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SUMMARY
It is a fundamental endeavour of neuroscience to study how single neurons and
neuronal populations communicate with each other in order to process sensory
information and to bring forth perceptions, decisions and behaviours. For various
brain functions dopamine plays a highly influential role, particularly in motor control
and for cognitive functions like working memory and reinforcement learning.
Dopaminergic neurons of the midbrain project their axons principally to the striatum
and to specific cortical areas, where they form vesicle-filled boutons but few
synapses. This structural observation led with some controversies to the hypothesis of
‘volume transmission’, whereby dopamine is released from boutons and diffuses
through the extracellular space to distant receptors. Here the volume transmission
hypothesis was tested in area 10 (frontopolar cortex) of macaque monkey.
Chapter 3 describes light and electron microscope observations of dopaminergic
axons identified immunohistochemically by antibodies directed against tyrosine
hydroxylase (TH), the synthetic enzyme for dopamine. Consistent with the
hypothesis, 94% of the TH-positive boutons lacked a synaptic specialisation (n=52).
TH-positive boutons were more in contact with dendritic shafts than spines and the
density of synapses near TH-positive boutons was no different from regions with no
TH-positive boutons (0.84 synapses/µm3 vs. 0.82 synapses/µm3). The experiments
described in Chapter 4 determined that the density of TH-positive boutons, which was
low (0.0002 boutons/µm3) compared to striatum (0.1 boutons/µm3) and that the
boutons were randomly distributed. Chapter 5 presents a detailed simulation study of
dopamine diffusion using these quantified data and published parameters. The
simulations showed that the concentration of dopamine is high enough during tonic
release to activate high-affinity D1 dopamine receptors anywhere in the neuropil.
Changes in dopamine concentration due to phasic activity might be decoded by the
degree of receptor occupancy, thus by the number of activated receptors. Chapter 6
describes a primate model of Parkinson’s disease, in which dopamine depletion is
profound.
Macaques
treated
with
MPTP
(1-Methyl-4-phenyl-1,2,3,6tetrahydropyridin) had motor and cognitive deficits, and the density of dopaminergic
boutons in area 10 fell to values below what could be measured by our counting
techniques. However the density of all synapses in the neuropil of area 10 in MPTP
treated monkeys was no different to the healthy animals.
The new insights provided by these experiments and simulations are critically
assessed in the general discussion. Our study supports the view that dopamine is a
global teaching signal provided by a non-synaptic release. Dopamine appears to
modulate the synaptic weights of the network according to the current state of activity
and the number of available dopamine receptors, and so ensures specificity of action
in the recipient neurons.
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ZUSAMMENFASSUNG
Es ist ein grundlegendes Bestreben der Neurowissenschaft zu erforschen, wie
Neuronen und Populationen von Neuronen miteinander kommunizieren um
Sinnesreize zu verarbeiten und Wahrnehmung, Entscheidungen sowie Verhalten
hervorzubringen. Für verschiedene Hirnfunktionen spielt Dopamin eine sehr
einflussreiche Rolle, insbesondere für Bewegungskontrolle und kognitive Funktionen,
wie das Arbeitsgedächtnis und verstärkendes Lernen. Dopaminerge Neuronen des
Mittelhirns projizieren ihre Axone hauptsächlich ins Striatum und in gewisse Areale
der Grosshirnrinde, wo sie Vesikel gefüllte Boutons, aber kaum Synapsen bilden.
Diese Beobachtungen haben trotz gewissen Kontroversen zur Hypothese der Volume
Transmission geführt, der zufolge Dopamin von Boutons ausgeschüttet wird und im
extrazellulären Raum zu entfernten Rezeptoren diffundiert. Diese Studie prüft die
Hypothese der Volume Transmission im präfrontalen Areal 10 (frontopolare
Grosshirnrinde) von Makaken.
Kapitel 3 beschreibt Beobachtungen am Licht und Elektronen Mikroskop von
dopaminergen Axonen, die zunächst immunohistochemisch mit Antikörpern gegen
Tyrosin Hydroxlase (TH) dem synthetischen Enzym von Dopamin identifiziert
wurden. In Übereinstimmung mit der Hypothese hatten 94% der TH-positiven
Boutons keine synaptische Spezialisierung (n= 52). TH-positive Boutons waren mehr
in Kontakt mit dendritischen Schäften als mit dendritische Dornfortsätzen und die
Synapsendichte in der Nähe von TH-positiven Boutons war nicht von Gebieten ohne
TH-positiven Bouton zu unterscheiden (0.84 Synapsen/µm3 vs 0.82 Synapsen/µm3).
Die Experimente, die in Kapitel 4 beschrieben werden, erfasssten die Dichte von THpositiven Boutons, welche sehr niedrig war (0.0002 Boutons/µm2) im Vergleich zum
Stiatum (0.1 Boutons/µm3) und dass die Boutons zufällig verteilt waren. Kapitel 5
zeigt eine detaillierte Simulationsstudie der Dopamindiffusion, in welche die
quantifizierten Daten wie auch veröffentlichte Parameter eingegangen sind. Die
Simulationen zeigten, dass die Dopaminkonzentration während tonischer Aktivität im
gesamten Neuropil hoch genug ist um an D1 Dopaminrezeptoren in ihrer hohen
Affinität zu binden. Eine rasche Änderung der Dopaminkonzentration durch
phasische Aktivität könnte durch den Bindungsgrad der Rezeptoren dekodiert werden,
also durch die Anzahl aktivierter Rezeptoren. Kapitel 6 beschreibt ein Tiermodell der
Parkinsonkrankheit, welche durch Dopaminmangel gekennzeichnet ist. Makaken, die
mit MPTP (1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridin) behandelt wurden, wiesen
motorische sowie kognitive Defizite auf und die Dichte dopaminerger Boutons im
Areal 10 war tiefer als was wir messen konnten mit unserer Auszählungstechnik. Die
Synapsendichte im Neuropil des Areal 10 im MPTP behandelten Tieren war jedoch
dieselbe wie bei gesunden Tieren.
Die neuen Erkenntnisse aus diesen Experimenten und Simulationen werden in der
Diskussion kritisch beurteilt. Unsere Studie bekräftigt die Idee, dass Dopamin ein
globales Lernsignal ist, das nicht synaptisch ausgeschüttet wird. Dopamin scheint die
Stärke von Synapsen gemäß ihrer gegenwärtigen Aktivität und der Anzahl
vorhandenen Dopaminrezeptoren zu modulieren, was eine spezifische Wirkung auf
die betroffenen Neuronen ermöglicht.
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‘A good drawing, like a good microscope preparation, is a fragment of reality,
scientific documents that indefinitely maintain their value and whose study will
always be useful, whatever interpretation they might inspire.’
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Chapter 1
GENERAL INTRODUCTION

The drawings of the nervous tissue by Ramon y Cajal more than 100 years ago reveal
the beauty and complexity within the nervous system. As one of the early
neuroanatomists he did not only study the structure of the neurons, but gave a
functional interpretation to what he saw down his microscope and added arrows along
the axons. He thus mapped the connectivity of cells and also the flow of information
within neural circuits. Cajal’s observations could be essentially confirmed in the
1950s with the introduction of electron microscopy, which enabled the visualization
of synapses formed between neuronal profiles (DeFelipe, 2002). Neuroscientists
nowadays are still striving to map the connectivity of neurons and to characterize
neuronal networks that bring forth our perceptions, decisions and behaviours
(DeFelipe, 2010). Connectivity has been defined based on synaptic formations
between neurons and a major investigation to study neuronal networks is to specify
the strength and plasticity of synapses formed between neurons. The hypothesis of
volume transmission based on a non-synaptic signal transmission has therefore been
an uneasy proposition. In the following work we aimed to confront the question of
whether some neurotransmitters such as dopamine are released non-synaptically and
broadcast their signal based on diffusion in the extracellular space. We decided to
approach this question with the anatomical characterisation of the dopaminergic
axons in the prefrontal cortex as well as with a computer simulation of dopamine
diffusion constrained by our observations. We relate our combined anatomical and
simulation study to structural changes in the prefrontal cortex of animals that received
a selective neurotoxin (MPTP) for dopamine serving as animal models of Parkinson’s
disease and that were affected by dopamine depletion.
To introduce the reader into the present work, the anatomy, physiology and functional
importance of the dopamine system are presented first, followed by a closer look at
16
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the hypothesis of volume transmission and its implications. Features of the
frontopolar cortex are described to outline the area where we performed our
anatomical study.
Scientific studies dedicated to the dopamine system are vast and thus the studies
revealing the important aspects for this thesis were chosen for the reader in order to
provide the necessary background information for the journey through the thesis.
In our study we are looking at the primate prefrontal cortex and, whenever possible,
primate data is introduced to the reader. However, as more and more studies are
performed on rodents that provide some additional results we introduced them for
comparison or completion.
To label the dopaminergic neurons with high specificity is essential and one of the
most common and most reliable methods has been to apply immunostaining with
antibodies directed against tyrosine hydroxylase (TH), a key enzyme in the synthesis
of dopamine (Smiley et al., 1994; Sesack et al., 1998b; Moss and Bolam, 2008).
Dopamine is however the precursor of noradrenaline, another neuromodulator, and
noradrenergic neurons project to some common target areas, such as the prefrontal
cortex. In those common target areas there is the risk to stain not only dopaminergic
but also noradrenergic structures. Nevertheless, immunohistochemical studies showed
that anti-TH antibodies mainly stain dopaminergic and not noradrenergic profiles
(Lewis et al., 1987; Lewis et al., 1988; Sesack et al., 1998a). Staining the dopamine
re-uptake transporter, DAT, is a reliable alternative to visualize dopaminergic axons
in the striatum. However, the DAT expression in dopaminergic axons projecting to
the PFC is low and the DAT staining is not suited for the mesocortical projection
(Sesack et al., 1998c).

1.1 Dopamine neurons of the midbrain
Dopamine is perhaps the most intensively studied of the neuromodulators. There are
in total nine dopaminergic cell groups located in the diencephalon, mesencephalon, as
well as in the retina and olfactory bulb. In the mesencephalon the dopaminergic
neurons are subdivided into the retrorubral field (RRF), the substantia nigra pars
compacta (SNpc) and the ventral tegmental area (VTA). In the rodent midbrain there
are ∼ 40’000 dopaminergic neurons and 45% of them are in the VTA, 50% in the SN
17
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and 5% in the RRF (German and Manaye, 1993). For the primate midbrain there are ∼
160 000 dopaminergic cells with more than 70% located in the SN (German et al.,
1988). The SN and VTA are neighbouring nuclei of the midbrain and their
dopaminergic neurons are found in a continuum. The axons of dopaminergic cells
project in a divergent and widespread manner into subcortical and cortical areas.
Categorizations had been based on their anatomical localization and projection site,
but there are also differences in their firing pattern, connectivity and gene expressions
(Haber et al., 1995; Lammel et al., 2008). In general, the dopaminergic neurons of the
SNpc are described to send their axons mainly to subcortical structures of the striatum
(mesostriatal projection). The dopaminergic neurons of the VTA have their axons
projecting to limbic structures, such as the nucleus accumbens, amygdala or
hippocampus (mesolimbic projection) and also to certain cortical areas (mesocortical
projection).
In comparison to the rodents, the dopaminergic projection to cortex in the primates is
much more extensive and dopaminergic neurons not only of the VTA, but also of the
SN project to cortical areas (Williams and Goldman-Rakic, 1998; Bjorklund and
Dunnett, 2007). Dopaminergic axons in primate cortex can thus originate from VTA
as well as from the SN and so to subdivide the different dopaminergic projections into
the origin of VTA or SN serves merely as a simplified anatomical description (LyndBalta and Haber, 1994). Another categorization of the dopaminergic neurons of the
midbrain is based on a dorsal and a ventral tier. The cells of the dorsal tier are
described to have a round shape, contain the calcium binding protein calbindin and
express only a low level of dopamine re-uptake transporter (DAT) and D2
autoreceptors. They innervate cortex, limbic area and structures of the ventral
striatum. The dopaminergic cells of the ventral tier have an angular shape, have no
calbindin, but express more DAT and innervate mainly the striatum (Haber et al.,
1995; Bjorklund and Dunnett, 2007). Lammel and colleagues studied the
subpopulations of dopaminergic neurons within the rodent midbrain and revealed that
mesoprefrontal projection express less DAT and no D2 autoreceptors and that the
respective neurons have a higher firing rate (20-30 Hz) (Lammel et al., 2008). For the
primate it has been shown that the dorsal tier comprising the mesocortical projection
has a significantly lower expression level of DAT and D2 receptors (Haber et al.,

18

Chapter 1: General Introduction
1995), but whether the neurons projecting to the PFC have a higher firing activity has
not been defined yet.
Beside the dopaminergic neurons there are also GABAergic neurons in the VTA.
GABAergic neurons synapse locally within the VTA (Omelchenko and Sesack, 2009)
and also give rise to long range projections to the PFC (Carr and Sesack, 2000b).
Immunolabeling and tracing studies in the rodent describe that ∼60% of the
mesocortical projection are GABAergic and only ∼40% dopaminergic (Swanson,
1982; Carr and Sesack, 2000b). The role of the GABAergic projection to the PFC has
not been defined so far. For rodents and primates it has been shown that the PFC
sends glutamatergic projection back to the VTA and these projection have been
described to be relatively dense in rodents, but only weak in primates (Carr and
Sesack, 2000a; Frankle et al., 2006).
The percentage of dopaminergic neurons contributing to the mesolimbic projections
differs between targets. The VTA projection to the nucleus accumbens consists to
85% of dopaminergic origin, the projection to the PFC, amygdala and ventral
pallidum is to 40-60% dopaminergic and the projection from the VTA to the
hippocampus is only to a small percentage of 10% dopaminergic (Swanson, 1982).
All these targets are reciprocally connected with the VTA. Additionally, there are also
non-dopaminergic, bidirectional projections between the VTA and two nuclei of the
mesopons (the pedunculopontine tegmental nucleus and the laterodorsal tegmental
nucleus) and the lateral hypothalamus (Fields et al., 2007).

