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1 Summary

This essay of the cumulative doctoral thesis is based on four papers from which three result
from my animal-experimental research in 2004-2006 at the university of Bielefeld and one
from the clinical human research in 2006-2007 at the university medical centre of Miinster.
The purpose of the experiments was to examine the development and maintenance of plastic,
environmental-adaptive cortical networks and in particular to analyse for the first time the
postnatal maturation of the exzitatory pyramidal cells in the prefrontal cortex (PFC) on a
structural level.

The PFC guarantees as phylogenetic latest area of the central nervous system higher functions
like purposive actions and complex social behaviours. The prefrontal integration of
multimodal inputs at highest level is processed by very selective inter- as well as intralaminar
circuits between anatomical and functional different glutamatergic pyramid cells and local
interneurons in higher modules.

The findings of our first long-time study (Witte et al., 2007a) admit for the cortex first
detailed conclusions about the basic developmental events in the output system of the PFC. In
five juvenile age-groups, efferents of the prefrontal pyramidal cells were labelled with the
anterograde tracer biocytin and quantitatively evaluated in the ipsilateral frontal (FC), parietal
(PC), agranular insular (AIC), and dysgranular insular (DIC), as well as in the contralateral
prefrontal cortex (CON). Cortical fibre densities originating from prefrontal layer III- and
layer V/VI-pyramids appeared to follow a separate and highly dynamic course during
postnatal development: The growth of layer IIl-efferents paused at a low level up to sexual
maturity, after which fibre densities exhibited a significant increase in the FC and DIC to
adult values at young adulthood on day 90. In contrast, layer V/VI-efferents showed a decline
of initial high fibre densities between the time of eye-opening and day 19-24, statistically
significantly in the AIC. Afterwards, fibre densities described a re-growth around sexual
maturity, significantly in the AIC, FC and DIC. The findings were discussed in relation to
morphogenetic effects of ingrowing thalamic glutamatergic and mesenzephalic dopaminergic
afferents during selective time windows.

The second biocytin study (Witte et al., 2007b) provided first-time evidence regarding the
callosal prefrontal system that this selective maturation is severely impaired due to epigenetic
interventions (1. an early methamphetamine-intoxication, 2. socially isolated rearing). Each
intervention led to reduced efferent layer V/VI-fibre densities in the CON compared to control
animals from enriched rearing. The combined treatment however, consisting of

methamphetamine-intoxication and isolated rearing, inverted these single effects in a turn-



over fashion so that layer V/VI-efferents showed highly increased fibre densities in the CON.
No alteration was to be recognised regarding layer III-efferents. These findings extend former
knowledge from our two-hit animal model describing a pathological "dysconnection" of the
two prefrontal output systems as one neuro-anatomical correlative of the malfunctions in
patients with schizophrenia (Bagorda et al., 2006), which was postulated hypothetically by
Weinberger and Lispka (1995): The normal decline of layer V/VI-fibre densities in the third
postnatal week is presumably missing due to massive disturbances by the combined
intervention.

In another long-time study (Brummelte, Witte et al. 2007), I participated in evaluating the
maturation of inhibitory GABAergic interneurons in limbic areas. By means of
immunohistochemical staining methods, it has been shown that after a first strong growth up
to weaning the GABAergic fibre densities in the PFC increased even further until old adult
ages on day 520. This steady fibre-rebuilding could account for the key role in the
establishment and lifelong maintenance of environmental-related functional networks
ascribed to local GABAergic circuits (Hensch, in 2005).

The fourth study (Floel, Witte et al., submitted) questions whether the powerful meaning of
the environment is also transferable to cognitive functions in humans. The investigation of
novel cost-efficient strategies which help to prevent age-related cognitive decline is of
immense clinical importance. In this cross-sectional study we detected by means of neuro-
psychological testings in 420 healthy elderly people a significant positive association of a
healthy lifestyle (documented by regular physical activity, a low-calorie diet, non-smoking, as
well as moderate consumption of alcohol) and a better memory performance even after
adjusting for age, education and gender.

These results of the applied human research underline the strong influence of the environment
on cortical plasticity. In addition, the animal-experimental studies point out that external
environmental factors can considerably affect - as a consequence of the long continuing
prefrontal maturation not only regarding dopaminergic afferents but also, as found, regarding

glutamatergic efferents - this prolonged development of the PFC.



2 Zusammenfassung

Diese zusammenfassende Abhandlung der kumulativen Promotion basiert auf vier
Publikationen, von denen drei aus meiner tierexperimentellen Forschungsarbeit von 2004-
2006 an der Universitdt Bielefeld resultieren und eine aus der klinischen Humanforschung
2006-2007 am Universitdtsklinikum Miinster. Ziel der experimentellen Arbeiten war, die
Entwicklung und Aufrechterhaltung von plastischen, umwelt-adaptiven kortikalen
Netzwerken zu untersuchen und insbesondere erstmalig die postnatale Reifung der
exzitatorischen Pyramidenzellen im préfrontalen Kortex (PFC) strukturell zu analysieren.

Der PFC gewihrleistet als phylogenetisch jiingster Bereich des zentralen Nervensystems
ibergeordnete Funktionen wie zielgerichtete Handlungen und komplexes Sozialverhalten. Die
préfrontale Integration von multimodalen Eingéingen auf hochster Ebene wird durch eine sehr
selektive inter- sowie intralamindre Verschaltung zwischen anatomisch und funktionell
unterschiedlichen  glutamatergen Pyramidenzellen und lokalen Interneuronen in
hohergestellten Modulen erméglicht.

Die Befunde unserer ersten Langzeitstudie (Witte et al., 2007a) lassen fiir den Kortex
erstmalig detaillierte Riickschliisse itiber die zugrundeliegenden Reifungsgeschehnisse im
Ausgangssystem des PFC zu. In fiinf juvenilen Altersgruppen wurden die Efferenzen der
priafrontalen Pyramidenzellen im ipsilateralen frontalen (FC), parietalen (PC), agranulér
insuldren (AIC) und dysgranulédr insuldren (DIC) sowie im kontralateralen préfrontalen
Kortex (CON) mittels des anterograden Tracers Biocytin angefdrbt und quantitativ
ausgewertet. Es zeigte sich, dass die Faserdichten aus den Lamina III- und aus den Lamina
V/VI-Pyramiden einen separaten und hoch dynamischen Verlauf in ihrer postnatalen
Entwicklung nehmen: Das Wachstum der Lamina III-Efferenzen verharrte auf einem
niedrigen Niveau bis zur Geschlechtsreife, wonach die Faserdichten signifikant im FC und
DIC auf adulte Werte im jungen Erwachsenenalter am Tag 90 anstiegen. Die Lamina V/VI-
Efferenzen zeigten dagegen einen Riickgang der anfangs hohen Faserdichten zwischen dem
Zeitpunkt der Augenoffnung und Tag 19-24, statistisch signifikant im AIC. Im Folgenden
beschrieben die Faserdichten ein erneutes Wachstum um die Geschlechtsreife, signifikant im
AIC, FC und DIC. Die Befunde wurden im Hinblick auf die morphogene Wirkung der
einwachsenden thalamischen glutamatergen und der mesenzephalen dopaminergen
Afferenzen wihrend selektiver Zeitfenster diskutiert.

In einer zweiten Biocytin-Studie (Witte et al., 2007b) konnte fiir das callosale prifrontale
System erstmals nachgewiesen werden, dass diese selektive Reifung durch umweltbezogene

Interventionen (1. eine frithe neurotoxische Gabe von Methamphetamin, 2. sozial isolierte



Aufzucht) maBigeblich beeintrachtigt wird. Jeweils eine der Aufzuchts-Interventionen fiihrte
zu einer Absenkung der efferenten Lamina V/VI-Faserdichten im CON verglichen mit
Kontrolltieren aus Gehegeaufzucht. Die kombinierte Behandlung dagegen, bestehend aus
Methamphetamin-Intoxikation und deprivierter Aufzucht, invertierte diese Einzeleffekte in
besonderem Malle, so dass die Lamina V/VI-Efferenzen stark erhohte Faserdichten im CON
aufwiesen; keine Beeintrichtigung war fiir die Lamina III-Efferenzen zu erkennen. Diese
Befunde erweitern frithere Erkenntnisse an unserem zwei-Phasen Tiermodell zur
pathologische ,,Dyskonnektion® der zwei préfrontalen Ausgangssysteme als neuro-
anatomisches Korrelat der Funktionsstorungen bei Patienten mit Schizophrenie (Bagorda et
al., 2006), was hypothetisch von Weinberger und Lispka (1995) postuliert war: Vermutlich
bleibt der normale Riickgang der Lamina V/VI-Faserdichten in der dritten postnatalen Woche
aufgrund der massiven Stérungen durch die kombinierte Intervention aus.

In einer weiteren Langzeitstudie (Brummelte, Witte et al. 2007) habe ich die Reifung von
inhibitorisch aktiven GABAergen Interneuronen in limbischen Arealen mituntersucht. Mittels
immunhistochemischer Fiarbemethoden konnte gezeigt werden, dass die GABAergen Faser-
dichten im PFC nach einer ersten starken Zunahme bis zur Entw6hnung noch weiter bis ins
hohe Erwachsenenalter am Tag 520 anstiegen. Dieser stetige Faserumbau konnte eine Grund-
lage fiir die Schliisselrolle sein, die den lokalen GABA-Netzen in der Entstehung und lebens-
langen Aufrechterhaltung funktioneller Netzwerke zugeschrieben wird (Hensch, 2005).

In der vierten Studie (Floel, Witte et al., submitted) geht es um die Frage, ob die grofie
Bedeutung der Umwelt auch auf Gehirnleistungen beim Menschen iibertragbar ist. Die
Erforschung von neuen, kostengiinstigen Strategien, die den altersbedingten kognitiven
Abbau verhindern helfen, ist von immenser klinischer Bedeutung. In dieser
Querschnittsstudie  konnten wir bei 420 dlteren, gesunden Personen mittels
neuropsychologischer Testverfahren einen signifikanten positiven Zusammenhang von einem
gesunden Lebensstil (dokumentiert durch regelmédBige korperliche Aktivitdt, eine
kalorienarme Erndhrung, Nichtrauchen sowie moderater Alkoholgenuf3) und einer besseren
Gedichtnisfunktion unabhingig von Alter, Bildung und Geschlecht aufzeigen.

Diese Ergebnisse der angewandten Forschung beim Menschen unterstreichen den starken
Einfluss der Umwelt auf die Plastizitdt des Kortex. Die tierexperimentellen Studien zeigen
aulerdem, dass bedingt durch die besonders lang andauernde prifrontale Reifung nicht nur
der dopaminergen Afferenzen sondern, wie gefunden, auch der glutamatergen Efferenzen
duBlere Umweltfaktoren diese verzogerte Entwicklung des PFC erheblich beeintrichtigen

konnen.



3 Introduction

One of the most fascinating and likewise fundamental claims of neural science is that the
activities of the brain generate our behaviour. Only a purposive, orchestral interaction of
millions of individual nerve cells that comprise the nervous system can assure such diverse
functions as sensory perception and motor coordination, but also more complex tasks like
motivation and memory. Considering the molecular basis of how nerve cells interact, namely
via electrophysical signals from one to another, a proper cognitive processing truly depends
on precise intercellular connections. Like in the sensory-motor system, a cardinal feature of
higher-order cortex organization in mammals including humans is the specific arrangement
and selective inter- and intralaminar wiring of integrative networks and modules. Here, highly
integrative processes are provided by a selective functional architecture of distinct subgroups
of excitatory pyramidal output cells and numerous types of inhibitory interneurons.

Now the main question is, how these superior cytoarchitectonic patterns may emerge and
become established during ontogeny, and in particular, how they are modified by the external
environment. My studies were conducted to identify the particular role of the juvenile period
and related epigenetic impacts in the generation and maintenance of well-functioning higher-
order networks. Therefore, I investigated the structural maturation of prefrontal pyramidal
cells and interneurons in gerbils (Meriones unguiculatus), which are known to have a very
small genetic variability and a broad wild-type like behavioural repertoire (Rosenzweig and
Bennett, 1969; Thiessen and Yahr, 1977). The prefrontal cortex (PFC) enables advanced
functions like purposive and reflective behaviours in time and space, which obviously require
an interactive attainment and highly integrative computation of multimodal, pre-processed
sensory-motor and limbic information (Fuster, 1985; 1991; 2000; Lewis et al., 2002). To
establish such experience-related functions, this phylogenetic youngest part of the cortex is
naturally characterized by a very slow and prolonged developemtn. By means of persistent
neuronal progression and reorganisation, structural organization and functional maturation
continues even beyond adolescence in both rats and primates including humans (Diamond,
2002; Goldman-Rakic 1987; Chugani et al., 1987; Giedd et al., 1999 Crone et al., 2006;
Goldman, 1971; Kolb, 1984; Kolb and Nonneman, 1976).

Since the maturation of this highest brain centre, the PFC, is embedded in several main other,
successive and preceding processes, common aspects of brain development are briefly

summarized in the following part.



3.1 Differentiation of neurons during development
Interconnections between specific nerve cells depend on the individual type and position of
each cell within the nervous system. Intriguingly, mature neurons have to develop these
diverse and highly specialized properties out of equal stem cells. Thus, both genetic and
epigenetic programs are supposed to underlie a complex cortical development, which can be
divided into multiple, sequential steps.
First, the neuronal plate, a columnar epithelium, derives from a sheet of ectodermal cells
located along the dorsal midline of the embryo at the gastrula stage (Altman and Bayer,
1985). The formation of neuronal tissue is largely dependent on signalling molecules secreted
by other non-neural neighbouring cells, which direct in a complex program the expression
pathway of particular genes in the individual precursor cells. First evidence to this general
developmental principle was found by Spemann and Mangold (1923) in amphibian embryos,
who transplanted specific “organizer cells” close to other ectodermal cells, which led to
dramatic changes in the fate of these host cells. More recently several inducing factors which
occur also in humans could be identified not only by studies of frogs but also by flies and
worms, underlining the remarkable similarity of nerve tissue development within phylogeny
(Crutcher, 1986; Inan and Crair, 2007; Wisniewski, 1979; Wodarz and Nusse, 1998).
In vertebrates, the neuronal plate begins soon after to fold into the neural tube. Hereof
uniform progenitor cells proliferate rapidly, migrate to their final positions and differentiate
into immature neurons or glia cells in a well-defined, heterogeneous pattern along the neural
tube (Bayer, 1989). At rostral position, three brain vesicles initiate the forebrain (later
segmented into telencephalon and diencephalon), midbrain, and hindbrain (later segmented
into metencephalon and myelencephalon), which are the major regions of the brain. The then
forming cortical plate acts as progenitor for further cortical differentiation and lamination
(Super et al., 1998). In the PFC, cortical lamination and immature neurons, with pyramidal
cells being visible slightly earlier than non-pyramidal cells, become obvious during the first
postnatal week in rats (van Eden and Uylings, 1985), and between the 26™ and 29" week of
gestation in humans (Mrzljak et al., 1988). However, adult morphology is not present before
late in adolescence (Mrzljak et al., 1988; van Eden and Uylings, 1985).
The appropriate position of a nerve cell within the cortical plate is determined by the timing
of its cell cycle, reflecting the frequently described inside-first, outside-last maturation pattern
(Miller, 1985). Early newborn cells migrate out of the ventricular zones along radial glia cells
to settle in the deep layers of the immature cortex, whereas cells that exit the cell cycle at later

stages settle in more superficial layers (for review, see Aboitiz et al., 2001). Notably,



excitatory pyramidal cells migrate from dorsal aspects of the lateral ventricles (Tan et al.,
1998), whereas inhibitory interneurons originate from rather ventral proliferative zones and
travel therefore a considerable distance before entering the cortex proper (Anderson et al.,
1997; Yung et al., 2002). Cortical cells generate in rats between embryonic day (ED) 15-19
(Berry and Rogers, 1965; Ignacio et al., 1995), in monkeys by the 6™ week of gestation (Rakic
and Nowakowski, 1981), and in humans by the 8" week of gestation (Molliver et al., 1973). It
is known that at least in rats, prefrontal neurons do not appear more than two days later in the
cortex than occipital neurons: a prominent neurogenetic peak occurs in the PFC on ED 17 for
layer V- and on ED 18 for layer II/IlI-neurons, respectively (Van Eden and Uylings, 1985a),
whereas occipital neurons appear between ED 15 and 17 (Bruckner et al., 1976). Therefore
specific programs that control especially the start of prefrontal neurogenesis appear to be less
likely. However, the end of neuronal differentiation in the PFC seems to differ from that of
other brain areas, since it is highly prolonged in rats and monkeys including humans (Mrzljak
et al., 1988; Van Eden and Uylings, 1985a).

The individual fate of a neuron also depends on its localisation within the nervous system,
since adjacent cells and integrated systems serve as inducing factors. Thus in the PFC, the
excitatory glutamatergic projection from the medial thalamus (MD) is suggested to control
local cell differentiation (van Eden et al., 1990). This phenomenon has clearly been described
e.g. in the rodent somatosensory cortex, whose characteristic barrel fields develop soon after
birth even if prospective visual cortex is transplanted at this position (Schlaggar and O'Leary,
1991). Moreover, other systems that carry the neurotransmitters dopamine (DA), y-amino-
butyric-acid (GABA), serotonin (5-HT), acetylcholine (ACh), and noradrenalin (NA) are
likewise supposed to act as morphogenetic factors during development (Ben Ari et al., 1997;
Kalsbeek et al., 1987; Lauder, 1988; 1993; Nguyen et al., 2001; Owens and Kriegstein,
2002a; Owens and Kriegstein, 2002b; Sodhi and Sanders-Bush, 2004). Figure 1 schematically
depicts mediators of brain organization in both rodents and man, which contribute essentially
in the course of development to successive processes like neuronal progression,
compensation, and reorganisation. Thus, the linkage between neuronal structure and
functional outcome is a key aspect in understanding the establishment of systemic interactions

mediated by higher-order prefrontal networks (see e.g. Lewis et al., 2002).
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Figure 1: Beside genetic factors, morphogenetic transmitters like glutamate, GABA, noradrenaline, serotonin
and dopamine, as well as the external environment contribute to the establishment of neuronal networks.
Growing systems and epigenetic factors permanently induce functional reorganisation processes, thereby
contributing to higher-order prefrontal networks in the course of a prolonged postnatal maturation.

As described in the compensatory theory by Wolff and Wagner (1983), ingrowing fibres in
combination with experience-dependent input-changes of the periphery lead permanently
during development to the perturbation of transient networks and according reorganisation
processes within neuronal networks. This self-organizing principle allows neuronal circuits
via stabilising mechanisms to establish functionally integrated, efficient contacts and to
enable life-long plastic capacities as well as adequate and purposive behaviours (Huether,
1996; Schnupp and Kacelnik, 2002; Wolff et al., 1995; Wolff and Missler, 1992; Wolff and
Wagner, 1983). Consistently, neuronal homeostasis has been described by
electrophysiological studies (Turrigiano et al., 1998), and the morphogenetic potential
induced by maturing transmitter systems and hormones has become well-analyzed in the last
decades (Azmitia, 1999; Herlenius and Lagercrantz, 2001; Herlenius and Lagercrantz, 2004;
Lauder, 1993; Sodhi and Sanders-Bush, 2004). In addition, it is supposed that especially the
morphogenetic role of the transmitter DA (Lauder, 1988; 1993) contributes to the exceptional

status of the PFC: DAergic afferent fibres arising from the ventral tegmental area were found
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to mature at least in rodents and monkeys considerably fast during early postnatal life, but to
establish their final termination patterns not earlier than late in adolescence or even in young

adulthood (Fig. 2; Dawirs et al., 1993; Kalsbeek et al., 1988; Lewis et al., 1998).
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Figure 2: Aspects of the postnatal maturation of dopaminergic innervation and receptors in prefrontal areas in
the gerbil (fibre densities, solid dark blue line), in the monkey (varicosities, broken dark blue line), and in the rat
(dopamine-D1, -D3, and -D4 receptors, broken light blue lines). Note the extended fibre growth even beyond
adolescent and the prolonged increase in receptor densities, adapted from Dawirs et al. (1994), Kaalsbeek et al.
(1998), Lewis (1998), and Tarazi and Baldessarini (2000).

Thus, particularly the prefrontal system is exposed to changing conditions at a structural level
even until late in development. On the one hand, this underlines a considerable prolonged
vulnerability of prefrontal circuits. On the other hand, this prolonged development might also
reflect an essential mechanism, which enables a more advanced level of cortical organization
(Kostovic, 1990). Accordingly, the PFC obtains the exceeding possibility to re-act on and to
integrate a broad variety of different, successive and activity-dependent neuronal inputs
during maturation. As a result, prefrontal networks are able to generate environmentally
adaptive, higher-order functions, which might also require specific neuronal properties and

molecular pathways.

3.2 Generation of specific neuronal properties
Aside from their proper local morphogenetic surrounding, provided e.g. by glutamatergic,
GABAergic or DAergic inputs, nerve cells have to be equipped with highly specialized,
target-matched molecular properties. Evidence that inducing factors of synaptic targets may
modulate for example the respective presynaptic transmitter phenotype rose from studies in

sympathetic motor neurons (Doupe et al., 1985). Moreover, it is supposed that distinct
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subclasses of parvalbumin-containing GABAergic interneurons get their specific molecular
features first at juvenile age, which might be induced by factors of their local surrounding
(Miller et al., 1991). Signals of the neuronal environment were also found to exert critical
influence on the individual survival of a nerve cell, as first described in the amphibian dorsal
root ganglion (Detwiler, 1937), and in the spinal chord of chicken embryos (Cohen et al.,
1954; Hamburger and Levi-Montalcini, 1949). In addition, the latter studies observed that
50% of spinal motor neurons die even under normal conditions, which was termed as
apoptosis (Hamburger and Levi-Montalcini, 1949). Since then, selective cell death has
frequently been reported as a crucial event during normal brain (for review, see Buss et al.,
2006).

Simultaneously, a broad variety of so-called neurotrophic factors were identified to promote
neuronal survival. These proteins are secreted in a limited amount by target cells in neurons of
the basal forebrain, the hippocampus, and the neocortex; for example neurotrophins including
nerve growth factor, brain-derived neurotrophic factor (BDNF), neurotrophin 3, and
neurotrophin 4/5; interleukin 6-like cytokines, transforming growth factors, fibroblast growth
factors, hepatocyte growth factors, as well as BDNF- and neurotrophin 3-selective receptors
(Katz and Shatz, 1996; Lessmann, 1998; Lykissas et al., 2007). Recent studies provide
evidence that neurotrophic factors might inhibit the endogenous “apoptosis pathway” of a
neuron, e.g. via suppressing the activation of particular proteolysis-inducing enzymes such as
caspases (Jellinger, 2006). Moreover, BDNF is supposed to regulate the expression of
important transmitter-related DAergic proteins, such as different NMDA-receptor subunits
and DA-D3 receptors (for review, see Bustos et al., 2004). Neurotrophins might also operate
as locally released feedback modulators of synaptic transmission, which could be a cellular
correlate for certain aspects of higher prefrontal networks (Bustos et al., 2004).

Thus, it was found that a higher BDNF synthesis (e.g. induced by antidepressant agents) leads
to an increased DAergic signalling in hippocampal and also in prefrontal areas (Castren et al.,

2007).

3.3 Growth of proper axonal projections
Another synaptic target-related feature during neuronal development is the purposive growth
of axons to create highly specific connections between distinct cortical areas and cells. Early
experiments in the visual system of frogs showed that retinal axons orientate towards intrinsic
anatomical conditions when regenerating, even if the behavioural outcome is inadequate

(Sperry, 1943). Therefore, the initial (embryonic) wiring of axons is supposed to depend
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rather on chemical matching than on experience-validated random connectivity (Sperry,
1945). However, functional activity is still thought to play a major role in modifying neuronal
circuits (for review, see e.g. Waites et al., 2005).

The underlying molecular processes of how axons could find their discrete targets throughout
the nervous system was considered first by Ramon y Cajal (1890a; 1890b): He presumed that
the axonal growth cone, a protuberance of the elongating axon, combines both sensory and
motor functions to find its appropriate path. Thus, already existing axonal fibres could serve
as a template for the growth of later born axons to the same target. Moreover, a variety of
other guiding signals in the complex environment should be necessary not only for the initial
axon to avoid obstacles and to find its specific way (for review, see de Castro et al., 2007).
Indeed, several molecular cues classified as short- or long-range, axon-attracting or -repelling
factors have been characterized in the last decades (Benarroch, 2007; de Castro, 2003;
Dickson, 2002; Kennedy and Tessier-Lavigne, 1995; Skene, 1989; Tessier-Lavigne and
Goodman, 1996). For instance, heterotrimeric laminins are components of the basal laminae
of the extracellular matrix, which interact with matrix-binding proteins on the motile
filopodium of the axonal growth cones, e.g. the integrins (Nakamoto et al., 2004). Both
laminins and integrins comprise discreet heterogenous groups of slightly different molecules,
which contribute to a selective recognition during axonal growth (Sefton and Nieto, 1997).
For the sensory input to the cortex, it is supposed that limbic-associated membrane protein,
cadherins, ephrins and Eph receptors, neurotrophins, netrin 1 and semaphorins guide
thalamocortical axons on their way (for review, see Lopez-Bendito and Molnar, 2003). Yet,
the molecular mechanisms that underlie higher cortical differentiation are widely speculative
(Price et al., 2006). Moreover, the direction and polarity of a guidance cue may also vary
between different sets of nerve cells and guiding structures, pointing to a rather complex than
simple pathfinding process (de Castro, 2003; Kennedy, 2000). Consistently, it is supposed
that cue-binding proteins in the growth cone membrane initiate a variety of different second
messenger cascades, which are likely to contribute to the attraction or retraction procedure of
the axon (Tessier-Lavigne and Goodman, 1996). For instance, calcium acts as an important
second messenger, since it promotes growth cone motility at most on a specific local
concentration (Henley and Poo, 2004). Therefore, different concentrations of calcium within
the growth cone (induced by cue-binding receptors in its membrane) should guide the
cytoskeleton to advance in the calcium-rich direction (Dent et al., 2003). Thus, regionally

different intrinsic programs, which should exist since very early in development, might
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contribute to the later regional specialization of the cortex, e.g. via selective expression of
particular receptor genes in specific areas (Cohen-Tannoudji and Babinet, 1994).

In summary, several smart and even highly potent molecular mechanisms are supposed to
underlie axonal guidance during development, which to date lack at least regarding different
cortical areas their specific discrimination. Huffman et al. (2004) suggested as possible
candidates for the segregation of cortico-cortical connections the transcription factor Id 2 and
the orphan receptor RZRb. However, further research is needed to discover guiding molecules
that modulate e.g. the specific growth of prefrontal afferent and efferent fibres. Therefore, one
main precondition might be a better understanding of structural pattern changes during the

maturation of prefrontal networks, which gave rise to the idea of my studies.

3.4 Specification of neuronal connections

Well-functioning neuronal processes depend even at a submicron level on highly precise
intercellular contacts. Therefore, the forming and modifying of prefrontal synapses play an
essential role in enabling higher order networks and plastic capacities during the whole
lifetime. Although synaptic components can be independently formed by axons and target
structures (Varoqueaux et al., 2002; Verhage et al., 2000), synaptogenesis is thought to be a
highly interactive process (Knott et al., 2002; Rajan and Cline, 1998; Schmidt et al., 2004;
Trachtenberg et al., 2002). To enable sufficient functionality and stability in time and space,
both pre- and postsynaptic elements exchange diverse molecular and electric signals, which in
turn induce further differentiation of the opposite structure. Yet, the absence of specific cues
inhibits the organisation of the synaptic contact. For example, motor nerve terminals secrete
so-called neuroregulins and agrins, which induce the synthesis and clustering of
acetylcholine-receptors in the postsynaptic muscle membrane, whereas laminins and soluble
trophic factors attract the presynaptic terminals (for review, see Waites et al., 2005).
Regarding cortical neurons, detailed studies about specific molecular cues that induce for
example DAergic synapse forming in the PFC are still missing.

After establishing these specifications, transmission activity is indispensable for the
permanence of a synapse. Since it is known that the elimination of exuberant synapses is a
crucial phenomenon during normal brain development, it appears to be likely that only
effective synapses persist and prevail over rather inactive contacts (Hua and Smith, 2004;
Huttenlocher et al., 1982; Lichtman and Colman, 2000; Miyazaki et al., 2004; Rakic et al.,
1986). Consistently, early studies showed that the activity-dependent pruning of synapses

underlies the organisation of ocular dominance columns in the visual cortex (LeVay et al.,

14



1980; Shatz and Stryker, 1978). This emphasizes the importance of stimulus-triggered
competition and cooperation between different sets of nerve cells within a neuronal network.
Regarding visual development, only a synchronous firing of neighbouring thalamocortical
afferents should lead to an intense and therefore sufficient depolarisation of the target cell to
activate its NMDA-receptors. As a consequence, it seems likely that the target cell releases
via NMDA-coupled second messenger cascades retrograde neurotrophic factors. These
molecules are then taken up exclusively by the active terminals during endocytic processes
(Constantine-Paton et al., 1990). Subsequently, the inactive presynaptic terminals should
retract due to a lack of neurotrophic substances, revealing an insightful mechanism how
growing axonal terminations become specialized.

Likewise in prefrontal areas, Anderson et al. (1995) observed a substantial decrease in
dendritic spine densities of pyramidal layer III-neurons even beyond puberty in the monkey,
which points to a pruning of postsynaptic contacts. In addition, recent studies of the rodent
barrel cortex provide evidence that activity-dependent regulation of synapse formation and
elimination occurs also in the mature brain (Knott et al., 2002; Trachtenberg et al., 2002).
Regressive events beyond synapse pruning, such as the elimination of transient axonal
connections, have been shown to occur in a variety of species and in diverse brain areas
exclusively during development (Innocenti and Price, 2005). For example, Price and
Blakemore (1985) described that a considerable withdrawal of associational projection fibres
originating from deeper cortical layers occurs in visual areas of three weeks old kittens using
retrograde tracer methods. As a major outcome of my studies (Witte et al., 2007a), I found
also prefrontal efferents to be subjected to structural changes and regressive events during
development.

In summary, it seems likely that progressive as well as regressive events play an essential role
during maturation and regeneration of the CNS (Cowan et al., 1984; Murakami et al., 1992;
Price et al., 2006). Thus, activity-dependent structural and neuron (re-)organisation processes
account for the remarkably adaptive features of developing brains. Together, these findings
underline the above mentioned compensatory theory of ongoing neuronal reorganisation as a
basic principle. The study of transient patterns should help to elucidate the complex
relationships between progression, regression, and reorganisation (Cowan et al., 1984;
Kostovic, 1990) and might also provide evidence for detecting selective time windows, in
which the functionally integrated development takes critical epigenetic stimulations into

account.
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3.5 Epigenetic factors and sensitive periods

The establishment and fine-tuning of for instance visual synapses appear to happen in
predefined time windows during development, after which appropriate activity is less
essential for the formation of well-functioning networks (LeVay et al., 1980). Behavioural
evidence for sensitive periods during development arose from the phenomenon of imprinting,
which was described most impressively by Konrad Lorenz in parent recognition of grey geese
(Lorenz, 1937), but also by others in a broad variety of species and different behaviours (for
review, see Hess, 1972; Knudsen, 2004). For example, it was found in birds that song
melodies (Marler, 1970) and prospective mating objects (Immelmann, 1972) become
imprinted at infantile age. In humans, language acquisition (Oyama, 1976) and parent bonding
(Leidermann, 1981) relate also to early sensitive periods. Moreover, it is suggested that later
social and emotional behaviours crucially depend on early learning processes (Bischof, 2007,
Immelmann, 1972; Jones et al., 2000; SCOTT, 1962).

The underlying mechanisms are again related to the structural maturation, since various
studies found dendritic, axonal and/or synaptic changes to occur during sensitive periods in
the respective brain areas (Antonini and Stryker, 1993; Goldman-Rakic, 1987; Hensch and
Stryker, 2004; Horn, 1998; Horn, 2004; Hubel and Wiesel, 1964; Scheich, 1987; Teuchert-
Noodt et al., 1991). The visual critical period, for example, is supposed to depend on the
(stimulus-triggered) thalamic input to cortical layer IV (Antonini et al., 1998; Daw et al.,
1992; Trachtenberg and Stryker, 2001) and also on local GABAergic circuits (Hensch and
Stryker, 2004). As to the human PFC, the morphogenetic potential of DA might induce these
essential structural changes during a prolonged postnatal development (Kuboshima-Amemori
and Sawaguchi, 2007). Consistently, recent longitudinal imaging data found that high-level
cognitive abilities in young adults are crucially related to long-lasting dynamic properties of
cortical maturation in the PFC (Shaw et al., 2006). Since DA is supposed to mediate primarily
experience-dependent learning processes (Bao et al., 2001), the required plasticity of
prefrontal networks seems very likely to depend on somewhat higher-order epigenetic
stimulation (Kuboshima-Amemori and Sawaguchi, 2007).

