing pulses of identical amplitude. A few cells
showed an approximately constant slope-value that was independent of the polarity for

the current pulse used.

I/V nonlinearities such as inward rectification were observed in many cells from

both immature and adult animals as the strength of the injected depolarizing current was
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increased (see Figure 5.5, right side). As has been reported previously (Kriegstein et
al., 1987) this feature seemed to be more prominent in cells from older age groups (see

I/V plots Figure 4.8) although no attempts were made to quantify this.

b) Rectification phenomena :

During long rectangular current pulses of either polarity the membrane potential
of neurons initially showed time-dependent rectification and tended to "sag" back
towards the membrane resting potential (see Figure 5.5a,b,c and 5.7). I tried to
quantify the degree of sag at various postnatal ages by calculating the percentage sag
during hyperpolarizing as well as depolarizing current pulses. The percentage sag was
determined using the following equation :

Percentage sag = (100 x (Vpeak -V )/ Vpeak) after Stafstrom et al. (1984).

steady state
For all the cells from which recordings were taken, the percentage sag was relatively
independent of the size of the peak voltage deflection or strength of current pulse used.

Therefore at least three separate measurements of percentage sag were averaged for
each cell, with measurements made from different current strengths and for each current

pulse polarity. Depolarizing current pulses where the voltage deflection approached the

action potential threshold were omitted from the averaging procedure.

In all but one of the age groups there was a positive correlation between the
percentage sag during hyperpolarizing pulses and that during depolarizing pulses (see
Table 5.2). The percentage sag increased slightly during maturation but this change was

not significant if t-tested. Results are shown in Figures 5.8 a and b.
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Figure 5.7:  Age-related changes in subthreshold properties of layer 5 pyramidal neurons from the developing rat visual
cortex. Quantification of rectification phenomena.

Data presented in this figure give means * SDs; corresponding values are listed in Table 5.2.

A) Percentage sag during long (200 ms) depolarizing pulses calculated by the following equation:

)/V_ ] after Stafstrom et al. (1984). The percentage sag value was reasonably independent of the

max

[100X(V ax~ Y steady state
size of the maximal voltage deflection at the onset of the current pulse. For each cell at least three sag values were therefore
averaged from current pulses of different amplitude. The value closest to threshold was omitted from the averaging procedure.
B) Percentage sag during long hyperpolarizing pulses. Calculated as mentioned above.

C) Percentage undershoot after depolarizing pulses i.e. the amount by which the membrane potential became transiently more
negative than mebrane resting potential after the depolarizing pulse [100X(V ogershoot’ Ymax))s S€€ figure in Table 5.2 for
illustration. The percentage undershoot was reasonably constant regardless of the current pulse amplitude. Therefore 3 values

were averaged from different pulse strengths used.

D) Percentage overshoot after hyperpolarizing pulses. Calculated as mentioned above.
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The same procedure was applied to analyse another related phenomenon
occurring at the end of the injected current<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>