1.2 Innervation of cortex: differences in density across areas
In both rodents and primates, the prefrontal area receives a relatively dense projection
of dopaminergic axons while the visual cortex and other primary sensory areas have
almost no dopaminergic innervation. However, there are also differences in the
mesocortical projections between species. The motor cortex has the highest
innervation density in primates while in rodents the motor cortex receives very little
dopaminergic projections. The density of dopaminergic axons across cortical layers
also differs between the rodent and the primates. In the rodent cortex the
dopaminergic axons project mainly to the deeper cortical layers 5 and 6. In primates
there are denser innervations in the superficial layers 1 and 2 as well as in the deeper
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layer 5 and 6 and a sparser innervation of layer 3 and 4 (Lewis et al., 1987; Lewis et
al., 1988; Berger et al., 1991; Williams and Goldman-Rakic, 1993).
The innervation density of dopaminergic axons in cortex changes with age. The
density and the tissue concentration of dopamine first increases in the postnatal brain
until the age of 2-3 years which is the typical age of puberty of rhesus monkeys
(Goldman-Rakic and Brown, 1981; Rosenberg and Lewis, 1995). Rosenberg and
Lewis

determined

the

density

of

varicosities

and

axonal

length

from

immunohistochemically stained sections of macaque monkeys of different ages. For
the two prefrontal areas 9 and 46 as well as the motor cortex it has been shown that
the density in dopaminergic varicosities increases after birth until age of puberty and
declines to an adult value. The change in the density of varicosities was especially
distinct in layer 3 of area 9. Prefrontal area 9 and 46 are neighbouring areas and yet
the change in innervation density from postnatal to adult differs strongly (Rosenberg
and Lewis, 1995). Interestingly, the increase in dopaminergic axons and varicosities
until puberty coincides with the increase in total density of cortical synapses
(Bourgeois et al., 1994) and dendritic spines on layer 3 pyramidal neurons (Anderson
et al., 1995). It has been hypothesized that the change in potential release sites is
linked with developmental refinements in frontal cortical circuits (Rosenberg and
Lewis, 1995). For older monkeys (age: >10 years) the dopamine level in the
prefrontal areas has been reported to drop by 50%. Other cortical areas did not show
such drastic decrease in the dopamine level (Goldman-Rakic and Brown, 1981).

1.2.1 Differences to the innervation of subcortical structures
There is a highly prominent and intensively studied dopaminergic projection from the
VTA and SN into subcortical areas, especially to the neostriatum. The axons from the
VTA innervate the ventral striatum (nucleus accumbens) and the SN project to the
caudate and putamen of the dorsal striatum.
The axonal arbors of single dopaminergic neurons projecting from the SN to striatum
have been visualized in mice with a staining method based on a viral tracer and were
completely reconstructed. The light microscopic reconstructions revealed a highly
dense and divergent axonal arbor each covering on average 2.7% of the total volume
of the striatum. It has been estimated that ∼ 75’000 striatal neurons are influenced by
a single dopaminergic neuron (Matsuda et al., 2009). The light microscopic
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observation revealed a highly overlapping innervation of dopaminergic neurons in the
striatum. Ultrastructural examinations confirmed the high innervation density and
showed that any structure of the neuropil in the striatum is within a radius of 1µm to a
dopaminergic axon or potential release site (Groves et al., 1994; Moss and Bolam,
2008). So far, there are no complete reconstructions of single dopaminergic cells
made for the mesocortical projection and no similar quantification on the
ultrastructural level has been performed on the innervation density of dopaminergic
axons in cortex.
Figure 1
Schematic overview of the projections
of the dopaminergic neurons. Most
dopaminergic neurons are located in the
ventral tegmental area (VTA) and the
substantia nigra (SN). Projections to
subcortical areas mainly innervate the
ventral and dorsal striatum including
the nucleus accumbens, caudate and
putamen. The dopaminergic projection
to the neocortex is highly heterogeneous with a relatively dense
innervation of the motor or prefrontal
cortex, and a very sparse projection
innervating the primary visual cortex
(Lewis et al., 1987).

1.3 Forming synapses or not
Immunohistochemical staining of the dopaminergic axons in the different target areas
revealed distinct innervation patterns and densities at the light microscopic level. In
order to define with what structures the dopaminergic axons connect in those target
areas, the immunolabeled axons and boutons need to be studied under the electron
microscope. Unlike classical asymmetric and symmetric synapses formed by boutons
containing glutamate and GABA, the dopaminergic boutons did not reveal synaptic
specialisation on every examined bouton and those that were identified were small
and had subtle synaptic densities, often identifiable only in a single ultrathin section
(Smiley and Goldman-Rakic, 1993; Sesack et al., 1995; Sesack et al., 1998b). The
study of Smiley and Goldman-Rakic with an improved immunostaining method
(silver–enhanced diaminobenzidine sulfide, SEDS) and longer series of ultrathin
sections report that on average 39% of the TH-positive boutons (59 of 153 samples)
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formed synapses in monkey prefrontal area 46. In this study the immunostained
boutons were examined across all the cortical layers and only the optimally stained
boutons were taken into account. Almost half of the detected synapses (26 of 59) were
visible on one single ultrathin section and only 3 of 59 could be observed along 4
consecutive ultrathin sections. The synapses were mostly of symmetric nature, but
some rare asymmetric synapses (2 of 59) were also found (Smiley and GoldmanRakic, 1993). The postsynaptic structures were both smooth and spiny dendrites and
the synapses were formed to two third with dendritic shafts (38/59), to one third with
dendritic spines (20/59) and in one sample with a soma. The study of Smiley and
Goldman-Rakic refers to all cortical layers in prefrontal area 46 and examined entire
boutons that showed optimal staining.
Because the synapses were reported to be so small and subtle, it seems essential to
examine the dopaminergic boutons with longer series of ultrathin sections. However,
the occurrence of synapses has often been assessed with short or single sections. In a
study performed in monkey prefrontal area 9 and motor cortex with short series of 2-4
consecutive ultrathin sections, a synaptic incidence of 29 respectively 26% has been
observed. In the same study a synaptic incidence of 26% was determined for the rat
prelimbic area, interpreted as homologues of the PFC (Sesack et al., 1995). A single
section analysis performed on primate entorhinal cortex, reports a synaptic
specialisation in 10% of all appositional contacts made by TH-positive boutons
(Erickson et al., 2000) and in rat prelimbic area TH-positive boutons assessed with
single sections had an synaptic occurrence of 16% (Carr and Sesack, 1996).
The uncertainty in identifying synapses is also reflected in the varying proportion of
synapse occurrence reported over time: While earlier reports claimed to detect a
synapse on every dopaminergic bouton (Goldman-Rakic et al., 1989), the occurrence
of synapse formation was later reduced to 39% (Smiley and Goldman-Rakic, 1993)
and eventually the same group referred only to ‘appositions’ (Krimer et al., 1997).
Due to the challenge to define synapses formed at dopaminergic boutons, the
immunostaining and quality of tissue plays a crucial role. Several studies discuss the
problem that the membranes could be obscured by the peroxidase reaction product
and so they assume that the occurrence of synapses is higher than can be detected
(Smiley and Goldman-Rakic, 1993; Erickson et al., 2000).
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A further uncertainty is that immunolabelling of the dopamine receptors revealed that
they are located mainly on dendritic shafts and spines relatively distant from potential
dopamine release sites (Smiley et al., 1994; Negyessy and Goldman-Rakic, 2005).
Such structural observations have led to the hypothesis of ‘volume transmission’, in
which dopamine is released from boutons and diffuses through the neuropil to bind on
distant receptors (Agnati et al., 1995; Zoli et al., 1998; Cragg et al., 2001; Descarries
et al., 2008).

1.4 Dopamine receptors
The dopamine signal cannot simply be defined to be excitatory or inhibitory, but the
response it elicits depends essentially on the receptor type with which it binds. There
are mainly two receptor families: the D1-like and D2-like receptor families. D1
consists of the D1 and D4 receptor subtypes and the D2 the D2, D3 and D5 receptor
subtypes. Dopamine receptors are all G-protein coupled receptors and because the
two receptor families are coupled to different G-protein subtypes their cellular
response after the activation of D1 and D2 types are opposite. While the D1 type
receptors induce an increase in cAMP level by activating adenylyl cylase in the cell,
the D2 type receptor activation leads to an inhibition of the adenylyl cyclase and thus
to a decrease in cAMP level. There are multiple effectors activated subsequently in
different and overlapping pathways and finally lead to an overall change in the
responsive cell.

1.4.1 Affinity states of the receptor
In the two-state model the dopamine receptors are described with as having different
conformational states and accordingly high and low affinity states (Richfield et al.,
1989; Leff, 1995). It has been proposed that the dopamine receptors are in their high
affinity state when the intracellular heterotrimer they are associated with is bound
with a guanosine diphosphate (GDP). Upon binding of dopamine to the receptor, a
conformational change of the dopamine receptor is induced that leads to an exchange
of GDP for GTP (guanosine triphosphate) at the heterotrimer. The heterotrimer
dissociates from the dopamine receptor, which then stays in a low affinity state
(Cumming, 2011). How the transition between the different affinity states is regulated
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and how the G-protein coupled receptors are activated is not yet known in more detail
(Peeters et al., 2011). However, the dopamine receptors are most likely in a dynamic
balance between the two states (Leff, 1995). In the high affinity state the dopamine
receptor binds to dopamine at a concentration of low nM, while in the low affinity
state micromolar level of dopamine has been estimated. In the low affinity state, the
dopaminergic receptors are however in a resting state, where the G-protein is not
bound to induce the signalling cascade. For the rat striatum it has been shown that the
D2 is more in a high (70% D2high) and the D1 in a low affinity state (20% D1high)
(Richfield et al., 1989).

1.4.2 Expression pattern of the receptors
Quantitative immunohistochemical studies of dopamine receptors in the PFC have
revealed that they are mainly expressed away from potential release sites (Smiley et
al., 1994; Negyessy and Goldman-Rakic, 2005). Both smooth and spiny dendrites
express dopamine receptors and receive the dopamine signal. The receptors are
expressed anywhere in the neuropil but mainly on dendritic shafts and also on
dendritic spines. D1 are expressed to a similar frequency on dendritic shafts and
spines while D5 are preferentially located on dendritic shafts. Twenty percent of all
the dendritic spines in monkey prefrontal area 46 are immunopositive for D1
receptors while spines immunopositive for D5 receptors are only a small fraction of
4.6% (Bergson et al., 1995). For the prefrontal cortex D1 receptors have a ten times
higher expression level than D2 receptors (Lidow et al., 1991) and immunogold
staining revealed very few profiles labelled, which were dendritic shafts and axonal
varicosities. Dendritic spines were rarely found to be immunopositive for D2
receptors (Negyessy and Goldman-Rakic, 2005; Paspalas et al., 2006).

1.5

Physiology of dopamine system

Dopaminergic neurons show a tonic background firing of 0.5-7 Hz. The waveform of
their action potential is broad (1.5-5.0 ms) and polyphasic with a characteristic
afterhyperpolarization (Romo and Schultz, 1990; Ljungberg et al., 1992). The
dopaminergic axons are not myelinated and their conduction velocity has been
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reported to be very slow (∼ 0.5m/s in rat (Deniau et al., 1978)). Upon injection of
hyperpolarizing currents a prominent sag component in the subthreshold range served
for their identification in electrophysiological studies (Grace and Onn, 1989; Lammel
et al., 2008). The mesocortical projection in rodents has been described to show
different electrophyiological properties with a higher tonic as well as phasic firing
rate, an even longer action potential, and without the distinct afterhyperpolarization
(Chiodo et al., 1984; Lammel et al., 2008).
Besides the tonic background firing, dopaminergic neurons show phasic firing, i.e.
bursts of action potentials, for short time intervals of 100 – 200 ms. The phasic firing
of the DA neurons is described to arise from excitatory input via NMDA receptors
(Zweifel et al., 2009), but the origin of the excitatory afferents is not yet defined.
The functional interpretation of the dopamine signal mainly relies on the phasic firing
pattern of the dopaminergic neurons. The observations and interpretation of Wolfram
Schultz and his colleagues in the 1990ies have strongly influenced the understanding
of the dopamine signal and these will be summarized in the following sections.

1.5.1 Salience, attention and novelty
The interpretation of the firing pattern of dopaminergic neurons of the midbrain by
Schultz and colleagues in the very early 1990 was originally placed in the context of
attention and the signalling of saliency (Ljungberg et al., 1991). As with other
neuromodulators such as acetylcholine, the dopamine signalling had been related to
attention directing stimuli. The dopamine signal was mainly associated with its role
within the basal ganglia and has been intensively studied in primates with regard to
movement initiation and action selection. The firing activity has been interpreted in
relation to auditory-visual stimuli eliciting behaviour or in response to external and
alerting stimuli for learning behaviour (Strecker and Jacobs, 1985; Romo and Schultz,
1990; Schultz and Romo, 1990; Schultz et al., 1993). It has been observed that
physically intense stimuli, stimuli of salience or a degree of novelty enhanced the
firing activity of dopaminergic neurons (Romo and Schultz, 1990; Horvitz, 2000).
Those observations associate the dopamine signal with a bottom-up attention.
However, a recent study suggested an important role of dopamine in top-down
attention. In this study, manipulation of the D1 receptor activation within the frontal
eye field modulated visual response of neurons in the higher visual area V4 in a
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similar way to that observed for top-down attention, which results in a higher
orientation selectivity and reliability (Noudoost and Moore, 2011b).
Schultz and colleagues emphasize in later studies the role of dopamine in the reward
system and reward based learning, but other investigators interpret the role of
dopamine more in relation to top-down attention and associative learning (Redgrave
et al., 2010; Noudoost and Moore, 2011b, a).

1.5.2 Reward prediction error and dopamine as a teaching signal
Recordings of the dopaminergic cells in the midbrain of primates performing
reinforcement-learning tasks, revealed the relation of the firing pattern to the
occurrence of unexpected reward and to the predictability of a reward (Ljungberg et
al., 1992; Schultz et al., 1993; Schultz et al., 1997). While the first recordings were
discussed with regard to the signalling of primary reward, many dopaminergic
neurons showed a firing pattern that related more to the expectation of a reward
occurrence. Differences in reward magnitude and timing were surprisingly well
reflected in the firing pattern of dopaminergic neurons of the midbrain. When the
monkeys learnt to expect a reward after several trials, the firing pattern of the
dopaminergic neurons in the midbrain changed and the burst firing followed not the
primary reward, but the predictive stimulus. The firing behaviour of dopaminergic
neurons was associated with the discrepancy between the probability of the predicted
reward and the actual outcome, which represents the ‘prediction error’ of a reward
occurrence. If the reward was fully predictable the dopaminergic neurons showed no
phasic firing anymore. The lower the predictability of a reward, the stronger was the
phasic response of the dopaminergic neurons at the actual occurrence of the reward
(Fiorillo et al., 2003). Conversely, if an expected reward was suddenly omitted, a
decrease in firing activity from tonic to depressed (0Hz) firing was observed at the
reward-expected time point of the trial. The dopamine signalling shows thus
sensitivity to temporal delay.
Taken together the firing activity of dopaminergic neurons reflects a reward
prediction error that could serve as a teaching signal in learning processes. The
computational role of dopamine beautifully fits with the temporal difference (TD)
learning algorithm that describes how we learn predictions in order to choose
appropriate actions (Montague et al., 1996; Schultz et al., 1997). The dopamine signal
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has since been understood as a teaching signal in reinforcement learning. A recent
study with optogenetic stimulation of dopaminergic cells in the VTA showed that the
phasic firing is sufficient for conditioning behaviour in rodents (Tsai et al., 2009).
The firing pattern characterized by Wolfram Schultz was of special interest for
models of reinforcement learning and opened the way for countless studies focused
on the reward system of the brain (Schultz, 2000; Glimcher, 2011). Reward based
learning can be important for decision-making and the role of dopamine in decision
processes has been of special interest (Doya, 2008; Rushworth and Behrens, 2008).
The recordings in the primate midbrain by Schultz and colleagues emphasize that
there is no difference in the firing pattern of the dopaminergic neurons of the VTA
and of the SNpc. Histological assessments of the recording sites confirmed that the
signal had been recorded from both nuclei in the midbrain (Schultz et al., 1993). What
target area actually receives the reward related signal? As mentioned earlier the origin
of the dopaminergic axons are less defined in the monkey midbrain and neurons
projecting to the PFC are not only found in the VTA but also in the SN. The
dopaminergic neurons with reward related activity could thus project to the striatal,
cortical or to both areas. Reward related activities have been recorded in neurons of
the striatum (Tremblay et al., 1998) as well as in the PFC (Tremblay and Schultz,
1999). However, the specific role of dopamine in the different target areas has not
been defined in details yet. In our work we were interested in the dopamine
transmission in the prefrontal cortex and in the following sections we focus on the
influence of dopamine on the neuronal activity of the prefrontal cortex.