Thus, sensitive phases should be controlled by intrinsic structural factors, which might be
crucially modulated by the environmental offer (Kandel, 2001; Mower and Christen, 1985;
Zhou et al., 2003). Also abnormal experience can appallingly affect the establishment of
neuronal networks during these sensitive periods, which is likely to cause maladaptive and
even pathologic behaviours. For instance, it was found in the kitten that visual deprivation

during the critical postnatal period causes visual de-structuring (Hubel and Wiesel, 1964) and
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an irreversible loss of sensory abilities (Crair et al., 1998). Moreover, a lack of adequate
environmental stimulation during juvenile development in rodents leads to alterations in
working memory (Winterfeld et al., 1998) and stereotypic or aggressive behaviours also in
primates including humans (Ridley and Baker, 1982; Rosenzweig and Bennett, 1996).
Together, numerous disadvantages in cognitive and social behaviours depend on
environmental deprivation and traumatic experience (Hall, 1998; Lapiz et al., 2003).
Traumata are also assumed to act as developmental risk factors for later psychopathologies

' (Lehmann et al.,, 2002; for review, see

Sanchez et al., 2001).

ol Even most dramatic cognitive disorders like
schizophrenia, which are supposed to be
somewhat genetically predisposed, are
- presumably triggered or provoked by adverse
epigenetic circumstances (Kendler and

Eaves, 1986; Raedler et al., 1998; Tienari et
al., 2004; Weinberger and Lipska, 1995).

LIII

Those disorders should be related to mal-
development especially in the PFC (Jones,
1997; Levin, 1984; Lewis et al., 2003; Lewis
and Moghaddam, 2006; Shelton et al., 1988;
Weinberger et al., 1986). In the so-called

LIV

glutamate-hypothesis, it is further assumed

suoioafoid |e213102-0213109)

LV
that either a glutamatergic hypo- and/or

hyperfunction might evoke psychotic
- symptoms (for review, see Stephan et al.,
2006). Glutamate is the main excitatory

transmitter in the brain, expressed primarily
White

Sikanci in the pyramidal cells which comprise the

layers of the cortex (Cavanagh and

Parnavelas, 1988; Jones, 1984). Figure 3

pictures a simplified scheme of the cortical
Figure 3: Principle of information flow within a integration and “feed-forward” processing of
cortical column. Cortico-cortical projections arise
from glutamatergic layer III- and layer V/VI-

pyramidal cells. Adapted from Bannister, 2005. (see e.g. Bannister, 2005). Thus, thalamic

information as realized by pyramidal cells
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inputs enter the cortical column in layer IV at spiny stellate-like pyramids and
are then relayed to layers II and III. Layer III and layers V and VI represent the principal
pyramidal output layers. Originating in layers II and III, axon collaterals signal to layers V
and VI. After additional processing via fascilitation or inhibition of interneurons and crucial
monoaminergic modulations, highly integrated orders are eventually transferred to other
cortical and subcortical targets. Layer V- and VI-fibers form mainly (but not exclusively)
long-range projections to distant cortical and subcortical targets, whereas layer III-projections
rather innervate adjacent and distant ipsilateral and corntralateral areas of the cortex.
Interestingly, layer III- and layer V/VI-projections comprise not only anatomically but also
functionally distinct output layers. Moreover, these hierarchically different systems are
suggested, yet on a speculative level, to develop by seperate rules of maturation in time and

quality (Price et al., 2006).

3.6 Previous findings and key questions of the present work
Our research group has extensively studied in an animal model of psychosis the
cytoarchitectonic changes of glutamatergic pyramidal output neurons and other transmitter
systems such as GABA in limbic and prefrontal networks after early traumatic experiences
(Bagorda et al., 2006; for review, see Brummelte et al., in prep.). Therefore, Mongolian
gerbils (Meriones unguiculatus) received either an early neurotoxic methamphetamine-
challenge on PD 14 and/or were exposed to chronic social deprivation after weaning (PD 30)
up to young adulthood (PD 90). As previously shown, these adverse rearing conditions led in
adult animals to dramatic structural alterations in the DA innervation of the PFC (Dawirs et
al., 1994; Neddens et al., 2001; Teuchert-Noodt and Dawirs, 1991; Winterfeld et al., 1998). In
addition, the suppressed prefrontal DA maturation is supposed to cause further extensive
changes not only in other mesolimbic and mesocortical DAergic projections (Busche et al.,
2004; Lehmann et al., 2002; Neddens et al., 2002), but also in the serotonin (Busche et al.,
2002; Lesting et al., 2005; Neddens et al., 2003; Neddens et al., 2004), the acetylcholine
(Busche et al., 2006), and the GABA system (Brummelte et al., 2007a; Nossoll et al., 1997).
As another and even more direct consequence, the early non-invasive interventions were
found to evoke a miswiring of prefrontal efferents to frontal, parietal, and dysgranular insular
cortices in the ipsilateral hemisphere (Bagorda et al., 2006): Layer IlI-axonal fibres adapt
considerably different to epigenetic challenge than layer V/VI-axons, which was most evident
in a highly imbalanced increase in layer V/VI-fibre densities of distant insular target areas. At

closer glance, it seems likely that these findings point to a dysfunctional cognitive processing
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which might also account for the dysfunctions described in humans, depending on a structural

prefrontal “dysconnection” (Bagorda et al., 2006).

Now, my studies focused on different aspects concerning prefrontal network (mal-)

development to complete the previous results and to provide potential explanations of

underlying processes:

(1) How and at what developmental time windows could adverse postnatal interventions

affect the maturation of the prefrontal glutamatergic output system?

In addition, is it possible to identify vulnerable steps during the postnatal
development of the two major prefrontal projection systems?

To what extent do possible structural changes occur after early interventions in

contralateral target areas of prefrontal output fibres?

(2) What are possible causes and consequences of a maladaptive glutamatergic

3)

development in relation to other transmitter systems?
In more detail, is the postnatal development of the main inhibitory transmitter, the

GABAergic system, linked with the pyramidal maturation in the PFC?

Is it possible to transfer the powerful influence of environmental factors on cortical
development even to the aging brain in humans?

Thus, is a healthy epigenetic surrounding, provided by regular physical activity, a
low-caloric diet, moderate alcohol drinking, and non-smoking related to better

higher-order cognitive performance in the elderly?
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4 The postnatal development of prefrontal networks

To answer these questions, a large part of my work dealed with the maturation and mal-
adaption of the excitatory pyramidal output system in gerbils (Witte et al., 2007a; 2007b), and
I investigated the postnatal development of inhibitory GABAergic interneurons (Brummelte,
Witte et al. 2007). Thus, I quantitativly evaluated those relevant aspects of the prefrontal
system, which provided further insights into how and when epigenetic challenge might
crucially affect higher-order prefrontal networks. Since environmental interventions should
also lead to structural changes in the human brain and throughout life, I subsequently focused
on the relation between a healthy epigenetic lifestyle and better cognitive performance in the

elderly in a subsequent observational clinical study (Floel, Witte et al., submitted).

4.1 Maturation of pyramidal efferents (Witte et al., 2007a)
I conducted the first tracer study to examine seperately the development of layer III- and
layer V/VI-corticocortical connections in gerbils from infantile until adult age, subsequent to
previous experiments (see also Bagorda et al., 2006; Witte et al., 2007b). Therefore, 148 male
animals were used for investigation, covering convincing life-span periods at the age of PD
15-19 (infantile, n = 31), PD 20-24 (early juvenile, n = 29), PD 25-29 (pre-weaning, n = 18),
PD 30-49 (post-weaning, n = 45), around sexual maturity on PD 60-79 (adolescent, n = 13) or
PD 90 (adult, n = 12). Axonal fibres of pyramidal cells situated in prefrontal layer III and
layers V and VI were labelled with the anterograde tracer biocytin and stained by standard
3.3-diaminobenzidine (DAB) reaction. For details of the materials and methods used, please

see Bagorda et al. (2006) and Witte et al. (2007b).

4.1.1 Distribution of pyramdial efferents in the PFC
Prefrontal efferents in juvenile gerbils appeared to innervate somewhat similar cortical areas
as has been previously described in adult gerbils (Bagorda et al., 2006), rats (Sesack et al.,
1989), and in monkeys (Selemon and Goldman-Rakic, 1988). Yet, layer Ill-labelling led to a
similar pattern compared to layer V/VI-labelling, although slightly fewer fibres were observed
following layer IlI-labelling. Figure 4 gives a scheme of prefrontal layer III- (fine red line)
and layer V/VI-efferents (thick red line) in the gerbil. As a supplement to the report and the
illustrations in the publication (see Fig. 2-6, Witte et al., 2007a), some additional observations

are documented below.

20



biocytin

LIll-pyramdial
efferents —

LIII

y !

" *, = LV/VI-pyramdial
- ., efferents

St PFC

lateral 4

‘midline

Figure 4: Distribution of prefrontal output fibres in the gerbil. Axons were labelled by an injection with
biocytin into pyramidal cells situated in layer III and layer V/VI of the right prefrontal cortex (PFC, left panel).
Given are selective coronary slices through the ipsilateral and contralateral hemisphere (A-G, see miniature,
right corner). At the injection site, axon collaterals (red lines) ascend to layer I, spread horizontally, and descend
through layer VI to rise in a lateral column or target more ventrally in the agranular ipsilateral cortex (AIC, A).
Collaterals travel caudalwards, enter the corpus callosum (cc) and exhibit several bifurcations into the cortex (B).
Somewhat more caudal, axons run through the cc and deeper layers to terminate in a columnar manner in rostral
frontal areas (C). One main fibre bundle descends subcortically through the caudatus putamen (cpu). At the level
where the anterior commissure (ca) crosses to the lateral ventricle, prefrontal efferents arise in distinct cortical
columns in the frontal (FC), parietal (PC), and distant dysgranular insular cortex (DIC, D). Beside prominent
subcortical projections at the level of the hippocampus (hc) and amygdala (amy), only few axonal fibres target in
caudal frontal areas (E). More rostral, collaterals cross to the opposite hemisphere and run along the cc (F).
Corresponding to the injection site, fibres terminate in a contralateral prefrontal column (CON) in the left
prefrontal cortex (G). Highlighted in blue are levels of quantitative evaluation. Scale bar = 100 pm.

In all age-groups, both layer III- and layer V/VI-axons spread horizontally from layer of
origin, ascended to layer I or run through deeper layers and the corpus callosum (Fig. 4A-E).
Via these travelling collaterals, specific rostral cortical areas in the ipsilateral hemisphere
were innervated in a column-like manner, namely in the agranular insular cortex (AIC, Fig.
4A; see also Fig. 5) and in frontal areas (Fig. 4C; see also Fig. 6C). More caudal, target-
columns were found to appear in the frontal (FC), parietal (PC), and dysgranular insular
cortex (DIC, Fig. 4D; see also Fig 7), as well as in caudal frontal regions (Fig. 4E; see also
Fig. 8B). Some commissural fibres ascended in another cortical column in the contralateral
prefrontal cortex (CON, Fig. 4F) after crossing to the opposite hemisphere via the corpus
callosum (Fig 4G; see also Fig. 6A). In addition, one main fibre bundle projected via the
striatum (Fig. 6B) to subcortical targets after layer V/VI-injections (Fig. 8A), where it
incidentially also reached parts of the amygdala (Fig. 4E; see also Fig 9).

For further images, please see Witte et al. (2007a; 2007b), and Bagorda et al. (2006).
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Figure 5: At the level of the injection site, prefrontal efferent fibres descended to the agranular insular cortex
(AIC, A). Note the laminated organization of thinner fibres in the upper layers. Scale bar = 100 um.
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Figure 6: At the level of the crossing anterior commissure, prefrontal efferents run along and above the corpus
callosum (cc) through deeper layers to arise in distinct cortical columns in the frontal and parietal cortices (A).
Note the characteristic innervation at the parietal barrel cortex in another slice (B). Collateral fibres also
innervated lateral parietal areas (C, D) and reached via the cc the dysgranular insular cortex. Scale bar = 100 um.
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Figure 7: At the level of the aperture of the corpus callosum, one main prefrontal fibre bundle broke through the
corpus callosum (cc) to project via the striatum to subcortical targets (A). Commissural fibres crossed to the
opposite hemisphere and run along the cc until few fibres target in layer VI of the contralateral insular cortex
(B). Other ipsilateral collaterals travelled horizontally from the layers of origin, layer I and deeper layers to
innervate in a columnar manner frontal areas (C). Scale bar = 100 pm.
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Figure 8: At the level of the hippocampus, a prominent subcortical layer V/VI-projection descended through the
pallidum and surrounding fibre tracts (black arrows, A). Few cortical fibres and terminal fields were observed in
caudal parietal areas (B). Scale bar = 100 um

Figure 9: Incidentially, some prefrontal layer V/VI-efferents reached parts of the amygdala (black arrows, A).
Note the fine termination jots in central (B) and basolateral nuclei (C). Scale bar = 100 um
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4.1.2 Pattern changes of juvenile fibre morphology and innervation density
Intriguingly, some impressive differences could be observed at greater magnification between
age-groups following layer V/VI-injections, which were less striking after layer IIl-injections.
Thus, prefrontal efferents in infantile animals (PD 15-19) appeared to be coarser and
somewhat less ramified than axons in older animals. These early “pioneer fibres” were
characterized by a thick, hardly ramified morphology and, especially in the cortical target
areas, they exhibited considerable fewer ramifications and ascended somewhat orderless
throughout the layers. For instance, Fig. 10 gives a detail of the innervation in target layers I-
IT and VI in the insular cortex of an infantile in comparison to an adolescent animal. For
further visualization, please see Fig. 4-6 in Witte et al. (2007b).

Yet, these initial pioneer fibres were exclusively observed in infantile animals. In contrast,
patterns of prefrontal efferents in the older age-groups (PD 20-69) resembled already the
target layer-specific adult morphology. Here, well-defined terminal fields, constisting of
numerous fine and densly ramified collaterals as well as multiple termination jots in layers I,
V, and upper VI were separated from fibres of passage within layers II, III, and lower VI (for
comparison see Fig. 10). Notably, the structural definition and precision of the adult-like
pattern increased within steps of development, namely that the ramification and occurance of

termination jots accumulated within age. Please see also Fig. 4-6 in Witte et al. (2007b).

Figure 10: Pattern changes of prefrontal efferent fibres during development seen examplarily in layers I, II, and
VI of the dysgranular insular cortex. Note the thick initial fibre morphology in the infantile animal (A) in
contrast to finer, ramified fibres and multiple termination jots in the adolescent animal (B). Scale bar = 100 um
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4.1.3 Dynamics of fibre densities during juvenile stages

To detect further, quantitative differences between age-groups, statistical analyses of efferent
fibres and terminal fields were performed in five cortical target areas, which are briefly
summarized here. Therefore, the relative fibre densities in different layers of the AIC, FC, PC,
DIC, and CON were measured by a computer-aided evaluation of three neighbouring brain
sections for each case and target area. Layer III- and layer V/VI-efferents were checked
separately for significant differences between age-groups or traget layers using adequate post-
hoc-tests after significant results of a repeated measures analysis of covariance (ANCOVA)
with age-group as main factor, target layer as repeated measures factor, and cortex extent as
co-factor. For further details of the software procedures and statistical analyses, please see
Neddens et al. (2002) and Witte et al. (2007b).

According to quantitative analyses, efferent fibre densities after prefrontal layer IlI-labelling
appeared to remain at low levels somewhat stable until a considerable increase occured
between adolescent (PD 60-79) and adult (PD 90) animals (Fig 11, grey lines). This late
increase in fibre densities was statistically significant in the FC and DIC (p < 0,01; Fig. 11 A,
E) but failed to reach significance in the remainder of the target areas (AIC, CON, PC; Fig. 11
B-D). Regarding prefrontal layer V/VI-labelling, however, fibre densities were found to
indicate a remarkably different course of development. Thus, Fig. 11 (black lines) depicts an
early decrease of density values as observed between the infantile (PD 15-19) and the early
juvenile (PD 20-24) age-groups, followed by a steady increase to a local maximum or adult
values around adolescence (PD 60-79). Thus, overall fibre densities decreased significantly
between infantile and early juvenile animals in the AIC (p < 0,05; Fig. 11D), whereas an
increase to adult values (p < 0,05; AIC, Fig. 11D) or to a local maximum (p < 0,05; FC, Fig.
11A; DIC, Fig. 11E) was found in adolescent animals. According to raw data, these dynamic
differences between age-groups became likewise visible, but not statistically significant, in

the other target areas (Fig. 11H-K). For further results, please see Witte et al. (2007b).
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Figure 11: Overview of quantitative changes in fibre densities of prefrontal layer III- (grey line) and layer V/VI-
efferents (black line) during development in different cortical target areas. Note a significant increase in layer
[II-fibre densities between adolescence and adulthood in the frontal (FC, A) and dysgranular insular cortex (DIC,
E). In the AIC, layer V/VI-efferent fibre densities decreased significantly between infantile and early juvenile
animals, while an increase to adult values set in between post-weaning and adolescent animals (D). The latter
increase was observed also in the FC and DIC (A, E). As an illustration, fibre densities are given as means of the
sum densities of target layers I, II, V, VI (FC, PC, CON), target layers I, II, V (AIC), and target layer VI (DIC),
respectively + standard error of the mean (SE). Asteriks indicate levels of significance as revealed by post-hoc-
testing after repeated measures analysis of covarinace (ANCOVA) incorporating all target layers.
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4.1.4 Coherences and backgrounds of fibre dynamics

We here described for the first time a long-lasting, considerable different postnatal
development even until adulthood of distinct prefrontal layer III- and layer V/VI-efferents.
Thus, our findings provide first anatomical evidence to the assumption, that the two different
output subsystems should undergo highly dynamic developmental changes to lately exhibit
hierarchically distinct neuronal functions (Price et al., 2006). As an add-on to the discussion
part of the publication (Witte et al., 2007a), I first refer to the cytoarchitectonic development
of pyramidal cells in the PFC, which might coincide with the described alterations in axon
morphology and density.

The transformation of the cortical plate into the laminated adult PFC is known to start
prenatally but to continue until late in postnatal life (see introduction). In rats, three different
phases can be distinguished (Van Eden and Uylings, 1985a). These early findings are nicely
in line with our results in gerbils and indicate a possibly similar, concurrent development of
pyramidal lamination and distant axon differentiation. Although the time of gestation and
weaning takes a few days longer in gerbils than in rats, eye-opening occurs around PD 14 in
both species (Clancy et al., 2001; Eilam, 1997). Thus, the first developmental phase should be
somewhat comparable: Until PD 18 in rats, neurons differentiate within the cortical plate and
form the cortical layers (Van Eden and Uylings, 1985a). In addition, other cortical areas
mature simultaneously, thereby generating specific targets for prefrontal axons. As these
processes cause dramatic cytoarchitectonic changes, it seems very likely that a critical stage in
the maturation of pyramidal output neurons occurs during this particular time window in rats,
which is in fact corresponding to our first age-group in gerbils (PD 15-19). Prefrontal
efferents may re-arrange dramatically at this developmental stage in order to innervate latterly
distinctive target layers and particular neurons. Related to our quantitative data in gerbils,
fibre densities following layer V/VI-injections decreased significantly in the AIC from PD 15-
19 to PD 20-24, which may be due to dramatic refinements of axonal fibres. Indication of
dynamic maturation during this period comes also from qualitative impressions, as only PD
15-19 animals exhibit the coarse, undefined initial fibre morphology.

As discussed in Witte et al. (2007b), further evidence for pyramidal cells of the PFC to
undergo structural rebuilding at this time arises from volumetric studies, that described a
transient overgrowth exclusively in prefrontal areas during the first weeks of postnatal life in
rats (Van Eden and Uylings, 1985b). In addition, magnetic resonance imaging studies
indicated that PFC-specific volumetric changes should also occur in infantile primates and in

children (Giedd et al., 1999; Jernigan et al., 1991; Sowell et al., 2002). According to van Eden
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et al. (1990), changes in interneuronal connectivity might relate to these volumetric changes.
Now, our recent findings describing an early reduction in prefrontal efferent fibre densities
provide first evidence to these assumptions. Thus it seems likely, that the dynamics in fibre
densities should reflect an intense phase of axonal refinement during this time window.
Regarding further maturation until PD 30 in rats, little changes were observed in the
cytoarchitectonic characteristics of the PFC (van Eden and Uylings, 1985a). Consistently,
axonal fibre densities and their morphological image remain somewhat stable in gerbils, even
until PD 49. Here, the delayed post-weaning time course of gerbils in comparison to rats may
contribute to the consistency in our relatively wide ranged age-group after weaning from PD
30 until PD 49, thereby reflecting a prolonged phase-two period in gerbils.

The third phase in rats (PD 30 until PD 90) is characterized by the appearance of greater
individual cytoarchitectonic differences and less defined boundaries of the cortical layers
(Van Eden and Uylings, 1985a). We observed in gerbils that a remarkable increase in fibre
densities to adult values sets in considerably earlier regarding layer V/VI-efferents in contrast
to layer Ill-efferents. Thus, layer V/VI-fibre densities exhibited adult values (AIC) or even an
overshoot (FC, DIC) already around adolescence (PD 60-79). In contrast, layer III-fibre
densities started to outgrow first between adolescence and adulthood (PD 90) as seen in the
FC and DIC. Interestingly, the peripubertal phase was also found in monkeys to be especially
critical for synaptic reorganisation processes (Anderson et al., 1995; Woo et al., 1997).

In summary, our findings clearly demonstrate layer III- and layer V/VI-pyramidal efferent
fibres to follow considerably separate phases of axonal refinement and growth. Moreover, it
could be supposed that these distinct developmental time courses might lead to the
establishment of hierarchically different, layer-dependent functions in adulthood (see e.g.
Price et al., 2006). Thus, the two distinct higher-order prefrontal output functions might
crucially depend on dynamic structural reorganisation processes, occurring during the

infantile and a prolonged adolescent time-window.

4.1.5 Critical events during development
Referring to Witte et al. (2007b), we discussed in detail that the early decrease in layer V/VI-
efferent fibre densities (and also the observed changes in axon morphology) might result from
a retraction or shrinking of transiently oversprouted layer V/VI-axons. According to various
studies in rodents, cats, monkeys, and even humans, it has since long been claimed that the
refinement of axons e.g. by means of transient synapses and collaterals should play a specific

functional role in the organization of proper cortical connectivity (Dehay et al., 1984;
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Innocenti, 1981; Ivy et al., 1984; Jeffery et al., 1984; Kennedy et al., 1989; Killackey and
Chalupa, 1986; Lent et al., 1990; Olavarria and Van Sluyters, 1985; Price and Blakemore,
1985; Provis et al., 1985). The dynamic changes in fibre densities found in our material might
further reveal a delayed, somewhat similar organization and refinement of prefrontal efferents
in comparison to sensoric efferents. For example, early studies in the visual system of kittens
found that initial lower layer V—corticocortical axons are pruned in the third postnatal week,
whereas new axons sprout from layer III (Price and Blakemore, 1985). Likewise in our
gerbils, prefrontal layer V/VI-fibre densities decreased during early juvenile ages and
increased again between post-weaning and adolescence. In contrast, layer IlI-fibre densities
exhibited no fibre decline in early life but increased between adolescence and adulthood. This
is also in line with more recent studies reporting only feedback pathways (originating in layer
V/V]) to be remodelled during maturation (Batardiere et al., 2002).

Yet, the underlying mechanisms that control axonal refinement are still unclear. Some authors
suggested that apoptosis might account for axonal withdrawal (Ivy and Killackey, 1981; Kim
and Juraska, 1997; Nunez et al., 2001). In contrast, we did not qualitatively observe a decline
in biocytin-filled pyramidal cells at the prefrontal injection site within our investigated age-
group. Cell counting in the PFC of rats (van Eden and Uylings, 1986) further support these
findings, thus, apoptosis should not explain the early decrease in fibre densities observed in
our material. Hence, the supposed shrinking of the terminal arbour might rather depend on
activity-guided processes within the prefrontal pyramidal cells. A particular focus in this
context lies on the extended growth of morphogenetic DAergic fibres in the PFC, which
intriguingly undergo a dramatic augmentation during adolescence (Dawirs et al., 1994;
Kalsbeek et al., 1988). Supposingly, alterations in the DAergic innervation might crucially
shape neuronal properties of PFC-pyramids, since DA exert both direct and indirect
presynaptic influence on pyramidal cells (Tseng and O'Donnell, 2004). The extended,
prolonged maturation of the DAergic projection might thus contribute to the observed pattern
changes in prefrontal efferents.

Notably, how exactly the DAergic system might account for axonal changes in pyramidal
cells remains to be speculative. Both pyramidal output systems certainly receive functionally
different input activities in the PFC (Lewis et al., 2002), which might indeed control some
aspects of neuronal connectivity e.g. via complex molecular guiding cues and second
messenger cascades. The functional diversity of pyramidal cells not only between layer III
and layer V/VI, but also within the same layer, is for example supported by

electrophysiological studies by Thomson and Bannister (1998), who found layer V-pyramidal
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neurons to comprise two distinct subclasses of output neurons. Thus, functionally diverse
pyramids should be affected by considerably different (pre- and/or postsynaptic) neuronal
systems, therefore experiencing distinct stimuli and firing patterns during development. As a
consequence, it could be supposed that separate activity-dependent processes should in turn
lead to separate developmental time courses as found in our study for functionally distinct
pyramidal cells in the PFC.

Underlining this rather complex development, one should consider that communicating cells
also influence each other to a great extent. Thus, the pyramidal cells should also generate
activity-dependent cues to their pre- or postsynaptic cells. Since both layer III- and layer
V/VI-efferents (see Fig. 3 on p.17) compete for the same postsynaptic targets (Bannister,
2005), one could hypothesize on the basis of our results that the later ingrowing layer III-
efferents could act as a regulating factor for the growth of layer V/VI-collaterals. We found at
least in some target areas layer III-fibre densities to increase simultaneously to stagnancy or
even decrease of layer V/VI-fibre densities. Conceivably, it could be assumed that the
ingrowing layer IlI-fibres might suppress a further spread of layer V/VI-fibres, since they
might occupy potential dendritic postsynaptic targets of layer V/VI-terminals by means of

activity-dependent stabilization processes.

In summary, this long-time anterograde tracing study in juvenile gerbils points to highly
interrelated and self-stabilizing reorganisation processes during development, promoting once
again the compensatory theory of brain organization as described above (Wolff and Wagner,
1983). Notably, a prolonged structural development as prominent feature of the PFC might
stand not only for the ability to enable context-generated, higher-order cognitive functions,
but also for a specific vulnerability of prefrontal networks to epigenetic challenges.

To reveal possible impacts of a disturbed development on the two prefrontal output systems, |
investigated the effects of early adverse interventions in another tracer-study in our animal
model of psychosis (Witte et al., 2007b). As a result, we described for the first time dramatic
rearing-dependent modifications of prefrontal pyramidal efferent innervation in the

contralateral prefrontal target areas.

4.2 Mal-adaptive pattern changes of prefrontal efferents (Witte et al., 2007b)
Adverse epigenetic influences have been shown to substantially affect brain organization as
well as behaviour in rodents (for review, see Hall, 1998). Various studies revealed that the

DAergic system, which plays a crucial role in modulating cortical processes particularly in the
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limbic-prefrontal system (for review, see Le Moal and Simon, 1991), is substantially affected
by epigenetic factors (Jones et al., 1992). Moreover, it seems very likely that in humans,
cognitive and affective disorders such as schizophrenia are often linked to disturbances during
childhood and adolescence (for review, see Sanchez et al., 2001). Thus, our group has
extensively studied in a “two-hit” animal model of psychosis (Bagorda et al., 2006; Dawirs
and Teuchert-Noodt, 2001; Teuchert-Noodt, 2000) the impacts of early non-invasive acute
and/or chronic interventions (for details see below). These non-invasive traumatisations
mimic a degeneration of DAergic terminals primarily in the PFC, partly via autotoxic
occupancy of DAergic reuptake-transporters on the presynapses (Jones et al., 1992; Neddens
et al., 2002; Seiden and Sabol, 1996; Teuchert-Noodt and Dawirs, 1991; Winterfeld et al.,
1998). Moreover, we found evidence that this severly suppressive maturation of DA causes
further changes in diverse other transmitter systems at a structural level and also
dysfunctional behaviours in adulthood (for review, see Brummelte et al., in prep.). As to
glutamate, Bagorda et al. (2006) recently described a dramatic, presumably dysfunctional
wiring of ipsilateral cortico-cortical efferents originating in the PFC of methamphetamine-
intoxicated (MA) and isolated reared (IR) animals in adulthood compared to enriched reared
(ER) controls: Using the above mentioned anterograde tracing methods, it was found that
under either IR- or MA-condition, animals exhibited fewer efferent fibre densities in the FC,
PC, and DIC originating from both layer III- and layer V/VI-prefrontal pyramids compared to
ER-controls. In contrast to this somewhat equal down-regulation of prefrontal fibre densities
after a single treatment, the combined, two-hit IR- and MA-treatment led to a considerable,
presumably pathologic imbalance between the two output layers. Thus, rather stable layer III-
fibre densities but highly oversprouted layer V/VI-fibre densities were observed with most
signifance in the PC and DIC of IR-MA-animals. These findings (for details, see Bagorda et
al., 2006) provide first evidence for the hypothesis of a prefrontal “dysconnection” underlying
the pathology of schizophrenia (Weinberger and Lipska, 1995).

Yet, since especially in psychotic patients a prefrontal mal-functioning has been suggested to
depend also on a disturbed interhemispheric exchange (Innocenti et al., 2003), I studied the
potential effect of early epigenetic challenges in contralateral target areas of prefrontal
efferents and completed therewith the previous results (Witte et al., 2007b). In this study,
prefrontal layer III- and layer V/VI-efferents were labelled with biocytin in a total of 47 male
gerbils reared under either ER, ER-MA, IR, or IR-MA conditions (for details, see Bagorda et
al., 2006). On PD 14 (eye-opening), animals received either as sham a saline-injection or as

acute neuro-intoxication a single high dose of methamphetamine in saline (50 mg/kg i.p.).
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ER-conditions included an enriched environment (expanse =1m?, Fig. 12A) with many
possibilities to hide and play as well as social contacts to mother (until weaning) and siblings
(whole period). IR animals were bred and fostered in standard laboratory cages (Makrolon®
type IV; expanse = 0.12 m?) until weaning (PD 30), whereupon they were kept separately in
standard home cages (Makrolon® type III; expanse = 0.06 m?; Fig. 12B). After biocytin-
injection and standard DAB-reaction, fibre densities were assessed in the target area CON.
Statistical analyses were computed using post-hoc-tests after a two-way repeated measures
ANOVA with main factors of treatment-group and rearing-group, and a repeated measures-
factor of target layer (6 levels). For further details, please see Bagorda et al. (2006) and Witte
et al. (2007a).

Figure 12: Different rearing conditions: Animals were either kept with their siblings in an enriched environment
(ER, A) or socially isolated in standard laboratory cages under impoverished conditions (IR, B).

4.2.1 Effects of adverse epigenetic interventions
Biocytin-labelling led to considerably lower axonal fibre densities in the adult CON after
layer IIl-injections in comparison to layer V/VlI-injections (Fig. 13). Quantitative analysis
showed no differences between groups after layer IlI-injections. Conversely, after layer V/VI-
injections, both IR- and ER-MA conditions led to significant lower fibre densities in target
layers V and VI in comparison to ER-controls (p < 0.01), whereas IR-MA animals exhibited
significantly enhanced fibre densities in all target layers (p < 0.001). For further results,

please see Witte et al. (2007a).
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Figure 13: Axonal fibre densities in the contralateral prefrontal cortex (CON) of adult animals after layer III-
and layer V/VI-injections with biocytin. Animals were either kept under enriched (white, ER) or impoverished
(yellow, IR) rearing conditions and received on postnatal day 14 either a saline injection (plain columns) or a
methamphetamine (MA) injection (striped columns). As indicated by asteriks, significant lower layer V/VI-
axonal fibre densities occurred in ER-MA and IR animals compared to ER controls, whereas IR-MA treatment
lead to significantly enhanced fibre densities according to post-hoc testing after repeated measures analysis of
variance (ANOVA). As an illustration, fibre densities are given as means of the sum densities of target layers I,
I, V, VI + standard error of the mean (SE). Asterisks give levels of significance. Sample sizes: layer III-
efferents: ER: n =9, ER-MA: n =3, IR: n =06, IR-MA: n=9; layer V/VI-efferents: ER: n =4, ER-MA: n=5
JR:n=6,IR-MA: n=5.

Possible methodical aspects were discussed in Witte et al. (2007a) that could explain why the
environmental challenges in postnatal life did not alter commissural layer IlI-efferents in our
study. However, Batardiere et al. (2002) found in the visual system of the monkey, that
callosal feed-forward projections (i.e. layer Ill-efferents) are not subjected to remodelling
processes during development, such as e.g. the elimination of inappropriate connections
(Barone et al., 1995). Moreover, Batardiere et al. (1998) already suggested that the maturation
of layer IlI-axonal fibres might depend somewhat to a lesser extent on activity-dependent
epigenetic influences but rather on intrinsic signals. This might provide insights why the
environmental interventions did not substantially modulate adult layer III-fibre densities in
our material, however, this has to remain unclear.