1.6 Prefrontal activity and the role of dopamine
Neuronal activity modulated by reward has been found in some cortical areas. The
anterior cingulate cortex (ACC), posterior to the PFC, has a relatively high
innervation density of dopaminergic axons in cortex (Lewis et al., 1987; Lewis et al.,
1988; Williams and Goldman-Rakic, 1993) and recording of its neurons revealed an
activity reflecting not only a reward prediction, but also the reward magnitude and
probability. In the ACC, different populations encode either the positive or negative
prediction error, while in the midbrain the dopaminergic neurons encode the different
outcomes with either a phasic or depressed firing activity (Amiez et al., 2006).
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Within the prefrontal cortex, the orbitofrontal cortex is believed to process
motivational information by discriminating rewards relative to each other and thus to
encode relative preferences among available rewards. Recordings in the primate
orbitofrontal cortex showed that neurons are sensitive to the different types of reward
and increase their activity in response to the reward predicting stimuli, during the
delay (expectation of reward) and after obtaining the reward (Tremblay and Schultz,
1999; Hikosaka and Watanabe, 2000).
In the dorsolateral prefrontal area 46 of primates, neurons show a characteristic,
persistent firing during an instructed delay of a task. It has been observed that these
neurons increase their activity during the delay period when a preferred or larger
reward was expected. The reward expectancy of the task thus changes the strength of
the persistent firing during the delay period (Watanabe, 1996). Even if the activity of
the cortical neurons change their firing activity in relation to reward, these
observations don’t give any causal relation between the firing of the dopaminergic
neurons and the change in activity of the prefrontal neurons. To understand the role of
dopamine in the prefrontal network pharmacological manipulations have helped to
delineate its influence.

1.6.1 Dopamine involved in working memory: inverted U
Lesions in the prefrontal cortex lead to several impairments and one of the most
prominent are the deficits observed in tasks requiring working memory. Working
memory is the cognitive ability to hold information on-line and represents a certain
form of short-term memory (Baddeley, 1983; Goldman-Rakic, 1996). The importance
of dopamine for cognitive performance has been shown when dopamine depletion in
the primate prefrontal cortex led to cognitive deficits almost as severe as those
observed after prefrontal damage or lesion (Brozoski et al., 1979).
Working memory performances are mainly tested with cognitive tasks including a
delay period. During this delay period working memory is required to keep the
information until completing the task. It has been observed that there is a sustained
activity of prefrontal neurons in area 46 during this delay. Pharmacological
manipulation with D1 receptor agonist and antagonist demonstrated that the persistent
neuronal activity during the delay period was disturbed and the performance of the
cognitive task was impaired (Sawaguchi and Goldman-Rakic, 1991; Vijayraghavan et
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al., 2007). These studies gave evidence that dopamine receptor D1 is essentially
involved in enabling persistent activity and in ensuring working memory
performance. Measurements of the extracellular dopamine level in monkey PFC with
microdialysis confirmed that the dopamine level increases up to 23% in the
dorsolateral prefrontal cortex during working memory tasks (Watanabe et al., 1997).
Pharmacological manipulation of the dopamine receptors with agonist and antagonist
in the PFC revealed that there is an optimal level of dopamine providing an optimal
degree of receptor activation. The relation of working memory performance and the
level of cortical dopamine has been characterized to follow an inverted U-shape. An
optimal performance of a task involving working memory is given at a certain level of
dopamine and D1 receptor activation but above or below this optimum the
performance declines (Vijayraghavan et al., 2007). For this reason, abnormal
dopamine levels are considered to result in cognitive impairments in certain disease
and disorders, two of which are described briefly in the following section.

1.6.2 Cognitive impairments related to dopamine
1.6.2.1

DOPAMINE DEPLETION IN PARKINSON’S DISEASE

Studies of the dopamine system in its origin have mainly advanced through
investigations of neural systems with altered dopamine transmission. Parkinson’s
disease is a progressive, neurodegenerative disorder characterized by a pronounced
dopaminergic cell loss in the midbrain. Dopamine depletion in the cortical and
subcortical areas is associated with characteristic motor and cognitive impairments.
The cardinal motor symptoms in Parkinson’s disease are: Rigidity, slowness of
motion and delayed movement initiation (akinesa and bradykinesia), shaking (tremor)
and poor facial expression. The main focus has been set to the role of dopamine in the
basal ganglia as the motor deficits are the most obvious symptoms (Dauer and
Przedborski, 2003). Impaired reinforcement learning has also been observed, but this
impairment has been reported only for positive, not negative reinforcement (Frank et
al., 2004). Cognitive deficits in patients with Parkinson’s disease concern mainly
frontal executive functions such as working memory or task switching. Poor
performance of cognitive tasks has been shown to correlate with an increase in
neuronal activity in the PFC during the time of working memory processes (Mattay et
al., 2002).
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1.6.2.2 DOPAMINE HYPOTHESIS FOR SCHIZOPHRENIA
According to the idea of an inverted U-shape with an optimal level of dopamine, both
a depletion of dopamine or a highly increased dopamine level or an abnormal
sensitivity of the dopamine receptors can result in deficits in working memory and an
impairment in cognitive performance.
Schizophrenia presents multiple features that are mainly subdivided into positive and
negative symptoms. Positive symptoms include auditory and visual hallucinations,
delusions, disorganized thinking and speech, whereas the negative symptoms appear
as lack of motivation, social withdrawal or flattening of affect. While the positive
symptoms can often been treated to some extent with medication there is only little
effect on the negative symptoms (Guillin et al., 2007).
The dopamine hypothesis of schizophrenia originally claimed a hyperactive dopamine
signal in the PFC (Meltzer and Stahl, 1976). The hypothesis was mainly based on two
observations. On one hand it has been observed that amphetamine, which induces
dopamine release, results in experiences similar to the positive symptoms of
schizophrenia and on the other hand, blocking the D2 receptor pharmacologically
reduced the positive symptoms (Seeman and Grigoriadis, 1987). This hypothesis has
since been revised multiple times and recent studies propose an imbalance in the
dopamine

system

(hyperdopaminergia

in

mesolimbinc

DA

system

and

hypodopaminergia in the PFC) combined with a highly increased sensitivity on the
receptor site (Guillin et al., 2007). Regarding the dopamine supersensitivity occurring
in schizophrenia, a higher proportion of D2 receptors in their high affinity state has
been measured in the striatum of mice, used as animal models of schizophrenia
(Seeman et al., 2005).
The role of dopamine in the positive and negative symptoms has been studied
intensively, but results appear sometimes contradictory. It has been proposed that the
disorganized speech and thoughts may be related to an impaired working memory and
with an abnormal dopamine receptor activity in PFC. PET and fMRI studies that
looked closer at the dopamine signal in the PFC of patients with schizophrenia report
different and contradictory observations. One study reports a reduced binding to D1
like receptors in PFC that correlates with the degree of the negative symptoms of the
studied subject and their impaired performance in tasks requiring working memory
(Okubo et al., 1997). Another PET study with the same tracer observed no difference
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in the D1 receptor binding of control and schizophrenic groups (Karlsson et al., 2002)
and a third PET study with a different tracer showed an increased binding correlated
with poor working memory performance in patients with schizophrenia (AbiDargham et al., 2002). Functional imaging with fMRI has shown an increased
activation of the PFC during working memory performance in patients with
Schizophrenia (Manoach et al., 2000). Interestingly an increased activity associated
with an impaired working memory has also been shown in patients with Parkinson’s
disease.

1.7 Dopamine modulation of the neuronal activities in prefrontal
networks
Only few neurons produce and signal dopamine and yet its influence on cortical and
subcortical circuits seems to guide learning, decision making and eventually the
behavioural output. Different dopamine levels in the prefrontal cortex lead to changes
in cognitive performances and the question arises how dopamine affects the neuronal
activity. What biophysical change is induced by dopamine in prefrontal neurons and
how does it affect the prefrontal network?

1.7.1 Response to dopamine receptor activation
D1 receptor activation has been characterized to be involved in working memory
processes, but the role of the D2 receptor in the PFC is not clearly determined yet,
especially as its expression is very low. Blocking D2 receptors did not lead to deficits
in working memory (Sawaguchi and Goldman-Rakic, 1991) or any other
neuropsychological performance (Takahashi et al., 2008). Manipulation of the D2
receptor with agonist and antagonist during an oculomotor delayed-response task had
no effect on the activity during the delay period, but attenuated activity in the
dorsolateral PFC during saccade (Wang et al., 2004).
The physiological effect of dopamine on the prefrontal network has been studied
mainly in vitro on brain slices of rodents and the results in the literature appear
contradictory. The modulatory role of dopamine is reported to be highly dose
dependent and this might account for the different and opposing observations. Upon
D1 activation key membrane currents (sodium, potassium, calcium) as well as the
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NMDA and GABAA synaptic currents are affected. Of all the changes, one of the
most crucial modulations appears to be the bidirectional interaction between the
dopamine receptor D1 and the glutamate receptor, NMDA-receptor. The activation of
dopamine receptor D1 leads eventually to the phosphorylation of the NR1 subunit of
the NMDA, what enhances the NMDA-receptor current and increases the EPSP
(Seamans and Yang, 2004). The NMDA receptor activation on the other hand
promotes the recruitment of D1 receptors to the membrane, which increases the
sensitivity to dopamine. It has been suggested, that allosteric changes of the NMDA
receptors after ligand binding favour the formation of D1/NMDA heteroreceptors,
what constrains lateral diffusion of the D1 receptors and thus leads to an increased
number of D1 receptors in the spine membrane (Scott et al., 2006; Castner and
Williams, 2007; Scott and Aperia, 2009)

1.7.2 Dopamine signal and the attractor model for working memory
In a biophysically detailed network model the dopaminergic effects on PFC have been
tested (Durstewitz et al., 2000a, b; Dreher and Burnod, 2002). The sustained activity
of prefrontal neurons during working memory is proposed to arise through recurrent
glutamatergic connections between prefrontal pyramidal neurons. The network model
shows that the activation of the D1 receptors reduces the background activity in the
prefrontal network, but strengthens the persistent delay-period activity of single
neurons. Dopamine release during phasic firing increases thus the signal to noise ratio
and enables a stable and reliable working-memory signal. The impact of dopamine
depends on the initial activity state of the network, so that the sustained activity of a
neuron gets more robust while neurons with a random background activity get
suppressed (Durstewitz et al., 2000b). The observations of dopamine in the network
dynamic upon D1 receptor activation has been explained by a highly increased
contribution of the NMDA current with a slow decay time constant and a reduction of
the AMPA conductance (Seamans et al., 2001).
According to the model a low dopamine level would decrease the signal to noise ratio,
cause instability in the network and no sustained neuronal activity can be established.
The hypothesis that disorganized thoughts in schizophrenia are due to an impaired D1
receptor signalling in PFC is supported by the model, which predicts at low dopamine
concentration higher noise in the network, weak working memory representations and
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high distractibility (Rolls et al., 2008). The observations in fMRI studies of an
increased prefrontal activity associated with an impaired working memory in patients
with Parkinson’s disease have also been interpreted to reflect the high noise in the
prefrontal network due to a low dopamine level (Mattay et al., 2002).
On the other hand, a highly increased dopamine level would reduce the dynamic in
the network, so that a prefrontal representation stays across trials with decreased
transitions to other representations. Response preservation or repetitive behaviours are
proposed to occur (Durstewitz et al., 2000b).

1.7.3 Dopamine and plasticity
The network model explains the dopamine signal in the prefrontal cortex as a signal
that stabilizes a current representation by increasing the signal to noise. The dopamine
signal would serve as an instruction signal and yet the reward- prediction hypothesis
emphasizes the role of dopamine as a teaching signal for learning processes. Does
dopamine simply instruct which activity to increase or decrease, or does it also
support learning and plasticity?
Dopamine modulation of long-term potentiation (LTP) as well as long-term
depression (LTD) of glutamatergic synapses has been observed in vitro in rodent
PFC. These studies revealed the importance of the tonic background level of
dopamine to facilitate LTP or LTD (Gurden et al., 2000; Otani et al., 2003; Kolomiets
et al., 2009). Phasic release of dopamine facilitates plasticity depending on the
dopamine background level, implying the degree of D1 receptor activation. If there is
no background dopamine level, the synapses exhibit LTD. The activation of
extracellular signal regulated kinases (ERK) by activated dopamine receptors during
tonic release has been described to set the condition to facilitate LTP. During the
phasic dopamine release the activation of NMDA receptors is necessary to induce
LTP (Kolomiets et al., 2009). D1-like receptor activation leads to an increase of a
NMDA receptor-mediated response and to a phosphorylation of the NMDA-NR1
subunit. This subunit is known to be crucial for plasticity. At the same time activation
of NMDA receptors leads to an up-regulation of dopamine receptors in the membrane
(Wang and O'Donnell, 2001; Scott et al., 2002; Chen et al., 2004; Scott and Aperia,
2009). The simultaneous activation of the NMDA and dopamine receptors would thus
lead to a mutual signal enhancement. Timing of the dopamine and glutamate signal
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may be crucial to induce synaptic plasticity and there is an increasing interest in
defining the role of dopamine as a neuromodulator in spike timing dependent
plasticity (STDP). It has been proposed that in addition to the pre- and postsynaptic
activity a neuromodulatory signal influences the change in synaptic strength. In vitro
experiments on striatal synapses could show that dopamine receptor activation is even
required to induce spike timing dependent LTP and LTD (Pawlak and Kerr, 2008).
Dopamine in striatum appears to be crucially involved in timing dependent plasticity,
but how temporally precise is a dopamine signal if it is released non-synaptically?

1.8 Volume transmission and its implication
Several experimental and theoretical studies emphasize the importance of dopamine
in regulating the signal to noise ratio of prefrontal networks as well as in synaptic
plasticity. The questions arise as what synapses are modulated by dopamine and how
the dopamine signal can reach those synapses?
As mentioned earlier, anatomical observations of non-synaptic boutons and the
expression pattern of receptors away from potential release sites set the ground for the
volume transmission hypothesis (Agnati et al., 1995; Zoli et al., 1998; Descarries et
al., 2008). In contrast to the classical synaptic transmission between neurons, volume
transmission is meant to happen through release into extracellular space and diffusion
until the neurotransmitter binds on receptors. The widespread signal covers and
reaches all the structures in the neuropil surrounding the release sites. While the
synaptic transmission happens at a locally very restricted and highly specialized
region, mostly between boutons and dendrites, in the case of volume transmission the
expression pattern of the receptors determines who binds the transmitter and receives
the message. The signal that is given through dopamine is therefore produced only by
a small number of cells, but is broadcast into the space in a widespread and divergent
manner. Dopamine may give a background tone that modulates the local
computations in the circuit. Regarding the role of dopamine in prefrontal cortical area
to modulate excitatory signals and to define synaptic strength and plasticity, a nonsynaptic signal appears less efficient and not specific enough. However, it may be
favourable if the signal is not locally restricted but access all synapses in a volume.
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The expression of the dopamine receptors would thus define the response of a given
neuron to the dopamine signal.

1.9 Models of dopamine diffusion
There are studies performed on network models predicting the dopamine action on
cellular processes in the PFC, summarized earlier (Durstewitz et al., 2000b; Dreher
and Burnod, 2002), but the spatiotemporal dynamic of the dopamine signal based on
volume transmission has not been modelled so far for the PFC. For the dopamine
signal in the striatum however, there are estimations and predictions from models of
the signal transmission of dopamine. A computational model of the dopamine
diffusion in the rat striatum has recently been developed by Dreyer and colleagues in
order to examine the relation of the firing pattern of dopaminergic neurons, the
extracellular dopamine concentration and the occupancy of the dopamine receptors
(Dreyer et al., 2010). Their main conclusion was that the receptor occupancy depends
on the firing pattern of the dopaminergic neurons and that D2 receptors are activated
during steady state but that D1 receptors are only activated close to potential release
sites during phasic activity. In their model the dopamine receptors are only considered
in one of the two affinity states: the D1 in its low and D2 receptor in its high affinity
state. It is argued that D1 receptors are measured to be mainly in their low affinity and
D2 receptors in their high affinity state (Richfield et al., 1989). According the twostate model however, the low affinity state (resting state) does not induce a signalling
cascade, as it is not bound to the G-protein (Leff, 1995; Cumming, 2011), which
makes their interpretation of the simulation problematic.
Others have estimated numerically the effective sphere of influence of dopamine
release in the striatum after quantal release. Based on their numerical approximation,
it has also been predicted that within a radius of 2 µm, dopamine concentration
reaches micromolar level and at approximately 8 µm away from a release site, the
dopamine concentration is still more than 10 nM (Rice et al., 2011). As the
innervation of dopaminergic axons in the striatum is so extensive, the effective
spheres of influence of the release sites overlap and thus it has been concluded that
dopamine has no spatially specific action. However, as a teaching signal, dopamine
should reinforce neuronal activity with specificity and it has been suggested that the
phasic dopamine signalling can act at specific sites when it coincides temporally with
35

Chapter 1: General Introduction
glutamatergic activity. It has been argued that the steady state level of dopamine is
sufficient to bind on both receptors, D1 and D2 during tonic activity. The transient
increase in dopamine concentration due to phasic activity has been proposed to
interact with the postsynaptic cell in a state-dependent way (Arbuthnott and Wickens,
2007).
To summarize, due to the high innervation density of dopaminergic axons for in the
striatum it has been predicted that synchronised release can lead to almost
homogeneous level of dopamine in the volume during tonic firing and to high
increase up to micromolar levels close to release sites during phasic activity (Venton
et al., 2003).

1.10 Frontopolar cortex, area 10
The PFC has developed considerably in the hominid evolution and is involved in
higher cognitive functions such as planning or decision-making. Temporal integration
and planning of goal directed sequences of action are crucial cognitive elements
directed by prefrontal brain activity. How the functions are related to anatomical subregions and whether the function of prefrontal sub-regions can be studied in isolations
still remains an open question. In our study we focused on studying the dopaminergic
innervation of the frontopolar area 10, the most anterior part of the PFC. There is an
increasing interest to characterize area 10 in more details following the discovery that
the frontopolar area in the primate underwent a significant expansion in primate
evolution and is discussed to be an area crucially involved in the primate evolution
(Semendeferi et al., 2001; Semendeferi et al., 2011).

1.10.1 Anatomy of area 10
Within the PFC, the most anterior part, called the frontopolar cortex (Brodmann area
10) has expanded relative to the rest of the brain. During the hominid evolution not
only did its size enlarge, but also the connectivity increased, so that its specific
function is of special interest (Semendeferi et al., 2011). The enlarged size of area 10
is composed of a low cell density and a high number of dendritic spines per cell
(Jacobs et al., 1997). This anatomical property suggests a high internal and external
connectivity. Area 10 reveals numerous connections to the supramodal cortical areas
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and is suggested to process integration or coordination of inputs (Petrides and Pandya,
1999; Dumontheil et al., 2008).

1.10.2 Lesion, functional imaging and first physiology
Brain lesions in humans limited to the frontopolar cortex are rare, but specific
impairments are observed in multitasking and in performances in ill-structured
situations (many possibilities of behaviour, but the optimal or most advantageous one
is not apparent and must be self-determined). Performance on most of the intelligence
tests or episodic memory tests remain surprisingly unaltered (Shallice and Burgess,
1991; Dreher et al., 2008). Several hypotheses about the functional role of area 10 are
proposed and studied with specific cognitive and behavioural tasks. The explanatory
value outside the immediate cognitive domain of the given tasks is inevitably limited
and specific functions of single areas are difficult to address. In a general term it is
proposed that area 10 serves to integrate separate cognitive processes in the pursuit of
a higher behavioural goal (Ramnani and Owen, 2004).
A prominent model suggested by the group of Koechlin is that the function of area 10
lies in cognitive branching. In their view the frontopolar cortex enables a previously
selected task to be maintained in a pending state for subsequent retrieval execution
upon completion of the ongoing one (“to bear something in mind”) (Koechlin et al.,
1999). A similar idea by the group of Burgess has been called the gateway hypothesis,
where the role of anterior PFC is to maintain the intention, while additional processes
are required for the realisation of that intention carried out elsewhere in the brain
(Burgess et al., 2007). The group of Braver propose that area 10 plays a role in
monitoring and managing sub goals while maintaining information in the working
memory (Braver and Bongiolatti, 2002; Braver et al., 2003). Boorman and Rushworth
see the role of area 10 more in the light of decision-making and reward optimisation
and ascribe the function of the frontopolar cortex to track the probability of the
unchosen option being rewarded in order to switch behaviour (Boorman et al., 2009).
The most anterior brain region lies under a bony air sinus and was difficult to access
so far, but recently, the technical obstacles of making electrophysiological recordings
of single cells in monkey area 10 were overcome (Mitz et al., 2009). Unlike other cell
properties in other prefrontal areas, the neurons in area 10 revealed a surprisingly
simple and clear-cut response. As the monkey performed a saccade task involving
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remembering his preceding decision, the neurons in area 10 increased their activity in
a certain time window before and after the feedback. Correct trials of the task showed
a more robust signal than error trials, but the occurrence of a primary reward was not
encoded in the neurons response. The activity didn’t increase at multiple time points,
but only around the time of feedback. It has been suggested that area 10 is monitoring
self-generated decisions but no further complex response properties. As area 10
enlarged in primate evolution and might have been thought to be at the top of
hierarchical executive functions, this simple encoding pattern was unexpected. Yet
the implication of these findings is of significant value. The activity of area 10
neurons provides information about the earlier decisions at the time point of feedback
and can therefore ensure the reception of feedback to a successful retrieval (Tsujimoto
et al., 2010). Unlike the proposed hypotheses and ideas about the role of area 10
based on functional imaging would have predicted, Tsujimoto et al. didn’t observe
any cell activity in frontopolar cortex correlated to prospective coding of goals or
strategies. Although the results were seen as an affirmative decision to the chosen
one, they could as well represent the evaluation of the unchosen option proposed by
Boorman and Rushworth (Boorman et al., 2009).
Area 10 evolved strongly in primates and to compare results from electrophysiological recordings in primates with imaging studies in humans might be
misleading, as their functional homology may not be ensured. The new possibility of
single cell recording in the most frontal area of the prefrontal cortex is therefore an
important advance for a better understanding of its role in higher cognitive processes.

1.10.3 Dopamine in Area 10
The role of dopamine in PFC has mainly been studied in prefrontal area 46 and only
few studies looked at dopamine in any other prefrontal area. Due to technical
difficulties to access area 10 in primates, no studies based on pharmacological
interference with the dopamine level in area 10 have been performed so far. The
dopaminergic projection to area 10 has been stained immunohistochemically and
described on the light microscopic level. In comparison to other prefrontal areas the
innervation density has been described to be one of the lowest in the PFC (Lewis et
al., 1988; Williams and Goldman-Rakic, 1993). However, the functional importance
of dopamine in the task switching behaviour has been shown indirectly in humans.
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Functional imaging of patients with Parkinson’s disease performing a task involving
working memory and task switching behaviour showed that the number of errors
correlated with an increased neuronal activity in certain prefrontal areas, including
area 10. Task switching has been proposed to be one of the main function of area 10
and dopamine could play an important role in the frontopolar network (Mattay et al.,
2002). Area 10 has one of the highest interareal connectivity and the dopamine signal
in layer 3 attracted our major interest. We set our study in layer 3 of macaque area 10
and looked at the anatomical features of the dopaminergic innervations.
In our combined anatomical and simulation study we aimed to examine the possibility
of a non-synaptic dopamine signal in prefrontal area 10 and in general to study a nonsynaptic signal in cortex, that implies not a locally restricted ‘one to one’ signal
conveyance, but a far reaching signal from few to many.
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2.1

Experimental overview

The study is composed of three major parts, starting with the study of the
dopaminergic innervation in the monkey prefrontal area 10 with light and electron
microscopy. The animals were obtained from our institute of the group of Hans
Scherberger, who studied motor learning in these animals. In the following chapter
the anatomical data has been applied in a simulation study to illustrate and discuss the
diffusion of dopamine in the extracellular space. This work has been carried out by
Andreas Hauri, a member of the group of Prof Rodney Douglas, and myself. Finally
the structural changes of the dopaminergic innervation after MPTP treatment as
animal model of Parkinson’s disease has been compared with the results of the
previous findings. MPTP treatment and behavioural assessment as well as histological
quantifications of the midbrain and striatum of the animals after sacrifice have been
performed in Lyon at INSERM.

2.2

Animals

The post-mortem material presented in Chapter 3 was obtained from two adult female
macaque monkeys (Macaca mulatta), which were used in separate studies of grasping
movements with chronic electrophysiological recordings in the anterior intraparietal
cortex and the ventral premotor cortex F5, not affecting area 10 (Baumann et al.,
2009; Fluet et al., 2010). Procedures and animal care were in accordance with the
regulations set by the Veterinary Office of the Canton of Zurich.
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The post-mortem material presented in Chapter 5 was obtained from one adult female
cynomolgus monkey (macaca fascicularis, monkey Y, 13 years old, 3-4 kg) and one
adult male macaque monkeys (macaca mulatta, monkey T, 18 years old, weight 8-10
kg), which received repeated sub-acute doses of MPTP and served as Parkisonian
animal models for electrophysiological and behavioural studies. Housing, surgical and
histological procedures were performed according to the European Community
Council Directive (Ministèere de L’Agriculture et de la Forêt, Commission national
de l’experimentation animale) and Direction Départementale des Services
Vétéerinaires (Lyon, France).

2.3 Perfusion and tissue preparation
Animals were deeply anesthetized with intravenous pentobarbital and then perfused
transcardially with a normal saline solution, followed by a solution of 4%
paraformaldehyde, 0.3 or 0.8% glutaraldehyde and 15% picric acid in 0.1M phosphate
buffer (PB), pH 7.4. A block of cortex containing area 10 was removed and sunk in a
series of sucrose solutions of 10%, 20% and 30% in 0.1M PB to serve as
cryoprotection. The blocks were then freeze-thawed in liquid nitrogen and washed in
0.1M PB for at least one hour. Sections were cut from the block on a vibratome at 80
μm thickness in the coronal plane and collected in 0.1M PB.

2.4 Immunohistochemical staining
The sections were washed in Tris buffered saline (TBS), pH 7.4 and incubated with
normal goat serum and rabbit polyclonal antibody directed against tyrosine
hydroxylase (TH, Sigma T8700) diluted 1:1000 for 2 hours at room temperature and
for 16 hours at 4°C. After washing with TBS and incubation for 2 hours at room
temperature with biotinylated anti-rabbit IgG made in goat (Vector BA-1000) diluted
1:200, the TH-immunoreactive fibres were visualized by the avidin biotin peroxidase
method (Vector Labs). Overnight exposure at 4°C followed by nickel intensified
diamoniobezidine tetrahydrochloride (Ni-DAB) to reveal the peroxidase activity.
Several sections were processed with the addition of 0.25% triton X-100 to ensure
complete penetration of the antibody for light microscopic (LM) examination. We
reconstructed in 2-D at LM the laminar innervation pattern of TH-positive fibres
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using a drawing tube and a 40x objective magnification. We identified the borders of
the cortical layers in Nissl stained sections of area 10.
The histological protocols are presented in more details in the supplementary
information.

2.5 Electron microscopic examination
Sections chosen for analysis in the electron microscope (EM) were first assessed by
LM and then treated with 1% osmium tetroxide in 0.1M PB. Sections were
dehydrated through an ascending series of alcohols (1% uranyl acetate in 70%
alcohol) and propylene oxide and flat mounted and embedded in Durcupan (Fluka) on
glass slides. Serial ultrathin sections were collected at 30 nm or 60 nm thickness on
pioloform-coated single slot copper grids. TH-positive boutons were photographed at
a magnification of 25,000x (Philips CM 100). The entire bouton was photographed
for three dimensional reconstruction and analysis. The serial sections were digitized
and reconstructed in Reconstruct (Fiala, 2005) or TrakEM2, a software package for
large-scale image registration, segmentation and 3-D modelling (Cardona et al., 2012)
(http://www.ini.uzh.ch/~acardona/trakem2.html). Three-dimensional reconstructions
were further rendered in the open source software Blender (Blender Foundation).

2.6

Sampling of data

Pictures of the TH-positive boutons were taken along the entire bouton on serial
ultrathin sections. Control TH-negative boutons were selected by using the physical
disector method (Sterio, 1984). A systematic random sampling scheme was applied
(da Costa et al., 2009), in which disectors were collected from every seventh copper
grid with a disector interval of 50 μm and the lookup sections were six sections away
from the reference section. The presence of a synaptic specialisation was examined
for each sampled bouton. Synapses were identified by standard criteria (Peters et al.,
1991), consisting of pre- and postsynaptic densities along parallel membrane
separated by a synaptic cleft (10-20 nm). Vesicles can be accumulated in a higher
density at the synaptic membrane.
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2.7 Analysis of microenvironment
2.7.1 Preferred neighbours
A section through the centre of a TH-positive bouton was selected from each
complete series of electron micrographs to sample the structures in the neuropil in
contact with the bouton. The identity of the structures was defined with the help of
serial section EM. The length of contact of the different structures was measured and
expressed as a percentage of the entire perimeter.