Regarding layer V/VI-efferents, both IR- and MA-treatments led to dramatic changes in adult
CON fibre densities. This crucially underlines our findings of considerably separate and
different rules of maturation regarding the two prefrontal output systems (Witte et al., 2007a),
which was previously assumed by Price et al. (2006). Conceivably, the adverse IR- and MA-
treatments might have led to a distortion of normally regressive events occurring only in the
layer V/VI-efferent path. Thus, it is assumed that in IR- and ER-MA-animals, an excessive
pruning of connections, hypothetically due to a lack of DAergic input to these pyramidal

cells, might have led to the observed decrease in fibre densities compared to ER-controls. Yet
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in IR-MA-animals, it could be speculated that the combined treatment could have induced
further, even more extensive manipulations of neuronal signalling. This might have affected
the activity-dependent processes of layer V/VI-axonal refinement in a turn-over fashion.: The
remarkably suppressed DAergic innervation after IR-MA treatment might result in a large-
scale imbalance and putative compensatory mal-adaptation of prefrontal networks, for
instance in a significant serotonergic distortion (Neddens et al., 2003; Neddens et al., 2004),
and manifested not by a further reduction but in fact by a boost of layer V/VI-efferent fibre

densities.

4.2.2 Relevance to human pathologies

At least layer V/VI-prefronto-callosal connections were found to be affected by epigenetic
interventions in the same way like previously investigated ipsilateral prefrontal connections
(Bagorda et al., 2006). Under normal conditions, Barbas et al. (1989) reported a parallel
organization of contralateral and ipsilateral prefronto-cortical efferents in the monkey. Thus,
the recently found dramatic imbalance of contralateral fibre densities after the combined IR-
MA-treatment provides further evidence for a pathologic miswiring of prefrontal efferents
after early adverse interventions in rodents, which might also occurr in primates, and even in
humans. Consistently, a prefrontal miswiring is considered as an anatomic correlate for severe
cortical dysfunctions that could, intriguingly, also contribute to human psychosis (Stephan et
al., 2006; Weinberger and Lipska, 1995), which first-time structural evidence was previously
discussed by Bagorda et al. (2006).

Regarding in particular callosal connections, it is known that contralateral projection neurons
are critical for the functional integration of the hemispheres in rodents and in humans
(Gazzaniga, 2000). Moreover, abnormalities of cortical lateralisation have consistently been
linked to schizophrenia (Crow, 1997; Sommer et al., 2001). Not only a shift of cortical
lateralisation as found in anatomical and physiological parameters (Falkai et al., 1995a; Falkai
et al., 1995b; Mitchell et al., 2004; Sauer et al., 1999), but also a change of cortical hierarchies
between different areas, involving in particular the PFC as described by Schroder et al.
(1995). and Heckers et al. (2002). This can now be supported by our results revealing a
change of layer-IIl associated dominance to layer V/VI-dominance after the combined
treatment due to extremely high layer V/VI-fibre densities in the CON. Regarding these
callosal fibre densities, our findings might further indicate that the prefrontal lateralisation is
substantially suspended: Contralateral layer I1I-efferents might not be able to compensate an

assumably dysfunctional over-activation provided by higher densities of layer V/VI-efferents.
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As a consequence, the whole prefrontal networks are severely “dysconnected” by the
combined epigenetic challenge, which might account for a highly disturbed neuronal
functioning and, regarding schizophrenia, even for psychotic symptoms in humans. Whether
these assumptions find their direct analogy in schizophrenic patients, remains to be shown in

future research, e.g. via imaging methods and post-mortem analyses.

4.3 Maturation of the GABAergic system (Brummelte, Witte et al., 2007)

Beside the glutamatergic system, diverse other transmitters are thought to be structurally
altered in the brains of schizophrenic patients, including DA, serotonin, and also GABA
(Jones, 1992; Lewis et al., 1999; Lewis and Anderson, 1995). For instance, the number of
GABAergic synapses on pyramidal cells in the frontal cortex is thought to be considerably
reduced (Blum and Mann, 2003), accompanied by an enhanced, probably compensatory,
GABA sreceptor density at the pyramidal somata (Benes et al., 1996; Lewis and Anderson,
1995). Notably, GABA is carried by numerous, functionally distinct subtypes of local
inhibitory interneurons in the cortex (Baimbridge et al., 1992; Celio, 1990). Regarding its
broad inhibitory potential, GABA is also known to play a substantial role in re-arranging,
shaping, and modulating neuronal circuits (Chen et al., 2002; Jacobs and Donoghue, 1991;
Tamas et al., 2000; Teuchert-Noodt, 2000). In addition, the GABAergic system is subjected to
various changes in its metabolism and acts as a morphogenetic factor during normal
development (Chronwall and Wolff, 1980; Nguyen et al., 2001). Thus, the detailed study of
its postnatal development on a further structural level might reveal promising insights into
how and when potential interactions between GABA and glutamate might contribute to a
functional or even mal-adaptive prefrontal maturation.

Therefore, 1 participated in a study dealing with the postnatal maturation of the GABAergic
system in the PFC and in the basolateral part of the amygdala (BLA) of gerbils at different
ages, ranging from infantile to old adult stages. The animals were divided into the following
age-groups covering convincing periods of the whole lifespan: PD 14 (infantile, n =11), PD
20 (early juvenile, n=6), PD 30 (weaning, n=12), PD 70 (adolescent, n=11), PD 180
(adult, n = 8), PD 540 (middle adult, n = 8), and PD 720 (aging, n = 4). GABAergic cells and
fibres were stained using wide established immunohistochemical methods and standard DAB-
reaction (for a detailed description of methods, please see Brummelte, Witte et al. 2007). A
specific GABAergic subpopulation was additionally investigated using selective staining of
the calcium-binding protein Calbindin (CB), which is often used to discriminate different
GABAergic subpopulations (Baimbridge et al., 1992). Statistical analyses of cells and fibres
included our standardized computerized measurements and post-hoc-tests after a two-way
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ANCOVA with main factors of age (7 levels) and area (PFC: three levels, BLA: one level),
two co-factors of area size and GABA or CB cell number, and the dependent variable GABA
or CB fibre density. For further details, please see Brummelte, Witte et al. (2007).

In general, the overall GABAergic and CB fibre distribution pattern appeared to be somewhat
similar in all investigated age-groups (for a visualization, please see illustrations in
Brummelte, Witte et al. 2007). With the exception of layer I (which is consistent with other
species, Hof et al., 1999), GABAergic and CB cells were found to be distributed equally
throughout the medial PFC, and throughout the BLA. Notably, we observed a population of
lightly stained CB-pyramidal-like neurons, similar to earlier studies (Celio, 1990;
Kemppainen and Pitkanen, 2000). Figure 14 shows a summary of the quantitative results in
the PFC. Here, we observed a considerable increase in GABAergic fibre densities between
infantile and early juvenile age-groups (p < 0,001), followed by a further enhancement until
weaning (p < 0,05). Interestingly, fibre densities continued to grow until late in life,
significantly in comparison of the adolescent and old adult age-groups (p < 0,001).
GABAergic cell densities also showed dynamics during postnatal life: While from infantile to
early juvenile stages, cell numbers substantially decreased (p < 0,001) corresponding to the
increase in fibre densities, cell numbers increased again until weaning (p < 0,01), and dropped
afterwards until a stable level became obvious in adolescent animals (p < 0,05). Likewise to
the GABAergic values, CB fibre densities also increased from infantile to early juvenile age-
groups (p < 0,01). Conversely, both CB fibre densities (p < 0,05) and cell numbers (p <
0,001) decreased between weaning and adolescent age-groups, followed by a further decrease
in fibre densities from adult to old adult stages (p < 0,01).

Statistical analysis further revealed significant contributions of the co-factors cell number and
area size to fibre density values. However, since fibre densities increased although cell
numbers decreased, possible interactions should be negligible. Consistently, a volume
expansion of the mPFC of rats around PD 20 as shown by van Eden and Uylings (1985f) was
suggested already earlier to account for a decrease in prefrontal cell numbers (Vincent et al.,
1995). Thus, we here described for the first time long-lasting structural changes in
GABAergic prefrontal interneurons from early until considerably late in postnatal life. For

further results, please see Brummelte, Witte et al. (2007).
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GABA in the Prefrontal Cortex
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Figure 13: Development of GAB Aergic and Calbindin (CB)-containing cells and fibres in the medial prefrontal
cortex (mPFC) of gerbils. Note the early considerable increase in GABAergic and CB fibres until weaning on
postnatal day (PD) 30. Another steady increase of GABAergic fibres occurred until old age (PD 520), whereas
CB fibres slightly decreased. Asterisks indicate levels of significance according to post-hoc testing after repeated
measures analysis of covariance (ANCOVA).

4.3.1 Long-time alterations in GABAergic fibre densities

The present findings clearly point to a substantial involvement of GABA in the development
and in particular even maintenance of prefrontal network function. The increase in
GABAergic and CB fibre densities from infantile to early juvenile ages underlines the above
identified first time-window of dynamic structural reorganization processes during this
period.

The second postnatal week in rats is characterized by a phenotypic shift of some subgroups of
CB- to Parvalbumin (PV)-containing interneurons in the cortex (Alcantara et al., 1996). PV is
another calcium-binding protein, which is carried to a great extent in GABAergic basket-like
cells in the adult cortex (Celio, 1990) and was found to occur considerably later than CB in
development (Alcantara et al., 1993). Basket-like cells are known to exert a highly potent
influence on the firing activity and synchronization of pyramidal output cells via axon-
somatic contacts and basket-like boutons (Freund, 2003; Gibson et al., 1999; Miles et al.,
1996; Tamas et al., 2000). These characteristic boutons likewise appear considerably late in
development (Bahr and Wolff, 1995). Therefore, one could assume that the maturing
GABAergic basket-like subtypes in particular around PD 20 in gerbils (reflected by the
increase in GABAergic but also CB fibre densities observed in our material) might directly
influence the pyramidal differentiation via strong inhibitory inputs to their somata at this time
window. As a consequence, the presumably reduced pyramidal excitation might lead to a loss
of efferent axonal contacts, which would be strongly in line with our findings regarding a
decrease in prefrontal efferent fibre densities (see above, and Witte et al., 2007a). Moreover,
the DAergic prefrontal innervation modulates pyramidal output activity besides direct inputs
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also indirectly via GABAergic interneurons (Penit-Soria et al., 1987; Sesack et al., 1995;
Vincent et al., 1995). Thus, an increased GABAergic activation via substantially more
DAergic fibre densities in the course of development (Benes et al., 2000) might additionally
support this hypothesis.

Regarding further development, it is known that synaptogenesis of inhibitory GABAergic
boutons seems to continue well into adulthood (Bahr and Wolff, 1995; Lewis et al., 2005).
This was found for example in postsynaptic GABAergic contacts with DAergic afferents (see
Benes et al., 2000). Notably, Miller (1988) has since long presumed that the late development
of local circuit neurons (i.e. GABAergic cells) and the subsequent remodelling of networks
may provide a morphological basis for functional plasticity in mature pyramidal neurons.
Thus, long-lasting dynamics in GABAergic circuit reorganisation might even contribute to
associative processes such as long-term learning and memory in relation to the external
environment. This is in line with the enduring augmentation of GABAergic fibres found in
the present study, and might also point to a complex involvement of GABAergic cells in

maintaining the striking plastic capabilities of the cortex even in adulthood.

4.3.2 Plasticity and aging — implications for human cognition (Floel, Witte et
al., submitted)

The present results indicate CB fibre densities in the PFC of gerbils to decrease in the ongoing
course of time, whereas the overall GABAergic fibre densities persist until old adult ages (see
Brummelte, Witte et al. 2007). In mammals, CB-containing interneurons are known to
provide rather modulatory influence via axo-dendritic contacts on pyramidal cells
(Baimbridge et al., 1992). Thus, one might now be able to speculate that a steady loss of this
modulatory influence during aging might somewhat account on a structural level for aging-
related cognitive deficits.
In both rodents and humans, aging goes along with a somewhat slowly progress of functional
decline, such as e.g. impaired short-term memory performance (Hedden and Gabrieli, 2004).
Moreover, cognition includes at least in man the striking capacity to adapt to new situations
and the ability of learning during the whole span of lifetime, which is nevertheless affected by
aging. Considering the permanent elongation of age in Western Countries, novel mechanisms
to obtain these cognitive reserve even during a prolonged phase of aging is of great
importance to the public (Dwyer, 2006; Infeld and Whitelaw, 2002). As a promising
approach, several studies suggested a neuroprotective action of environmental stimulation on
mental aging, provided e.g. by enhanced regular exercise, a specific diet, moderate weight and

alcohol consumption, as well as non-smoking (for review, see Flicker et al., 2006).
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Yet, a direct association has not been described, however, a “healthy lifestyle” was found in
various studies to reduce cardiovascular risk factors (Stampfer et al., 2000), diabetes (Hu et
al.,, 2001), and the risk of stroke (Kurth et al., 2006). Underlying mechanisms of these
potential protective effects on CNS functions might be due in part to benefits of the vascular
system and an increased resistance against oxidative stress at the cellular level (Mattson et al.,
2004). Now, whether these epigenetic factors under a combined, holistic concept most fitting
to the cardiovascular domain are indeed capable to exert preventive influence also against
cognitive decline is a matter of current research. In a first epidemiology study, we examined
the relation between healthy lifestyle and memory performance in healthy elderly subjects
(Floel, Witte et al., submitted).

Therefore, a total of 420 healthy participants (mean age 63 *+ 6.6 years) of the cohort study
“Systemic Evaluation and Alleviation of Risk factors for Cognitive Health (SEARCH)” in
Miinster underwent a comprehensive neuropsychological test battery. In addition, they
answered a detailed questionnaire about lifestyle habits including physical activity, eating and
smoking habits, as well as their height and weight. Out of the five categories exercise, dietary
habits, body-mass-index (BMI), smoking, and alcohol consumption, we calculated a
combined lifestyle-score according to previous studies (for details, see Floel, Witte et al.,
submitted; and also Kurth et al., 2006). This score provided valuable information about the
overall lifestyle habits comparable among subjects, with a higher score indicating healthier
behaviour. Healthiest behaviour was defined as normal weight, never smoking, intense
physical activity, moderate alcohol consumption, and a dietary pattern rich in fruits,
vegetables, whole grain products and unsaturated fatty acids. To assess memory performance,
we used the validated German version of the Auditory Verbal Learning Test (AVLT,
Helmstaedter and Durwen, 1990) in the neuropsychological test battery, in which a list of 15
words has to be remembered and recognized after 30 min. Since the cardinal symptom of
cognitive decline is an impaired episodic memory with less ability of learning (Blacker et al.,
2007; Peters, 2006), we chose the delayed recall and recognition task out of the AVLT (i.e.
items 6, 7, and 8). To check whether the composite lifestyle-score would be associated with
better memory performance, we conducted a linear regression analysis (forward inclusion
model) with the factor lifestyle score, and the dependent variable “memory score” (AVLT 6,
7, and 8). Confounders (age, sex, education, and systolic blood pressure) were entered
successively into the model, to test if the effects of lifestyle factors on memory performance
would be predicted by the confounders only. For further details, please see Floel, Witte et al.

(submitted).
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For the first time, this cross-sectional study revealed a significant positive association
between lifestyle and memory performance even after accounting for possible confounders
like age, sex, years of education, and blood pressure. Thus, a healthier lifestyle was able to
predict better delayed recall and recognition memory (p < 0.05; multivariate linear
regression). These findings crucially underline the importance of looking beyond isolated
aspects of a healthy lifestyle in favour of discriminating a holistic approach to enhance
cognitive functions in the elderly, which is already claimed for cardiovascular risk factors
(Ganne et al., 2007; Singh et al., 2006). As a consequence, future strategies for the prevention
of cognitive decline and further deterioration should take these comprehensive interrelations
into account. Conceivably, a novel public education targeting for instance on combined
exercise- and diet-interventions might improve - in a rather simple, cost-efficient way -
healthy cognition in the aging population. In a current study, we elaborate by means of a
prospective interventional design the direct effects of a change to more healthy dietary habits

on cognition and memory performance in healthy elderly subjects (Witte et al., 2007c¢).
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5 Epilogue

Our recent studies revealed for the first time highly dynamics in the postnatal development of
the PFC due to the very prolonged maturation of transmitters, neurons, and fibre systems.
Regarding the excitatory glutamatergic system, both prefrontal layer III- and layer V/VI-
pyramdial efferent paths were found to follow separate developmental time courses: A
substantial growth from initially low to high adult values of layer Ill-efferent fibre densities
first set in between adolescence and adulthood (PD 90) in ipsilateral frontal, parietal, insular,
as well as contralateral prefrontal target areas. Conversely, layer V/VI-efferents exhibited an
early decline of initially higher fibre densities in the third postnatal week, followed by a
substantial (re-)growth from weaning to adolescence. As to the inhibitory GABAergic system,
our studies described an early strong increase in prefrontal overall fibre densities during
infantile ages until weaning (PD 30), followed by a rather gradual increase until aging (PD
520). The GABAergic subclass of CB-containing interneurons underwent a similar early
increase in prefrontal fibre densities, but exhibited afterwards a slightly reduction of fibre
densities until old age.

Based on these findings, some valuable conclusions can be drawn with regard to the
functional establishment of higher-order prefrontal networks in the course of postnatal
development. Thus, quite selective and dynamic maturation patterns of morphogenetic
transmitters such as glutamate, DA, serotonin as well as GABA are considered to play the
essential role in the successive organization of the prefrontal cytoarchitecture. During juvenile
time windows, dynamic structural changes in related systems might determinate each other
and presumably induce those reorganisation processes, which lead to appropriate functional
outcome by taking both activity-driven extrinisic and intrinsic stimuli into account. Therefore,
it seems very insightful that especially this highest brain centre, the PFC, requires a very
prolonged, long-lasting postnatal development to enable the generation of exceedingly
complex, highly integrative functions. Obviously, the glutamatergic pyramidal maturation
attracts special attention in this dynamic, functional organization of the PFC during juvenile
development.

Figure 14 gives an impression how prefrontal networks are functionally interconnected: The
main excitatory glutamatergic pyramidal cells in layers II, III, V, and VI are in the centre of
functional columnar modules that generate higher-order control via intrinsic and associational
connections (see also Fig. 3 on p. 17). They integrate various inputs provided by other
pyramidal cells, local GABAergic interneurons as well as input from glutamatergic thalamic

and DAergic mesencephalic afferents, which give rise to considerable influence of these
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subcortical systems during prefrontal development. Our results now indicate two different

time-windows of considerable reorganisation processes, revealing a dynamic period after eye-

opening during the third postnatal week and another critical phase during adolescence around

PD 60 in gerbils.
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Figure 14: Cytoarchitecture of the prefrontal cortex. Glutamatergic pyramidal cells (red) situated in layers II
and III exert excitatory input (open circle) to other pyramidal cells either in layers V and VI of the same column
(middle), via intrinsic fibres to adjacent stripes (left) or via associational connections to more distant areas
(right). Within the same column and between adjacent stripes, different types of GABAergic cells (yellow)
provide modulatory dendritic or rythmic somatic inhibitory inputs (orthogonal lines) onto pyramidal output cells.
Glutamatergic afferents (green) arising from the mediodorsal thalamus (MD) mature at early stages and
innervate pyramidal cells. Dopaminergic afferents (blue) project from the ventral tegmental area (VTA),
targeting both pyramidal cells and GAB Aergic interneurons. Notably, these fibres substantially grow until young

adulthood. Adapted from Lewis et al. (2002).
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In the early postnatal phase, thalamic afferents are thought to substantially influence
pyramidal cell differentiation, pruning processes, and also the formation of cortical
connections (Dehay et al., 1996; Kingsbury et al., 2002; van Eden et al., 1990; Windrem and
Finlay, 1991). For example, Kingsbury et al. (2002) observed an increase in cortico-cortical
connections after early visual thalamic ablation in the hamster. Considering the PFC, afferent
fibres of the mediodorsal thalamus densely innervate prefrontal layers I, III, and V (van Eden,
1986) and are supposed to terminate directly via dendritic contacts in layer I on postsynaptic
layer V pyramidal dendrites (Bannister, 2005). Concurrently to the establishment of thalamic
afferent fibres (i.e. in rats during the second postnatal week; van Eden, 1986), we found a
reduction of prefrontal layer V/VI-efferent fibre densities from initial higher values. Thus it
seems likely that the refinement of prefrontal layer V/VI-efferents during the early phase
might be linked to and even controlled by the mediodorsal thalamic system. Moreover,
prefrontal DAergic fibre densities were also found to rapidly increase around PD 14 in gerbils
(Dawirs et al., 1993), which could also be associated with a functional pruning of prefrontal
layer V/VI-efferent contacts. However, the exact underlying molecular processes as well as
how and to which extent in detail the different morphogenetic afferent inputs contribute or
modulate pyramidal fibres remain to be widely unclear (see also Kingsbury et al., 2002).
Theoretically, the changes in thalamic and DAergic inputs might shape farer axon
differentiation of pyramidal cells by inducing intrinsic activity-dependent molecular
signalling pathways, which are thought to be involved in pruning processes (Luo and O'Leary,
2005). For instance, activation of the small GTP-binding protein RhoA in maturing neurons is
suggested to act as an important factor in the retraction process of neuronal fibres (Li et al.,
2000; Nakayama et al., 2000; Song et al., 2000). Again, the exact mechanisms that remove
e.g. the axon cytoskeleton are still unknown (Low and Cheng, 2006).

During the following adolescent time window, cortical fibre densities of prefrontal layer III-
efferents were found to substantially increase right after those of layer V/VI-efferents have
reached their maximal values. The remarkable maturation of DAergic afferents precisely
during this peripubertal time window (Dawirs et al., 1993; Kalsbeek et al., 1988) might
contribute to the described changes in the glutamatergic output system in gerbils. Moreover,
the DAergic control is suggested to be crucially different between layer II/IIl- and layer V-
pyramidal cells: Layer V-cells receive primarily inhibitory DAergic input (Gulledge and
Jaffe, 1998; Kalsbeek et al., 1989), whereas layer II/I1I-pyramidal cell excitation is thought to
be rather fascilitated by DA via interneuron-mediated disinhibition (Gonzalez-Islas and

Hablitz, 2003). Now, it might be assumed that during adolescence, particularly layer III-
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pyramdial efferents should “benefit” from the improvement in DAergic control due to the
maturation of DAergic fibres. After reaching a specific innervation threshold at this
adolescent period, the pyramidal layer Ill-cells might now form considerably stronger
activity-dependent synapses in the different frontal, parietal, and insular target areas. This
might further imply that layer IlI-efferents exhibit more axonal ramifications and thus sprout
in the target areas and replace or detain layer V/VI-efferent contacts and axonal fibres. This
time-shifted, layer-dependent scenario would be strongly in line with our findings indicating
that layer III-fibre densities establish adult axonal patterns considerably later than layer V/VI-
efferents. In addition, a suppressive mal-adaptive DAergic maturation following the IR-
condition (Dawirs et al., 1994; Winterfeld et al., 1998) might produce less intense activation
of layer Ill-efferents. Thus, a reduction in fibre densities of both efferent paths in adulthood
compared to ER-controls might be the result, which fit well to our previous results (Bagorda
et al., 2006).

Considering the distinct developmental time courses of the two prefrontal output layers, their
reciprocal interdependencies should be seriously taken into account. Prefrontal layer III-
pyramids form selective excitatory intrinsic and associational connections to cortical layers II,
III, and also V (Melchitzky et al., 1998, DeLane et al., 2005), and exhibit directly input to
pyramidal layer V-cells (Thomson et al., 2003; Bannister et al., 2005). Thus, by means of
increasing layer III-fibre densities during adolescence (as found in the present work), layer
III-cells should also provide an increasing control onto layer V/VI-pyramids. This could
somewhat lead to a completion or cessation of fibre outgrowth in the latter layer V/VI-output
system. It can be thereby supposed that layer Ill-efferents somehow organize adult-like
patterns in layer V/VlI-efferent fibres increasingly during later adolescent periods via their
now maturing direct input to layer V/VI-pyramdial cells in the same cortical module. Without
this arranging control served by layer Ill-efferents, layer V/VI pyramidal cells might conserve
early, initial connection patterns. On the other hand, layer V-pyramids target via feedback-
projections inhibitory layer III-GABAergic interneurons that inhibit and somewhat organize
layer IIl-pyramidal excitation (Thomson and Bannister, 1998). Thus, one could further
speculate that layer III- and layer V/VI-pyramids might increasingly influence each other and
thus more and more contribute to a balance in neuronal activity during later juvenile and
asolescence development, which is crucially for functional integrated networks (Lehmann et
al., 2005).

One should also consider that especially the prefrontal network is truely affected by multiple

neuromodulatory systems and various converging developmentally long-lasting processes, not
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only regarding the maturation of DAergic but also GABAergic and serotoninergic fibres and
other transmitters (Benes et al., 2000). The local GABAergic system, for example, should act
very efficiently as a rythmic organizator during the whole lifespan and especially also during
specific early postnatal time windows (Cruz et al., 2003). For a detailed discussion, please see
p. 37-39. Thus under normal conditions, the whole juvenile phase is presumed to be critical
for fibre organization during the early juvenile and adolescent time windows, while on the
other hand plastic, life-long adaptations even beyond the level of synapses seem to play a
crucial role in a well-functioning prefrontal network in relation to the environment even until
old age. The latter will now be further elucidated in a recent study dealing with synaptic
plasticity and lysosomal degradations in relevant cortical areas in adult animals after different
rearing conditions (Neufeld, Witte et al., in prep.).

As consequence of highly selective and dynamic maturation processes, the PFC is supposed
to be exceptional vulnerable to epigenetic challenge. By means of adverse juvenile
interventions, the findings of our “two-hit animal model” (Bagorda et al., 2006; Mednick et
al.,, 1998) has now since long detected a dramatic, even pathologic alteration of brain
organisation due to mal-adaptive structural changes. In more detail, the neuromodulator DA is
strongly suggested to exhibit a supressed fibre growth in the PFC after early interventions
(Dawirs et al., 1993; Winterfeld et al., 1998), which should in turn induce further, presumably
dysfunctional modifications in related systems (see e.g. Bagorda et al., 2006).

My findings now indicate the glutamatergic intra- as well as intercortical output system to re-
act to the altered DAergic input with a disrupted target innervation especially due to missing
steps of structural (and thus even functional) reorganization processes during the two selective
developmental time windows. With regard to the different epigenetic conditions, it seems that
a single challenge (either MA or IR alone) induces fewer, somewhat less dramatic alterations
than the combined challenge (MA-IR). Moreover, this combined condition led to a critical
imbalance in the hierarchically different efferent systems: It might, instead of a down-
regulated prefrontal control, rather reflect an imbalanced, pathologic mis-wiring of prefrontal
efferents, also termed as “dysconnection” (Weinberger et al., 1995; see Bagorda et al., 2006
for first anatomical evidence). It might now be suggested that the extreme loss of DAergic
innervation due to the combined epigenetic traumatisations might affect the pyramdial
efferent systems in such a way that their reciprocal organization is severly suspended: Layer
V/VI-efferents of IR-MA animals might grow exuberantly compared to IR-animals due to a
the lack of pruning during the third postnatal week. Apallingly, pyramidal layer III-neurons

fail to compensate for or down-regulate those abnormal layer V/VI-fibre densities in the
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course of development, since their DAergic organizational input does not mature
appropriately in the adolescent time window, and they do not receive sufficient well-defined
DAergic control. Thus, the required control of layer Ill-efferents on layer V/VI-efferents
might be extremely vanished. Moreover, it can be assumed that during the adolescent phase,
when normally layer Ill-efferents reach high adult fibre density values in distant cortical
target areas, their reduced activity (due to the lack of ingrowing DAergig afferent input) might
be thus deficient to not overcome the oversprouted layer V/VI-efferent activities. Therefore
layer III-connections might fail to stabilizise and thus stay at their initial low density-values
even in adulthood. Thus, the affected, high-regulated layer V/VI-fibre densities in contrast to
decreased layer IlI-densities in the animal model can now be interpreted not only as a
dramatic imbalanced miswiring, but also as a presumably pathologic preservation of early
postnatal, initial prefrontal connection patterns, which should clearly represent a loss of
crucial developmental steps and the absence of functional reorganisation processes during
ontogeny to establish well-functioning higher-order prefrontal cytoarchitecture.

As previously discussed for ipsilateral connections, the trauma-induced changes reveal
valuable insights into the underlying neuroanatomical causes of human schizophrenia. Thus
theoretically also in humans, early traumatic experiences might affect the DAergic prefrontal
system, which in turn leads to severe alterations not only in the serotonergic and GABAergic
system, but also in the glutamatergic output pathways. Therefore, a miss of integrated
prefrontal higher-order functions might give rise to severe psychotic symptoms. As a
consequence, in future research one should now bear in mind these neuroanatomical structural
findings and further engage to find possible treatment mechanisms that help to ameliorate
pathologic brain changes. In this context, the findings that a healthy lifestyle-behaviour in
elderly people is associated with better cognitive performance (Floel, Witte et al., submitted)
gain in importance, since it is assumed that positive stimuli e.g. provided by exercise and a
healthy diet might indeed reflect the positive effects of an enriched environment as described
in the animal model. In a current prospective clinical study, these coherences will be further
elucidated by different dietary interventions and related cognitive outcome in healthy elderly
subjects (Witte et al., in prep.).

In summary, enduring plastic capacities on a structural level are a vulnerable characteristic of
particularly the PFC in rodents and also in humans, both during juvenile developement but
also throughout life. As revealed by the present findings, the maturation of transmitter
systems and their life-long morphogenetic potential is crucially dependent on epigenetic

factors. This clearly points to the importance of a healthy environment for brain maturation
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and functional maintenance even during aging, in accordance to functionally integrated
structural rebuilding processes. Therefore, the important feature of persisting cortical re-
organization should be regarded as a fascinating phenomenon to ensure the establishment and
preservation of environment-adaptive, well-functioning neuronal processes during childhood

and throughout life.

49



6 References

Aboitiz F, Morales D and Montiel J (2001) The inverted neurogenetic gradient of the mammalian isocortex:
development and evolution. Brain Res Brain Res Rev 38: 129-139.

Alcantara, S., de Lecea, L., Del Rio, J. A., Ferrer, 1., and Soriano, E. (1996) Transient colocalization of
parvalbumin and calbindin D28k in the postnatal cerebral cortex: evidence for a phenotypic shift in developing
nonpyramidal neurons. Eur J Neurosci 8, 1329-1339.

Alcantara, S., Ferrer, 1., and Soriano, E. (1988) Postnatal development of parvalbumin and calbindin D28K
immunoreactivities in the cerebral cortex of the rat. Anat. Embryol.(Berl), 63-73. 1993.

Altman J and Bayer SA (1985) Embryonic development of the rat cerebellum. I. Delineation of the cerebellar
primordium and early cell movements. J Comp Neurol 231: 1-26.

Anderson SA, Classey JD, Conde F, Lund JS and Lewis DA (1995) Synchronous development of pyramidal
neuron dendritic spines and parvalbumin-immunoreactive chandelier neuron axon terminals in layer III of
monkey prefrontal cortex. Neuroscience 67: 7-22.

Anderson SA, Eisenstat DD, Shi L and Rubenstein JL (1997) Interneuron migration from basal forebrain to
neocortex: dependence on DIx genes. Science 278: 474-476.

Antonini A, Gillespie DC, Crair MC and Stryker MP (1998) Morphology of single geniculocortical afferents and
functional recovery of the visual cortex after reverse monocular deprivation in the kitten. J Neurosci 18: 9896-
9909.

Antonini A and Stryker MP (1993) Rapid remodeling of axonal arbors in the visual cortex. Science 260: 1819-
1821.

Azmitia EC (1999) Serotonin neurons, neuroplasticity, and homeostasis of neural tissue.
Neuropsychopharmacology 21: 335-45S.

Bagorda F, Teuchert-Noodt G and Lehmann K (2006) Isolation rearing or methamphetamine traumatisation
induce a "dysconnection" of prefrontal efferents in gerbils: implications for schizophrenia. J Neural Transm 113:
365-379.

Babhr, S. and Wolff, J. R. (1995). Postnatal development of axosomatic synapses in the rat visual cortex:
morphogenesis and quantitative evaluation. J] Comp Neurol 233, 405-420.

Baimbridge, K. G., Celio, M. R., and Rogers, J. H. (1992) Calcium-binding proteins in the nervous system.
Trends Neurosci 15, 303-308..

Bannister AP (2005) Inter- and intra-laminar connections of pyramidal cells in the neocortex. Neurosci Res 53:
95-103.

Bao S, Chan VT and Merzenich MM (2001) Cortical remodelling induced by activity of ventral tegmental
dopamine neurons. Nature 412: 79-83.

Barbas H and Pandya DN (1989) Architecture and intrinsic connections of the prefrontal cortex in the rhesus
monkey. J Comp Neurol 286: 353-375.

Barone P, Dehay C, Berland M, Bullier J and Kennedy H (1995) Developmental remodeling of primate visual
cortical pathways. Cereb Cortex 5: 22-38.

Batardiere A, Barone P, Dehay C and Kennedy H (1998) Area-specific laminar distribution of cortical feedback
neurons projecting to cat area 17: quantitative analysis in the adult and during ontogeny. J Comp Neurol 396:
493-510.