2.7.2 Synapse forming pairs
Configurations in which the pre- and postsynaptic structures were in continuous
contact with the sampled bouton are referred to as a ‘synapse forming pair’ (SFP) and
were counted through the entire series. If a glia process covered the neighbouring
synapse, the synapse forming pre and postsynaptic structure were not considered to be
in a continuous contact with the adjacent TH-positive bouton and the configuration
has not been counted as a SFP.

2.7.3 Synaptic density measured by physical disector method
Figure 2A shows a low-power overview picture of an ultrathin section on a single slot
microscope grid with red dots superimposed as a regular grid with an interspace
distance of 100 µm. The grid has been laid on the overview picture in an automated
way. The red dots set the sampling points where high-power pictures are taken.
Examples of high-power sampling pictures are shown in 2B.1 and B.2. A sampling
square of 25 µm2 was superimposed and all the synapses within were checked
whether they were still visible (black arrowheads) or disappeared after two
consecutive ultrathin sections (red arrowheads). 2B is the look-up, 2C the reference
section and there is an ultrathin section (not shown) between them.
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Figure 2
Synapse density measured with the physical disector method. A. A grid of sampling dots (mesh of 100
µm) was laid over the overview ultrathin section. The disectors were sampled on the indicated
locations. B. Examples of electron micrographs from the reference (B.1) and look-up section (B.2). C.
For the analysis of synapse densities in the microenvironment of TH-positive boutons, the disector box
was set with a TH-positive bouton in its center. Black arrowheads indicate the synapses that are still
visible on the look-up section and the red arrowheads are those that disappear and were counted for the
quantification of the synapse density. Red boxes outline the sampling area of 5 × 5 µm.
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2.8 Simulation of dopamine diffusion
2.8.1 Nearest neighbour analysis
Not only was the density of TH-positive boutons assessed, but the spatial distribution
of boutons was also estimated. We measured the distances between the nearest
neighbouring TH-positive bouton for all the samples. We tested whether the samples
were placed randomly or clustered based on the distances obtained from a simulation
with randomly placed samples of the same density and section sizes with Matlab.
Virtual sections of equivalent dimensions to the experimental sections were sampled
from this volume (1000 samples) to define a 2-D distribution of nearest neighbour
distances. The distributions of distances of nearest neighbours from the measurements
and from the simulations were compared with a Kolmogorov- Smirnov Test.

2.8.2 Cx3Dp, the simulation tool
The simulation of dopamine diffusion has been performed on Cx3Dp, a simulation
framework that provides a three dimensional space to study biological processes with
physical rules (http://www.ini.uzh.ch/amw/seco/cx3d/). Initially it has been developed
to model cortical growth and development (Zubler and Douglas, 2009). Diffusion of
chemical factors is a basic function integrated in Cx3Dp and is applied for different
biological growth processes. Consequently for the simulation of dopamine diffusion
in cortex it was necessary to adapt the diffusion process with specific parameters for
uptake and release of dopamine. The parameters and simulation protocols are
explained in Chapter 5.
The diffusion of dopamine is simulated in a cubic space representing an idealized
block of cortical area 10, layer 3 with a volume of 0.0026mm3 (64µm on each side).
In Cx3Dp, the space is divided in discrete compartments. Diffusion has been
implemented with Fick’s Law as 1st order Euler step function with finite element
methods across the compartments. The detailed composition of the neuropil was
simplified and the tissue was modelled with an extracellular volume fraction of 23%
and a tortuosity of 1.6 (Nicholson, 1992).
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2.9

MPTP treatment

The

two

monkeys

were

treated

with

MPTP

(1-Methyl-4-phenyl-1,2,3,6-

tetrahydropyridin) injections at relatively low doses (MPTP-HCl (Sigma 0896)
diluted in sterile water, 0.2-0.4 mg.kg-1, intermuscular injections). The progressive
aminergic lesion was induced through repeated sub-acute doses of MPTP and
frequency of injections was progressively increased in order to induce long lasting
Parkinsonian motor symptoms.
Both animals received two series of MPTP injections. The first MPTP injections were
stopped when the monkeys reached the clinical threshold (5 on the Parkinsonian
Monkey Rating Scale (Vezoli et al., 2011)). Both monkeys recovered spontaneously
from the motor symptoms. The second series of MPTP injections was pursued until
both animals showed a stable Parkinsonian state: a clinical score of more than 5 for at
least three weeks. For monkey Y the two MPTP treatment were separated by one year
and for monkey T four years.

2.9.1 Clinical motor evaluation
Clinical score was followed with the Parkinsonian Monkey Rating Scale (PMRS)
(Vezoli et al., 2011) adapted from the Unified Parkinson’s Disease Scale used for
patients and compatible with rating scales applied for monkeys (Imbert et al., 2000).
With the PMRS the degree of motor impairment was evaluated during and after
MPTP treatment. Using previously described criteria (Benazzouz et al., 1992), we
defined different states of motor symptoms severity: a score of 0 set the asymptomatic
stage; a score between 1 and 5 describes the pre-symptomatic period; a score above 5
defines the symptomatic stage. Scores between 5 and 10 denote mild to increasingly
strong symptomatic states (i.e. mild motor impairments) and any score above 10
corresponds to a severe symptomatic state (i.e. severe motor impairments, similarly to
the stage IV of HandY scale (Bezard et al., 1997)). The total score involves the
evaluation of the following Parkinsonian symptoms: freezing, resting tremor, rigidity,
posture, bradykinesia and the ability to manipulate food.
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2.9.2 Cognitive behavioural task
In addition to the assessment of motor impairments, cognitive performance was
monitored using a behavioural task: Object Retrieval Detour Task (ORDT). The task
involves the retrieval of a reward (fruit) placed in a transparent box with an opening
for access placed on only one side. The monkeys have to retrieve within 1 min and
were tested for detour trials in which the opening of the box was not facing the
monkey but the left or right side of the box. The task tests the ability of inhibition to
reach directly toward the reward but to apply a detour reach strategy. To avoid
automatic responses, the opening was facing the animal for a third of trials and no
detour was necessary.
Retrievals of the reward on the first reach were counted as successes and expressed as
percentage of total number of trials. When the barrier was hit (transparent side of the
box), the performance was counted as an error. Errors were expressed as percentage
of all responses observed in all non-success trial. A trial lasts for 1 min or until the
reward is retrieved.

2.9.3 Semi-quantitative evaluation of nigral lesion and striatal denervation
The sections for the semiquantitative evaluation were washed in PBS, mounted, dried,
dehydrated in increasing gradients of ethanol, cleared in toluene, and mounted with
DPX mounting medium (Cell path, London, UK) and cover slipped. These sections
were scanned and analyzed using a Leica microscope DMRE (Leica, Heerbrugg,
Switzerland). Quantification was made on 4-8 mesencephalic and 7-21 forebrain
slices on the two animals submitted to MPTP treatment and two controls. The area
and mean optical density (O.D.) of TH immunopositive regions were computed for
each case and compared to average values of controls.

2.9.4 Ultrastructural quantification of the changes after MPTP treatment
2.9.4.1 AXONAL DIAMETER MEASUREMENTS
The TH-positive axons were measured on TrakEM 2 with the measurement tool ‘ball’
adapting the size of the ball to the diameter of the axon at the widest point. The
change in ball diameter along with the axon diameter was checked along the series of
images. The diameter measurements were performed at several points along the axon
and also reflect the variety along an axon.
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2.9.4.2 VESICLE DENSITY IN A BOUTON
The vesicles in a TH-positive bouton were marked and counted in TrakEM and
consequently divided by the volume of the bouton, measured based on the
reconstructed profile. Measures of vesicle density are taken for comparison to reflect
the qualitative observation but the measurements could miss vesicles not visible due
to the staining.

49

50

Chapter 3 RESULTS
A fine structural analysis of the dopaminergic
innervation of the frontopolar cortex in the
macaque monkey

3.1 Introduction
The macaque PFC receives a denser projection of dopaminergic axons than most
other caudal areas such as visual cortex (Lewis et al., 1987; Lewis et al., 1988;
Williams and Goldman-Rakic, 1993). Electron microscopic studies of dopaminergic
boutons in PFC had reported widely variable proportions of synapses. Most of the
synapses seen have subtle synaptic densities and were identifiable only in a single
ultrathin section (Smiley and Goldman-Rakic, 1993; Sesack et al., 1995; Sesack et al.,
1998b). However, immunolabelling of the dopamine receptors revealed that they are
located mainly on dendritic shafts and spines that are relatively distant from potential
dopamine release sites (Smiley et al., 1994; Negyessy and Goldman-Rakic, 2005).
Such structural observations have led to the hypothesis of volume transmission, in
which dopamine is released from boutons and diffuses through the neuropil to bind
with receptors (Agnati et al., 1995; Zoli et al., 1998; Cragg et al., 2001; Descarries et
al., 2008).
The aim of the present study was to explore the structural characteristics of the
dopaminergic innervation of the PFC. We applied immunohistochemical staining and
examined layer 3 in prefrontal area 10. Cortical layer 3 is a major source of interareal
connectivity and also provides the major contribution to local circuits (Kritzer and
Goldman-Rakic, 1995) and thus has been of special interest in previous studies of the
dopaminergic innervation of the PFC (Krimer et al., 1997; Bordelon-Glausier et al.,
2008). Since vesicle-filled boutons cannot be identified in the light microscope, we
used electron microscopy to examine the axons immunolabeled with tyrosine
hydroxylase (TH), the synthetic enzyme for dopamine. We examined the TH-positive
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vesicle-filled boutons using serial ultrathin sections in order to look for synaptic
specialisations over the entire bouton. We were also interested defining the
microenvironment of TH-positive boutons and we defined the different elements of
the neuropil in contact with them.

3.2

Results

Area 10 lies at the most anterior pole of the prefrontal cortex in the primate (Fig. 3.1
A). The boundaries of the cortical laminae in area 10 were established using
histological Nissl staining of coronal sections (Fig. 3.1 B). Area 10 is characterized by
a medium width layer 1, a thin layer 2 followed by a very wide layer 3 and a clearly
developed layer 4. Layer 3 of area 10 is sparse with relatively small sized neurons
giving a pale appearance to area 10 in comparison with other prefrontal areas (Fig. 3.1
C) (Petrides and Pandya, 1999; Semendeferi et al., 2011).

Figure 3.1
Frontopolar area 10. A. A schematic drawing of macaque brain with area 10 indicated in blue. B. A
coronal section of the right hemisphere through area 10 treated with Nissl staining. Scale bar = 2 mm
C. The cortical layers of area 10 made visible with Nissl staining, layers indicated on the left. WM:
white matter Scale bar = 200 μm.
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Figure 3.2
TH-immunopositive axons in prefrontal area 10 show different innervation densities across the cortical
layers. A. Light micrograph of a triton treated coronal section through area 10 showing the Ni-DAB
stained axons. The axons in layer 1 were thick and ran parallel to the surface of the brain, while axons
in layer 2, 3 were fine and beaded with boutons. Scale bar = 100 μm B. LM drawings of TH-positive
axons showing the innervation pattern of the cortical layers on both the medial (m) and on the lateral (l)
surfaces of area 10. Scale bar = 100 μm. A schematic drawing (top right) indicates the medial (m) and
lateral (l) sites of the reconstruction. Scale bar = 2 mm.
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3.2.1 Light microscopic observations: lamina specific innervation pattern
Light microscopic examination of TH-immunopositive sections of medial and lateral
regions of area 10 revealed stained axons of different morphologies throughout all
cortical laminae. A light micrograph of a TH-immunostained section treated with
triton to improve antibody penetration shows the different innervation pattern across
the cortical layers (Fig. 3.2 A). Radially-oriented cortical strips encompassing all
laminae were selected from the medial and lateral regions of area 10 (Fig. 3.2 B, inset
top right) and TH-positive axons were traced using a light microscope and drawing
tube (Fig. 3.2 B). The innervation patterns of the medial and lateral regions were very
similar. Layers 1 and 2 were packed with thick axons that traversed parallel to the pial
surface. Layers 3 and 4 were more sparsely innervated by thinner axons bearing
axonal boutons that gave them a beaded appearance. In the deeper layers 5 and 6 the
density of TH-positive axons increased and they tended to project horizontally as in
layers 1 and 2. A few TH-positive non-pyramidal cells were observed in the deep
layers and white matter. Some thick axons without boutons were also observed in the
middle and deep layers such as the one at the border of layer 6 to 5 in Figure 3.2 A.

3.2.2 Analysis of serial electron micrographs for synaptic specialisations
The two types of axons observed under the light microscope were easily recognized
when we looked at the TH-positive axons under the electron microscope. The THaxons were never myelinated.

Fig. 3.3
Electron micrograph showing a TH-positive bouton containing vesicles and mitochondria. Asymmetric
synapses formed by TH-negative, unlabeled boutons are indicated in the surrounding neuropil.
Scale bar = 1 μm.
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Most axons in the layer 3 were thin (diameter 200-300 nm) and formed en passant
boutons that were filled with vesicles (Fig 3.3). However, few thick axons without
boutons were also present. The thick axons had diameter of 550-900 nm, had no
vesicles but a few large circular structures, which had a diameter of 100-140 nm,
much bigger than regular vesicles (15-20 nm) (Figure 3.4).
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We sampled 52 TH-positive boutons from layer 3. They were followed in serial
electron micrographs (average 15 sections per series) and analyzed for the presence of
vesicles and for synaptic specialisations.
From the entire sample of 52 TH-positive boutons only three synapses were found.
Two formed symmetric synapses with dendritic shafts (Fig. 3.5, 3.6) that had the high
density of synaptic inputs typical of GABAergic dendrites (Somogyi et al., 1983). The
single asymmetric synapse was formed with a spine (Fig. 3.7).

Figure 3.5
A TH-positive bouton forms a symmetric synapse with a dendritic shaft A-C. Three electron
micrographs from a series show one of the two cases of a TH-positive bouton forming a symmetric
synapse with a dendritic shaft (indicated by arrowhead). The synapse shows an accumulation of
presynaptic vesicles, parallel membrane segments, a narrow synaptic cleft and postsynaptic density. D.
A three-dimensional reconstruction of the entire TH-positive bouton (grey, TH), showing vesicles (red)
and the location of the synapse (blue with white arrowhead). E. The three-dimensional reconstruction
of the TH-positive bouton and the target dendritic shaft (yellow, d) with which it forms a symmetric
synapse. The dendrite formed additional synapses (red), with unlabeled boutons. Reconstruction is
based on 44 ultrathin sections, each 60 nm thick. Scale bar = 1 μm.
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All the other boutons were filled with vesicles, but lacked the conventional
specialisations defining a synapse (Fig. 3.8-3.13). The TH-positive boutons were
adjacent to dendritic shafts and spines and yet at their interface no synapses were
formed. Neither synaptic clefts nor postsynaptic densities were observed in the serial
ultrathin sections.