50



Batardiere A, Barone P, Knoblauch K, Giroud P, Berland M, Dumas AM and Kennedy H (2002) Early
specification of the hierarchical organization of visual cortical areas in the macaque monkey. Cereb Cortex 12:
453-465.

Bayer SA (1989) Cellular aspects of brain development. Neurotoxicology 10: 307-320.

Ben Ari Y, Khazipov R, Leinekugel X, Caillard O and Gaiarsa JL (1997) GABAA, NMDA and AMPA
receptors: a developmentally regulated 'menage a trois'. Trends Neurosci 20: 523-529.

Benarroch EE (2007) Rho GTPases: role in dendrite and axonal growth, mental retardation, and axonal
regeneration. Neurology 68: 1315-1318.

Benes FM, Taylor JB and Cunningham MC (2000) Convergence and plasticity of monoaminergic systems in the
medial prefrontal cortex during the postnatal period: implications for the development of psychopathology.
Cereb Cortex 10: 1014-1027.

Benes, F. M., Vincent, S. L., Marie, A., and Khan, Y. (1996). Up-regulation of GABAA receptor binding on
neurons of the prefrontal cortex in schizophrenic subjects. Neuroscience 75, 1021-1031.

Berry M and Rogers AW (1965) The migration of neuroblasts in the developing cerebral cortex. J Anat 99: 691-
709.

Bischof HJ (2007) Behavioral and neuronal aspects of developmental sensitive periods. Neuroreport 18: 461-
465.

Blacker D, Lee H, Muzikansky A, Martin EC, Tanzi R, McArdle JJ, Moss M and Albert M (2007)
Neuropsychological measures in normal individuals that predict subsequent cognitive decline. Arch Neurol 64:
862-871.

Blum, B. P. and Mann, J. J. (2003). The GAB Aergic system in schizophrenia. J Neuropsychopharmacol 5, 159-
179.

Bruckner G, Mares V and Biesold D (1976) Neurogenesis in the visual system of the rat. An autoradiographic
investigation. J Comp Neurol 166: 245-255.

Brummelte S, Neddens J and Teuchert-Noodt G (2007a) Alteration in the GAB Aergic network of the prefrontal
cortex in a potential animal model of psychosis. J Neural Transm 114: 539-547.

Brummelte, S., Witte, A. V., and Teuchert-Noodt, G. Age-dependent and reactive plasticity of various
transmitter systems in the prefrontal-limbic system of the gerbil (Meriones unguiculatus). in prep.

Brummelte S, Witte V and Teuchert-Noodt G (2007) Postnatal development of GABA and calbindin cells and
fibers in the prefrontal cortex and basolateral amygdala of gerbils (Meriones unguiculatus). Int J] Dev Neurosci.

Busche A, Bagorda A, Lehmann K, Neddens J and Teuchert-Noodt G (2006) The maturation of the
acetylcholine system in the dentate gyrus of gerbils (Meriones unguiculatus) is affected by epigenetic factors. J
Neural Transm 113: 113-124.

Busche A, Neddens J, Dinter C, Dawirs RR and Teuchert-Noodt G (2002) Differential influence of rearing
conditions and methamphetamine on serotonin fibre maturation in the dentate gyrus of gerbils (Meriones
unguiculatus). Dev Neurosci 24: 512-521.

Busche A, Polascheck D, Lesting J, Neddens J and Teuchert-Noodt G (2004) Developmentally induced
imbalance of dopaminergic fibre densities in limbic brain regions of gerbils ( Meriones unguiculatus). J Neural
Transm 111: 451-463.

Buss RR, Sun W and Oppenheim RW (2006) Adaptive roles of programmed cell death during nervous system
development. Annu Rev Neurosci 29: 1-35.

51



Bustos G, Abarca J, Campusano J, Bustos V, Noriega V and Aliaga E (2004) Functional interactions between
somatodendritic dopamine release, glutamate receptors and brain-derived neurotrophic factor expression in
mesencephalic structures of the brain. Brain Res Brain Res Rev 47: 126-144.

Castren E, Voikar V and Rantamaki T (2007) Role of neurotrophic factors in depression. Curr Opin Pharmacol
7: 18-21.

Cavanagh ME and Parnavelas JG (1988) Development of somatostatin immunoreactive neurons in the rat
occipital cortex: a combined immunocytochemical-autoradiographic study. J Comp Neurol 268: 1-12.

Celio, M. R. (1990) Calbindin D-28k and parvalbumin in the rat nervous system. Neuroscience 35, 375-475.
1990.

Chen, R., Cohen, L. G., and Hallett, M. (2002) Nervous system reorganisation following injury. Neuroscience
111, 761-773. 2002.

Chronwall, B. M. and Wolff, J. R. (1980). Prenatal and postnatal development of GAB A-accumulating cells in
the occipital neocortex of the rat. J Comp Neurol 190, 187-208.

Clancy B, Darlington RB and Finlay BL (2001) Translating developmental time across mammalian species.
Neuroscience 105: 7-17.

Cohen S, Levi-Montalcini R and Hamburger V (1954) A NERVE GROWTH-STIMULATING FACTOR
ISOLATED FROM SARCOM AS 37 AND 180. Proc Natl Acad Sci U S A 40: 1014-1018.

Cohen-Tannoudji, M. and Babinet, C. Wassef M. (1994). Early determination of a mouse somatosensory cortex
marker. Nature 368[6470], 460-463.

Constantine-Paton M, Cline HT and Debski E (1990) Patterned activity, synaptic convergence, and the NMDA
receptor in developing visual pathways. Annu Rev Neurosci 13: 129-154.

Cowan, W. M., Fawcett, J. W., O'Leary, D. D. M., and Stanfield, B. B. (1984). Regressive events in
neurogenesis. Science 225, 1258-1265.

Crair MC, Gillespie DC and Stryker MP (1998) The role of visual experience in the development of columns in
cat visual cortex. Science 279: 566-570.

Crone EA, Wendelken C, Donohue S, van Leijenhorst L and Bunge SA (2006) Neurocognitive development of
the ability to manipulate information in working memory. Proc Natl Acad Sci U S A 103: 9315-9320.

Crow TJ (1997) Temporolimbic or transcallosal connections: where is the primary lesion in schizophrenia and
what is its nature? Schizophr Bull 23: 521-523.

Crutcher KA (1986) The role of growth factors in neuronal development and plasticity. CRC Crit Rev Clin
Neurobiol 2: 297-333.

Cruz DA, Eggan SM and Lewis DA (2003) Postnatal development of pre- and postsynaptic GABA markers at
chandelier cell connections with pyramidal neurons in monkey prefrontal cortex. ] Comp Neurol 465: 385-400.

Daw NW, Fox K, Sato H and Czepita D (1992) Critical period for monocular deprivation in the cat visual cortex.
J Neurophysiol 67: 197-202.

Dawirs RR and Teuchert-Noodt G (2001) A novel pharmacological concept in an animal model of psychosis.
Acta Psychiatr Scand Suppl 10-17.

Dawirs RR, Teuchert-Noodt G and Czaniera R (1993) Maturation of the dopamine innervation during postnatal
development of the prefrontal cortex in gerbils (Meriones unguiculatus). A quantitative immunocytochemical
study. J Hirnforsch 34: 281-290.

52



Dawirs RR, Teuchert-Noodt G and Czaniera R (1994) The postnatal maturation of dopamine innervation in the
prefrontal cortex of gerbils (Meriones unguiculatus) is sensitive to an early single dose of methamphetamine. A
quantitative immunocytochemical study. J Hirnforsch 35: 195-204.

de Castro F (2003) Chemotropic molecules: guides for axonal pathfinding and cell migration during CNS
development. News Physiol Sci 18: 130-136.

de Castro F, Lopez-Mascaraque L and De Carlos JA (2007) Cajal: Lessons on brain development. Brain Res
Rev.

Dehay C, Bullier J and Kennedy H (1984) Transient projections from the fronto-parietal and temporal cortex to
areas 17, 18 and 19 in the kitten. Exp Brain Res 57: 208-212.

Dehay C, Giroud P, Berland M, Killackey H and Kennedy H (1996) Contribution of thalamic input to the
specification of cytoarchitectonic cortical fields in the primate: effects of bilateral enucleation in the fetal
monkey on the boundaries, dimensions, and gyrification of striate and extrastriate cortex. J Comp Neurol 367:
70-89.

Dent, E. W, Tang, F., and Kalil, K. (2003). Axon guidance by growth cones and branches: common cytoskeletal
and signaling mechanisms. Neuroscientist. 2003[9], 5-343.

Detwiler, S. R. (1937). Observations upon the migration of neural crest cells, and upon the development of the
spinal ganglia and vertebral arches in Amblystoma. Amer.J.Anat. 61, 63-94.

Dickson BJ (2002) Molecular mechanisms of axon guidance. Science 298: 1959-1964.

Doupe AJ, Landis SC and Patterson PH (1985) Environmental influences in the development of neural crest
derivatives: glucocorticoids, growth factors, and chromaffin cell plasticity. J Neurosci 5: 2119-2142.

Dwyer J (2006) Starting down the right path: nutrition connections with chronic diseases of later life. Am J Clin
Nutr 83: 415S-420S.

Eilam D (1997) Postnatal development of body architecture and gait in several rodent species. J Exp Biol 200:
1339-1350.

Falkai P, Bogerts B, Schneider T, Greve B, Pfeiffer U, Pilz K, Gonsiorzcyk C, Majtenyi C and Ovary I (1995a)
Disturbed planum temporale asymmetry in schizophrenia. A quantitative post-mortem study. Schizophr Res 14:
161-176.

Falkai P, Schneider T, Greve B, Klieser E and Bogerts B (1995b) Reduced frontal and occipital lobe asymmetry
on the CT-scans of schizophrenic patients. Its specificity and clinical significance. J Neural Transm Gen Sect 99:
63-77.

Flicker L, Lautenschlager NT and Almeida OP (2006) Healthy mental ageing. J Br Menopause Soc 12: 92-96.

Floel, A., Witte, A. V., Lohmann, H., Wersching, H, Berger, K, and Knecht, S. Lifestyle and Memory. Archives
of Neurology. submitted

Freund, T. F. (2003) Interneuron Diversity series: Rhythm and mood in perisomatic inhibition. Trends Neurosci
26, 489-495.

Fuster JM (1985) The prefrontal cortex, mediator of cross-temporal contingencies. Hum Neurobiol 4: 169-179.
Fuster JM (1991) The prefrontal cortex and its relation to behavior. Prog Brain Res 87: 201-211.

Fuster JM (2000) Prefrontal neurons in networks of executive memory. Brain Res Bull 52: 331-336.

53



Ganne S, Arora S, Karam J and McFarlane SI (2007) Therapeutic interventions for hypertension in metabolic
syndrome: a comprehensive approach. Expert Rev Cardiovasc Ther 5: 201-211.

Gazzaniga MS (2000) Cerebral specialization and interhemispheric communication: does the corpus callosum
enable the human condition? Brain 123 ( Pt 7): 1293-1326.

Gibson, J. R., Beierlein, M., and Connors, B. W. 1999Two networks of electrically coupled inhibitory neurons in
neocortex. Nature 402, 75-79..

Giedd JN, Blumenthal J, Jeffries NO, Castellanos FX, Liu H, Zijdenbos A, Paus T, Evans AC and Rapoport JL
(1999) Brain development during childhood and adolescence: a longitudinal MRI study. Nat Neurosci 2: 861-
863.

Goldman PS (1971) Functional development of the prefrontal cortex in early life and the problem of neuronal
plasticity. Exp Neurol 32: 366-387.

Goldman-Rakic PS (1987) Development of cortical circuitry and cognitive function. Child Dev 58: 601-622.

Gonzalez-Islas C and Hablitz JJ (2003) Dopamine enhances EPSCs in layer II-III pyramidal neurons in rat
prefrontal cortex. J Neurosci 23: 867-875.

Gulledge AT and Jaffe DB (1998) Dopamine decreases the excitability of layer V pyramidal cells in the rat
prefrontal cortex. J Neurosci 18: 9139-9151.

Hall, F. S. 1998. Social deprivation of neonatal, adolescent, and adult rats has distinct neurochemical and
behavioral consequences. Crit Rev Neurobiol 12, 129-162.

Hamburger, V. and Levi-Montalcini, R. 1949. Proliferation,differentiation and degeneration in the spinal ganglia
of the chick embryo under normal and experimental conditions. J Exp Zool 111, 457-501.

Heckers S, Goff D and Weiss AP (2002) Reversed hemispheric asymmetry during simple visual perception in
schizophrenia. Psychiatry Res 116: 25-32.

Hedden T and Gabrieli JD (2004) Insights into the ageing mind: a view from cognitive neuroscience. Nat Rev
Neurosci 5: 87-96.

Helmstaedter C and Durwen HF (1990) [The Verbal Learning and Retention Test. A useful and differentiated
tool in evaluating verbal memory performance]. Schweiz Arch Neurol Psychiatr 141: 21-30.

Henley, J. and Poo, M. 2004. Guiding neuronal growth cones using Ca2+ signals. Trends Cell Biol 14[6], 320-
330.

Hensch TK (2005) Critical period plasticity in local cortical circuits. Nat Rev Neurosci 6: 877-888.

Hensch TK and Stryker MP (2004) Columnar architecture sculpted by GABA circuits in developing cat visual
cortex. Science 303: 1678-1681.

Herlenius E and Lagercrantz H (2001) Neurotransmitters and neuromodulators during early human development.
Early Hum Dev 65: 21-37.

Herlenius E and Lagercrantz H (2004) Development of neurotransmitter systems during critical periods. Exp
Neurol 190 Suppl 1: S8-21.

Hess EH (1972) The natural history of imprinting. Ann N 'Y Acad Sci 193: 124-136.

54



Hof, P. R., Glezer, L. I., Conde, F., Flagg, R. A., Rubin, M. B., Numchinsky, E. A., and Vogt Weisenhorn, D. M.
1999. Cellular distribution of the calcium-binding proteins parvalbumin, calbindin, and calretinin in the
neocortex of mammals: phylogenetic and developmental patterns. J Chem Neuroanat 16, 77-116.

Horn G (1998) Visual imprinting and the neural mechanisms of recognition memory. Trends Neurosci 21: 300-
305.

Horn G (2004) Pathways of the past: the imprint of memory. Nat Rev Neurosci 5: 108-120.

Hu FB, Manson JE, Stampfer MJ, Colditz G, Liu S, Solomon CG and Willett WC (2001) Diet, lifestyle, and the
risk of type 2 diabetes mellitus in women. N Engl J Med 345: 790-797.

Hua JY and Smith SJ (2004) Neural activity and the dynamics of central nervous system development. Nat
Neurosci 7: 327-332.

Hubel, D. H. and Wiesel, T. N. 1964. Effects of Monocular deprivation in kittens. Naunyn Schmiedebergs Arch
Exp Pathol Pharmakol 248, 492-497.

Huether G (1996) The central adaptation syndrome: psychosocial stress as a trigger for adaptive modifications of
brain structure and brain function. Prog Neurobiol 48: 569-612.

Huffman KJ, Garel S and Rubenstein JL (2004) Fgf8 regulates the development of intra-neocortical projections.
J Neurosci 24: 8917-8923.

Huttenlocher PR, de Court, Garey LJ and Van der LH (1982) Synaptogenesis in human visual cortex--evidence
for synapse elimination during normal development. Neurosci Lett 33: 247-252.

Ignacio MP, Kimm EJ, Kageyama GH, Yu J and Robertson RT (1995) Postnatal migration of neurons and
formation of laminae in rat cerebral cortex. Anat Embryol (Berl) 191: 89-100.

Immelmann, K. 1972. Sexual and other long-term aspects of imprinting in birds and other species. Adv Stud
Behav 4, 147-174.

Inan M and Crair MC (2007) Development of cortical maps: perspectives from the barrel cortex. Neuroscientist
13:49-61.

Infeld DL and Whitelaw N (2002) Policy initiatives to promote healthy aging. Clin Geriatr Med 18: 627-642.

Innocenti GM (1981) Growth and reshaping of axons in the establishment of visual callosal connections. Science
212: 824-827.

Innocenti GM, Ansermet F and Parnas J (2003) Schizophrenia, neurodevelopment and corpus callosum. Mol
Psychiatry 8: 261-274.

Innocenti GM and Price DJ (2005) Exuberance in the development of cortical networks. Nat Rev Neurosci 6:
955-965.

Ivy GO, Gould HJ, IIT and Killackey HP (1984) Variability in the distribution of callosal projection neurons in
the adult rat parietal cortex. Brain Res 306: 53-61.

Ivy GO and Killackey HP (1981) The ontogeny of the distribution of callosal projection neurons in the rat
parietal cortex. J Comp Neurol 195: 367-389.

Jacobs KM and Donoghue JP (1991) Reshaping the cortical motor map by unmasking latent intracortical
connections. Science 251: 944-947.

55



Jeffery G, Arzymanow BJ and Lieberman AR (1984) Does the early exuberant retinal projection to the superior
colliculus in the neonatal rat develop synaptic connections? Brain Res 316: 135-138.

Jellinger KA (2006) Challenges in neuronal apoptosis. Curr Alzheimer Res 3: 377-391.

Jernigan TL, Trauner DA, Hesselink JR and Tallal PA (1991) Maturation of human cerebrum observed in vivo
during adolescence. Brain 114 ( Pt 5): 2037-2049.

Jones DJ, Forehand R and Beach SR (2000) Maternal and paternal parenting during adolescence: forecasting
early adult psychosocial adjustment. Adolescence 35: 513-530.

Jones EG (1984) Laminar distribution of cortical efferent cells. In: Peters A and Jones EG (eds) Cerebral Cortex,
pp 521-553. Plenum Press, New York.

Jones EG (1992) Neurotransmitters, related circuitry and neuropathology relevant to schizophrenia. Clin
Neuropharmacol 15 Suppl 1 Pt A: S00A-501A.

Jones EG (1997) Cortical development and thalamic pathology in schizophrenia. Schizophr Bull 23: 483-501.
Jones, G. H., Hernandez, D. T., Kendall, D. A., Marsden, C. A., and Robbins, T. W. 1992. Dopaminergic and

serotonergic function following isolation rearing in rats: study of behavioural responses and postmortem and in
vivo neurochemistry. Pharmacol Biochem Behav 43, 17-35.

Kalsbeek A, Buijs RM, Hofman MA, Matthijssen MA, Pool CW and Uylings HB (1987) Effects of neonatal
thermal lesioning of the mesocortical dopaminergic projection on the development of the rat prefrontal cortex.
Brain Res 429: 123-132.

Kalsbeek A, Matthijssen MA and Uylings HB (1989) Morphometric analysis of prefrontal cortical development
following neonatal lesioning of the dopaminergic mesocortical projection. Exp Brain Res 78: 279-289.

Kalsbeek A, Voorn P, Buijs RM, Pool CW and Uylings HB (1988) Development of the dopaminergic
innervation in the prefrontal cortex of the rat. ] Comp Neurol 269: 58-72.

Kandel ER (2001) The molecular biology of memory storage: a dialogue between genes and synapses. Science
294: 1030-1038.

Katz LC and Shatz CJ (1996) Synaptic activity and the construction of cortical circuits. Science 274: 1133-1138.

Kemppainen, S. and Pitkanen, A. 2000. Distribution of parvalbumin, calretinin, and calbindin-D(28k)
immunoreactivity in the rat amygdaloid complex and colocalization with gamma-aminobutyric acid. J Comp
Neurol 426, 441-467.

Kendler KS and Eaves LJ (1986) Models for the joint effect of genotype and environment on liability to
psychiatric illness. Am J Psychiatry 143: 279-289.

Kennedy H, Bullier J and Dehay C (1989) Transient projection from the superior temporal sulcus to area 17 in
the newborn macaque monkey. Proc Natl Acad Sci U S A 86: 8093-8097.

Kennedy TE (2000) Cellular mechanisms of netrin function: long-range and short-range actions. Biochem Cell
Biol 78: 569-575.

Kennedy TE and Tessier-Lavigne M (1995) Guidance and induction of branch formation in developing axons by
target-derived diffusible factors. Curr Opin Neurobiol 5: 83-90.

Killackey HP and Chalupa LM (1986) Ontogenetic change in the distribution of callosal projection neurons in
the postcentral gyrus of the fetal rhesus monkey. J Comp Neurol 244: 331-348.

56



Kim JH and Juraska JM (1997) Sex differences in the development of axon number in the splenium of the rat
corpus callosum from postnatal day 15 through 60. Brain Res Dev Brain Res 102: 77-85.

Kingsbury MA, Lettman NA and Finlay BL (2002) Reduction of early thalamic input alters adult corticocortical
connectivity. Brain Res Dev Brain Res 138: 35-43.

Knott GW, Quairiaux C, Genoud C and Welker E (2002) Formation of dendritic spines with GAB Aergic
synapses induced by whisker stimulation in adult mice. Neuron 34: 265-273.

Knudsen, E. I. Sensitive periods in the development of the brain and behaviour. 2004. J Cogn Neurosci 16, 1412-
1425.

Kolb B (1984) Functions of the frontal cortex of the rat: a comparative review. Brain Res 320: 65-98.

Kolb B and Nonneman AJ (1976) Functional development of prefrontal cortex in rats continues into
adolescence. Science 193: 335-336.

Kostovic I (1990) Structural and histochemical reorganization of the human prefrontal cortex during perinatal
and postnatal life. Prog Brain Res 85: 223-239.

Kuboshima-Amemori S and Sawaguchi T (2007) Plasticity of the primate prefrontal cortex. Neuroscientist 13:
229-240.

Kurth T, Moore SC, Gaziano JM, Kase CS, Stampfer MJ, Berger K and Buring JE (2006) Healthy lifestyle and
the risk of stroke in women. Arch Intern Med 166: 1403-1409.

Lapiz MD, Fulford A, Muchimapura S, Mason R, Parker T and Marsden CA (2003) Influence of postweaning
social isolation in the rat on brain development, conditioned behavior, and neurotransmission. Neurosci Behav
Physiol 33: 13-29.

Lauder JM (1988) Neurotransmitters as morphogens. Prog Brain Res 73: 365-387.

Lauder JM (1993) Neurotransmitters as growth regulatory signals: role of receptors and second messengers.
Trends Neurosci 16: 233-240.

Le Moal, M. and Simon, H. 1991. Mesocorticolimbic dopaminergic network: functional and regulatory roles.
Physiol Rev 71, 155-234.

Lehmann K, Butz M and Teuchert-Noodt G (2005) Offer and demand: proliferation and survival of neurons in
the dentate gyrus. Eur J Neurosci 21: 3205-3216.

Lehmann K, Teuchert-Noodt G and Dawirs RR (2002) Postnatal rearing conditions influence ontogeny of adult
dopamine transporter (DAT) immunoreactivity of the striatum in gerbils. J Neural Transm 109: 1129-1137.

Leidermann P (1981) Human mother-infant social bonding: is there a sensitive phase? In: Immelmann K, Barlow
G, Petrinovich L and Main M (eds) Behavioral development, pp 454-468. Cambridge University Press,
Camebridge, England.

Lent R, Hedin-Pereira C, Menezes JR and Jhaveri S (1990) Neurogenesis and development of callosal and
intracortical connections in the hamster. Neuroscience 38: 21-37.

Lessmann V (1998) Neurotrophin-dependent modulation of glutamatergic synaptic transmission in the
mammalian CNS. Gen Pharmacol 31: 667-674.

Lesting J, Neddens J, Busche A and Teuchert-Noodt G (2005) Hemisphere-specific effects on serotonin but not
dopamine innervation in the nucleus accumbens of gerbils caused by isolated rearing and a single early
methamphetamine challenge. Brain Res 1035: 168-176.

57



LeVay S, Wiesel TN and Hubel DH (1980) The development of ocular dominance columns in normal and
visually deprived monkeys. J Comp Neurol 191: 1-51.

Levin S (1984) Frontal lobe dysfunctions in schizophrenia--II. Impairments of psychological and brain
functions. J Psychiatr Res 18: 57-72.

Lewis DA and Anderson SA (1995) The functional architecture of the prefrontal cortex and schizophrenia.
Psychol Med 25: 887-894.

Lewis DA, Glantz LA, Pierri JN and Sweet RA (2003) Altered cortical glutamate neurotransmission in
schizophrenia: evidence from morphological studies of pyramidal neurons. Ann N 'Y Acad Sci 1003: 102-112.

Lewis, D. A., Hashimoto, T., and Volk, D. W. 2005. Cortical inhibitory neurons and schizophrenia. Nat Rev
Neurosci 6, 312-324.

Lewis DA, Melchitzky DS and Burgos GG (2002) Specificity in the functional architecture of primate prefrontal
cortex. J Neurocytol 31: 265-276.

Lewis DA and Moghaddam B (2006) Cognitive dysfunction in schizophrenia: convergence of gamma-
aminobutyric acid and glutamate alterations. Arch Neurol 63: 1372-1376.

Lewis DA, Pierri JN, Volk DW, Melchitzky DS and Woo TU (1999) Altered GABA neurotransmission and
prefrontal cortical dysfunction in schizophrenia. Biol Psychiatry 46: 616-626.

Lewis DA, Sesack SR, Levey Al and Rosenberg DR (1998) Dopamine axons in primate prefrontal cortex:
specificity of distribution, synaptic targets, and development. Adv Pharmacol 42: 703-706.

Li Z, Van Aelst L and Cline HT (2000) Rho GTPases regulate distinct aspects of dendritic arbor growth in
Xenopus central neurons in vivo. Nat Neurosci 3: 217-225.

Lichtman JW and Colman H (2000) Synapse elimination and indelible memory. Neuron 25: 269-278.

Lopez-Bendito G and Molnar Z (2003) Thalamocortical development: how are we going to get there? Nat Rev
Neurosci 4: 276-289.

Lorenz, K. 1937. Uber den Begriff des Instinktes in der Tierpsychologie. Fol.biotheoretica 2.

Low LK and Cheng HJ (2006) Axon pruning: an essential step underlying the developmental plasticity of
neuronal connections. Philos Trans R Soc Lond B Biol Sci 361: 1531-1544.

Luo L and O'Leary DD (2005) Axon retraction and degeneration in development and disease. Annu Rev
Neurosci 28: 127-156.

Lykissas MG, Batistatou AK, Charalabopoulos KA and Beris AE (2007) The role of neurotrophins in axonal
growth, guidance, and regeneration. Curr Neurovasc Res 4: 143-151.

Marler P (1970) Birdsong and speech development: could there be parallels? Am Sci 58: 669-673.

Mattson MP, Duan W, Wan R and Guo Z (2004) Prophylactic activation of neuroprotective stress response
pathways by dietary and behavioral manipulations. NeuroRx 1: 111-116.

Miles, R., Toth, K., Gulyas, A. 1., Hajos, N., and Freund, T. F. 1996. Differences between somatic and dendritic
inhibition in the hippocampus. Neuron 16, 815-823.

Miller LG, Galpern WR, Dunlap K, Dinarello CA and Turner TJ (1991) Interleukin-1 augments gamma-
aminobutyric acidA receptor function in brain. Mol Pharmacol 39: 105-108.

58



Miller MW (1985) Cogeneration of retrogradely labeled corticocortical projection and GABA-immunoreactive
local circuit neurons in cerebral cortex. Brain Res 355: 187-192.

Miller MW (1988) Development of Projection and Local Circuit Neurons in Neocortex. In: Peters A and Jones
EG (eds) Cerebral Cortex: Development and Maturation of Cerebral Cortex., pp 133-166. Plenum Press, New
York and London.

Mitchell RL, Elliott R, Barry M, Cruttenden A and Woodruff PW (2004) Neural response to emotional prosody
in schizophrenia and in bipolar affective disorder. Br J Psychiatry 184: 223-230.

Miyazaki T, Hashimoto K, Shin HS, Kano M and Watanabe M (2004) P/Q-type Ca2+ channel alphal A regulates
synaptic competition on developing cerebellar Purkinje cells. J Neurosci 24: 1734-1743.

Molliver ME, Kostovic I and Van der LH (1973) The development of synapses in cerebral cortex of the human
fetus. Brain Res 50: 403-407.

Mower GD and Christen WG (1985) Role of visual experience in activating critical period in cat visual cortex. J
Neurophysiol 53: 572-589.

Mrzljak L, Uylings HB, Kostovic I and van Eden CG (1988) Prenatal development of neurons in the human
prefrontal cortex: I. A qualitative Golgi study. J Comp Neurol 271: 355-386.

Murakami F, Song WJ and Katsumaru H (1992) Plasticity of neuronal connections in developing brains of
mammals. Neurosci Res 15: 235-253.

Nakamoto T, Kain KH and Ginsberg MH (2004) Neurobiology: New connections between integrins and axon
guidance. Curr Biol 14: R121-R123.

Nakayama AY, Harms MB and Luo L (2000) Small GTPases Rac and Rho in the maintenance of dendritic
spines and branches in hippocampal pyramidal neurons. J Neurosci 20: 5329-5338.

Neddens J, Bagorda F, Busche A, Horstmann S, Moll GH, Dawirs RR and Teuchert-Noodt G (2003) Epigenetic
factors differentially influence postnatal maturation of serotonin (5-HT) innervation in cerebral cortex of gerbils:
interaction of rearing conditions and early methamphetamine challenge. Brain Res Dev Brain Res 146: 119-130.

Neddens J, Brandenburg K, Teuchert-Noodt G and Dawirs RR (2001) Differential environment alters ontogeny
of dopamine innervation of the orbital prefrontal cortex in gerbils. J Neurosci Res 63: 209-213.

Neddens J, Dawirs RR, Bagorda F, Busche A, Horstmann S and Teuchert-Noodt G (2004) Postnatal maturation
of cortical serotonin lateral asymmetry in gerbils is vulnerable to both environmental and pharmacological
epigenetic challenges. Brain Res 1021: 200-208.

Neddens J, Lesting J, Dawirs RR and Teuchert-Noodt G (2002) An early methamphetamine challenge
suppresses the maturation of dopamine fibres in the nucleus accumbens of gerbils: on the significance of rearing
conditions. J Neural Transm 109: 141-155.

Neufeld J, Witte AV, Butz M, and Teuchert-Noodt G in prep. Adaptive synaptic remodelling in frontal, parietal
and insular cortical areas after early interventions in the gerbil (Meriones unguiculatus). in prep.

Nguyen L, Rigo JM, Rocher V, Belachew S, Malgrange B, Rogister B, Leprince P and Moonen G (2001)
Neurotransmitters as early signals for central nervous system development. Cell Tissue Res 305: 187-202.

Nossoll M, Teuchert-Noodt G and Dawirs RR (1997) A single dose of methamphetamine in neonatal gerbils
affects adult prefrontal gamma-aminobutyric acid innervation. Eur J Pharmacol 340: R3-R5.

Nunez JL, Lauschke DM and Juraska JM (2001) Cell death in the development of the posterior cortex in male
and female rats. J Comp Neurol 436: 32-41.

59



Olavarria J and Van Sluyters RC (1985) Organization and postnatal development of callosal connections in the
visual cortex of the rat. ] Comp Neurol 239: 1-26.

Owens DF and Kriegstein AR (2002a) Developmental neurotransmitters? Neuron 36: 989-991.

Owens DF and Kriegstein AR (2002b) Is there more to GABA than synaptic inhibition? Nat Rev Neurosci 3:
715-727.

Oyama, S. C. 1976. A sensitive period for the acquisition of a phonological system. J Psycholing Res 5, 261-
283.

Penit-Soria J, Audinat E and Crepel F (1987) Excitation of rat prefrontal cortical neurons by dopamine: an in
vitro electrophysiological study. Brain Res 425: 263-274.

Peters R (2006) Ageing and the brain. Postgrad Med J 82: 84-88.

Price DJ and Blakemore C (1985) Regressive events in the postnatal development of association projections in
the visual cortex. Nature 316: 721-724.

Price DJ, Kennedy H, Dehay C, Zhou L, Mercier M, Jossin Y, Goffinet AM, Tissir F, Blakey D and Molnar Z
(2006) The development of cortical connections. Eur J Neurosci 23: 910-920.

Provis JM, van DD, Billson FA and Russell P (1985) Human fetal optic nerve: overproduction and elimination
of retinal axons during development. J Comp Neurol 238: 92-100.

Raedler TJ, Knable MB and Weinberger DR (1998) Schizophrenia as a developmental disorder of the cerebral
cortex. Curr Opin Neurobiol 8: 157-161.

Rajan I and Cline HT (1998) Glutamate receptor activity is required for normal development of tectal cell
dendrites in vivo. J Neurosci 18: 7836-7846.

Rakic P, Bourgeois JP, Eckenhoff MF, Zecevic N and Goldman-Rakic PS (1986) Concurrent overproduction of
synapses in diverse regions of the primate cerebral cortex. Science 232: 232-235.

Rakic P and Nowakowski RS (1981) The time of origin of neurons in the hippocampal region of the rhesus
monkey. J] Comp Neurol 196: 99-128.

Ramon y Cajal, S. A 1890a. quelle époque apparais sent les expansions des cellules nerveuses de la moelle
épiniere du poulet. Anz.Anat. 5, 609-613.

Ramon y Cajal, S. 1890b. Notas anatémicas.l. Sobrela aparicién de las expansiones celulares en la médula
embrionaria. Gac.Sanit.Barc. 12, 413-419.

Ridley RM and Baker HF (1982) Stereotypy in monkeys and humans. Psychol Med 12: 61-72.

Rosenzweig MR and Bennett EL (1969) Effects of differential environments on brain weights and enzyme
activities in gerbils, rats, and mice. Dev Psychobiol 2: §7-95.

Rosenzweig MR and Bennett EL (1996) Psychobiology of plasticity: effects of training and experience on brain
and behavior. Behav Brain Res 78: 57-65.

Sanchez MM, Ladd CO and Plotsky PM (2001) Early adverse experience as a developmental risk factor for later
psychopathology: evidence from rodent and primate models. Dev Psychopathol 13: 419-449.

Sauer H, Hornstein C, Richter P, Mortimer A and Hirsch SR (1999) Symptom dimensions in old-age
schizophrenics. Relationship to neuropsychological and motor abnormalities. Schizophr Res 39: 31-38.

60



Scheich H (1987) Neural correlates of auditory filial imprinting. J Comp Physiol [A] 161: 605-619.

Schlaggar BL and O'Leary DD (1991) Potential of visual cortex to develop an array of functional units unique to
somatosensory cortex. Science 252: 1556-1560.

Schmidt JT, Fleming MR and Leu B (2004) Presynaptic protein kinase C controls maturation and branch
dynamics of developing retinotectal arbors: possible role in activity-driven sharpening. J Neurobiol 58: 328-340.

Schnupp JW and Kacelnik O (2002) Cortical plasticity: learning from cortical reorganisation. Curr Biol 12:
R144-R146.

Schroder J, Wenz F, Schad LR, Baudendistel K and Knopp MV (1995) Sensorimotor cortex and supplementary
motor area changes in schizophrenia. A study with functional magnetic resonance imaging. Br J Psychiatry 167:
197-201.

Scott JP (1962) Critical periods in behavioral development. Science 138: 949-958.

Sefton, M. and Nieto, M. A. 1997. Multiple roles of Eph-like kinases and their ligands during development. Cell
Tissue Res. 290[2], 243-250.

Seiden, L. S. and Sabol, K. E. 1996. Methamphetamine and methylenedioxymethamphetamine neurotoxicity:
possible mechanisms of cell destruction. NIDA Res Monogr 163, 251-276.

Selemon LD and Goldman-Rakic PS (1988) Common cortical and subcortical targets of the dorsolateral
prefrontal and posterior parietal cortices in the rhesus monkey: evidence for a distributed neural network
subserving spatially guided behavior. J Neurosci 8: 4049-4068.

Sesack SR, Deutch AY, Roth RH and Bunney BS (1989) Topographical organization of the efferent projections
of the medial prefrontal cortex in the rat: an anterograde tract-tracing study with Phaseolus vulgaris
leucoagglutinin. J] Comp Neurol 290: 213-242.

Sesack, S. R., Snyder, C. L., and Lewis, D. A. 1995. Axon terminals immunolabeled for dopamine or tyrosine
hydroxylase synapse on GAB A-immunoreactive dendrites in rat and monkey cortex. ] Comp Neurol 363, 264-
280.

Shatz, C. J. and Stryker, M. P. 1978. Ocular dominance in layer IV of the cat's visual cortex and the effects of
monocular deprivation. J Physiol 281[267], 283.

Shaw P, Greenstein D, Lerch J, Clasen L, Lenroot R, Gogtay N, Evans A, Rapoport J and Giedd J (2006)
Intellectual ability and cortical development in children and adolescents. Nature 440: 676-679.

Shelton RC, Karson CN, Doran AR, Pickar D, Bigelow LB and Weinberger DR (1988) Cerebral structural
pathology in schizophrenia: evidence for a selective prefrontal cortical defect. Am J Psychiatry 145: 154-163.

Singh B, Mallika V and Goswami B (2006) Metabolic syndrome: Diagnosis, potential markers and management-
an update. Clin Chim Acta.

Skene JH (1989) Axonal growth-associated proteins. Annu Rev Neurosci 12: 127-156.
Sodhi MS and Sanders-Bush E (2004) Serotonin and brain development. Int Rev Neurobiol 59: 111-174.

Sommer I, Ramsey N, Kahn R, Aleman A and Bouma A (2001) Handedness, language lateralisation and
anatomical asymmetry in schizophrenia: meta-analysis. Br J Psychiatry 178: 344-351.

Song Y, Wong C and Chang DD (2000) Overexpression of wild-type RhoA produces growth arrest by
disrupting actin cytoskeleton and microtubules. J Cell Biochem 80: 229-240.

61



Sowell ER, Trauner DA, Gamst A and Jernigan TL (2002) Development of cortical and subcortical brain
structures in childhood and adolescence: a structural MRI study. Dev Med Child Neurol 44: 4-16.

Spemann H and Mangold H (2001) Induction of embryonic primordia by implantation of organizers from a
different species. 1923. Int J Dev Biol 45: 13-38.

Sperry, R. 1943. Effect of 180 degree rotation of the retinal field on visuomotor coordination. J Exp Zool 92,
263-279.

Sperry, R. W1945.. Restoration of vision after crossing of optic nerves and after contralateral transplantation of
eye. J Neurophysiol 8, 15-28.

Stampfer MJ, Hu FB, Manson JE, Rimm EB and Willett WC (2000) Primary prevention of coronary heart
disease in women through diet and lifestyle. N Engl J Med 343: 16-22.

Stephan KE, Baldeweg T and Friston KJ (2006) Synaptic plasticity and dysconnection in schizophrenia. Biol
Psychiatry 59: 929-939.

Super H, Soriano E and Uylings HB (1998) The functions of the preplate in development and evolution of the
neocortex and hippocampus. Brain Res Brain Res Rev 27: 40-64.

Tamas G, Buhl EH, Lorincz A and Somogyi P (2000) Proximally targeted GAB Aergic synapses and gap
junctions synchronize cortical interneurons. Nat Neurosci 3: 366-371.

Tan SS, Kalloniatis M, Sturm K, Tam PP, Reese BE and Faulkner-Jones B (1998) Separate progenitors for radial
and tangential cell dispersion during development of the cerebral neocortex. Neuron 21: 295-304.

Tarazi FI and Baldessarini RJ (2000) Comparative postnatal development of dopamine D(1), D(2) and D(4)
receptors in rat forebrain. Int J Dev Neurosci 18: 29-37.

Tessier-Lavigne M and Goodman CS (1996) The molecular biology of axon guidance. Science 274: 1123-1133.

Teuchert-Noodt G (2000) Neuronal degeneration and reorganization: a mutual principle in pathological and in
healthy interactions of limbic and prefrontal circuits. J Neural Transm Suppl 315-333.

Teuchert-Noodt G, Breuker KH and Dawirs RR (1991) Neuronal lysosome accumulation in degrading synapses
of sensory-motor and limbic subsystems in the duck Anas platyrhynchos: indication of rearrangements during
avian brain development? Dev Neurosci 13: 151-163.

Teuchert-Noodt G and Dawirs RR (1991) Age-related toxicity in prefrontal cortex and caudate-putamen
complex of gerbils (Meriones unguiculatus) after a single dose of methamphetamine. Neuropharmacology 30:
733-743.

Thiessen D and Yahr P (1977) The gerbil in behavioral investigations. Mechanisms of Territoriality and
Olfactory Communication, University of Texas Press, Austin.

Thomson AM and Bannister AP (1998) Postsynaptic pyramidal target selection by descending layer III
pyramidal axons: dual intracellular recordings and biocytin filling in slices of rat neocortex. Neuroscience 84:
669-683.

Tienari P, Wynne LC, Sorri A, Lahti I, Laksy K, Moring J, Naarala M, Nieminen P and Wahlberg KE (2004)
Genotype-environment interaction in schizophrenia-spectrum disorder. Long-term follow-up study of Finnish
adoptees. Br J Psychiatry 184: 216-222.

Trachtenberg, J. T., Chen, B. E., Knott, G. W., Feng, G., Sanes, J. R., Welker, E., and Svoboda, K. 2002. Long-
term in vivo imaging of experience-dependent synaptic plasticity in adult cortex. Nature 420, 788-794.

62



Trachtenberg JT and Stryker MP (2001) Rapid anatomical plasticity of horizontal connections in the developing
visual cortex. J Neurosci 21: 3476-3482.

Tseng KY and O'Donnell P (2004) Dopamine-glutamate interactions controlling prefrontal cortical pyramidal
cell excitability involve multiple signaling mechanisms. J Neurosci 24: 5131-5139.

Turrigiano GG, Leslie KR, Desai NS, Rutherford LC and Nelson SB (1998) Activity-dependent scaling of
quantal amplitude in neocortical neurons. Nature 391: 892-896.

van Eden CG (1986) Development of connections between the mediodorsal nucleus of the thalamus and the
prefrontal cortex in the rat. J Comp Neurol 244: 349-359.

van Eden CG, Kros JM and Uylings HB (1990) The development of the rat prefrontal cortex. Its size and
development of connections with thalamus, spinal cord and other cortical areas. Prog Brain Res 85: 169-183.

van Eden CG and Uylings HB (1985a) Cytoarchitectonic development of the prefrontal cortex in the rat. ] Comp
Neurol 241: 253-267.

van Eden CG and Uylings HB (1985b) Postnatal volumetric development of the prefrontal cortex in the rat. J
Comp Neurol 241: 268-274.

Varoqueaux F, Sigler A, Rhee JS, Brose N, Enk C, Reim K and Rosenmund C (2002) Total arrest of
spontaneous and evoked synaptic transmission but normal synaptogenesis in the absence of Munc13-mediated
vesicle priming. Proc Natl Acad Sci U S A 99: 9037-9042.

Verhage M, Maia AS, Plomp JJ, Brussaard AB, Heeroma JH, Vermeer H, Toonen RF, Hammer RE, van den
Berg TK, Missler M, Geuze HJ and Sudhof TC (2000) Synaptic assembly of the brain in the absence of
neurotransmitter secretion. Science 287: 864-869.

Vincent, S. L., Pabreza, L, and Benes, F. M. 1995. Postnatal maturation of GABA-immunoreactive neurons of
rat medial prefrontal cortex. J] Comp Neurol 355, 81-92.

Waites CL, Craig AM and Garner CC (2005) Mechanisms of vertebrate synaptogenesis. Annu Rev Neurosci 28:
251-274.

Weinberger DR, Berman KF and Zec RF (1986) Physiologic dysfunction of dorsolateral prefrontal cortex in
schizophrenia. I. Regional cerebral blood flow evidence. Arch Gen Psychiatry 43: 114-124.

Weinberger DR and Lipska BK (1995) Cortical maldevelopment, anti-psychotic drugs, and schizophrenia: a
search for common ground. Schizophr Res 16: 87-110.

Windrem MS and Finlay BL (1991) Thalamic ablations and neocortical development: alterations of cortical
cytoarchitecture and cell number. Cereb Cortex 1: 230-240.

Winterfeld KT, Teuchert-Noodt G and Dawirs RR (1998) Social environment alters both ontogeny of dopamine
innervation of the medial prefrontal cortex and maturation of working memory in gerbils (Meriones
unguiculatus). J Neurosci Res 52: 201-209.

Wisniewski K (1979) Some aspects of interaction of biologically active substances in the CNS. Pol J Pharmacol
Pharm 31: 347-358.

Witte AV, Brummelte S and Teuchert-Noodt G (2007a) Developmental pattern changes of prefrontal efferents in
the juvenile gerbil (Meriones unguiculatus). J Neural Transm.

Witte AV, Bagorda F, Teuchert-Noodt G and Lehmann K (2007b) Contralateral prefrontal projections in gerbils
mature abnormally after early methamphetamine trauma and isolated rearing. J Neural Transm 114: 285-288.

63



Witte, A. V., Knecht, S., Ringelstein, E. B., and Floel, A. Cognitive effects of a reduced caloric intake and an
enhanced intake of unsaturated fatty acids in healthy elderly subjects. in prep.

Wodarz A and Nusse R (1998) Mechanisms of Wnt signaling in development. Annu Rev Cell Dev Biol 14: 59-
88.

Wolff JR, Laskawi R, Spatz WB and Missler M (1995) Structural dynamics of synapses and synaptic
components. Behav Brain Res 66: 13-20.

Wolff JR and Missler M (1992) Synaptic reorganization in developing and adult nervous systems. Ann Anat
174: 393-403.

Wolff JR and Wagner GP (1983) Self-organization in synaptogenesis: interaction between the formation of
excitatory and inhibitory synapses. In: Basar E, Flor H, H Haken H and Mandell AJ (eds) Synergetics of the
Brain., pp 50-59. Springer, Berlin, Heidelberg, New York, Tokyo.

Woo TU, Pucak ML, Kye CH, Matus CV and Lewis DA (1997) Peripubertal refinement of the intrinsic and
associational circuitry in monkey prefrontal cortex. Neuroscience 80: 1149-1158.

Yung SY, Gokhan S, Jurcsak J, Molero AE, Abrajano JJ and Mehler MF (2002) Differential modulation of BMP
signaling promotes the elaboration of cerebral cortical GAB Aergic neurons or oligodendrocytes from a common
sonic hedgehog-responsive ventral forebrain progenitor species. Proc Natl Acad Sci U S A 99: 16273-16278.

Zhou Q, Tao HW and Poo MM (2003) Reversal and stabilization of synaptic modifications in a developing
visual system. Science 300: 1953-1957.

64



7 Danksagung

An dieser Stelle mochte ich mich fiir die groBe Unterstiitzung und Hilfe wihrend meiner
Promotion bedanken. Mein ganz besonderer Dank gilt Frau Professor Dr. rer. nat. Dr. med.
Gertraud Teuchert-Noodt, die mir diese Arbeit ermoglicht hat. Thr Anspruch, in
ganzheitlichen Zusammenhéngen neurobiologisch zu forschen hat mich stark inspiriert. IThr
tiberaus grofles Engagement und ihre so freundliche Betreuung waren ganz entscheidende
Voraussetzungen fiir das Gelingen meiner Promotion auch und gerade iiber die Bielefelder
Zeit hinaus, wofiir ich mich von ganzem Herzen bedanken mochte.

Sehr herzlich bedanken mochte ich mich auch bei Frau PD Dr. med. Agnes Floel, die mir
dank ihrer exzellenten wissenschaftlichen Qualifikation die Arbeit in Miinster in einem
faszinierenden internationalen Forschungsumfeld ermoglicht. Besonders danken mochte ich
ihr auch fiir die beispiellose Unterstiitzung die sie mir in allen Belangen entgegenbringt.

In Bielefeld und Miinster mochte ich fiir ithre Hilfe den Mitgliedern der Arbeitsgruppe
Neuroanatomie und der Klinik fiir Neurologie danken, Herrn Prof. Dr. Ralf Dawirs, Herrn
Prof. Dr. med. Stefan Knecht und insbesondere Herrn Prof. Dr. Martin Egelhaaf, der sich trotz
der ungewohnlichen Umstinde bereit erkldrte, meine Promotion zu ermoglichen und zu
unterstiitzen.

GroBer Dank gilt meinen Freunden und Kollegen Dr. Francesco Bagorda, Ulrike Schroeder,
Dr. Konrad Lehmann und Nina Rosser, die mir mit Rat und Tat zur Seite standen und immer
ein offenes Ohr fiir mich hatten.

In groBer Freundschaft bin ich Dr. Susanne Brummelte verbunden, die mich wihrend der
gesamten Studienzeit begleitet hat und auf die ich in jeder Lebenslage zdhlen konnte. Ohne
ihre Unterstiitzung wire diese Arbeit sicher nicht moglich gewesen.

Auch bei meinen Geschwistern, bei Matthias und bei meinen Freunden mochte ich mich sehr
fiir ihr Verstdandnis bedanken, welches sie mir — gerade in der letzten Zeit — entgegenbrachten.
Dank der Hilfe meiner Schwester Felicitas und Herrn Jim O Donoughe bin ich nicht am
scientific english verzweifelt.

SchlieBlich mochte ich mich bei meinen Eltern fiir ihr unerschiitterliches Vertrauen, ihre

umfassende Unterstiitzung in jeglicher Hinsicht, ihre Motivation, ihren Humor, ihre Fiirsorge
und ihren Glauben an mich bedanken.

65



8 Originalartikel

Witte, A. V., Bagorda, F., Teuchert-Noodt, G. and Lehmann, K. (2007) ,,Contralateral
prefrontal projections mature abnormally after early methamphetamine trauma and isolated

rearing of gerbils”, Journal of Neural Transmission, 114 (2): 285-8

Witte, A. V., Brummelte, S. and Teuchert-Noodt, G. (2007) "Pattern changes of prefrontal
efferents in the juvenile gerbil (Meriones unguiculatus)", Journal of Neural Transmission,

[Epub ahead of print]

Brummelte, S., Witte, A. V. and Teuchert-Noodt, G. (2007) “Postnatal development of
GABA and Calbindin cells and fibers in the prefrontal cortex and basolateral amygdala of

gerbils (Meriones unguiculatus)” International Journal of Developmental Neuroscience, 25

(3): 191-200.

Floel A., Witte A. V., Lohmann H., Wersching, H; Ringelstein, E.B., Berger K., and Knecht,

S. “Lifestyle and memory*, submitted to Archives of Neurology

66



J Neural Transm (2006)
DOT 10.1007/s00702-006-0506-6

Short Communication

__Journal of __
Neural
Transmission

Printed in Austria

Contralateral onrefrontal nroiections in gerbils mature abnormallv
after earlv methamnhetamine trauma and isolated rearing

A. V. Witte'. F. Bagorda'. G. Teuchert-Noodt'. K. Lehmann’

! Department of Neuroanatomv. Facultv of Biologv. Universitv of Bielefeld. Germanv

2 Devartment of Neurobiologv. Institute of General Zoologv. Jena. Germanv

Received March 9. 2006 / Acceoted April 13. 2006 / Published online Mav 24. 2006

(© Soringer-Verlag 2006

Summarv As oreviouslv shown. a miswiring of iosilateral orefrontal pro-
iections after methamphetamine (MA) intoxication and/or isolated rearing
(IR) mav serve as a model of so-called “dvsconnection” in human schizo-
phrenia. We here find that deep orefrontal proiections to contralateral targets
were drasticallv reduced bv both MA and IR alone. but remained eauallv
dense if both impairments cumulated. Proiections from superficial lavers
were not altered bv MA and/or IR. These findings confirm that the normal
intercortical integration of information is comoromised in this animal model
of schizoohrenia.

Kevwords: Methamphetamine. orefrontal cortex. dvsconnection. lateralitv.
cortico-cortical proiections

A miswiring of efferents from the orefrontal cortex (PFC).
dubbed ‘““dvsconnection”. has been hvpothesised to reore-
sent the neural substrate of schizophrenia’s positive svmp-
toms (Weinberger and Linska. 1995). In recent vears. data
from post-mortem human brains and diffusion tensor im-
aging have lent growing support to this concent (Kubicki
et al.. 2005). Direct histological confirmation of the dvs-
connection hvoothesis. however. has still been impossible
to obtain. We therefore used an animal model of trauma-
induced aberrant brain maturation. the methamphetamine
(MA)-intoxicated eerbil. which bears resemblance with
human schizoohrenia in several aetiological. structural
and behavioural aspects. i.e. causation bv severe trauma
in infancv and second hit in adolescence (cp. Read et al..
2001). alterations in prefrontal and striatal dopamine and
serotonin innervations (Dawirs et al.. 1994: Winterfeld

Correspondence: Dr. K. Lehmann. Department of Neurobiologv. Institute
of General Zoologv. 07743 Jena. Germanv
e-mail: Konrad.Lehmann@ifn-magdebure.de

et al.. 1998: Neddens et al.. 2002. 2003: Lehmann et al..
2003). disturbances in cortical lateralisation (Neddens et al..
2004: Lehmann et al.. 2004) and impairments in PFC-
based learning abilities (Dawirs et al.. 1996: Polascheck.
2004). In this model. we could recentlv demonstrate an
abnormal develooment of PFC oproiections to ipsilateral
frontal. parietal and insular cortices (Bagorda et al.. 2006).
This miswiring involved the efferents from both superficial
and deep orefrontal laminae. In general. proiections from
both laminar origins were reduced bv each an earlv trau-
matic event (intoxication with a single hieh dose of MA
on postnatal dav 14 in contrast to a saline iniection) and
chronic environmental deorivation. i.e. isolated rearing (IR)
after weaning (PD30). alone. The combination of both
strains. in contrast. caused an imbalance of superficiallv
originating fibres. which were attenuated. and efferents
from deep lavers. which were kent. Apart from ipsilateral
cortico-cortical connections. the balance and communica-
tion between the two hemispheres is also known to be
compromised in schizoohrenia (Innocenti et al.. 2003).
We therefore expected prefrontal proiections into the con-
tralateral PFC to be similarlv disrunted in our animal
model.

To test this assumotion. fibres marked in 50 um sections
of the left PFC (Fr2 region) of gerbils bv an iniection of
biocvtin (0.5%. 3 ul) into the right PFC’s deep or suver-
ficial laminae were visualised bv standard avidin-peroxv-
dase and DAB staining methods (see Bagorda et al.. 2006
for details). detected bv image analvsis. represented as
lines of one pixel width. and their densitv calculated as
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Fie. 1. Efferent biocvtin-stained fibres pass from ipsilateral medial orefrontal cortex (mPFC. Cel/Fr2-region) to contralateral medial prefrontal tareets.
Biocvtin iniections into lamina III- and lamina V/VI. respectivelv. are indicated bv erevscaling in the schematic drawing. (A) The descending

axoncollaterals enter the corpus callosum. cross to the obposite hemisphere. and rise contralaterallv to the iniection area. Densities of passing fibres and

axon terminals in the contralateral cortical proiection area were assessed bv digital image analvsis in six separate measurement windows (B). Pictures A

and B taken of enriched reared control animals

the area of the line in relation to the reegion of interest. in
percent (Fig. 1). For image analvsis. six mutuallv adiacent
windows throughout the denth of the cortex were defined in
Fr2 cortex at a magnification of 200x. using a Polivar
microscone (Reichert-Jung) with a digital video camera
(ProgRes 3008 mF. Jenontik) feeding images at a resolu-
tion of 2048 x 1450 sauare pixels into the programme
KS300 (Carl Zeiss Jena). Data were statisticallv analvsed
bv two-wav ANOVA using two main factors of rearing and

MA treatment. Subseauent post-hoc testing and contrast
analvsis were done as approoriate.

As a result. fibres labelled bv iniections into superficial
lavers of the Fr2 cortex were markedlv fewer than those
from deever lavers in all erouns. but there were no detect-
able differences among erouns (data not shown). In con-
trast. the densities of fibres marked bv deep iniections were
changed bv rearing (F(1.16)=7.63. » =0.014). MA treat-
ment (F(1.16)=9.15. » =0.008). and the interaction of the
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Fie. 2. Densities of axon terminals and passing fibres in the contralateral brefrontal cortex stained bv biocvtin iniections into deep lavers (lamina V/VI-
iniections) of the richt mPFC. Data are given as means + standard error of the mean (S.E.M.). Sample sizes: Enriched reared (ER): n =4: MA-iniected ER
(ER-MA): n = 5: isolation reared (IR): n =6: MA-iniected IR (IR-MA): n=35. Asterisks indicate differences among grouns within a lamina. ¥*»<0.05.

**p<0.01. ***p<0.001

two factors (F(1. 16)=60.04. »=0.000). according to
ANOVA (Fie. 2). Soecificallv. as detailed bv contrast ana-
lvsis. IR had opoposing effects. depending on whether the
animals had oreviouslv been traumatised bv MA or
received a control iniection of saline: Whereas IR reduced
the fibre densities in infragranular lavers (» <(.05) of con-
trol animals. it increased them in MA iniected gerbils
throughout all lavers (n<0.01). Accordinglv. a MA iniec-
tion on P14 had oopnosing outcomes in the adult animal.
depending on the subseauent rearing conditions: MA
iniected enriched-reared (ER) animals had lower fibre
densities in the infragranular lavers than their respective
controls (p<0.05). In contrast. after IR. stained contralat-
eral fibres were denser throughout the cortex in MA
iniected animals. compared to saline iniected IR controls
(p<0.001). These findings correspond closelv to our pre-
viouslv reported results in insilateral cortical target areas of
prefrontal efferents (Bagorda et al.. 2006).

Mitchell and Macklis (2005) recentlv showed that in
mice. apoproximatelv 40% of neurons in premotor cortex
with proiections into the iosilateral sensorimotor cortex
also oroiect into the contralateral nremotor cortex. Since
their tracer iniections were onlv slightlv lateral to ours. a
similar collateralisation of orefrontal efferents in gerbils
mav be supposed and expolain the similaritv of results in
insi- and contralateral target areas. That studv (Mitchell
and Macklis. 2005) also demonstrated that markedlv fewer
neurons make long range connections in laver III than in
laver V. and that a much smaller pronortion makes dual

proiections into the two hemispheres. That we did not
detect significant effects of MA nor IR on contralateral
proiections from outer lavers mav therefore reflect different
develoomental timecourses of laver III versus laver V pvr-
amidal cells. as reported for interhemispheric visual con-
nections (Ivv and Killackev. 1981). or it mav be due to the
verv low fibre densities.

In both ER controls and MA iniected ER animals. fibres
originating from deeno iniections terminate with higher den-
sities in deeper than suverficial laminae. This relationshin
is weakened in IR controls and comnvletelv lost in MA-
pretreated IR gerbils. Thus. in unimpaired animals. most
pvramidal-collaterals from deep lavers proiect svmmetri-
callv again into deep lavers (Gerfen. 1989). Since proiec-
tions in MA-pretreated IR animals. in contrast. are dense
and widespread throughout all lavers. it becomes likelv that
the interhemispheric exchange of information is severelv
impaired in these animals.

Abnormalities of cortical lateralisation have consistentlv
been linked to human schizoohrenia (Crow. 1997: Falkai and
Bogerts. 1992: Harrison. 1999: Sommer et al.. 2001). Apart
from a shift in hemispheric dominance that is reflected bv
both anatomical and phvsiological parameters (Falkai et al..
1995a.b: Highlev et al.. 1999: Mitchell et al.. 2004: Rasser
et al.. 2005: Richardson et al.. 1999: Sauer et al.. 1999).
there is also an altered deeree of intercortical organisation
in schizoohrenics: Artiges and colleagues (2000) described
lower activations of left frontal regions in combination with
weaker deactivation of right inferior parietal areas during



word production tasks. whereas other studies detected a
reversed lateralisation effect in frontal. sensorimotor and
visual cortices in schizophrenic patients compared to healthv
subiects (Heckers et al.. 2002: Schroder et al.. 1995). Thus.
our findines presented here might contribute to the anatomi-
cal backeround of abnormalities in interhemispheric infor-
mation processing. The enhancement of callosal collaterals
and Fr2-terminals in MA-intoxicated IR animals might lead
to an over-activation of contralateral orefrontal networks.
providing smaller effects of lateralised functions. Further
studies mav help to better understand how pathologic pre-
frontal lateralisation could emerge from earlv traumatisation
and lead to abnormal behavioural effects.
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Summarv Previous findings of our eroun showed that earlv traumatisation
leads to a dvsfunctional organisation of prefrontocortical efferents in adult-
hood. To identifv vulnerable time windows during maturation. we labelled
either laver I1I- or laver V/VI-pvramidal cells with biocvtin in the prefrontal
cortex of gerbils (Meriones unguiculatus) from the age of postnatal dav
(PD) 15 up to adulthood (PD 90). The densitv of passing fibres and axonal
terminals in distinct cortical columns in specific nrefrontal proiection areas
was assessed bv digital image analvsis. Following laver IIT iniections. fibre
densities reached adult values between adolescence (PD 60) and adulthood
(PD 90). However. laver V/VI-fibre densities decreased after eve-opening
(PD 15). followed bv an increase to adult values after weaning (PD 30).
These findings are the first to describe dvnamic structural changes even
bevond adolescence of functionallv diverse orefrontal outout svstems.
External interventions might exert adverse influences on the establish-
ment of inteerated orefrontal networks esneciallv durine the earlv phase
of re-arranging.

Kevwords: Glutamate: orefrontal cortex: biocvtin: cortico-cortical
connections

Introduction

Cortical proiection svstems originate from excitatorv pvr-
amidal cells. which are distributed throughout specific
lavers of the cerebral cortex. In general. pvramidal cells
positioned in laminae V and VI oroiect to both subcortical
and distant cortical areas. while pvramidal cells situated in
laminae II/III are known to form mainlv. but not exclu-
sivelv. intrinsic connections between adiacent cortical areas
(Bannister 2005). Indeed. earlv studies suggested that the
distinctive laminar distribution of the nvramidal cells mav

Correspondence: A. Veronica Witte. Denartment of Neuroanatomv. Facultv
of Biologv. Universitv of Bielefeld. Universitatsstrasse 25. D 336115
Bielefeld. Germanv
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correspond to different outout functions (Jones 1984).
Thus. the pvramidal efferents of the evolutionarv voungest
part of the brain. the orefrontal cortex (PFC). tareet multi-
ple cortical and subcortical fields and olav a crucial role in
the processing of complex functions such as generation and
revision of planned behaviours or purnosive movements.
These higher-order functions are realized not onlv in
humans. but also in other mammals such as primates and
rodents (Kolb 1984: Uvlings and van Eden 1990). Since var-
ious dvsfunctions of PFC-related behaviours are presum-
ablv caused bv cell disturbances during cortex development
(Weinbereger and Linska 1995). the present experiments
focus on the establishment of the prefrontal output svstem
at structural level in adolescence. which mav be reflected in
aberrant formation of PFC-proiections. The present experi-
ments focus on the time course of the phvsiological estab-
lishment of the prefrontal output svstems in adolescence on
a structural level.

In the period of embrvonic differentiation. the axonal
egrowth cones of pvramidal cells are conducted bv multinle
cues in their intrinsic environment (reviewed in Dodd and
Jessell 1988: Tessier-Laviene and Goodman 1996). Since
the neuronal differentiation and the formation and refine-
ment of svnapotic connections cause continuing changes in
intrinsic prooerties and svnaotic transmission of pvramidal
cells. these factors are known to nlav a considerable role in
the axon guidance (Katz and Shatz 1996: Soitzer 1991). In
addition. the mvelination process contributes to the axonal
growth in the proceedings of neuronal development (Hu and
Strittmatter 2004: Sherman and Broohv 2005).

In earlv postnatal stages. the impacts of extrinsic cues on
the formation of area-specific patterns of connectivitv gain



in importance. For instance. it is shown that neonatal abla-
tion of the prominent visual thalamocortical proiection
leads to a drastic disturbance of the nvramidal cell inner-
vation in the visual cortex in hamsters (Kingsburv et al.
2000. 2002). In contrast. non-sensoric cortex areas. espe-
ciallv the PFC. exhibit a late and prolonged postnatal
develobment bevond those of sensoric areas (Fuster 2002:
Goldman-Rakic 1987: Levitt 2003: van Eden et al. 1990).
Dopamine (DA) fibres. for example. do not reach adult
levels until earlv adulthood in the PFC. where thev target
mainlv on pvramidal cells (Dawirs et al. 1993b: Kalsbeek
et al. 1988). Moreover. the mvelination process. which
triegers the cessation of fibre outerowth. occurs last in
the PFC in postnatal life (de Graaf-Peters and Hadders-
Alera 2006). Thus. the verv slow maturation and the
ongoing augmentation of fibres cause a high structural plas-
ticitv of this area. As a result. the PFC is suppnosed to be
especiallv vulnerable to disturbing influences during an ex-
tended iuvenile development.

Indeed. orevious findings of our eroun described earlv
adverse interventions to induce highlv interrunted transmit-
ter maturation patterns especiallv in the PFC: Both im-
poverished rearing after weaning on postnatal dav (PD)
30 and a single earlv methamphetamine (MA)-intoxication
on PD 14 affected primarilv the maturation of the DAergic
innervation (Dawirs et al. 1994: Teuchert-Noodt and Dawirs
1991: Winterfeld et al. 1998). In addition. the suporessed
DA maturation in the PFC is subposed to cause further ex-
tensive alterations not onlv in other mesolimbic and meso-
cortical DAereic proiections (Busche et al. 2004). but also
in the serotonin (Neddens et al. 2003. 2004) and the GABA
svstem (Nossoll et al. 1997). As another and even more
direct conseauence. these earlv non-invasive interventions
led to a miswiring of pvramidal PFC-efferents to spe-
cific iosilateral and contralateral target areas in adulthood
(Bagorda et al. 2006: Witte et al. 2007).