Figure 3.8
Most TH-positive boutons lacked a synaptic specialisation. A-C. Three sample electron micrographs
from a series show a TH-positive bouton filled with vesicles in close contact with a dendritic shaft (d)
but without synaptic specialisation. A. The TH-positive bouton is in contact with a bouton and its
postsynaptic dendrite (d). The same dendrite forms additional synapses (arrowheads in (B)) with
unlabeled boutons. In (B) and (C) the TH-positive bouton is in contact with a spine (sp) and its
presynaptic bouton (b). D. A three-dimensional reconstruction showing the TH-positive bouton filled
with vesicles (red) but forming no synapse formation. E. Elements of neuropil in direct contact with the
bouton are reconstructed. The dendrite (d) is smooth with a high density of synaptic input. Structures of
the neuropil are color coded: Boutons = blue, axons = pink, glia = green, dendritic spines = orange,
dendrites = yellow, synapse = red. Reconstruction is based on 81 ultrathin sections, each 60 nm thick.
Scale bar = 1 μm.
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The micrographs show the immunopositive, stained boutons containing pleomorphic
vesicles. The micrographs and three-dimensional reconstructions show that the
vesicles were not concentrated at any membrane sites, which might indicate a specific
release site.
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Following earlier reports that synaptic specialisations could be as small as a single
ultrathin section (60 nm) (Goldman-Rakic et al., 1989; Smiley and Goldman-Rakic,
1993), 250 sections in series were subsequently cut at 30 nm in order to gain higher zresolution. The 30 nm ultrathin sections had well-preserved ultrastructure with welldefined membranes, but despite this additional z-resolution no additional synaptic
specialisations were observed (Fig. 3.11-3.12).
In addition, the structures of the neuropil in contact with the vesicle-filled TH-positive
boutons were reconstructed to illustrate the surrounding microenvironment. The
peroxidase reaction product occasionally covered the neighbouring membranes
(Figure 3.11) but never obscured the membranes as much as to hide the characteristic
features of a synapse.

61

Chapter 3: Fine Structure of the Dopamine Innervation

Figure 3.11
Electron micrographs from a series of ultrathin sections cut as thin as 30 nm. A-D The micrographs show a
big vesicle filled, TH-positive bouton in contact with several dendritic shafts (d) but with no synapse
specialisation. Scale bar = 1 µm.

Figure 3.12
TH-positive boutons with no synapse formation. A-B. Two electron micrographs from a series show vesiclefilled, TH-positive boutons in contact with dendritic shafts (d) forming no synaptic specialisation. C. The
non-synaptic TH-positive boutons are shown in a 3D reconstruction with the vesicles (red). The TH-positive
bouton did not form a synapse itself but was adjacent to an unlabeled bouton forming a synapse with a spine
(arrowhead). Reconstruction is based on 25 ultrathin sections, each 30 nm thick. Scale bar = 1 µm.
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In the striatum some synapses were observed at interbouton segments of the
dopaminergic axons (Groves et al., 1994). Longer series including the interbouton
segments of TH-positive axons were therefore also examined (Fig. 3.13). The vesicles
were mainly accumulated in the swellings, but also showed some spill-over into the
axonal interbouton segments. However, no synaptic specialisations were seen in the
interbouton segments of the TH-positive axons.

Figure 3.13
Vesicle-filled boutons as well as interbouton segments lacked synaptic specialisation. This TH-positive
axon segment with boutons and interbouton elements was reconstructed from 121 ultrathin sections (60
nm, one to seven pictures taken per section) A.1-4. Four electron micrographs taken from different
sections show vesicle-filled boutons of various sizes and also axonal segments both with (A.4) and
without vesicles (A.3). The locations of the sample micrographs are shown in (B) with their respective
numbering. B. The three dimensional reconstruction of the axonal segments with boutons and
interbouton elements is shown in light grey with the vesicles illustrated in red. The reconstruction
shows the density and distribution of all vesicles. Scale bar = 1 μm.

3.2.3 Preferred neighbours in the neuropil
The vesicle-filled TH-positive boutons were sparsely distributed in the neuropil of
layer 3. We hypothesized that the structures in the vicinity of the vesicle-filled
boutons might be preferred targets of action and therefore examined the content of the
neuropil surrounding the TH-positive boutons. To quantify this micrographs were
taken from the middle of each bouton and we measured the total length of specific
elements of neuropil that were in contact with the membrane of each bouton’s
perimeter (Fig. 3.14 A). Control TH-negative boutons were selected using the
unbiased sampling of the physical disector (da Costa et al., 2009). Thirty-five THpositive and 35 TH-negative boutons were completely reconstructed and compared.
The histogram in Figure 3.14 B demonstrates the specific composition of the
63

Chapter 3: Fine Structure of the Dopamine Innervation

surrounding neuropil. The two bouton types differ significantly in the proportion of
different structures in contact with the membrane of the bouton’s perimeter. Thirty
out of 35 TH-negative control boutons formed asymmetric synapses with dendritic
spines and the remaining 5 TH-negative boutons formed synapses (three asymmetric
and two symmetric) with dendritic shafts. On average 23.0% (SEM, 2.1) of a THnegative bouton’s perimeter was in contact with a dendritic spine. By contrast, only
12 out of 35 TH-positive boutons were in contact with spines so that on average 4.2%
(SEM, 1.2) of the TH-positive bouton’s perimeter was in contact with spines
(significantly less: p< 0.0001, Wilcoxon rank sum test). However, almost all the THpositive boutons were in contact with dendritic shafts (32 out of 35) and the
perimeters of TH-positive boutons were significantly more in contact with dendritic
shafts (19.9%, SEM, 2.2) than the perimeters of TH-negative boutons (9.6%, SEM,
2.7; p= 0.0002, Wilcoxon rank sum test). The perimeters of TH-positive boutons were
also slightly more in contact with other boutons (12.0%, SEM, 2.0) than the
perimeters of TH-negative boutons (6.5%, SEM 1.8; p= 0.0246, Wilcoxon rank sum
test).

Figure 3.14
Analysis of neuropil in contact with TH-positive boutons. A. One middle section from each complete
series of TH-positive (n=35) and TH-negative (n=35) boutons was sampled to identify the structures in
the neuropil that were in contact with the bouton. In this example 35.7% of the perimeter is in contact
with a dendrite (d), 19.7% with glia (g) and 44.6% with axons (a). B. Bar plot comparing the different
composition of surrounding neuropil in contact with either a TH-positive (black) or a control (grey)
bouton (* indicates P < 0.05, error bars represent standard errors). Scale bar (A) = 1 μm.
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These analyses are based on single samples from entire series, but from the serial
sections we observed that TH-positive axons followed more dendritic shafts and were
not directed towards dendritic spines. The TH-positive boutons were in contact with
both spiny and smooth dendrites (9 spiny and 12 smooth dendrites were identified and
12 dendrites could not be assigned to spiny or smooth neurons, data not shown). In 4
cases the TH-positive boutons were in contact with cell somata, which was not
observed for any TH-negative boutons. Both TH-negative and TH-positive-boutons
had almost half their perimeter in contact with axonal structures (TH-negative 46.0%,
SEM, 3.2 vs. TH-positive 44.1%, SEM, 2.6; p= 0.441, Wilcoxon rank sum test).

3.2.4 Neighbouring synapses
The neuropil analysis showed that compared to TH-negative boutons, the perimeters
of TH-positive boutons were more in contact with unlabeled boutons and dendritic
shafts, which represent pre- and postsynaptic structures. We therefore looked closely
for configurations adjacent to the sampled boutons, in which the sampled bouton was
in contact with a pair of pre- and postsynaptic structures that formed a synapse (Fig.
3.15 A). Only those configurations were counted in which the TH-positive bouton
was in continuous contact with both pre- and postsynaptic components, referred to
here as a ‘synapse forming pair’ (SFP), with no intervening structure. The same 35
boutons for both groups were examined in several sections over the full extent of each
bouton for the presence of an SFP. The histogram from Figure 3.15 B shows the
distribution for the two groups. In the case of TH-negative boutons, the majority (25
of 35) were not in contact with an SFP and the remaining 10 boutons had one SFP
directly adjacent. The 10 synapses observed next to the TH-negative boutons were
formed between a presynaptic bouton and a postsynaptic dendritic spine. For the THpositive boutons the distribution was almost the opposite. The majority (21 boutons)
were in contact with an SFP and 14 were not. Up to 4 SFP’s were seen in contact with
a single TH-positive bouton. A total of 36 SFP’s were counted and one third of them
were pairs of a presynaptic bouton and a postsynaptic dendritic shaft. The distribution
of the number of SFP’s is broad (Fig. 3.14 B), but the difference between the two
groups was highly significant (p= 0.0081, χ2-test). On average TH-positive boutons
have 1.03 SFP/bouton, while the TH-negative boutons have only 0.28 SFP/bouton.
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Figure 3.15
TH-positive boutons in continuous contact with pre- and postsynaptic elements. A. Electron
micrograph of a TH-positive bouton (TH) that is in continuous contact with an asymmetric synapse
(arrowhead) formed between a spine (sp) and a bouton (b). This configuration defines a ‘synapse
forming pair’ (SFP). B. Histogram showing number of SFPs for TH-positive (black, n=35) or THnegative (grey, n=35) boutons. C. Histogram of TH-positive (black, n=35) and TH-negative (grey,
n=35) bouton surface area. D. Histogram of the density of synapses in direct contact to the bouton ((B)
divided by their bouton surface areas (C)). Scale bar (A) = 1 μm.

The bouton surface area of the two groups measured for the complete series varied
greatly. The TH-positive boutons (3.13 µm2, SEM, 0.309) were on average double the
size of the TH-negative boutons (1.54 µm2, SEM, 0.0923; p< 0.0001, Wilcoxon rank
sum test). Figure 3.15 C shows the distribution of the bouton surface area for the two
groups. We took the difference into account by normalizing the number of SFP’s to
their bouton surface area (Fig. 3.15 D). Though we considered the different size of
boutons, the density of SFP/µm2 was still significantly higher (p= 0.018, Wilcoxon
rank sum test) in the case of the TH-positive samples (0.34 SFP/µm2, SEM, 0.077)
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than in the control samples (0.17 SFP/µm2, SEM: 0.0495). In summary, the THpositive boutons were on average larger than TH-negative boutons and were more
often in contact with SFPs (Fig. 3.15 B and C).

3.2.5 Synapse density in surrounding microenvironment
TH-positive boutons had more often a synapse formed in immediate and continuous
contact to them. This raised the question whether this was due to a higher density of
synapses in the surrounding microenvironment. We addressed the question by
determing the local density by applying the physical disector sampling method. Thirty
disector counts were performed at random locations as controls and 30 disectors were
taken with a TH-positive bouton in the centre. For the control a TH-negative bouton,
chosen through the disector sampling method was set into the centre of the counting
square (25 µm2). The histogram in 3.16 A shows that the density of synapses in the
close microenvironment of TH-positive boutons (B.1) or control boutons (B.2) does
not differ. For both conditions the average synapse density was 0.8 synapses/µm3.

Figure 3.16
Synapse density in the microenvironment of THpositive and control boutons. A. Histogram shows the
distribution of synapse densities measured with a THpositive bouton (n= 30, B.1) or with a control bouton in
the centre of the disector (n=30, B.2). The average
densities were 0.84 synapses/µm3 (std 0.53) and 0.82
synapses/µm3 (std: 0.51) respectively. The density of
synapses in the neuropil surrounding a TH-positive
bouton or a control bouton shows no significant
difference to the control neuropil.
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3.3 Discussion
In this study we characterized the ultrastructural features of TH-positive boutons,
presumed dopaminergic boutons, and assessed the composition of in their surrounding
local neuropil. The TH-positive boutons in layer 3 of prefrontal area 10 were carefully
examined and reconstructed from serial ultrathin sections. Most of the TH-positive
boutons did not form a conventional synaptic specialisation. Of 52 boutons examined
in serial sections only two TH-positive boutons formed a symmetric synapse with
dendritic shafts and one formed an asymmetric synapse with a spine. All the other
boutons did not form a synaptic specialisation. Interestingly TH-positive boutons
were also more often in contact with pairs of pre- and postsynaptic structures than
control boutons. However the density of synapses in the neuropil around TH-positive
boutons was the same as any random site in layer 3.

3.3.1 Methodological considerations
Immunostaining with anti-TH antibodies labels not only dopaminergic, but also
noradrenergic profiles in the cortex, as dopamine is the precursor of noradrenaline.
Nevertheless, the most widely applied and reliable marker of dopamine are still antiTH antibodies (Smiley et al., 1994; Sesack et al., 1998b; Moss and Bolam, 2008).
Previous studies showed that anti-TH antibodies mainly stain dopaminergic and not
noradrenergic profiles (Lewis et al., 1987; Lewis et al., 1988; Sesack et al., 1998a)
and thus TH-immunostaining is assumed to reveal the dopamine projection to PFC. If
noradrenergic boutons were part of our samples, the density of dopaminergic boutons
in PFC area 10 would be even lower than observed. We did not see any distinct
structural characteristic in a subpopulation of our samples that would indicate the
presence of a second neurotransmitter system, but the possibility of noradrenergic
boutons being included in our sample cannot be excluded.

3.3.2 Non-synaptic TH-positive boutons
Previous studies that have reported synapses formed by TH-positive boutons, indicate
that they are most often visible only in a single ultrathin section (60 nm). We thus cut
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a longer series of 250 sections at half the section thickness (30 nm). Despite the
higher z-resolution we did not observe any synapse. In studies of the dopaminergic
innervation of the rodent striatum some synapses are formed in the interbouton
segments (Groves et al. 1994). In our data some vesicles show a little spill-over into
interbouton segments, but when we examined longer axonal segments no synapses
were yet present at the interbouton segments. Although the percentage of synapses per
bouton observed varies widely between studies (10-39%) the lack of synapses
reported here is in line with previous observations (Smiley and Goldman-Rakic, 1993;
Sesack et al., 1995; Sesack et al., 1998c; Erickson et al., 2000). The variable number
of observed synapses on dopaminergic boutons across different studies may reflect
the difficulty to identify dopaminergic synapses. In the study in which 39% of all the
boutons form synapses (Smiley and Goldman-Rakic, 1993), 44% of the synapses
were seen only in a single section. The synaptic densities at symmetric synapses, that
seem to be found with dopamine boutons are in general less distinct than other
symmetric or asymmetric synapses. Whether a small, symmetric synapse is formed or
is not on a single ultrathin section is therefore difficult to decide conclusively. In the
case of uncertainty we did not claim the presence of a synaptic formation and only the
ones with synaptic features recognized by several observers were taken into account.
All the synapses we have observed (Figure 3.5-3.7) present all the necessary features
defining a synaptic formation i.e. a distinct synaptic cleft, accumulated vesicles and
synaptic densities on the parallel membrane.
Curiously the three synaptic formations included both synaptic types: symmetric and
asymmetric. Both types were described previously in the literature (Smiley et al.,
1992; Sesack et al., 1995), however symmetric synapses were more often observed.
Asymmetric synapses were rare and no explanation for the different synaptic
specialisations was given. For the dopaminergic boutons in the striatum, where this
dual character of synaptic formation and absence has also been described, it has been
proposed that synapses are formed at sites at which dopamine and glutamate are coreleased (Descarries et al., 2008). The co-transmission of dopamine and glutamate is
supported by some few studies (Sulzer et al., 1998; Chuhma et al., 2009) while other
studies show no evidence for this hypothesis (Lammel et al., 2008; Moss and Bolam,
2008; Moss et al., 2011). The reason for few synaptic and mainly non-synaptic
dopaminergic boutons remains unanswered. The common observation and conclusion
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though is that most dopaminergic boutons do not form synapses. One could imagine
that the synapses formed by dopaminergic boutons cannot be identified using
conventional criteria as one can for glutamatergic and GABAergic boutons. Without
any further evidence for synapse formation we need to consider a non-synaptic
transmission of dopamine as the hypothesis of volume transmission proposes.