Now the auestion arose. whether a direct derangement of
regressive events. which are known to nlav a kev role in
modifving neuronal connectivitv (Low and Cheng 2006).
or an abnormal prolonged progressive develonment of pvr-
amidal efferents mav cause this nathologv. Therefore. the
goal of this studv was (1) to determine the precise matura-
tion of the prefrontocortical proiection svstem. depending
on cortical target areas and lavers of origin: and (2) to
identifv possible time windows during iuvenile develon-
ment where critical refinements of axonal branching mav
occur. vulnerable to enigenetic abnormalities. This mav help
to better understand how and when environmental chal-
lenges in postnatal develobment could cruciallv affect the
establishment of prefrontal networks.
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Material and methods

Animals

In total. 148 male gerbils were bred in standard laboratorv cages
(Makrolon® tvoe IV). Seventv-eight pups received biocvtin iniections
in three age-grouns on PD 15-19 (infantile. n =31). 20-24 (earlv iuve-
nile. n =29) and 25-29 (pre-weaning. n = 18). respectivelv. The remain-
der of the animals were weaned on PD 30 and kent senaratelv in standard
home cages (Makrolon® tvoe III). Fiftv-eicht animals were iniected with
biocvtin either after weaning on PD 30-49 (post-weaning. n=45) or
around pubertv on PD 60-79 (adolescent. n = 13). Twelve gerbils were
allowed to reach adulthood and received biocvtin labelling on PD 90.
Data of the 12 adult animals have been published before partiallv (for
details see Bagorda et al. 2006: Witte et al. 2007). Food and water were
provided ad libitum. All gerbils were on natural dav/night cvcles. The ex-
perimental nrocedures were annroved bv the anorooriate committee of ani-
mal care in accordance with the guidelines of the Euronean Communities
Council Directive.

Fig. 1. Prefrontal pvramidal cells filled bv an iniection of biocvtin into
superficial lavers (LITI. A and C for details) or deep lavers (LV/VI. B
and D for details) of the medial prefrontal cortex (Cgl/Fr2-region)
in front of the corpus callosum (E). Scale bar: A. C=1000um: B.
D =200um
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Biocvtin fibre tracing

The animals were fixed into a stereotaxic frame after anaesthesia with di-
ethvlether. At the level of the prefrontal cortex a hole was drilled into the
skull to aoplv the anterograde tracer biocvtin. Three ul of 0.5% biocvtin
solution in 0.1 M phosphate buffe (PB. pH 7.4) were iniected at midline into
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the shoulder subfield which encompasses the medial precentral (Fr2) and the
dorsal-anterior cingulate (Ce1) cortex at 4.5 mm anterior to breema. Based
on the freauentlv used definition of the PFC bv Rose and Woolsev. that
includes all cortex with recinrocal connections from the mediodorsal thala-
mus (Rose and Woolsev 1948). we considered Fr2 and Cel as part of the
PFC. Notablv. PFC-classification in rodents still remains controversial

Par2

agranular insular cortex

Cg1 cingulate cortex, area 1
Cg2 cingulate cortex, area 2
Cg3 cingulate cortex, area 3
FL forelimb area of cortex
DI dysgranular insular
cortex
Fr1 frontal cortex, area 1
Fr2 frontal cortex, area 2
Gl granular insular cortex
HL hindlimb area of cortex
Par1 parietal cortex, area 1
Par2 parietal cortex, area 2

Fie. 2. Ipsilateral camera lucida drawings of selected frontal slices through an exemplarv 17 davs old gerbil brain with laver V/VI-efferents of the medial
prefrontal cortex (Cel/Fr2-region. see Fig. 1). labelled bv a deep biocvtin-iniection. The boxes in the first and third section depict the columns in which

fibre densities were assessed: i.e. in the agranular insular cortex (AIC). frontal cortex (FC). parietal cortex (PC). and dvseranular insular cortex (DIC).

Scale bar = 1000 um



(Brown and Bowman 2002: Dallev et al. 2004). Either superficial iniections
(n="77). aiming at pvramidal cells in laver I1I. and deeo iniections (n="71).
targeting pvramidal cells in laver V/VI (Fig. 1). were performed. The skull
was closed with hvstoacrvl. After 24 hours. the animals were transcardiallv
perfused under deep chloralhvdrate anesthesia (1.7 ¢/ke. i.0.) with 200 ml
PB. followed bv 4% paraformaldehvde and 0.5% e¢lutardialdehvde in 0.1 M
PB. The brains were removed and kept in fixative to increase backeround
staining. After one week. frontal brain sections of 60 um thickness were cut
on a fricomobile (Reichert-Jung) and everv other section was collected in
0.01 M PB. Subseauentlv. slices were incubated with 1% sodium borohv-
dride (Sigma) for 20 min and treated overnight after washing in PB with
ExtrAvidin-Peroxidase (Sigma) diluted 1:125 in 0.01 M PB containing 1%
bovine serum albumin and 0.5% triton X-100 (Sigma). On the following
dav. sections were washed twice in PB. twice in 0.05 M Tris-buffer (pH 7.6)
and stained bv DAB reaction. After washing in PB. the slices were mounted
on coated glass slides. dried overnight. and coverslipped in DePeX (Sigma).
Biocvtin is a sensitive tracer canable of detailing the morphological features
of axonal fibres and terminal fields within the neocortex. It is efficientlv
transported to the cell soma and axon bv neuronal dendrites. which provides
valuable information about the location of the cell within the prefrontal area:
sunerficial iniections labelled primarilv laver Ill-pvramids. whereas deeo
iniections labelled primarilv laver V/VI-pvramids.

Oualitative evaluation of proiection patterns

To delineate the different iniection sites and the staining in general. assemblv
drawings were made on everv animal before assiening to auantitative eval-
uation. Those who showed either iniections at wrong stereotactic positions

medial

lateral

Al agranular insular cortex —-_ /
Cg1 cingulate cortex, area 1 ==

Cg3 cingulate cortex, area 3

Fr2 Frontal cortex, area 2

Fie. 3. Contralateral camera lucida drawing of a selected frontal slice of an
exemplarv 17 davs old eerbil brain with laver V/VI-efferents of the medial
prefrontal cortex (Cel/Fr2-region: see Fig. 1). labelled bv a deep biocvtin-
iniection. The box denicts the column in which fibre densities were assessed:
i.e. in the contralateral orefrontal cortex (CON). Scale bar = 1000 um
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at the rostro-caudal level or those with irregular distribution of biocvtin-
filled cells were sorted out. Further. onlv cases with comnarable numbers of
biocvtin-filled cells were used for statistical analvsis. In order to gather an
overview of the proiection pattern and get a general impression of a deen
iniection of a voung animal (PD19). camera lucida drawings were made of
four insilateral and one contralateral section (Figs. 2 and 3). The rostrocau-
dal positions of these sections with distances to bregma transferred to the rat
brain (Paxinos and Watson 2005) were: a) the appearance of the forcens
minor of the corpus callosum (insilateral and contralateral. 4.2 mm anterior
to bregma). b) the commissura anterior anoroaches the lateral ventricle
(insilateral. 0.84 mm anterior to bregma). ¢) the commissura anterior crosses
to the lateral strive of the striatum (ipsilateral. 0.12 mm posterior to bregma).
and d) at the most rostral abpearance of the hippocampus (ipsilateral.
1.72 mm posterior to bregma).

Computerised assessment of terminal field densities

Prefrontal oroiections enter their recentive fields in distinct columns span-
ning the whole depth of the cortex. For evaluation. we chose five character-
istic columns (Figs. 2 and 3). which reliablv anpear at the rostrocaudal level
of either the forcens minor of the corpus callosum (4.2 mm anterior to
breema) or the commissura anterior crossing to the lateral strive of the
striatum (0.12 mm posterior to bregma). According to the brain atlas of the
rat (Paxinos and Watson 2005). columns are located in the agranular insular
(AIC). frontal (FC). parietal (PC). and dvseranular insular (DIC) cortices
(insilateral) and in the contralateral PFC (CON). The AIC is part of the
lateral PFC (van Eden et al. 1990). whereas in the FC orefrontal and
premotor aspects intermingle (Kolb 1984). The PC contains somatosensorv
features like the barrel field (Frostig 2006). whilst the DIC act as a so-
matic ‘viscerosensorv’ area (Gabbott et al. 2003). Three neighbouring sec-
tions at these levels were evaluated. The sections were viewed in dark field
at 125 x magnification on a microscone (Polvvar. Reichert-June). Pictures
were taken bv a digital camera (ProeRes 3008mF. Jenontik. Jena) and
processed bv software for image analvsis (KS300. Zeiss. Jenontik. Jena).
Either two (AIC) or three (FC. PC. DIC. CON) separate pvictures were taken
of superficial. middle and deep target laminae. converted to black-and-white
pictures. and inverted. Backeround was subpressed bv high-pass filtering.
DAB-stained fibres of different diameter were standardised to identical thick-
ness and visualised using a combination of Gauss filter and Gerig operator
(“vallevs operator”) that depicts differences of erev values of adiacent
pixels and transforms the result into binarv images. The fibre densitv was
calculated as percentage of the measurement window. which was the same
size for all target laminae. In the AIC. laminae 1. IT and V were evaluated
separatelv. In the FC. PC. DIC. and CON laminae 1. II. V. and VI were
examined. In addition. the extent of each cortex area was measured in everv
animal to adiust the measurement windows for individual brain sizes. The
analvsis was performed under blinded conditions with regard to animal age
and iniection site.

Statistical analvsis

In total. 90 animals of comparable biocvtin iniection and fibre staining were
selected for auantitative evaluation (PD 15-19: LIl n=5.LV/VIn=8:
PD 20-24: LTl n=11. LV/VI n=8: PD 25-29: L Il n=5. L V/VI
n=4:PD30-49: LIl n=14. LV/VI n=14: PD 60-79: LIl n=4. L
V/VIn=5:PD 90: L Ill n=6. L V/VI n=6). In each proiection area.
fibre densities were cecked for statistical differences between age-grouns
after either laver Ill-iniections or laver V/VlI-iniections. Comparisons
between grouns were done bv a repeated measures analvsis of covariance
(ANCOVA. general linear model). using one main factor of age-groun. a
cofactor of cortex area extent. and a repeated-measurements factor of target
lamina. The cofactor was included in order to adiust data for individual
brain sizes. which did not correlate significantlv with age-erouns (Pearson:
AIC: p=0.75: FC: p=0.15: PC: p=0.16: DIC: » =0.61: CON: » =0.93).
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Subseauentlv. single comparisons were performed bv LSD-post hoc-testing.
first to describe general differences between age-grouns and. if necessarv. to
specifv differences between age-grouns at single target lamina-level. i.e.
when onlv specific tareget laminae show significant changes in fibre densi-
ties. Differences were evaluated bv t-test after F-test. Data are represented as
means + standard error of means (S.E.M.). All statistical analvses were
computed with Statistica 6 (StatSoft. Tulsa. USA). The levels of significance
were set at »<0.05 (*). p<0.01 (**). and » < 0.001 (***).

Results

Oualitative analvsis

Lieht-microscooical analvsis of anterograde biocvtin label-
ling in the develoning PFC showed in princinle fewer oro-
iections following laver IIl-pvramidal cell-iniections as
compared to laver V/VI-iniections. This provortion and
the cortical distribution pattern of orefrontal efferents. in-
dependent of iniection site. was somewhat similar in iuve-
nile compared to adult gerbils and also consistent with
earlier studies in the rat (Sesack et al. 1989). Camera lucida
drawings (Figs. 2 and 3) give representative proiection pa-
tterns (subcortical proiections not shown) uo from PD 15
following laver V/VlI-iniections (for comparison with PD
90 animals. see also Bagorda et al. 2006: Witte et al. 2007).
The axonal fibres travelled from laver of origin preferen-
tiallv through lavers V and VI. but also ascended and ran
along laver 1. Fibres ramified in a columnar manner in io-
silateral target areas. i.e. the agranular insular cortex (AIC).
the frontal cortex (FC). the parietal cortex (PC). and the
dvseranular insular cortex (DIC). In addition. branching
collaterals entered slightlv caudal to the iniection site the
corpus callosum and crossed to the contralateral hemisphere.
Here. one main fibre bundle rose directlv through laver VI
to form another distinctive column corresponding to the
iniection site in the contralateral PFC (CON).

Observation of labelled fibres in cortical target areas at
higher magnification revealed some impressive differences
between age-grouns after laver V/VI-iniections. The dif-
ferences were less striking after laver Ill-iniections. Anal-
vsis of distribution and morphologv of labelled fibres in
the different age-srouns revealed specific steps in the
maturation of orefrontal proiection patterns.

Infantile animals (PD 15-19) exhibited a different state
of the cortical proiections compared to older animals with
terminal fields not vet established. In this age-group. laver
V /VlI-iniections led to a labelling of multiple coarse. hard-
Iv ramified axonal fibres. which travelled either horizon-
tallv from laver of origin. ascended to laver I or descended
ventralwards (Fie. 4. CG left). These nioneer fibres reached
via laver I or via lavers V and VI various cortical areas and
branched in the above described target columns apparentlv

orderless throughout all tareet laminae. In addition. thev
exhibited terminal fields in laminae 1. V. and VI. mainlv
consisting of multidirectional fibres rather than fine ter-
mination iots (Figs. 4—6. left columns). Following laver
Ill-iniections. a similar distribution was seen. although
the pioneer fibres were slightlv thinner and the fibres in
the terminal fields appeared to be somewhat finer (data
not shown). Earlv iuvenile. ore- and post-weaning animals
(PD 20-49) alreadv showed characteristics of the adult
termination pattern like a distinctive laminae-specific dis-
tribution of axonal fibres in the cortical columns (see
Bagorda et al. 2006: Witte et al. 2007). This was even more
the case in adolescent animals (PD 60-79). The earlv fibre
pattern had develooed from an unrefined. coarse state over
time to an organized. laminae-specific distribution that was
segregated into fibres of passage in laminae II. III and VL
and dense. intertwined terminal fields in laminae I. V. and
VI (Figs. 4—6. middle columns). Taken from qualitative
impression. the abundance of fibres and termination-iots
increased from earlv iuvenile to adolescent animals. most
obvious in the FC and PC (Figs. 4-6. right columns). In
these age-grouns (PD 20-49). laver Ill-iniections led again
to similar. but somewhat finer proiection patterns. This
aopeared to partiallv remain until adulthood (PD 90: data
not shown).

Ouantitative analvsis

In the AIC. repeated measures ANCOVA did not show
anv effect of age-eroun and target lamina or their inter-
action on the proiection densities from laver Ill-iniections
(Table 1. Fig. 7A). Converselv. after laver V/VI-iniections.
ANCOVA detected significant effects of either age-eroun
(F (5. 38y=2.16: n=0.027) and the interaction of age-
ogroun and target lamina (F (10. 76)=4.84: n<(0.001) on
the efferent fibre densities in the AIC (Fig. 7B). Regarding
general differences between age-grouns. post-hoc-testing
revealed a significant decrease in overall fibre densities
about 40% in earlv iuvenile (PD 20-25) compared to in-
fantile animals (PD 15-19: » =0.015. Fige. 7B). In con-
trast. the overall fibre densities accumulated to finallv about
130% of the initial level in adolescent animals (PD 60-79).
showing a significant increase in overall fibre densities to
adult values between weaning and adolescence (p = 0.044.
Fie. 7B).

In the FC. repeated measures ANCOVA described strong
effects of age-group (F (5. 38) =2.87: » =0.009) and the in-
teraction of age-groun and tareet lamina (F (15. 117)=2.81:
p<0.001) after laver III-iniections. According to post-hoc-
testing. overall fibre densities increased significantlv first
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Fig. 4. Prefrontal proiection fibres in the insilateral caudal Cel/Fr2-region (CG. ton) and agranular insular cortex (AIC. bottom) after laver V/VI-
iniections with biocvtin in infantile (PD 19. left). pre-weaning (PD 27. middle). and adolescent (PD 72. right) animals. Note the initial unramified fibres
(PD 19) in comparison to more arborized fibres in the older animals in target laminae II. III and VI and the fine terminal iots throughout the laminae.
PD postnatal dav: CC corpus callosum: scale bar =200 um
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Fig. 5. Prefrontal nroiection fibres in the ipsilateral frontal cortex (FC. ton) and parietal cortex (PC. bottom) after laver V /Vl-iniections with biocvtin in
infantile (PD 19. left). pre-weaning (PD 27. middle). and adolescent (PD 72. right) animals. Note the different proiection patterns during development.
manifested bv more intertwined. arborized fibres and fine terminal iots in laminae I. uover V and VI. densiest in the adolescent animal. PD postnatal dav:
scale bar =200 um
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Fie. 6. Prefrontal proiection fibres in the ipsilateral dvseranular insular cortex (DIC. top) and contralateral prefrontal cortex (CON. bottom) after laver
V /Vl-iniections with biocvtin in infantile (PD 19. left). bre-weaning (PD 29. middle). and adolescent (PD 72. richt) animals. Note the develonmental
pattern changes bv thinner. multinle arborized fibres and fine terminal iots throughout the target laminae in the organization of the older animals. most
precise in the adolescent animal. PD postnatal dav: scale bar =200 um
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Table 1. Results from reveated measures analvsis of covariance (ANCOVA). using one main factor of age-groun. a reneated measurement factor of lamina.
and the cortex extent as a cofactor. Sienificant effects are indicated bv italic font

Target area Iniection site

Repeated measures analvsis of covariance (ANCOVA)

Age-groun Target lamina Age-groun«Target lamina
AIC L 11 F (5.38)=2.16 F (2.76)=0.86 F (10.76)=1.28
p=0.08 p=0.43 p=0.25
L V/VI F (5.38)=2.87 F (2.76)=1.3 F (10.76)=4.84
n=0.02 p=0.28 »=0.000
FC L 11 F (5.39)=13.59 F (3.117Y=0.19 F (15.117h=2.81
»=0.009 p=0.9 »=0.0009
L V/VI F (5.31Y=249 F(3.111h=2.02 F (15111 =0.65
n=0.048 p=0.11 p=0.83
PC L TI1 F (5.23)=1.58 F (3.69=0.54 F (15.69)=1.63
p=0.21 p=0.66 p=0.088
L V/VI F (5.33)=1.94 F (3.99 =0.21 F (15.99)=0.84
p=0.11 p=0.89 p=0.63
DIC L 101 F (5.200=9.28 F (3.600 =0.73 F (15.60)=10.39
»=0.0001 p=0.54 »=0.000
LV/VI F (5.33)=0.42 F (3.99)=0.95 F (1599 =1.04
p=0.83 p=0.42 p=0.43
CON L 101 F42H=19 F (224 =2.71 F (824)=3.62
p=0.17 p=0.087 »=0.0067
LV/VI F (5.29)=3.09 F (2.58=3.97 F (10.58=1.5
p=0.023 p=0.024 p=0.16

between adolescent (PD 60-79) and adult (PD 90) animals.
showing adult levels over 200% of orevious adolescent
values (p = 0.006. Fig. 7C). Regarding laver V/VI-iniections.
ANCOVA detected likewise significant effects of age-eroun
on prefrontal proiection fibre densities (F (5. 37)=2.49:
p = 0.048). Subseauentlv. post-hoc-testing revealed a signif-
icant increase of overall fibre densities over 90% between
post-weaning (PD 30-49) and adolescence (PD 60-79.
p =0.0025). followed bv an anoroximatelv 50% decrease to
pre-weaning values in adult animals (p =0.0014. Fig. 7D).
The withdrawal of overall fibre densities as described for
the AIC between infantile and earlv iuvenile animals was
not evident in the FC.

However. in the PC repeated measures ANCOVA de-
tected no significant effect between erouns after laver III-
or laver V/VI-iniections. Nevertheless. the proiections in
the PC appeared to develop in a somewhat similar fashion
to that of FC proiections: on the one hand. fibre densities
increased again between adolescence (PD 60-79) and
adulthood (PD 90) after laver Ill-iniections (Fig. 7E). On
the other hand. fibre densities accumulated to a local max-
imum around adolescence (PD 60-79) followed bv lower
adult values (PD 90) after laver V/VI-iniections (Fig. 7F).

In the DIC. repeated measures ANCOVA showed highlv
significant effects of age-eroun (F (5. 20) =9.28: n <0.001)
and the interaction of age-groun and target lamina (F (15.
60)=10.39: » <0.001) on porefrontal efferent fibre densities

after laver Ill-iniections. According to post-hoc-testing. sig-
nificant differences between age-grouns were observed onlv
at single tareet lamina-level. namelv that fibre densities sig-
nificantlv increased about 100% in target laminae V and VI
between adolescent (PD 60—-79) and adult (PD 90) animals
(< 0.001. Fie. 7G). After laver V/VI-iniections repeated
measures ANCOVA revealed no significant effect. However.
Fie. 7H indicated that orefrontal efferents in the DIC ma-
tured likewise in parallel with the FC.

Concerning the contralateral hemisphere. the number of
comparable cases was lower than for ipsilateral evaluation.
possiblv due to the fact that remarkablv fewer neurons make
dual proiections to the two hemispheres (also reported bv
Mitchell and Macklis 2005). which resulted in a reduced
number of evaluable data for statistical analvsis. However.
repeated measures ANCOVA detected significant effects in
the CON for the interaction of age-groun and target lamina
(F (8. 24)=3.62: »=0.0067) after laver Ill-iniections.
In addition. significant effects were found for both age-
groun (F (5. 29)=3.09: » =0.023) and target lamina alone
(F (2. 58)=3.97: n=0.024) after laver V/VI-iniections.
According to post-hoc-testing. there was a significant in-
crease in overall fibre densities after weaning (PD 30.
p=0.0019) and a strong decrease in overall fibre densities
after adolescence (PD 60. » =0.001. Fig. 8).

In total. results from repeated measures ANCOVA are
shown in Table 1.
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Fig. 7. Densities of terminal fields and passing fibres in the ipsilateral cortex labelled bv biocvtin iniections into laver III (left) or laver V/VI (right) of the
medial orefrontal cortex. Fibre densities were assessed in the agranular insular cortex (AIC: A and B). frontal cortex (FC: C and D). parietal cortex (PC: E
and F). and dvseranular insular cortex (DIC: G and H). Data are given as means + S.E.M. Age ranges within grouns are indicated bv erev columns.
Asterisks renresent differences between age-erouns. * » < 0.05. ** p<0.01. *** p<0.001
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Fie. 8. Densities of terminal fields and passing fibres in the contralateral
orefrontal cortex (CON) labelled bv biocvtin iniections into laver IIT (A)
or laver V/VI (B) of the medial prefrontal cortex. Data are given as
means + S.E.M. Age ranges within erouns are indicated bv erev columns.
Asterisks reoresent differences between age-erouns. * »<0.05. **
»<0.01. *** p<0.001

Discussion

In the current studv. we poresent detailed evidence from an-
terograde tracing studies that the maturation of prefrontal
cortical proiection svstems undergoes dvnamic changes
until late in postnatal life. Oualitative evaluation indicated
an earlv axonal branching of orefrontal pvramidal efferents
originating from both laver IIT and from laver V/VI in the
infantile age-eroun between PD 15 and 19. which was more
conspicuous in the V/VI-proiections. This immature pattern
was characterized bv coarse. hardlv ramified collaterals.
which travelled orimarilv through deever lavers. but also
ascended nearbv the iniection site and ran through laver L.
In distinct ipsilateral and contralateral cortical areas. thev
distributed in a columnar manner without clearlv defined
termination patterns. Before weaning (PD 30). columns
became more precise and axonal fibres exhibited the finer
arborized adult-like (PD 90) termination pattern. In adoles-

cent animals (PD 60-79). labelling resulted in an even
more precise termination pattern.

Ouantitative analvsis showed impressive dvnamics of the
selective fibre maturation depending on laver of origin.
Following laver IIl-iniections. fibre densities remained stat-
ic at low levels until a considerable (secondarv) increase
occurred first in adolescence (PD 60-79) and reached sig-
nificantlv higher values in the ipsilateral frontal cortex (FC)
and the dvseranular insular cortex (DIC) in adults (PD 90).
After laver V/Vl-iniections. however. a sienificant de-
crease in fibre densities occurred between infantile (PD
15-19) and earlv iuvenile (PD 20-24) animals in the iosi-
lateral agranular insular cortex (AIC). which was indicated
without significance in the other investigated areas. An in-
crease in fibre densities followed after weaning (PD 30)
and reached either adult values (PD 90: significant in the
AIC) or a local maximum around adolescence (PD 60-79:
sienificant in the FC and contralateral PFC).

In summarv. prefrontal pvramidal III- and V/VI-effer-
ents are subiected to considerablv different dvnamics of
maturation in time and aualitv. Moreover. since so-called
feedback pathwavs originate mainlv from infragranular
lavers whereas feedforward pathwavs originate mainlv from
supragranular lavers. both efferent paths are verv likelv
to comorise hierarchicallv and develoomentallv distinctive
subsvstems with severate rules of maturation (reviewed in
Price et al. 2006).

Volumetric development of the PFC

During the iuvenile period. plastic capabilities especiallv
of the PFC are also reflected bv volumetric studies bv
van Eden and Uvlings (1985): all orefrontal areas exhibit
a period of transient overerowth during the first weeks of
postnatal life in rats. whereas the somatosensorv cortex. for
example. was found to erow continuouslv in a greater ex-
tent than the cortex as a whole (Riddle et al. 1992). In the
medial PFC (mPFC) a volume overshoot of aporox. 30%
occurred until PD 24 comvared to adult values (van Eden
and Uvlings 1985). which coincides with the time window
of dramatic pattern change occuring from the infantile to
the pre-weaning age-group in our material. Notablv. one
should bear in mind that gerbils are born and weaned later
than rats (birth: ED 25 and ED 21. respectivelv: weaning
dav: PD 30 and PD 21. respectivelv). however. their prior to
weaning postnatal development should be somewhat com-
parable. since eve-opening occurs around PD 14 in both
species (Clancv et al. 2001: Eilam 1997). In comparison with
other species. more recent volumetric studies using mag-
netic resonance imaging (MR led to some controversial



findines (Pfefferbaum et al. 1994: Rathien et al. 2003:
Villablanca et al. 2000). However. a volumetric decline dur-
ing develonment seems to be PFC-specific also in nrimates
and man (Jernigan et al. 1991: Giedd et al. 1999: Sowell
et al. 2002). In addition. various histological post mortem
and more recent MRI-based in vivo studies showed a oro-
tracted cvcle of mvelination. particularlv in frontal and pa-
rietal regions continuing well into the third decade of life
(Ballesteros et al. 1993: Brodv et al. 1987: Huttenlocher
1979: Huttenlocher and de Court 1987: Yakovlev 1962).
Since changes in axon mediated electrical activitv. concei-
vablv due to a refinement of axonal contacts. plav an essen-
tial role in the mvelination process (reviewed in Coman
et al. 2005). axonal refinement should occur until late in
postnatal life.

Van Eden et al. (1990) suggested that the reduction of
PFC volume could be related to interneuronal connectivitv
and might be caused bv a reduction or elimination of axo-
nal branches or terminals. Indeed. exuberant productions of
svnapnses and the following svnaptic pruning seem to plav
a maior role during maturation of the PFC at least in ori-
mates (Bourgeois et al. 1994) and man (Huttenlocher and
Dabholkar 1997). Yet the decrease in AIC fibre densities
after laver V/VI-iniections described in the current studv
might reveal an insightful cause of volumetric decline in the
PFC during postnatal development when considering the
AIC as nart of the lateral PFC (van Eden et al. 1990).
Notablv. the cellular and molecular determinants as well as
onset and closure of these critical developmental pro-
cesses in detail are still poorlv understood (Woo and Crowell
2005): however. thev might varv between functionallv
diverse svstems.

Development of laver III- and laver V/VI-efferents
in various cortical areas

A similar (but not simultaneous) developmental organiza-
tion of both prefrontal and sensoric efferents seems likelv
following earlv studies bv Price and Blakemore (1985).
who investigated visual corticocortical connections in the
kitten: During the third postnatal week. nrimarv proiections
from lower laver V are pruned. while new axons sprout
from laver III (Price and Blakemore 1985). In addition.
more recent studies in the visual cortex bv Batardiere et al.
(2002) revorted onlv feedback pathwavs (i.e. laver V/VI-
proiections) to undergo processes of axonal remodelling
during development.

This is stronglv in line with our findings. considering that
proiections of orefrontal laver III showed a delaved in-
crease in fibre densities in comparison to deep proiections
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(i.e. first after adolescence). highlv significant in the FC and
DIC. Moreover. this late increase in laver IlI-fibre densities
could be rated as some kind of “fibre-release” after laver V
axonal retardation and/or combletion of erowth. Intricu-
inglv. the nrolonged maturation of laver III-pvramidal cells
in comparison to laver V-pvramids (as indicated bv our data)
could lead to a considerablv delaved augmentation of laver
III-axon collaterals. Moreover. one could even speculate
that the late increase of laver IlI-proiections might disturb
or detain alreadv existing excitatorv connections rising from
deever lavers. since it is known that laver III- and laver
V /VI-pvramids innervate similar cortical areas and com-
pete for the same target cells (reviewed in Bannister 2005).
Consistentlv. fibre densities following laver V/VI-iniec-
tions remained stable (or even decreased) after adolescence
(PD 60). In the context of svnapse forming it could be con-
sidered that the observed increase in laver III-fibre densitv
after adolescence might be somehow interrelated nega-
tivelv with axospinous svnapses. which could react regres-
sivelv to adiust for increasing fibre densities. This idea is
suovorted bv a studv of Melchitzkv et al. (1998). who
found that axospinous svnapses are eliminated during
adolescence in the monkev. corresponding to the time where
we found increasing overall fibre densities after laver III-
iniections in the FC. However. considering that in monkevs.
the svnapses are pruned to a greater degree in supragranu-
lar than in infragranular laminae (Melchitzkv et al. 1998).
but our observation at least in the DIC revealed a signifi-
cant increase in fibre densities limited to target laminae V
and VI ( =infraeranular laminae) after laver IIl-iniections.
the possible association between ingrowing axons and si-
multaneous elimination of svnapnses remains unclear. Yet.
the adolescent elimination of axon terminals mav be also
selective for certain svstems (Anderson et al. 1995).
According to the above mentioned pruning of laver V-
efferents in the visual areas (Price and Blakemore 1985).
we observed a significant decline in fibre densities arising
from laver V/VI-proiections in the AIC between infantile
and adolescent animals. which might be caused bv a retrac-
tion of axons. Earlv experiments have shown that develon-
ing corticocortical pathwavs. especiallv those originating
from deever lavers of diverse cortical areas. are character-
ized bv transient connections in various species (reviewed
in Innocenti and Price 2005): e.g. in rats (Ivv et al. 1984:
Olavarria and Van Sluvters 1985: Provis et al. 1985). ham-
sters (Lent et al. 1990). cats (Dehav et al. 1984: Innocenti
1981: Price and Blakemore 1985). monkevs (Jefferv et al.
1984: Kennedv et al. 1989: Killackev and Chalupa 1986).
and humans (Provis et al. 1985). Ivv and Killackev (1981)
presumed that these transient connections are eliminated
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either bv selective cell death and/or bv retraction of the
collaterals of the neuron’s axon or bv a shrinking of the ter-
minal arborisation of the axon. On the one hand. cell death
mav contribute to axon withdrawal (Ivv and Killackev
1981: Kim and Juraska 1997: Nunez et al. 2001). since
e.o. Parnavelas and Uvlings (1980) found substantial num-
bers of pvcnotic cells in the hamster brain between PD 5
and PD 12. In addition. Nunez (2001) observed a rapid rise
in the incidence of cortical anontosis over the first postnatal
week in rats. On the other hand. Van Eden and Uvlings
(1986) found no developmental changes in the cell number
of the shoulder subfield of the PFC (where our biocvtin-
iniections were set). Therefore. the reduction of prefrontal
efferent fibre densities found in the current studv should
rather be ascribed to axonal refinement than to apoptosis.

Another intricuing phenomenon. described bv electro-
phvsiological studies. could possiblv contribute somewhat
to the dvnamic pattern change observed exclusivelv in laver
V /VI-proiections. These studies found two existine sub-
classes of laver V-pvramidal cells (for review see Bannister
2005). characterized bv distinct snike discharge patterns
(Thomson and Bannister 1998). Although the two sub-
grouns exhibited similar axonal distributions. their input
characteristics were rather selective and considerablv dif-
ferent (Markram et al. 1997: Thomson and Bannister 1998).
This could. theoreticallv. lead to a developmental variance
between these two subclasses. characterized bv temporallv
separated fibre maturation. Unfortunatelv. little is known
about distinct growth rates within laver V-pvramids.
However. one could speculate that one nooulation matures
earlier and exhibits the initial coarse proiection pattern as
seen in infantile animals. Thus. the premature fibre mor-
phologv might become in part masked or refined during the
ongoing growth of axons of the other subclass (which
hvootheticallv matures later) into the same proiection area.
since both laver V-subgrouns compete for the same post-
svnantic targets (Bannister 2005) and competition between
axons for target-derived chemotroohic substances is sup-
posed to act as a regulating factor in the remodelling pro-
cess of neuronal connections (reviewed in Innocenti and
Price 2005).