3.3.3 Diffuse signal in the neuropil: composition of the microenvironment
The question we then asked is whether the TH-positive boutons placed themselves in
any special relationship with other elements in the neuropil compared to control, THnegative boutons. A different composition of the microenvironment could reflect a
specific clustering of potential targets around the dopamine release sites. Our analysis
shows clearly that dopamine boutons are not directed towards dendritic spines, as
most boutons inevitably are, but are more in contact with the shafts of dendrites and
with other TH-negative boutons. Previous studies showed that TH-positive axons
contact pyramidal neurons and GABAergic smooth neurons in the PFC (Smiley et al.,
1992; Sesack et al., 1995; Krimer et al., 1997; Sesack et al., 1998b). Consistent with
this the dendritic shafts in apposition to the TH-positive boutons of our samples
originated from both spiny and smooth neurons. While we could quantify the
immediate structure in apposition to the TH-positive boutons, we need still to
consider what structures express dopamine receptors and bind the signal.

3.3.4 Receptor localisation
Knowledge of the localisation of the receptors is integral to understanding the
functional effects of dopamine diffusion through the neuropil. Quantitative
immunohistochemical studies of receptor staining report that dopamine D1-like
receptors (D1 and D5) are present on all structures in the neuropil, but do show some
expression differences. D1 receptors are expressed with similar frequency on
dendritic shafts and spines while D5 receptors show a preference to be expressed on
dendritic shafts (Bordelon-Glausier et al., 2008). It has been reported that 20% of the
spines in layer 3 of monkey prefrontal area 46 are immunopositive for D1 receptors,
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but only 4.6% are immunopositive for D5 receptors (Bergson et al. 1995). Dopamine
D2 type receptors have approximately ten times lower expression level in the
prefrontal cortex compared to D1 receptors (Lidow et al., 1991). Immunogold
staining of D2 receptors in monkey prefrontal cortex showed they are mainly
expressed on dendritic shafts and axonal varicosities, while only few dendritic spines
were immunolabeled (Paspalas et al., 2006). These studies demonstrate a predominant
expression of dopamine receptors on dendritic shafts compared to other structures in
the neuropil and it is thus perhaps noteworthy that we find that TH-positive boutons
have almost 20% of their perimeter in contact with dendritic shafts.

3.3.5 Diffusion into neighbouring synapses
Several studies have shown that dopamine modulates the activity of glutamatergic
receptors. Interactions of glutamatergic and dopaminergic receptors have been shown
(Cepeda et al., 1992; Cepeda and Levine, 2006) especially of NMDA and D1
receptors and their impact on plasticity has been proposed. We have shown that THpositive boutons are significantly more frequently in continuous contact with both the
pre- and the postsynaptic structures that form a synapse. Our findings would support
the view that dopamine diffuses into neighbouring asymmetric (and presumably
glutamatergic) synapses. Goldman-Rakic and colleagues reported high occurrence of
TH-positive synapses with spine heads that form a second, asymmetric synapse with
another bouton (Goldman-Rakic et al., 1989; Goldman-Rakic et al., 1992). In their
triadic configuration the two boutons were not necessarily in contact with one another
and they always observed that the dopamine boutons formed a symmetric synapse
with the spine of the triad. In contrast we were unable to demonstrate convincing
synapses. Instead of synaptic triads, we quantified the presence of synapse forming
pairs in direct contact to the TH-positive bouton and showed that TH-positive boutons
are more often in continuous contact with a synapse forming pair. Our finding
supports the modulatory role of dopamine on glutamatergic synapses at spines. The
TH-positive boutons were however not only adjacent to synapses formed on dendritic
spines, but also on shaft. Dopamine could diffuse to neighbouring synapses
irrespective of whether they are formed on spines or shafts and binding to dopamine
receptors, modulate the glutamate signal by interactions with glutamatergic receptors.
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The observation of more synapses forming adjacent to TH-positive bouton led to the
question whether the density of synapses is higher in the vicinity of TH-positive
boutons. When we quantified the density of synapses in a square of 25 µm2 centred on
a TH-positive bouton or control, TH-negative boutons, no difference in density was
observed. If we assume any synapses in the neuropil expressing dopaminergic
receptors in the membrane to be modulated by dopamine for plasticity, we can
consider that dopamine diffusion covers the space and all synapses within.

3.3.6 Dopamine diffusion: a global signal
If dopamine acts by volume transmission, then the density and distributions of release
and local uptake sites are critical components in assessing dopamine’s mode of action.
In this chapter we showed that most TH-positive boutons formed no synapses and
characterized the adjacent neuropil. We quantified the neighbouring structures and
showed their preference to be adjacent to dendritic shafts and synapses formed by
neighbouring boutons and spines or dendrites. If dopamine is an important learning
signal for synaptic plasticity, one could imagine the synapses to be formed
preferentially within the microenvironment close to a TH-positive bouton receiving
the diffuse dopamine signal rapidly. As the synapse density is not different when
either close to a TH-positive or negative bouton, the released dopamine signal can
convey its learning signal through diffusion equally to all synapses.
In the following chapter the density and distribution of TH-positive vesicles filled
profiles as potential release sties are determined. Based on this quantification we
performed a simulation study in order to explore the dynamic of the dopamine signal
in prefrontal cortex. The simulation study helps us to address the question how
dopamine covers the space in what time and convey the signal to the receiving
structures in the neuropil and is presented in Chapter 5.
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Chapter 4 RESULTS
Density and distribution of potential dopamine
release sites

4.1 Introduction
Non-synaptic signal transmission entails a spread of the signal based on diffusion. In
order to study the diffusion of the dopamine signal under various release and uptake
conditions and to predict the dopamine level anywhere in the simulation volume, we
first quantified the density and distribution of putative dopamine release sites.
For the striatal innervation of dopaminergic axons it has been shown that
dopaminergic projections form extremely dense axonal arbors (Matsuda et al., 2009)
and the density of dopaminergic synapses in the striatum has been estimated to be as
high as 0.1/µm3 (Doucet et al., 1986; Groves et al., 1994; Arbuthnott and Wickens,
2007). Quantitative ultrastructural studies show that any random structure of the
neuropil in the striatum is within ~1 µm of a dopaminergic synapse or ~0.5 µm of a
dopaminergic axon confirming the estimates of uniformly high density (Moss and
Bolam, 2008). The result supports the view that dopamine release sites are located
without spatial selectivity, but randomly in the striatum. Similar estimates of the
dopaminergic release sites are unavailable for the neocortex. We quantified the
density of vesicle-filled TH-positive profiles as potential release sites under the
electron microscope and determined the nearest neighbour distance between the
release sites. To test whether the vesicle-filled TH-positive profiles are randomly
distributed in space, we simulated a random distribution of release sites of same
density and compared the values of nearest neighbour distances of the simulation with
our measurements.
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4.2 Methods
4.2.1 Density and nearest neighbour distances
The density of release sites was measured from immunohistochemically stained tissue
of macaque prefrontal area 10, layer 3. The dopaminergic axons were stained with
anti-TH antibodies and vesicle-filled boutons were identified using the electron
microscope. The ultrathin sections were taken from layer 3 within area 10 of two
different monkeys. The ultrathin sections were taken from six different EM-blocks
and vesicle-filled TH-positive boutons were identified on twenty ultrathin sections.
The sampling sections were taken with 30-50 (1.8 – 3 µm) ultrathin sections in
between. All vesicles filled TH-positive profiles of an ultrathin section were assessed
using the electron microscope and for every sampling point the distance to its nearest
neighbour, the closest vesicle-filled TH-positive profile, was measured on montage of
overview pictures.

4.2.2 Distribution of putative release sites
To test whether the TH-positive boutons were randomly placed in the volume, the
distribution of the measured nearest-neighbour distances were compared with a
modelled distribution of nearest-neighbour distances sampled from a volume with
randomly distributed boutons of the same density in Matlab.

4.3 Results
4.3.1 Sparseness of TH-positive boutons in cortex
We did not observe an accumulation of vesicles on a membrane site of TH-positive
boutons or a postsynaptic density that would indicate a distinct site of transmitter
release. We thus assumed the vesicle-filled TH-positive boutons were the sites of nonsynaptic release and mapped their distribution. Only profiles with vesicles were taken
into account and we defined the locations of vesicle-filled TH-positive profiles on
electron micrographs (indicated as red dots in the overview montage in Figure 4.1AC). Based on the location of the vesicle-filled TH-positive profiles, the distance to the
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closest vesicle-filled TH-positive profiles was measured. The nearest neighbour
distances of the three different samples are drawn in the overview montage (Figure
4.1A-C). The average nearest neighbour distance on all the sampled sections was 39.5
µm (SD, 29.7 µm, range 3.5 µm to 173 µm). Figure 4.1D shows the distribution of the
distances over all the 386 TH-positive boutons measured from twenty samples of
ultrathin sections. As the three different examples of ultrathin sections in Figure 4.1 A
– C, demonstrates, the samples showed some variability in the number of vesiclefilled TH-positive profiles. The example in Figure 4.1A had 20 TH-positive vesicles
filled profiles on a small section, 4444 µm2 of area. The average nearest neighbour
distance was therefore only 27 µm. The ultrathin section of Figure 4.1C had also 20
vesicle-filled TH-positive profiles but the section area was five times bigger than the
section area of A (229’885 µm2). The average nearest neighbour distance was
consequently larger (69 µm).
Based on all the twenty ultrathin sections the average density was 0.00018 THpositive bouton/µm2 (range 0.00007 to 0.0006 TH-positive bouton/µm2). The different
densities are shown in Figure 4.1 E. The colours indicate samples taken from the
same block.

4.3.2 Distribution of sparse release sites
The extrapolated density for three dimensions was calculated to be 2*10-4 TH-positive
boutons/µm3 (with average bouton diameter of 0.9 µm). Due to the different size of
ultrathin sections, the simulation for the distribution of nearest neighbour distances
was adapted for every block and a Kolmogorov-Smirnov test was performed for all
the six blocks separately. In five out of six blocks, the measured distribution of
nearest neighbours was not significantly different from, thus similar to the distribution
of randomly placed boutons. Some blocks had only two sampling sections and the test
for those could be weaker. Based on the result of the test with a simulated random
distribution we assumed the TH-positive boutons to be randomly distributed in space.
The extrapolated density for 3-D volume would result in an average nearest neighbour
distance between TH-positive boutons of 9 µm (SD, 3.3 µm, range 1.4 µm to 25.2
µm). In Figure 4.2 the sparse and random distribution of putative dopamine release
sites is illustrated.

76

Chapter 4: Density and Distribution of release sites

Figure 4.1
Density and distribution of TH-positive boutons in layer 3. A-C. Overview montage of three ultrathin
sections from different sampling blocks show the locations of TH-positive vesicle-filled profiles as red
dots. The nearest neighbour distance is drawn as thin black lines between points. Scale bar = 100 μm.
A. Twenty TH-positive vesicles filled profiles were observed and on this sampling section, the average
distance between the nearest neighbours was 27 μm. B. Thirteen TH-positive vesicle-filled profiles
were located and the average nearest neighbour distance was 39 μm. C. Twenty TH-positive vesicle
filled profiles were counted and the average nearest neighbour distance was 69 μm. D. The histogram
shows all the nearest neighbour distances measured for 386 vesicle-filled immunopositive profiles on
twenty different sampling sections. The average distance of all the measurements was 39.5 μm. E. The
sample sections were taken from different blocks (indicated by different colours) from two monkeys
(mk JJ and mkB). The blocks were taken from medial or ventral parts. The plot shows the variability in
the measured density of TH-positive boutons between the sampling blocks. The average density was
0.00018 TH-positive boutons/μm2.
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Figure 4.2
Simulation volume with edge length of 64 μm. Dots
indicate the location of dopamine release sites in the
volume. The density of release sites is given with our
anatomical measurements. The random distribution
has been derived from the nearest neighbour analysis.

4.4 Discussion
On twenty ultrathin sections all the vesicle-filled, TH-positive profiles were mapped
and the density of putative dopamine release sites as well as its distribution pattern
were determined. The two dimensional density of vesicle-filled, TH-positive profiles
was very sparse at 0.00018 TH-positive bouton/µm2. With an average bouton
diameter of 0.9 µm this would result in an extrapolated three-dimensional density of
0.0002 TH-positive bouton/µm3. The distribution was not significantly different from
the simulated random distribution. We showed thus that the dopamine release sites are
very sparse in prefrontal area 10 and randomly distributed in the neuropil.

4.4.1 Quantification on immunostained ultrathin sections
Most samples except the samples from block 10R08 (average: 0.0005 TH-positive
bouton/µm2) lie in a very close range (∼0.00015 TH-positive bouton/µm2). One
explanation for the variability of quantified density is that immunostaining applied
after freeze-thaw of the tissue cannot assure the staining as complete as the Triton
treated tissue. However, the axons were stained over the entire thickness of the
sections and the density of TH-positive boutons did not change through the depth of
the sections and was similar within the same block. Quantification based on
immunoelectron microscopy bears the uncertainty of complete staining and yet the
density of potential release site need to be assessed under the electron microscope, as
the vesicle-filled profiles can only be determined on the ultrastructural level. For this
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reason our quantification still reflects the most accurate way to determine the density
of potential release sites.