Related transmitter svstems

Moreover. it could be assumed. that the morphological and
functional maturation of related transmitter svstems might
underlie different processes of axonal pruning and sorout-
ing of PFC pvramids. Then. the develobpmental pattern
change of orefrontal proiections could be interpreted as
some kind of reaction caused bv critical stens in the

maturation of their opresvnaotic inouts. Indeed. certain
monoaminergic svstems. that exert both direct and indirect
effects on the excitabilitv of PFC pvramidal neurons (Puig
et al. 2005: Seamans et al. 2001: Tsene and O’Donnell
2004). were found to mature considerablv fast during earlv
postnatal life. but to establish adult-like termination pat-
terns not earlier than between postnatal weeks 3 and 4
(serotonin) or 8 and 9 (donamine. DA) in rats (Berger
et al. 1985: Kalsbeek et al. 1988: Lidov and Molliver
1982). Moreover. pointing to the excentional role of the
DAergic svstem. DA afferents start to reach cortical pvra-
midal cells alreadv in the final trimester of gestation in rats
(Kalsbeek et al. 1988). but continue to grow even until
adulthood in gerbils (PD 90). characterized bv an exponen-
tial increase between PD 14 and PD 30 (Dawirs et al.
1993a). Since DA and also serotonin are verv likelv to act
as neurotroohic factors in the development of the PFC
(Kalsbeek et al. 1987: for review Sodhi and Sanders-Bush
2004). thev might exert crucial influence on nvramidal cells
during the whole iuvenile phase. therebv causing a dv-
namic. differentiated and endurine maturation of prefrontal
efferents.

In addition. GABAergic neurons. which influence the
pvramidal metabolism directlv via their potent terminations
around the pvramidal soma and axon hillock. are subnosed
to olav a crucial role bv re-arrangine. shaning and mod-
ulating neuronal circuits (Jacobs and Donoghue 1991:
Tamas et al. 2000). Consistent with the DAereic matura-
tion. we recentlv found an earlv increase in GABAergic
fibre densities between PD 14 and PD 20 followed bv a
further slow but sienificant enhancement bevond adoles-
cence in gerbils (Brummelte et al. 2007). Intriguinglv. the
GABAergic inhibitorv inout intensifies (as indicated bv
increasing fibre densities) preciselv during the same partic-
ular time window in which we detected the pvramidal
fibre reduction. i.e. in the third postnatal week. Therefore.
one could speculate that the increasing inhibitorv signals
might provoke a refinement of prefrontal nvramidal axons.
since thev reduce the excitation and fire abilities of pvra-
midal cells. therebv leading to a loss of svnantic strength
on terminal target cells. Thus. as the pruning of svnapses is
an activitv-denendent process mediated bv the NMDA
class of glutamate recentors via molecular cues of the pre-
svnantic cell (Hickmott and Constantine-Paton 1997: Katz
and Shatz 1996). a loss of glutamatergic excitation (pro-
vided e.2. bv enhanced somatic GABAergic inout) should
result in a loss of svnantic contacts and thus in a retraction
or elimination of pvramidal axons. which is a prominent
feature in the development of manv cortical axonal path-
wavs (reviewed e.g. in Price et al. 2006).



Time schedule of crucial windows for imnact
of evigenetic factors

Since epigenetic factors are known to contribute heavilv to
the formation and sharpening of cortical networks (for re-
view Rice and Barone 2000). and considering the dvnamic
postnatal maturation occurring in the orefrontal proiection
svstem. it seems verv likelv that environmental challenge
cruciallv affects the orefrontal development (see also
Berger-Sweenev and Hohmann 1997). Indeed. previous
studies of our grouo renorted abnormal prefrontal proiec-
tion patterns in the adult eerbil after acute and/or chronic
traumatisation (see introduction). which was discussed to
emerge from a disturbed and therefore potentiallv dvsfunc-
tional branching. shrinking or refinement of these efferents
during develooment (Bagorda et al. 2006: Witte et al.
2007). Namelv. the combined challenge led dramaticallv
to an enhancement in exclusivelv laver V/VI-proiection
fibre densities in frontal and parietal target areas. although
no alterations in laver IIl-obroiections were found. These
findings point on the one hand to an abnormal glutamate
activitv and. on the other hand. to a dramatic imbalance
between the different PFC output svstems. Intriguinglv. an
impaired elutamate transmission mav act as kev nlaver in
the pathologv of schizoohrenia (Keshavan and Hoeartv
1999: Weinberger and Linska 1995). and the so-called
“dvsconnection’ of corticocortical connections is fre-
auentlv discussed as an anatomical correlate of the disease
(Feinbere 1982: Harrison 1999: Weinberger and Linska
1995).

The oresent results give valuable indications regarding
when and how the prefrontal dvsconnection to other corti-
cal areas might set in: conceivablv. between the second and
third postnatal week. the initial coarse axon collaterals mav
be affected bv epigenetic interferences. when non-invasive
methamphetamine (MA)-intoxication (PD 14) was amnbli-
fied. lesioning not onlv ingrowing prefrontal DA terminals
(Dawirs et al. 1994) but also affecting the GABA (Nossoll
et al. 1997) and serotonin svstems (Neddens et al. 2003.
2004). The disturbed innervation of the pvramidal cells.
as a conseauence. mav lead to a pathologic non-pruning
of laver V/VI-efferents. bv impairineg e.e. the cortical
transmission and metabolism. Subseauentlv. in combina-
tion with impoverished rearing (IR) as chronic intervention.
the overextension of laver V/VI-proiection fibre densities
might stabilize and could be described in adults as a
dramatic imbalance between laver III- and laver V/VI-
proiections. Intricuinglv. beside this assumable entire and
therefore pathologic integration of excessive proiections
following adverse epnigenetic interventions. a phenomenon
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that could be termed as ‘“masking’” was suggested earlier to
occur as well durine normal development (Murakami et al.
1992: Wall et al. 1988): The authors described a somehow
subtler preservation of exuberant oproiections as thin.
unmvelinated and poorlv branched fibres bevond iuvenile
age. These pre-existing routes might then serve as a source
of sprouting after e.e. neuronal iniurv (Murakami et al.
1992). therebv contributing heavilv to the remarkable plas-
ticitv in the adult brain.

However. as MA-intoxication alone (i.e. without restrict-
ed rearing) rather caused an abnormal decrease than an in-
crease in laver V/VI-proiections in adult animals (Bagorda
et al. 2006: Witte et al. 2007). it seems verv likelv. that an
enriched environment could somehow reverse the MA-
mediated effects. In addition. it could be assumed. that the
stimulating environment bv enriched rearing (ER) some-
how benefits especiallv the disturbed maturation of the
DAergic svstem. therebv protecting the brain from adverse
influences and the further establishment of abnormal con-
nectivitv and pathologies during ongoing development.

Conclusion

The results of the current studv indicate the presence of
structural dvnamics in the development of prefrontocortical
connections even bevond adolescence. Moreover. the func-
tionallv diverse pvramidal output svstems of the PFC are
characterized bv individual time courses of maturation:
Laver Ill-oroiections reached adult fibre densities between
adolescence and adulthood. whereas laver V/VI-nroiection-
densities declined between the second and third postnatal
week in gerbils and attained adult values around adoles-
cence. Especiallv during the earlv phase of re-arranging.
pruning or masking of laver V/VI-collaterals. it seems
likelv that disturbing factors exert crucial influence and
might further lead to an impaired wiring of prefrontocor-
tical connections. Indeed. a hindrance of the axonal prun-
ing process caused bv external interventions could explain
the pathologic and pnotentiallv dvsfunctional overextension
of laver V/VI-proiections after earlv traumatisation as pre-
viouslv observed in adult MA-IR animals (Bagorda et al.
2006: Witte et al. 2007). In addition. a stimulating sur-
rounding might somehow attenuate the establishment of
abnormal corticocortical connections: it is supnosed. that
an enriched environment might somehow re-animate the
indispensable prunine process of laver V/VI-collaterals
or reverse otherwise the imbalance between laver III-
and V/VI-proiections. which is consistent with the addi-
tional result of MA-ER animals that described an eauable
slight decrease of both proiection svstems in adulthood.
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Eventuallv. develobmental tracer studies of ER as well as
MA-intoxicated animals would complete the present results
and could orovide further evidence to nrove these hvooth-
eses and underlving processes.
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Abstract

The postnatal maturation of immunohistochemicallv stained gamma-amino-butvric acid (GABA) and calbindin (CB) cells and fibers were
auantitativelv examined in the orefrontal cortex (PFC) and the basolateral amvedala (BLA) of the Mongolian gerbil (Meriones uneuiculatus).
Animals of different ages. ranging from iuvenile (postnatal dav (PD)14. PD20. PD30). to adolescent (PD70). adult (PD180. PD540) and aged
(PD720) were analvzed. Results reveal an increase in GABAergic fiber densities between PD14-20 in the PFC and the BLA with a concomitant
decrease in cell densitv. After PD70 GABA fiber densitv slightlv decreases again in the BLA. while there is a further slow but significant increase in
the PFC between PD70 and PD540. Fibers immunoreactive for the calcium binding-obrotein CB. which is predominantlv localized in particular
GABAergic subnopnulations. also accumulate between PD14 and PD20 in the PFC and BLA. while a concomitant decrease in cell densitv is onlv
seen in the BLA. Both areas reveal a decrease of CB cells between PD3(0) and PD70. which parallels with a decrease of CB fibers in the PFC.
Howeyver. there is no particular ‘aging-effect’ in the fiber or cell densities of GABA or CB in anv of the investicated areas in old animals.

In conclusion. we here demonstrate long-term dvnamics in cell and fiber densities of the GABAergic svstem until late in develonment which

might correspond to the nrolonged maturation of other neuroanatomical and functional svstems.

(©) 2007 ISDN. Published bv Elsevier Ltd. All rights reserved.

Kevwords: Gamma-amino-butvric acid: Calbindin: Calcium-binding proteins: Immunohistochemistrv: Development: Limbic svstem

1. Introductorv statement

Gamma-amino-butvric acid (GABA) is probablv the most
important inhibitorv neurotransmitter in the mammalian
nervous svstem. It is usuallv exoressed in local interneurons.
which can modulate and even control the neuronal activitv of
cortical and subcortical output neurons. Further. GABA has
been shown to exert important morphogenetic influences during
develooment (Chronwall and Wolff. 1980: Neuven et al.. 2001)
and to plav an essential role in reactive plasticitv and
reorganization processes during development and adulthood

Abbreviations: GABA. gamma-amino-butvric acid: CB. calbindin: PFC.
prefrontal cortex: mPFC. medial prefrontal cortex: BLA. basolateral amvedala:
PD. postnatal dav: PV. narvalbumin
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(Dawirs et al.. 1997: Hensch. 2005: Merzenich et al.. 1983: Zito
and Svoboda. 2002). Thus. GABA has a central part in shaping
and maintaining of neuronal networks.

Within the GABAergic pooulation several
subononulation can be distinguished according to their content

classes of

of calcium-binding oroteins (Baimbridee et al.. 1992) and
corresponding different maturation patterns. One of these
proteins is calbindin (CB) which is. e.e. found in Marinotti.
Neuroglia and Double Bouauet cells within the cortex. i.e. in
cells. that primarilv innervate distal parts and spines of pvramidal
dendrites (Conde et al.. 1994: DeFelioe et al.. 1989: Gabbott and
Bacon. 1996: Lund and Lewis. 1993) and appear and mature
relativelv earlv (Alcantara et al.. 1993). In the amvedala. CB cells
are distributed differentlv in the various nuclei (Kemppainen and
Pitkanen. 2000). but in contrast to the orefrontal cortex (PFC).
CB varicosities are found in the basolateral amvedala (BLA) to
form basket-like structures around unlabelled proiection neuron
somata (Berdel and Morvs. 2000: Kemppainen and Pitkanen.
2000: Legaz et al.. 2005: Muller et al.. 2003). This points to the
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particularlv interesting role of CB in this subcortical area. as it is
widelv known. that axo-somatic svnanses have an excentionallv
powerful control over tareet neurons comoared to distal dendritic
or snine contacts. In the cortex. these baskets are usuallv built bv
GABAereic cells containing parvalbumin. another calcium-
binding orotein. or other substances such as cholecvstokinin
(Conde et al.. 1994: Kawaguchi and Kubota. 1998).

Despite this difference. the GABAergic innervation patterns
of the PFC and the BLA bear marked resemblances (Carlsen.
1988: Muller et al.. 2006). although the origin and function of
the PFC and the BLA are auite diverse. which is a reason for
choosing these pnarticular two structures for investigation in the
current studv. Further reasons are the high interconnection and
thus potential interrelation of the PFC and BLA during
develobment and their distant positions in the brain. which
implv divergent develonmental patterns. In addition. both areas
belong to one main circuit. characterized bv the mesolimbic
prefrontal donamine proiections. which originate in the ventral
teemental area and the substantia niera (Biorklund and
Lindvall. 1984: Fallon and Ciofi. 1992). This donamine fiber
innervation is of particular interest as it shows a prolonged
maturation until adulthood in the rodent medial PFC (mPFC)
(Dawirs et al.. 1993: Kalsbeek et al.. 1988). while it stavs
relativelv stable after PD20) in the gerbil amvedala or entorhinal
cortex (Brummelte and Teuchert-Noodt. 2006). This is in line
with the general develoning pattern. with the PFC being one of
the last areas to reach adult stages (Mrzliak et al.. 1990: Van
Eden et al.. 1990). while the amvedala maturates relativelv
earlv after birth (Joseph. 1999: Morvs et al.. 1999).

The orenatal and earlv postnatal maturation of the
GABAergic nopulation in the cortex. with particular emphasis
on the visual cortex. has been intensivelv investigated in the last
two decades (Chronwall and Wolff. 1981: Del Rio et al.. 1992:
Parnavelas. 1992: Van Eden et al.. 1989: Wolff et al.. 1984).
However. less research has been done concerning the late
postnatal development and aging effects of GABAergic and CB
fibers and concerning different cortical or subcortical areas. It is
assumed that GABA exhibits a high svnantic plasticitv and can
help to reorganize. shane and modulate neuronal circuits not
onlv during develonment (Chen et al.. 2002: Teuchert-Noodt.
2000). This compensatorv effect in plastic processes might be
reflected in changes of the GABAergic or CB fiber densities
even during adulthood and agine. As it is further subnosed. that
the cortex might continuouslv adaot to new situations and
experiences bv (re)arranging neuronal networks (Bagorda
et al.. 2006: Holtmaat et al.. 2006: Trachtenbere et al.. 2002).
the current studv was conducted to examine the life long
progression of GABAeregic and CB structures in two areas of
the mesolimbocortical circuit. the mPFC and BLA.

2. Exverimental nrocedures

A total of 60 male Monegolian gerbils (Meriones unguiculatus) were used for
this studv. Breeding gerbils were obtained from Harlan Winkelmann (Borchen.
Germanv). The animals were bred in standard cages (Macrolon tvoe 4) and.
after weaning on postnatal dav (PD) 30. were reared individuallv in standard
cages (Macrolon tvoe 3). All gerbils were keot under natural dav/night cvcles
with food and water being orovided ad libitum. Seven experimental animal

grouns of different ages were investigated to cover convincing periods of the life
span of gerbils: PD14 (n = 11). PD20 (n = 6) (iuvenile). PD30 (n = 12) (wean-
ing). PD70 (n = 11) (voung adult). PD180 (n = 8). PD540 (n = ) (adult) and
PD720 (n=4) (aging). Gerbils were chosen due to their verv small genetic
variabilitv (Thiessen and Yahr. 1977). and their rich wild-tvoe like behavioral
revertoire (Rosenzweig and Bennett. 1969). All experimental nrocedures were
anproved bv the abpropriate committee for animal care in accordance with the
Euronean Communities Council Directive.

2.1. Immunohistochemistrv

Animals were transcardiallv nerfused under deeo chloralhvdrate anesthesia
(1.7 g/ke. i.p.). The verfusion was performed with 200 ml 0.05 M phosphate
buffer (pH 6.2). containing 1% sodium metabisulfite. followed bv 750 ml 5%
glutaraldehvde with 1% sodium metabisulfite in 0.1M phosphate buffer (nH
7.5). with approoriate amounts of solutions for vounger animals. Immediatelv
after perfusion. the brains were removed and postfixed for 30 min. Coronar
sections of 50 wm were cut with a vibratome (Vibratome Series 1000. Technical
Products International Inc.) of which everv 3rd was used for GABA and CB
immunostaining. respectivelv. For GABA staining sections were collected in
wash buffer at 4 °C and rinsed 3 x 10 min followed bv a preincubation in 10%
normal goat serum and 0.4% Triton X-100 (Sigma) for 30 min. Subseauentlv.
the sections were incubated with rabbit anti-GABA (ImmunoStar. Hudson. WI).
diluted 1:5000 with 1% normal goat serum and 0.4% Triton X-100 for 48 h.
Sections used for CB staining were treated in almost the same manner. but
collected and rinsed in 0.05 M Tris—HCI buffered saline (pH 7.5. TBS). and
were additionallv incubated in 1% H,0, for 10 min. The orimarv antibodv was
mouse anti-calbindin (Sigma. diluted 1:3000. for 18 h). The following rinses. all
three times for 10 min. and dilutions were all done in TBS. The sections were
rinsed and incubated for 30 min in biotinvlated goat anti-rabbit antibodv
(Sigma) for GABA and biotinvlated goat-anti-mouse antibodv (Sigma) for
CB staining. respectivelv. diluted 1:20 with 1% normal goat serum. rinsed again
and incubated with ExtraAvidin-Peroxidase (Sigma) diluted 1:20 for 30 min.
After another rinse the sections were stained in 0.05% 3.3-diaminobenzidine
(Sigma) with 0.01% H,0, for 4 min. Then the sections were washed. mounted
on ¢glass slides. dried overnight. dehvdrated with ethanol. cleared with xvlene
and cover slipned with DePeX (Serva. Heidelbere. Germanv). To avoid devia-
tions due to possiblv lateralized innervation densities of GABA and CB onlv
richt hemispheres were used for analvses.

For auantification of fiber densities. brain sections were chosen in areas of
interest bv means of anatomical characteristics according to brain atlases of the rat
(Paxinos and Watson. 1986) and the mouse (Valverde. 1998). The BLA and mPFC
subregions Cel and Ce3. with the latter being further divided into laver IIT and
laver V. were chosen for investigation due to the clear nresence of GABAergic and
CB fibers and cells. The average number of analvzed sections was 5 per animal
and region. In the defined region of each section all detectable fiber fragments
were visualized in standard test fields using a bright field microscone (BX61.
Olvmpus. Hambure. Germanv) and a digital camera for microsconv (ColorView
11. SIS. Miinster. Germanv). Calbindin sections were investigated using 200-fold
magnification. GABA sections at 600-fold magnification.

To account for a possible interaction of fiber densitv and cell densitv or size
of the investigated area. these narameters were measured additionallv for the
PFC and BLA at 200-fold and 20-fold magnification. respectivelv. Digital
images were adiusted in contrast and intensitv before fibers. cells or the size of
the area were auantified bv software for image analvsis (KS300. Jenontik. Jena.
Germanv). For further details of the auantification process see (Brummelte
et al.. 2006: Brummelte and Teuchert-Noodt. 2006). The fiber densitv was
calculated as a nercentage of the evaluated test area. the cell densitv as number
of cells per test area. Lightlv stained cells (cf. aualitative results) were excluded
in the counting bv a minimum threshold of erav values for cell recognizing. All
analvses were done bv a person blind to the age of individual animals.

2.2. Data analvsis

Measurements were computed as arithmetic means bv-case and bv-groun
+ S.E.M. The overall size of the narticular area in which fiber densities were
measured as well as the number of GABA or CB cells were integrated as
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covariates in the statistical analvsis to account for a possible interaction of an
augmentation of volume or cells and fiber sprouting. For the PFC. a two-wav
analvsis of covariance (ANCOVA) with age (7 levels) and area (3 levels) as
indenendent variables. GABA or CB as dependent variable and area size and
GABA or CB cell number as covariates were used to check for statistical
sienificance between grouns. followed bv Fisher L.S.D. nost hoc test for
multinle comparisons if aborooriate. For the BLA. the ANCOVA comorised
onlv one area level. As the covariates revealed some significant effects on the
fiber development. these parameters were also statisticallv analvzed using an
ANCOVA (cell number. size as covariate) or ANOVA (size) and subseauent
L.S.D. post hoc tests. Statistical analvsis was computed with Statistica 6
(StatSoft. Tulsa. USA). The levels of sienificance were set at 'n < 0.05.
“p < 0.01 and "p < 0.001.

3. Results

3.1. Oualitative observations

The GABAergic fiber innervation is eauallv dense in all
investigated areas. while the CB fibers are more present in the
BLA compared to the mPFC. The overall distribution nattern of
GABAergic and CB fibers. however. is similar in animals from
all age stages (cf. Fie. 1). PFC and BLA contain a pooulation of
liehtlv stained CB opvramidal neurons. which has been
previouslv observed in rats. too (Celio. 1990: Kemppainen
and Pitkanen. 2000). In the PFC these cells are arranged in a
bundle throughout lamina II (Fig. 1B.1). In concert with data
from other species (Hof et al.. 1999) hardlv anv CB or GABA
cells were seen in lamina I. In the BLA. GABAergic and CB
cells were distributed auite eauallv through the nucleus. We
could not detect clear CB basket-like structures in the BLA at
light microscope level. although these have been described for
rats (Berdel and Morvs. 2000).

3.2. Ouantitative analvsis

3.2.1. PFC

For the GABAergic fiber densitv in the PFC the two-wav
analvsis for variance reveals a highlv significant effect of age
(F(6.147) = 16.67: p < 0.001). but not for area or interaction of
age and area (F(12.147)=0.168: n =0.99). Both covariates
show a significant effect on the fiber develoboment (GABA cells:
p =0.007: size: » =0.016). A subseauent Fisher L.S.D. test
exhibits a significant increase in fiber densitv between PD14
and PD20 (+11%: p < 0.001) and between PD20 and PD30
(+5%: p =0.037) and a further trend for an increase between
PD70 and PD180 (»=0.078). which becomes significant
compared to PD540 (PD70 and PD540: +7%: » < 0.001)
(Fig. 2A).

For the CB fibers in the PFC the ANCOVA reveals a
significant effect of age (F(6.148) = 23.94: p < 0.001) and area
(F(2.148) = 6.26: p = 0.002) but not for the interaction of age
and area. Size as a covariate shows a significant effect
(» =0.005). while the CB cell number narrowlv fails to reach a
significant level ( p = 0.054). The subseauent L.S.D. test for the
area effect reveals a significant difference in innervation densitv
between the Cegl area and Ce3 lamina III and between lamina
IIT and lamina V within the Ce3 region (both n’s < 0.001).
Further. a post hoc test shows a highlv sienificant increase of

Table 1
Circumferences of the two analvzed areas: the orefrontal cortex (PFC) and the
basolateral amvedala (BLA) + S.E.M.

Age (davs) PFC (um) BLA (um)
14 8241.93 + 349.47 3949.28 + 36.90
20 8367.58 + 56135 4045.24 + 98.24
30 8248.79 + 365.93"" 4019.70 + 30.63
70 8226.65 =+ 389.70 4106.80 + 78.18
180 8307.00 =+ 340.07 4193.11 +£ 11222
540 8262.83 + 382.16 4325.24 + 60.86
720 8225.94 + 491.41 4218.94 + 85.76

The PFC reveals a peak in volume on postnatal dav 20. while there is no age-
dependent effect in the BLA. Levels of significance. compared to the age stage
before: “'p < 0.01. *“p < 0.001.

fibers between PD14 and PD20 (+43%: » < 0.001). followed
bv slight decrease between PD30 and PD70 (—8%: n = 0.017)
and PD180 and PD540 (—13%: p = 0.003) (Fig. 2B).

Due to the significant effect of the covariates. the cell numbers
were additionallv analvzed and a two-wav analvsis of covariance
reveals a significant effect of area (F(4.294) = 85.38:p < 0.001).
with all areas being significantlv different from each other
concerning GABA and CB cells (all p’s < 0.05). Age also shows
a significant effect (F(12.294)=17.0: » < 0.001) with GABA
cells exhibiting a decrease between PD14 and PD20 (—41%:
p < 0.001). followed bv an increase between PD20 and PD30
(+26%: p = 0.001) and another decrease after PD30 (—11%:
p =0.035). The last effect could also be seen in the CB cell
densitv (—21%: p < 0.001) (Fig. 2). Size as a covariate has again
a significant influence ( » = 0.013) and when therefore analvzed
separatelv it reveals a reverse neak with an increase between
PD14 and PD20 (+8%: » < 0.001) and a subseauent decline until
PD30 (—7%: p =0.003) (Table 1). As there was no interaction
effect for age and area in anv of the analvses. the line plots (Figs. 2
and 3) show the overall values for the PFC. The separate data for
the different investicated areas of the PFC are presented in
Tables 2 and 3.

3.2.2. BLA

GABAergic fibers in the BLA show a significant effect of
age (F(6.49)=28.84: p < 0.001) with none of the covariates
showing a significant contribution. The L.S.D. post hoc test
reveals a highlv significant increase between PD14 and PD20
(+15%: p < 0.001) and a tendencv for a decline after PD70
(PD70-PD180: n = 0.073). showing a significance compared to
PD540 (—7%: p=0.012). CB fibers in the BLA reveal no
significant age-effect (» = (0.21). however. the CB cell number
as a covariate exhibits a significance (n = 0.031).

An analvsis of covariance of the cell numbers in the BLA
shows a significant effect of age (F(12.98) = 8.85: p < 0.001)
with no effect of size. A following L.S.D. test further reveals a
decrease of GABAergic cells (—14%: » = (0.025) and CB cells
(—18%: » =0.001) between PD14 and PD20 with a further
slow decrease until PD70 in the GABAergic nooulation (PD20—
PD70 —21%: p = 0.007) and a more steep decline in the CB cell
densitv (PD30-PD70: —23%: p < 0.001). In addition. the CB
cell number decreased between PD180 and PD540 (—14%:
» =0.036) (Fig. 3).
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PFC BLA

20 [d] 14 [d]

30 [d]

70 [d]

540 [d]

Fie. 1. Reoresentative photomicrogranhs of the GABAergic and Calbindin (CB) distribution of the medial prefrontal cortex (mPFC) and the basolateral amvedala
(BLA) at different age stages. A.1 and A.2 are photomicrogranhs of renresentative coronal sections at the level of the PFC and amvedala. respectivelv. The areas of the
rectangles are magnified in panels B.1-C.2 for CB and GABA. Pictures (D1)-(G5) show examples of GABA and CB structures at iuvenile age stages (PD14-PD30).
adolescence (PD70) and a comparative section from an adult animal (PD540) in lamina IIT and V of the Ce3 region and in the BLA. Scale bars: 200 um (B.1-C.2).
50 um (D1-G5).
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Fig. 2. Postnatal development of GABA (A) and Calbindin (CB) (B) cells and
fibers in the orefrontal cortex (PFC). Shown are the fibers densitv means as
percentage [%] and the cell number means. respectivelv. of the reference
area + S.E.M. at postnatal dav 14. 20. 30. 70. 180. 540 and 720. The double
bar in the middle marks a break in the scaling of the x-axis. 'p < 0.05.
“p < 0.01. 7" < 0.001.

s ® . =
w10y | ‘ I 100 8
i e e
5 g 8 §
< 6 60 5
5 . .
= gf sl 40 §
> R RO B e g S SRS, ] o
B 2 20 3
2 o
% 04 # : v 0 +
5 1420 30 40 50 60 70 100 200 300 400 500 600 700 «
2 Age [d 15
g ge [d] z
—4+—GABA fibers --¢- GABA cells
= =
w (8) e
pr g 100 3
* o8 80 B
g e =
ol b4 3. % legs
Z 4 B Lt 3 140 3
o
5 2 20 8
° +
w O T - - 0
€ 1420 30 40 50 60 70 100 200 300 400 500 600 700 g
= Age [d] =z

—+—CB fibers --0--CB cells

Fie. 3. Postnatal develooment of GABA (A) and Calbindin (CB) (B) cells and
fibers in the basolateral amvedala (BLLA). Shown are the fibers densitv means as
percentage [%] and the cell number means. respectivelv. of the reference
area + S.E.M. at nostnatal dav 14. 20. 30. 70. 180. 540 and 720. The double
bar in the middle marks a break in the scaline of the x-axis. b < 0.05.
“p < 0.01. ""p < 0.001.

Table 2
GABA and CB fiber densities in the various areas within the orefrontal cortex. namelv the Cel region and lamina (L) IIT and V of the Ce3 region + S.E.M.
Age (davs) GABA CB

Cel Ce3 L 1T Ce3 LV Cel Ce3 L IIT Ce3 LV
14 7.31 +0.19 7.04 +0.27 7.52 +0.21 2.76 +0.26 2.024+0.16 3.07 +0.33
20 8.16 £0.25 7.84 + 0.26 8.26 +£0.14 3.75+0.24 3.29 +£0.21 4.22 +0.38
30 8.52 +0.25 8.35+0.23 8.57+0.17 3.95+0.15 3.80 +£0.10 4.29 +0.19
70 822 +0.24 8.15+0.28 8.34+0.19 3.84 +0.19 3.50+0.16 3.76 +0.17
180 8.59 £0.15 8.29 +£0.15 8.71 £0.11 3.62 +£0.11 3.57+£0.13 3.30 £0.12
540 8.88 £0.16 8.75 £ 0.09 8.83 +£0.19 3.35 +0.09 3.02 £0.09 2.79 £+ 0.05
720 8.82 +£0.07 8.58 +0.04 8.63 +£0.12 3.59 +£0.09 329 +0.11 3.34 +£0.07
Mean 831 +0.11 8.09 +0.11 8.38 +0.09 3.55+0.09 3.21+0.10" 3.56 +0.11

There was a difference in the mean innervation densitv concerning the CB fibers in lamina IIT of the Ce3 region compared to the other two areas ('p < 0.001).

Table 3
GABA and CB cell densities in the various areas within the orefrontal cortex
Age (davs) GABA CB

Cel Ce3 L III Ce3 LV Cel Ce3 L 1T Ce3 LV
14 26.42 +6.97 23.54 + 8.54 47.03 +10.2 23.86 & 1.57 22.14 £ 1.12 36.72 + 1.69
20 15.90 + 2.65 10.90 £ 2.11 29.65 +5.99 23.38 & 1.56 21.18 £ 2.11 38.65 +3.27
30 18.99 4+ 3.69 16.21 +3.27 36.23 £ 5.97 24.42 +0.62 22.86 + 1.09 37.09 4+ 0.99
70 16.21 £+ 4.05 14.52 +4.98 32.86 +5.02 19.16 = 1.16 18.11 +1.37 29.27 4+ 2.06
180 16.26 + 1.50 10.68 + 1.95 29.21 £3.23 20.35 £ 1.42 18.35 £ 1.76 28.76 4+ 1.49
540 16.66 + 1.83 16.29 + 2.89 2991 +3.14 21.57 +1.09 16.42 +0.76 24.83 + 1.70
720 14.78 + 1.85 12.50 4+ 1.58 26.81 £ 6.04 18.54 +£2.10 16.60 4+ 2.24 23.77 £3.22
Mean 18.53 +5.43" 1570 + 6.17" 34.42 4+ 8.80" 21.93 4+ 0.54" 19.78 + 0.60" 31.96 + 0.97"

Lamina V of the Ce3 region revealed the highest cell densitv and lamina III the lowest. All areas were sienificantlv different from each other ('p < 0.01).

4. Discussion

The current studv provides first data for GABAergic and
Calbindin (CB) cell and fiber densities in two prominent

structures of the mesolimbocortical circuit from the iuvenile
period to aging in the Mongolian egerbil. The fluctuations in
fiber densities might in part be due to variances in the cell
numbers or expansions of the reference area as these parameters
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reveal significant contributions in the analvses of covariance.
For instance. the PFC exhibits a peak in volume around PD20.
which has been revorted for rats before (Van Eden and Uvlings.
1985). and which is accompanied bv a low level of GABAergic
cells. Interestinglv. fiber densities in general tend to increase.
although the according cell densities decrease during devel-
ooment. We additionallv report long-term dvnamic variations
of the GABAergic fiber svstem in the gerbil brain. which are
probablv independent of the earlv changes in cell number or
volume.

4.1. Species- and area-snecific maturation of GABAereic
cell and fiber densities

Previous prenatal. and earlv postnatal investigations have
shown. that GABAergic cells anpear in the rodent visual or
somato-sensorv cortex as earlv as embrvonic dav (ED) 14-16
(Chronwall and Wolff. 1980: Del Rio et al.. 1992) and that there
is no apoarent change in cell densitv after the third postnatal
week (Chronwall and Wolff. 1980). CB cells have also been
observed to appear prenatallv in the rat cortex and increase until
PD8-11. but their number seems to decrease notablv between
PD11-15 while reaching adult levels around the end of the third
postnatal week (Alcantara et al.. 1993). In the amvedala first
CB cells abpeared around ED13 in the mouse (Legaz et al..
2005). and were observed on ED 20 in the rat. where thev
reached adult levels around PD20 (Berdel and Morvs. 2000).

These previous observations are in part at variance with our
present results from the Mongolian gerbil. One first exnlanation
for this might be the different develonmental pattern of gerbils
compared to rats or mice. The gerbil is known to develop its
auditorv and visual cavacitv later than the rat (Seto-Ohshima
et al.. 1990) and to lag behind about 2 weeks in reaching its
sexual maturitv. In addition. the dopaminergic innervation of
the mPFC shows a prolonged maturation until PD60 in the rat
(Kalsbeek et al.. 1988). while donaminergic afferents continue
to erow until PD90) in the gerbil (Dawirs et al.. 1993). Thus. the
partiallv highlv significant increase in GABAergic and CB fiber
densities until PD30 and the fluctuations in the cell densities we
observed in the mPFC and the BLA in the present studv might
indicate the postponed maturation of the gerbil nervous svstem
compared to other rodents and the later onset of functional
svstems.

The apparent discrenancv of former and our present results
might further be due to the developmental differences of
particular areas. Thus. calcium-binding proteins occur several
davs later in the associative cortices compared to the primarv
visual cortex (Alcantara et al.. 1993). In addition. Wolff et al.
(1984) found no notable difference in GABA cell prooortion
after P3 in the lavers II-VI in the visual cortex. while Vincent
et al. (1995) found a decrease of GABA cell densitv until PD15
in the mPFC of rats. Thev further suggest that this decrease is
associated with an expansion of the cortex. The severe decrease
of GABA cells between PD14-PD20 in the gerbil might
therefore be due to the peak in mPFC volume around PD20).
Intricuinglv. we did not observe such a decline in CB cell
densitv during this particular time. This might depend on a

variation of the amount of the protein within the cells. so that
despite the decreasine number of GABAergic cells more of the
remaining cells exoressed enough CB to reach the minimum
orav value for cell counting. The inverse effect might also
account for the later decline in the CB number (PD30-PD70).
which would be in line with the hvpotheses that one nooulation
of CB cells onlv expresses the protein transitorilv. while the
other neurons are permanentlv immunoreactive for CB
(Alcantara et al.. 1993).

The maturation of GABAergic fibers in the BLA seems to
differ slightlv from the cortex. One reason for this could be the
different tareets and functions of the subpopulations in the
cortex and the amvedala. as for instance. CB cells have been
shown to build basket like structures in the BLA (Berdel and
Morvs. 2000) but not in the cortex. Further. CB interneurons in
the cortex rather present a minor subnooulation (Celio. 1990).
while thev constitute almost 60% of the GABA-containing
pooulation in the BLA (McDonald and Mascagni. 2001) which
would be in line with our observation of a higher CB fiber
densitv in the BLA compared to the cortex. In addition. another
60% of these CB neurons have been shown to also coexpress
another calcium-binding orotein. parvalbumin (PV). perma-
nentlv (McDonald and Betette. 2001). while such a coexpres-
sion is onlv transientlv observed in the cortex (Alcantara et al..
1996). This might exolain the existence of CB baskets around
unlabelled pvramidal neurons in the BLA and further hints to
the particular role of the various calcium-binding proteins in
different suboooulations of the brain.

4.2. GABA plasticitv from adolescence to aging

Recardless of fluctuations in cell densities. there are
prolonged variations in fiber densities and thus in the inhibitorv
networks of the particular areas during adolescence and even
adulthood. Generallv it is thought that local circuit neuron
connections mature relativelv late compared to proiections
from efferent neurons (Miller. 1988). In addition. GABA
appears to exert direct and indirect troohic action and thus
initiate the establishment of svnaotic contacts such as
excitatorv svnapses. which usuallv anoear 1-4 davs after the
GABA cells (Wolff et al.. 1978. 1993). The svnaptogenesis of
inhibitorv GABAergic boutons seems to be even further
delaved and continues well into adulthood (Bahr and Wolff.
1985: Lewis et al.. 2005). which would be in line with a
continuing augmentation of fibers.

GABA is known to undergo a shift from an excitatorv
transmitter before birth into an inhibitorv transmitter after birth
(Ben-Ari. 2002: Cherubini et al.. 1991: Ganeulv et al.. 2001).
Further. there is a potential postnatal shift between the different
GABAergic subnopoulations with a decrease in CB immunor-
eactivitv. which is usuallv accompanied bv the abpearance of
PV-positive structures in various areas of the brain (Cruz et al..
2003: Davila et al.. 2005: Erickson and Lewis. 2002: Legaz
et al.. 2005). PV cells mature considerablv late during
develobment (Alcantara et al.. 1993). e.g. in the gerbil. first
PV neurons aopoear around PD14 in the mPFC. though their
number is verv small (unoublished data). and are known to
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build axo-somatic contacts and basket like boutons around
pvramidal somata. which likewise abpear considerablv late
(Bahr and Wolff. 1985). These tvpes of connections have a
particularlv powerful influence on the firing activitv and
svnchronization of target neurons (Freund. 2003: Gibson et al..
1999: Klausberger et al.. 2003: Miles et al.. 1996: Tamas et al..
1997: Tamas et al.. 2000). Such oscillatorv (rhvthmic)
svnchronization is for instance generated bv a BLA PV
network during emotional arousal (Muller et al.. 2005) and is
further believed to create the necessarv temooral and spatial
frame for functions such as workine memorv in the PFC
(Constantinidis et al.. 2002: Lewis et al.. 2005) or consolidation
of emotional memories in the amvedala (McDonald and
Mascagni. 2004). In addition. it has been assumed that
morphological changes in response to learning stimuli mav
include a shift of svnapbses nearer to neuronal somata
(Murakami et al.. 1988). Taken together. these evidences
underline the importance of somatic and axonic inhibitorv
svnapses. although the maioritv of GABAergic contacts
terminate on dendrites or spines of the postsvnantic cells
(Beaulieu et al.. 1992: Beaulieu and Somogvi. 1990: Nitsch and
Riesenberg. 1995). which in turn emphasizes the eeneral
importance of understanding the involvement of the GABAer-
gic svstem and its different subnooulations in neuronal circuits
and olasticitv.

Different transmitter svstems have been shown to exhibit
high plastic potentials during adolescence and adulthood and
thus contribute to the shaning or remodeling of neuronal
circuits. For instance. the dopaminergic innervation modulates
neuronal out-put activitv bv directlv terminating on glutama-
tergic proiection neurons in the PFC and amvedala and
indirectlv via GABAergic interneurons (Asan. 1998: Brinlev-
Reed and McDonald. 1999: Sesack et al.. 1995) and thus mav
have a noparticularlv important part in shaping neuronal
connectivitv. A similar innervation pattern was revealed for
the BLA inpout to the PFC. which connects to pvramidal spines
as well as to GABAeregic local circuit neurons (Bacon et al..
1996: Gabbott et al.. 2006) and thus mav also be essential for
the establishment of neuronal circuits. It becomes abparent that
irrespective of the art of inout. the GABAergic transmitter
svstem seems to be generallv perfectlv positioned to mediate
between the various incoming proiections and the efferents. As
the donaminergic innervation continues to grow into the PFC
during adolescence (Dawirs et al.. 1993: Kalsbeek et al.. 1988)
and the connections from the BLA to the PFC also mature
relativelv late compared to other connections arising from the
amvedala (Diergaarde et al.. 2005). it seems likelv that local
interneurons might continue to adant to the changing inout bv
enlarging or rearranging their fiber densities. It has alreadv been
assumed. that the late develonment of the local circuit neurons
and the subseauent remodeling of networks mav orovide a
morphological basis for functional plasticitv in mature cortical
neurons (Miller. 1988) and thus it might even contribute to
complex processes as long-term learning and memorv.

As we could recentlv show in our laboratorv using an
animal model of earlv traumatized gerbils. ebigenetic
disturbances during development can cause a shift within

the GABAergic svstem. with a loss of GABAergic boutons
around pvramidal somata and an increase in lamina I/II
GABAereic fibers in the mPFC of adult animals (Brummelte
et al.. in press). The lessening of somatic inhibition and the
potential subseauent interference of the svnchronization of
whole opvramidal pooulations might contribute to the
observed deficits in PFC-related behaviors and functions
such as workine memorv after this earlv developmental
disturbance (Dawirs et al.. 1996). In addition. GABA has also
been shown to exhibit a high plasticitv when challenged in
adult animals (Dawirs et al.. 1997). Therefore the auestion
arose. if GABA keens its natural neuroolastic potential even
up to adulthood. especiallv as it is believed that disturbances
in the GABAergic inhibitorv regulation of cortical networks
contribute considerablv to cognitive impairments as seen in
schizoohrenia (Benes and Berretta. 2001). which’s onset is
usuallv in voung adulthood. We here demonstrated that there
are indeed long-term variations in the GABAergic svstem
during adolescence.

Intriguinglv. there was no agine-related chanee in the fiber
densities of GABA or CB in neither the PFC nor the BLA.
Several studies have reported about an age-related decrease in
CB immunoreactivitv in basal forebrain cholinergic cells
(Geula et al.. 2003: Wu et al.. 1997. 2003) and also about age-
related changes of CB structures in some cortical and
subcortical areas (Bu et al.. 2003: Hwaneg et al.. 2002:
Kishimoto et al.. 1998). Further. several studies have shown
alteration in the CB immunoreactivitv in Alzheimer patients
compared to controls (Ichimiva et al.. 1988: Lallv et al.. 1997:
McLachlan et al.. 1987). However. further investigations
suggest. that it might rather be a decrease in the expression of
the orotein than a decline of whole cells or branches (Kishimoto
et al.. 1998). Nevertheless. a decline in CB within the cell might
cause a diminished caacitv to buffer high levels of calcium.
thus leading to a higher vulnerabilitv towards pathological
processes that might cause the degeneration of the cell in the
end (Bu et al.. 2003). However. to our knowledge. there is no
studv revealing a significant age-related effect in CB
immunoreactivitv for the PFC or BLA. But there are other
hints for alterations within the GABAergic svstem as. e.g.
differences in GABA activitv in specific hvpothalamic areas
(Jarrv et al.. 1999) or age-related changes in GABA receotor
compositions (Casparv et al.. 1999). Such changes can not be
excluded in the old gerbil referring to our data. but there is
apparentlv no alteration in fiber densities. However. we have to
admit. that 110 weeks is the mean survival of a male gerbil.
meaning that in the individual case the maximum age lies
higher (Troun et al.. 1969). thus our results of stable
GABAergic and CB fiber densities unp to PD720 do not
exclude variations in still older animals.

Nevertheless. GABA seems to appear relativelv consistent
against the deleterious effects of age compared to other
transmitters as. e.2. donamine. which is believed to nlav a role
in various age-related diseases such as Alzheimer. Parkinson’s
or Huntington disease (reviewed in: Backman and Farde. 2001:
Morean et al.. 1987: Ossowska. 1993) and shows a decline of
fibers in 720 davs old eerbils in the PFC (unpublished data) but
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not in the amvedala (Brummelte and Teuchert-Noodt. 2006).
On a highlv speculative level it might be assumed that
neurodegenerative diseases are likelv to aoppear when the
GABAergic olasticitv finallv vanishes during agine.
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Abstract:

Objective: Healthy lifestyle has been associated with a decreased risk for
cardiovascular disease, but the relationship with memory functions has been
inconclusive so far. Previous studies tried to correlate isolated aspects of a healthy
lifestyle with memory functions, while the effect may involve complex interactions.
Here, we tested the hypothesis that a composite lifestyle score can reliably predict
memory performance.

Design: Survey

Setting: Department of Neurology, University of Muenster.

Participants: 420 healthy individuals (mean: 63 years; population-based sample)
Main outcome measure: All participants took tests of verbal episodic memory. The
following lifestyle dimensions were considered: Physical exercise, dietary habits,
body mass index (BMI), smoking, and alcohol consumption. From these factors, a
composite lifestyle score was calculated. Healthiest behavior was defined as a BMI <
22, a diet high in fruit, vegetables, low-fat dairy products, wholemeal foods, and
unsaturated fatty acids, energy expenditure through physical activity > 13000
kcal/week, a history of never smoking, and an alcohol consumption of 4 -10 drinks
per week.

Results: Linear regression analysis revealed that a higher lifestyle score was
associated with a better memory score, after adjusting for age, sex, years of
education, and blood pressure. None of the 5 dimensions of the lifestyle score alone
predicted memory scores.

Conclusions: This cross-sectional study of elderly individuals revealed that a
composite account of lifestyle factors predicts memory performance, while isolated
lifestyle factors do not. Our findings point to the importance of a comprehensive
modulation of lifestyle in order to preserve memory functions in the elderly.



Introduction

Lifestyle involves our conscious choice to engage in behaviour that can remarkably
influence the fitness level of our body and brain." Given the prospected rapid growth
of the aged population and related staggering costs it is becoming an imperative
public health goal to identify effective mechanisms for warding off structural and
functional declines in the aging brain.?® A healthy lifestyle, incorporating factors like
eating habits, exercise, alcohol consumption, and smoking, has been associated with
decreased risk for cardiovascular disease,* stroke,® and diabetes.®

For memory impairment and dementia, the association is as of yet unclear. Isolated
aspects of a healthy lifestyle have been linked to preserved memory functions in
some studies, while other studies could not confirm these findings: Epidemiological
and interventional studies have suggested benefits of exercise on memory functions,
particularly in aging populations (see ref. 7 for review) but negative findings have
been reported as well.®'" Diets high in folate, Vitamin B12, C, and E, polyunsaturated
fats, and omega-3 fatty acids (seafish) have been linked to better cognition and
memory,'?' but other studies could not confirm these findings.">'” Epidemiological
studies have mostly suggested an inverse association of BMI with cognitive
parameters including memory from middle age to very old age,®?' but negative

23;24 and

reports can be found as well.?? Alcohol consumption may be beneficial in low
deleterious in high quantities,® whereas other studies could merely reveal a positive
effect on vascular parameters.?®?” Smoking is held to be detrimental for cognitive
functions including memory by some,?®? but beneficial or even neuroprotective by

others.3%3!

These contradictory findings may have arisen due to the fact that lifestyle factors are
probably complexly interrelated, and may compensate for one another.?22 A
composite lifestyle assessment has recently been recognized as a more suitable
concept for the development of cardiovascular disease and its prevention.*® This
concept has not been translated into the domain of cognition so far.

In the present study, we tested the hypothesis that a composite lifestyle score,
including exercise, diet, BMI, alcohol, and smoking, would predict memory

performance, rather than individual lifestyle factors.



Methods

Study sample

Study subjects were all participants of the Minster project on healthy aging in
community-dwelling individuals (Systemic Evaluation and Alleviation of Risk factors
for Cognitive Health = SEARCH-Health). Participants were identified from a city
registry of Muenster, Germany, based on their date of birth. They were contacted by
letter and screened when agreeing to participate and signing a written informed
consent. Criteria for exclusion were history of stroke or dementia based on scores
below 25 on the Mini-Mental State Examination (MMSE). Participants underwent a
structured interview (previous medical history), a medical examination including
blood pressure, heart rate, electrocardiogram, routine laboratory testing, and a
standardized neurological examination. Territorial brain infarction was excluded by
brain imaging. Neuropsychological assessment excluded any individual with pre-
existing cognitive impairment. Three out of 436 individuals were excluded because of
MMSE < 25. Thirteen additional subjects had to be excluded due to missing data,
leaving 420 for this analysis. These subjects (37-84, mean 63 £ 6.6 years; see Table
1 for details) were recruited over the course of two years. They answered a detailed
questionnaire about lifestyle habits as well as their height and weight (see below, and
Table 2, for details). The research protocol was approved by the local ethics

committee.

Psychometry

The cardinal feature of dementia of the Alzheimer type (AD) and its precursor, “mild
cognitive impairment”, type is an impairment of episodic memory and new
learning.®®®" We therefore considered the delayed phase (recall and recognition) of a
word learning task as our primary outcome measure ("memory score", items 6-8 of
the German version of the Auditory Verbal Learning Test, AVLT).%® Participants were
asked by clinical neuropsychologists to remember and recall as many words as
possible after hearing a list of 15 words, which were consecutively presented for 5
times. After the fifth recall, subjects were distracted by a different task. They then had
to recall the word list again after a short delay (AVLT 6) and a 30-minutes delay
(AVLT 7). Subsequently, subjects had to recognise these words out of a total of 45
mixed words (AVLT 8).



Lifestyle Score

To create a lifestyle score as previously described,*® we considered self-reported
lifestyle information from the baseline questionnaires, incorporating information about
BMI, dietary habits, exercise, smoking, and alcohol consumption. The following
definitions and cut-off values were used:

Exercise: A validated questionnaire was used that encompasses questions on daily-
life physical activities (e.g., cycling, stair-walking), and on “sport” exercise (e.g.,
nordic walking, swimming, tennis.*® A specific metabolic equivalent task (MET)-score
was assigned to each activity.>* The hours spent on different activities in a week,
multiplied with their specific MET score, were summed and then divided by the
square of body weight. Finally, individual values, measured as kcal per week, were
divided into quintiles (13000 kcal per week or more, 7000 to 12999 kcal, 3000 to
6999 kcal, 1000 to 2999 kcal, and less than 1000 kcal). The most intense physical
activity (= 13000 kcal) was categorized as healthiest behavior, the least physical
activity (< 1000 kcal) as unhealthiest behavior.

Dietary habits: An index was created that incorporated 37 questions on frequency of
different food intake and dietary habits. The items included different forms of meat,
poultry, fish, fruits, vegetables, corn products, dairy products, eggs, sweets, salty
snacks, margarines, oils, other sources of fats, as well as salting habits (adapted
from a short, qualitative food frequency list used in several German large scale
surveys).*® Subjects were asked to recall their “average intake” of the respective food
item in the following six frequency categories: “Almost daily”, “several times per
week”, “about once a week”, “several times per month”, “once a month or less”, or
“never”. From this information, a diet score was calculated that ranged from 127
points (a diet rich in raw fruits and vegetables, low-fat-, whole-meal- and low-sugar-
products, fish, oils and margarines high in unsaturated fatty acids, moderate sheer
meat and salting habits) to 20 points (a diet rich in fatty products, sausages, soft
drinks, sweets, butter, salt and low in fruits and vegetables). The diet score was then
divided into quintiles, with the highest score (= 117) indicating the most healthy, the
lowest score (< 90) most unhealthy behavior.

BMI: Calculated as weight in kilograms divided by the square of height in meters,
BMI was divided into five strata: 22.0, 22.-24.9, 25-29.9, 30.0-34.9, and 35.0 or

more.>



Smoking: We categorized participants as never smokers (most healthy behavior),
past smokers who smoked less than 20 pack-years, past smokers who smoked 20 or
more pack-years, current smokers who smoke fewer than 15 cigarettes per day, and
current smokers who smoke 15 or more cigarettes per day (most unhealthy
behavior).

Alcohol: Alcohol intake was categorized as never or less than 0.1, 0.1 to 1, 1.1 to 3.9,
4 t0 10.4, and 10.5 or more drinks per week. We assigned the healthiest behavior to
moderate drinking habits (4 to 10.4 drinks per week), followed by an alcohol
consumption of = 10.5, a consumption of 1.1 to 3.9, alcohol consumption of 0.1 to 1,
and an alcohol consumption of less than 0.1 drinks per week. In an exploratory
analysis, we assigned alcohol consumption to a “modified J-shaped curve”, where
highest alcohol consumption (10.5 or more drinks per week) is now classified as the
most unhealthy behavior, and no alcohol as the second unhealthiest behavior.

The overall “lifestyle score” was calculated by assigning scores of 1 to 5 to each
individual variable category, for which a higher point value indicates a healthier
behavior.® The lifestyle score in our study population ranged from 4 to 19. Healthiest
behavior was defined as normal weight, never smoking, intense physical activity,
moderate alcohol consumption, and a dietary pattern rich in fruits, vegetables, whole
grain products and unsaturated fatty acids (Tab. 2). We a priori divided the lifestyle
score into five categories: < 8, 9-11, 12-14, 15-17, and = 18 (see also ref. 5).

Statistical analysis

Normal or near-normal distribution for all lifestyle categories and the memory scores
was standardized ascertained first.

We then asked if either the individual lifestyle habits or the composite lifestyle score
would be associated with better memory performance. Linear regression analysis
(forward inclusion model) with predictor exercise or dietary habits or BMI or smoking
or alcohol or total lifestyle score, and the dependent variable “memory score” (sum of
scores AVLT 6, 7, and 8) was conducted. Confounders (age, sex, education, and
systolic blood pressure) were entered successively into the model, to test if the
effects of lifestyle factors on memory performance would be predicted by the
confounders only.

Univariate analysis of variance with factor age or education or sex or blood pressure
and the dependent variable lifestyle score was used to check for co-linearity.



Results:

In total, 190 healthy elderly men and 230 healthy elderly women, aged 65 + 6.2 and
62 + 6.8, respectively, were enclosed for statistical analysis. Details on baseline
characteristics in the five groups of the lifestyle score are shown in Table 1.

The distribution of lifestyle characteristics within each group of the overall lifestyle
score can be seen in Table 2. As expected, participants in the most healthy category
were more likely to exhibit intense regular physical activity, to follow a healthy diet, to
be of normal weight, to be current and past non-smokers, and to exhibit moderate

alcohol consumption (see also ref. 5).

Neuropsychological testing showed a total memory score of 34 words + 8.2 SD for
delayed verbal memory (AVLT 6-8).

Linear regression analysis with the predictor “lifestyle score” and the dependent
variable “memory score” and age, sex, and education as confounders revealed that
lifestyle was associated with a significantly higher memory score (AVLT 6-8: standard
coefficient beta = 0.09, T = 2.02, p < 0.05, see Fig. 1).

Additional adjustment for the potential consequences of an unhealthy lifestyle
(systolic hypertension) did not attenuate these associations. According to the model,
we found a 3% better memory score for every 5 points improvement in lifestyle score

(score max. = 25, see Tab. 2).

In an exploratory analysis, re-assigning the highest alcohol consumption to the most
unhealthy behavior (possible neurotoxic effect) showed a similar result to the J-
shaped curve but failed to reach significane (AVLT 6-8: p = 0.098).

None of the five individual factors showed a significant predictive value for memory
score (all T's < |1.93]; all p’'s > 0.05).

Univariate analysis of variance revealed that confounders alone did not account for
the lifestyle score (age: F (135) = 1.31, p = 0.12; education: F (1,11)=1.27, p = 0.24;
sex: F (1,1)=2.59, p = 0.18; blood pressure: F (1137 = 1.04, p = 0.4).



Discussion:

In this cross-sectional study of elderly individuals, we found that a healthier lifestyle
that incorporated BMI, physical and dietary habits, smoking, and alcohol
consumption was significantly associated with memory performance, even after
accounting for possible confounders. In isolation, none of the lifestyle factors showed

a significant association with memory.

Individual lifestyle factors and cognition
The influence of individual lifestyle factors on brain health and memory is as of yet

controversial:

A number of epidemiological and interventional studies have suggested benefits of

physical activity on brain health and memory, particularly in aging populations®®+°

but negative findings have been reported as well.>'%“¢ The present study did not
show a positive association of physical activity alone on memory, but history of
physical activity contributed to the significant association of lifestyle score with

memory.

The evidence for a “brain—protective” diet (other than meeting the basic requirements
for micro- and macronutrients, which are necessary for cognitive health in the

47148 i scarce. For Vitamin B12, compelling evidence for a positive effect of

elderly)
supplementation on cognition only derives from data on individuals with deficiencies
in Vitamin B12.*° Definite effects of folate are still out, but four small randomized trials

£.%0 512 could

did not find an effect.” For Vitamin C and E, some initial promising results
not be supported in a systematic review.>® For seefish/omega-3-fatty acids,
potentially protective effects for dementia have been assumed, however, no definite
recommendation may be issued here either.>**° For high intake in polyunsaturated
fats, the evidence is not conclusive yet.>*°¢*® Here, higher intake of unsaturated fatty
acids supposedly decreases the incidence of dementia,®® whereas higher intake of
saturated or so-called trans-fatty acids may increase it.22®® These reports concur with
our non-significant findings of a brain healthy diet. Note that a study on the incidence
of stroke in women found a higher risk for stroke in those with a diet high in

antioxidants and unsaturated fatty acids.’



The association between an individual’s body mass index (BMI) might crucially

depend on the age of the study population. An inverse association of BMI with global
brain volume,'® cognitive functions,'® and risk of AD** was found in middle-aged
healthy men and women. They may already be suffering from differentially greater
brain atrophy, and may be at greater risk for future decline in memory. Studies on
elderly subjects found an almost reverse effect, with poorer cognitive performance in
individuals with lower BMI? and greater weight loss on the course of 10 years,®
although an inverse association was also reported,?’ However, it may be important to
look separately at the middle old and very old, in whom low weight may be an
indicator of other disease processes like malignancy or low food-intake due to

cognitive problems.®®

Smoking was thought to be protective of AD, possibly by a neuroprotective effect of
nicotine receptor agonists.®' However, a systematic review demonstrated case-
control and cohort studies to be inversely associated with AD.?%?° Other cohort
studies did not find this effect.>®” Negative effects of smoking may be partly
mediated by the well known effects on physical illness. For example, in a cohort of
558 women aged 70 years or more, current smoking was not a significant risk factor
for either cognitive decline or physical decline, but was for those experiencing a
decline in both.®® Smoking has also been associated with poorer health-related
quality of life.®® Thus, the evidence seems to indicate that smoking strongly increases
the risk of unhealthy mental aging.”

The effect of alcohol on cognitive functions including memory is probably complex:
there may be a neuroprotective effect of low levels of alcohol consumption, e.g. 4.5
to 18 drinks per week,”" but higher levels of consumption are detrimental, as
assessed by brain volume studies® and behavioural endpoints.”?”* We tried to
incorporate those findings in our score for alcohol, assigning the “most healthy”
category to those individuals who consumed a moderate amount of alcohol per week
according to previous studies.>?*"%”° Thus, mild to moderate alcohol consumption
contributed to the positive association of lifestyle and memory. In an exploratory
analysis, we evaluated alcohol intake by assigning the “most unhealthy behavior”
category to individuals with the highest alcohol intake. The association between this

lifestyle score and memory remained significant but weakened, suggesting that at



least in the quantities consumed by our participants, a clearly neurotoxic effect could
not be established.

Combined effect of lifestyle

Comprehensive lifestyle scores have been developed to assess the risk of coronary
heart disease,” diabetes mellitus,® and stroke.® To the best of our knowledge, we
present the first study using a composite lifestyle score on cognition in an apparently
healthy elderly population. The combined lifestyle score demonstrated an association
of healthy behavior with memory, while failing to show a significant association with
isolated lifestyle factors. These findings support our hypothesis that the effects of
lifestyle factors on cognition are complexly interrelated (“pleiotropic effect”), with
certain healthy behaviors “neutralizing” the effect of unhealthy behaviors. For
example, lifestyle implementations like exercise or moderate alcohol consumption
may activate systems that act on metabolism and plasticity, like neurotrophic factors.
Thus, they may ameliorate the oxidative stress that our brains accumulate in the face
of a diet low in antioxidants and high in saturated fatty acids or by means of

smoking'.

Several limitations should be considered when interpreting our findings. First, despite
adjustments for potential confounding factors, residual confounding remains possible.
Second, the relationship between the lifestyle score and cognition is influenced by
the weight given to each component of the score. Because we did not aim to
maximize the likelihood of observing a significant effect, we chose to give equal
weight to each component, similar to previous studies. ° However, because the use
of equal weight is an imperfect approximation of the underlying biological
relationships, further analyses should examine the issue of weighting. Third, the
negative findings of individual lifestyle factors may be due to a lack of power,
because we did a cross-sectional one-time assessment of factors that probably take
several years or even decades to develop.

Strengths of our study included standardized neurological examination and brain

imaging to rule out pre-existing territorial brain infarction, as well as detailed
information on a wide array of lifestyle factors. By simultaneously examining the

10



effect of several lifestyle variables, we took into account the clustering of healthy
behaviors within individuals.*

Another strength was the primary outcome measure chosen for the present study,
the delayed phase of verbal memory. It mimics episodic memory encoding in the
verbal domain, and can thus be considered as the most sensitive marker of cognitive
changes seen in aging with regard to the risk of dementia;’®"” (see ref. 45 for
review). Furthermore, the parameter “memory performance” allowed us to assess
both lifestyle and cognitive variable as a continuum with a high variability, instead of
using a dichotomised variable such as “dementia”. This approach is in line with the
idea that lifestyle factors exert a gradual rather than a threshold effect on cognitive
functions.*®

Our study sample was relatively homogenous with regard to memory performance.
Therefore, the significant effects of lifestyle on memory performance that emerged
even in our homogenous population are a conservative approximation; a much larger
effect in the general population might be expected. Also, since part of the lifestyle-
associated performance is mediated through improvements in blood pressure,”® our
adjustment for blood pressure might underestimate the overall benefit of lifestyle on

memory score.

Conclusion:

The present study indicates that memory function in the elderly may be predicted by
a composite assessment of lifestyle rather than by studying isolated lifestyle choices.
A similar phenomenon has been suggested for the so-called “metabolic syndrome”
and the risk for cardiovascular disease. Here, a comprehensive assessment and
subsequent therapeutic approach that takes into account all factors contributing to
the metabolic syndrome significantly reduces cardiovascular disease.”***° Future
therapeutic interventions that try to preserve and improve memory functions in the

elderly may profit from similar comprehensive approaches.
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Figure titles and legends:

Figure 1: Association between verbal memory and lifestyle.

Standardized verbal memory score (AVLT 6-8) residual values adjusted for age,
years of education, and sex in the five lifestyle score categories. Note that a higher
lifestyle score indicates healthier behavior (forward inclusion model, p < 0.05). Bars
give standard error of the mean (SE).
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Table 1: Baseline characteristics according to lifestyle score categories’

Lifestyle score Total
<8 9-11 12-14 15-17 218
n=28 n=388 n=160 n=125 n=16

Characteristics

n =420

(6.7%) (21.0%) (38.1%) (29.8%) (3.8%)
Age 599 + 63.2 + 63.1 + 623 + 646 627 %
[mean years * SD] 7.8 9.3 7.5 7.0 5.1 7.8
Female [%] 51.7 47.8 56.9 58.4 50 54.8
Years of education 128 + 138 + 13.6% 139 + 139 =+ 137 £
[mean years % SD] 3.5 3.1 3 3.2 3.3 3.1
Systolic blood pressure 150.3 * 1452 + 1448 + 1409 =+ 1552 £ 1445 ¢
[mean mmHg + SD] 20.4 22.1 20.5 17.6 17.4 20.1
Diastolic blood pressure 86.1 + 839 +£847 +£837 913 £ 846 =
[mean mmHg + SD] 11.8 9.7 12.1 10.7 8.9 11.1
History of hypertension*

48.3 41.1 37.5 38.4 37.5 39.3
[%]
Total hypertensive* [%] 72.4 65.6 68.8 62.4 87.5 67.1
History of severe

27.6 18.9 18 20 6.3 19

disease*** [%]

T Percentages may not add to 100 because of rounding.

*Defined as treated self-reported hypertension

**Defined as systolic blood pressure > 140 mm Hg or treated self-reported
hypertension

***Myocardial infarction, coronary heart disease, cancer, diabetes
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Table 2: Distribution of modifiable lifestyle factors according to lifestyle score categories’

Lifestyle score Total
< - - - >
Individual components Points* =8 9-1 12-14 15-17 218
n=28 n =388 n =160 n=125 n=16 490
(6.7%) (21.0%) (38.1%) (29.8%) (3.8%) -
Smoking [%] Never 5 10.3 30 44 .4 60 87.5 45.2
Past < 20 pack-years™* 4 6.9 36.7 36.3 32.8 12.5 32.4
Past = 20 pack-years 3 41.4 24.4 16.3 7.2 0 16.4
Current <15 cigarettes/ day 2 3.4 3.3 2.5 0 0 1.9
Current 215 cigarettes/ day 1 37.9 5.6 0.6 0 0 4.0
Body mass <22 5 10.3 8.9 14.4 24 43.8 16.9
index in kg/m?2 2210 24.9 4 10.3 16.7 40 52 43.8 36.7
[%] 2510 29.9 3 62.1 61.1 38.1 22.4 12.5 39.0
30 to 34.9 2 17.2 8.9 6.3 1.6 0 6.0
=35 1 0 4.4 1.3 0 0 1.4
Physical > 13000 5 0 4.4 8.8 9.6 375 8.6
exercise in 7000 to 12999 4 6.9 15.6 25.6 28.8 375 23.6
kcal/week [%] 3000 to 6999 3 20.7 42.2 41.9 48 25 41.7
1000 to 2999 2 44.8 25.6 20.6 12 20.0
< 1000 1 27.6 12.2 3.1 1.6 6.2
Alcohol Nondrinker 1 58.6 40 21.3 3.2 21.7
0.1to1 2 34.5 47.8 26.3 23.8
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consumption
[%]

Diet score
quintiles***
[%]

1.1t0 3.9
4t010.4
210.5

1 st
2nd
3rd
4th
5th

N

- N W ~ O

3.4
3.4

6.9
31
41.4
20.7

7.8
1.1
3.3

2.2
17.8
40
36.7
3.3

14.4
15.6
225

5.6
30
44 .4
20

9.6
24.8
58.4

10.4
40
40.8
8.8

6.3
93.8

31.3
50
18.8

10.2
14.0
30.2

6.9
29.5
40.5
21.0
2.1

T Percentages may not add to 100 because of rounding.
* assigned point value to create the lifestyle score.

** 1 pack-year = smoked 20 cigarettes per day for one year.

*** a diet high in fruits, vegetables, low-fat dairy products, wholemeal foods, unsaturated fatty acids and low in high-fat products,

sweets, sugary drinks, and saturated fatty acids.
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