4.4.2 Sparse innervation
Ultrastructural studies described the location of dopamine receptors as not confined
only to the neighbourhood of release sites, but also away from the release sites
(Smiley et al., 1994; Negyessy and Goldman-Rakic, 2005). For dopamine receptors to
be activated anywhere in the neuropil, the density and distribution of release sites
determine the average nearest neighbouring distances between release sites and thus
the average diffusion distance to cover. We established that the cortical innervation of
dopaminergic axons and the density of putative release sites are much sparser than in
the striatum (approximately five hundred times: 0.1/µm3 vs. 0.0002/µm3). In contrast
to the innervation by dopaminergic axons in the striatum, where any random structure
is located within a radius of 1 µm of a dopaminergic bouton (Moss and Bolam, 2008),
the distance between potential dopamine release sites in area 10 was on average 9 µm.
The concentration of dopamine in the volume and the change of it during phasic or
depressed activity is thus of a different spatio-temporal dynamic in the PFC compared
to the striatum. Due to the very sparse innervation one could imagine the immediate
microenvironment surrounding dopamine release sites to receive faster and more
dopamine. In Chapter 3 we have shown that the immediate microenvironment
surrounding a TH-positive bouton was different from control boutons and more
synapses were observed in immediate apposition to TH-positive boutons. But we
estimate that, this would affect only a tiny portion of all spiny synapses (< 1/3000,
estimation from spine density and SFP occurrence). More synapses were formed in a
continuous contact to a TH-positive than to a TH-negative bouton, but the density of
synapses formed in the close vicinity (25 µm2) of dopaminergic boutons was same to
anywhere in the neuropil (quantified in Chapter 3). The question arises whether
dopamine receptors expressed anywhere in the neuropil receives enough dopamine to
be activated. This question is especially interesting with regard to whether any
synapse in the neuropil with dopamine receptors expressed on the membrane is
modulated by dopamine or whether the distance to the closest release site matters for
the influence of neuromodulation
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Chapter 5 RESULTS
Dopamine diffusion in macaque prefrontal cortex:
A simulation study with Cx3Dp

5.1

Introduction

Based on our anatomical study on the density and distribution of potential release
sites of dopamine and additional parameters drawn from the literature, a threedimensional simulation study of dopamine release, diffusion and uptake was
performed. The aim of the simulation was to assess the change in extracellular
dopamine concentration at different distances from release sites and to estimate the
radius of effective dopamine concentration for the activation of dopamine receptors.
Earlier studies presented models of dopamine volume transmission in striatum
(Arbuthnott and Wickens, 2007; Dreyer et al., 2010) but the spatiotemporal dynamic
of a dopamine signal in cortex has not yet been simulated. The innervation density in
striatum is very high and models of the dopamine signal in the striatum argue that the
spatial location of release sites is not selective, but that the timing of dopamine release
in relation to glutamatergic signalling can provide the selectivity of dopamine as a
reinforcement signal (Arbuthnott and Wickens, 2007; Dreyer et al., 2010).
In the striatum both receptor types, D1 and D2, are expressed to a similar degree, but
cortical areas show about ten times higher expression of D1 type than D2 type
receptors (Lidow et al., 1991). Unlike the dopaminergic axons in the striatum, the
mesocortical dopamine projection has been characterized as expressing no D2
autoreceptors and only a low level of re-uptake transporter DAT (Haber et al., 1995;
Lewis et al., 2001; Lammel et al., 2008). The dopaminergic neurons without D2
autoreceptors have thus no feedback inhibition and consequently a higher firing rate,
as observed for the dopaminergic neurons projecting to the PFC of mice (Lammel et
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al., 2008). Due to the lower expression of re-uptake transporter a longer diffusion
distance of dopamine is predicted in prefrontal cortex than in striatum.
Dopamine receptors are G-protein coupled receptors and have various conformational
states with different affinity for dopamine. In the G-protein coupled state, the affinity
of the receptor is high and the receptor binds to dopamine in the lower nM range.
When they are uncoupled from the G-protein, the receptors are in their resting state
and exhibit a low affinity for dopamine. In their resting state the receptors bind to
dopamine only at a concentration in the micromolar range. The affinity of the
dopamine receptors changes with their conformational state and is regulated whether
they are bound to the G-protein or not (Cumming, 2011). The two-state model
describes a dynamic balance between the states of the dopamine receptors (Leff,
1995). For the D1 receptors in the striatum the dynamic balance is more shifted to the
low affinity state and the D1 receptors are only to 20% in their high affinity state. In
contrast, the D2 receptors in the striatum are more in the high affinity (70%) than low
affinity state (Richfield et al., 1989).
The aim of the following study was to model the spatiotemporal dynamic of
dopamine in cortex and to study the occupancy of dopamine receptors at different
sites in the neuropil. The question was whether there is a microsphere of influence
where dopamine acts with a spatial selectivity or whether receptors can be activated
anywhere in space even if they are distant from a release site. The simulation study
could also provide a working hypothesis how tonic and phasic release of dopamine
relates to the modulation of working memory or synaptic plasticity.
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5.2 Methods
5.2.1 Extracellular diffusion in Cx3Dp
The simulation tool Cx3Dp was developed originally for studying tissue growth in a
three-dimensional, chemo-physical space (Zubler and Douglas, 2009). Cx3Dp is
written in Java and can be downloaded under http://www.ini.uzh.ch/amw/seco/cx3d/.
It has been applied to simulate biological processes such as the development of
cortical lamination, thalamic axonal growth or the migration of interneurons. For the
various simulation of neural development, the diffusion of growth factors is a crucial
underlying process and had been integrated as a physical process in Cx3Dp. For our
simulation of dopamine diffusion, we applied the parameters of dopamine release and
uptake, as well as its diffusion constant. The simulation space is made up of 3-D
compartments and the diffusion process takes place across the cross section of the
compartments. The local change in the quantity of dopamine inside a spatial
compartment due to diffusion is calculated according to Fick’s Formula applying
Euler step as follows:

Where ΔQsa is the change in quantity of the substance, n the number of neighbouring
compartments, ci and ca the concentration of the substance in the compartment i and
compartment a respectively. Ds* is the diffusion constant of the substance. pa and pi
are the centre position of the compartment a and i respectively. Cai is the cross section
between the compartments a and i and Δt is the time step length.
In our simulation the spatial compartments were 1×1×1 µm3 and the time step was set
to 0.1 ms. Considering the diffusion in the extracellular microenvironment, the
dopamine diffusion constant and is corrected by the tortuosity λ (D*=D/λ2)
(Nicholson, 1995; Rice and Cragg, 2008). In addition to the local diffusion processes
across compartments, the density and distribution of release sites and the re-uptake
rate describe the local change of dopamine concentration in the volume.
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5.2.2 The release sites
As yet no quantitative measures for an average interbouton distance or bouton density
on a single dopamine axon have been made for cortex. For this reason, every single
release site in our simulation is considered to be independent of all the others. We
quantified the density and distribution of release sites on electron micrographs and
base our simulation on our own measurements (Chapter 4). Dopaminergic cells in the
midbrain have a tonic background firing rate of about 4-7 Hz. Phasic increases in
firing of 15 Hz lasting 100-200 ms have been observed after unexpected reward,
reward predicting stimuli, while decreases in firing (0 Hz) were observed after the
omission of a reward (Schultz and Romo, 1990; Bayer and Glimcher, 2005; Fiorillo et
al., 2008). The number of release sites with phasic increases or decreases in activity
has been varied across different simulation conditions between 10, 25 and 50% of
synchronised release. The remaining release sites kept the tonic activity. When we
performed our simulations, no measurements had been available in the literature
about the release probability of dopamine in cortical areas, so for our simulation we
assumed a release probability to 0.5. Only very recently a group used high-fidelity
imaging to track the activity of tagged vesicular monoamine transporters in
dopaminergic neurons in culture. They reported a high variability of the release
probability in the dopaminergic neurons of the mouse VTA, with a range from 0±
0.02 to 0.73± 0.01 (Pan and Ryan, 2012). The mean value of the release probability
was measured to be 0.25± 0.04. Although we applied a higher release probability, our
value is within their measured range. With a lower release probability, we would have
had to adapt the other parameters within the range of the literature to obtain the
dopamine level measured in the prefrontal cortex of monkey, which was one of our
main target values (Zhang et al., 2007).

5.2.3 The uptake sites
Immunohistochemical studies of dopaminergic receptors and transporters described
their expression as being located away from putative release sites or synapses (Smiley
et al., 1994; Sesack et al., 1998a; Lewis et al., 2001; Negyessy and Goldman-Rakic,
2005). Dopamine transporters are expressed on dopaminergic axons and boutons. The
low expression level of dopamine transporters and comparisons of the dopamine
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signal between striatum and cortex led to the estimate of a ten times slower uptake
rate in the PFC than in the striatum (Garris and Wightman, 1994). The striatal uptake
rate has been estimated to be 20 s-1 (Rice and Cragg, 2008). For our simulation the
cortical uptake rate was set to 1.5 s-1 and the dopamine transporters were uniformly
distributed. The re-uptake of dopamine in cortex does not reach saturation unlike in
striatum (Garris and Wightman, 1994) and is therefore modelled to occur uniformly
and linearly in space in our simulation. A critical parameter is the activation of
dopamine receptors, especially D1, in relation to the dopamine concentration, both
during tonic background activity and after the transient phasic release. Both types of
dopamine receptors D1 and D2, of the striatum are described with a two-state model
of high and low affinity state (Richfield et al., 1989). The affinity states of the Gprotein coupled dopamine receptors differ between low nM in the high and few µM in
the low affinity state. The affinity states of the dopamine receptors in the PFC are not
yet characterized. We can thus only refer to the numbers given for the striatal
receptors. All numeric values of the applied parameters and the corresponding
references are given in table 5.1.
Description
Density of potential release sites

Value
2/10000 µm3

Volume of simulation

64×64×64 µm 3

α, extracellular space %

0.23

Nicholson 1992

Vesicle volume

6.5*10-20 l

Cv, [DA]vesicle
Quantity in vesicle

0.25 M
1.625*10-20moles

Nirenberg et al., 1997, Rice and Cragg
2008
Rice and Cragg 2008

Tonic firing rate f
Phasic firing rate

5.6 Hz
15 Hz

Ljungberg et al., 1992; Bayer and
Glimcher, 2005

Uptake rate constant rat striatum
Uptake rate constant mk PFC, k

20s-1
1.5s-1

Cragg and Rice 2004
About 10times less than striatum in rat

Release probability

50%

Pan and Ryan 2012

[DA] during tonic release

25-30 nM

Zhang et al. 2010

Dopamine diffusion constant
Tortuosity
Effective dopamine diffusion constant

763 µm 2 s-1
1.54
322 µm 2 s-1

Cragg and Rice 2004

D1 receptor affinity

10 nM high,
1-2 µM low
10 nM high,
1-5 µM low

Richfield et al. 1989, Rice and Cragg
2008

70% in low affinity

D2 receptor affinity
20% in low affinity

Reference
Own measurements

Pothos et al., 1998

Cragg and Rice 2004, Nicholson 1992
Nicholson 1995, Rice and Cragg 2008

Richfield et al. 1989, Rice and Cragg
2008

Table 5.1
List of parameters applied in the simulation of dopamine diffusion and their corresponding reference.
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5.2.4 Concentration of dopamine at time t in space
The diffusion of dopamine in the extracellular space considers the volume fraction of
the extracellular space (α) and the extent of diffusion hindrance, indicated by the
tortuosity (λ) (Nicholson, 1992). The following equations present the release and
uptake of dopamine that we have applied in our simulation:
Release
(quantity of dopamine in a vesicle) × firing frequency × release sites × release
probability = 1.625*10-20 moles × 5.6 s-1 × 52 × 0.5
Uptake
Concentration of dopamine at time t × uptake constant × volume × alpha =
C(t) x 1.5 s-1 × (64x64x64) µm 3 × 0.23
When release and uptake are equal the dopamine concentration reaches a steady state
level of 26 nM:
C steady state = 1.625*10-20 moles × 5.6 s-1 × 52 × 0.5 /(1.5 s-1 × (64×64×64) µm 3 × 0.23))

5.2.5 The simulation protocol
We applied different protocols to our model. We oriented ourselves on physiological
descriptions found in the literature (Ljungberg et al., 1992; Bayer and Glimcher,
2005) and set the firing frequency and dopamine release accordingly. Firstly different
firing patterns of dopaminergic neurons of a healthy animal were applied (Table 5.2
A-C). Subsequently we performed simulations that modelled the condition thought to
be present in Parkinson’s disease (Table 5.2 D). Further we show tonic release of
dopamine without re-uptake. The simulation imitates the effect of pharmaceutical and
addictive drugs such as methylphenidate (Table 5.2 E). Table 5.2 list the different
conditions we examined.
A

Phasic 15 Hz, 150ms; 0Hz, 150ms

0.0002/µm3 and reuptake rate 1.5 s-1

B

Phasic 26 Hz, 150ms

0.0002/µm3 and reuptake rate 1.5 s-1

C

Pause 0Hz, 150ms

0.0002/µm3 and reuptake rate 1.5 s-1

D

Phasic 15Hz, 150ms; Pause 0Hz, 150ms

0.000061/µm3 and reuptake rate 1.5 s-1

E

Only tonic

Blocked reuptake after 4 sec

Table 5.2
List of different simulation conditions applied. All the simulations had a tonic firing of 5.6 Hz and release probability of 0.5
during the first 4 sec. For the following phasic firing, different values were applied. For every condition A-D, 10, 25 or 50% of
the release sites showed phasic or depressed release.
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5.3 Results
5.3.1 Cx3Dp: With tonic firing at steady state level
We applied the measured density of release sites distributed randomly in our
simulation volume in Cx3Dp (Figure 4.2) and simulated tonic release to reach a
steady state level of dopamine. With a tonic background firing of 5.6 Hz the
dopamine concentration reached an average steady state level of 26 nM (Range: 9.5
nM- 250 nM) (Figure 5.1 A). Due to the sparse innervation density local hot-spots
arose and the range of dopamine concentration in the volume varied greatly (Figure
5.1 B, C). However, the average steady state level lay in the measured range of
dopamine concentration in monkey prefrontal cortex (Zhang et al. 2010). A lower
release probability, a higher re-uptake rate, or a lower tonic firing rate, all lead to
lower steady state levels. A higher re-uptake rate decreased the diameter of hot-spots
and the concentration change over the space was steeper. The local heterogeneity of
dopamine concentration is shown in Figure 5.1 B, where a two dimensional crosssection through the volume shows the different dopamine concentrations indicated in
colour.
Figure 5.1 C shows a random line through the simulation volume and plots the
dopamine concentration along an axis of the volume. The local dopamine
concentration was measured in every simulation box of 1×1×1 µm and is plotted in
Figure 5.1D. The plot presents the wide range of different dopamine concentration.
Figure 5.1B, C and D show the heterogeneous dopamine level at steady state during
tonic firing. However, all sites received a high enough dopamine concentration to
bind with the D1 receptors in their high affinity state. During tonic firing local
dopamine concentration reached maximally 250 nM, far below micromolar level, and
so the dopamine receptor in their low affinity state would not bind to dopamine.
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Figure 5.1
Tonic release of dopamine reaches a steady state level of 26 nM. A. Graph shows the average [DA]
measured at a distance of 1 μm (red), 2 μm (yellow) and 5 μm (green) from a release site during tonic
firing. Dashed lines indicate the standard deviation. B. A section through the simulation volume shows
local hot-spots of [DA] emerging around release sites during tonic firing. All release sites of the
simulation volume are shown and the one lying within the same plane of section is indicated with a
circle. Scale bar = 10 μm C. The plot shows the [DA] along a line in the simulation volume at steady
state. D. The [DA] of every compartment (1 μm3) is plotted and shows the distribution and range of
[DA] across the entire volume at steady state. All sites receive enough dopamine to bind on D1
receptors in their high affinity state.

5.3.2 Phasic Firing and depressed activity
During the phasic firing, different conditions were tested with 10%, 25% and 50% of
release sites following phasic firing of 15 Hz, 26 Hz or 0 Hz for 150 ms. All the other
release sites kept the tonic activity. Figures 5.2 - 5.4 summarize the results from the
simulations with 50% release sites following phasic activity. The results of the
simulations with 10 and 25% release sites involved in phasic and depressed activity
are summarized in Table 5.3.
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In the first simulation 150 ms of depressed activity followed the increased firing
(Figure 5.2 A). In the second simulation a higher firing rate of 26 Hz (Figure 5.2 B)
was tested. A decreased firing, as described for reward omission responses, was tested
and the results are presented in Figure 5.2 C.
5.3.2.1 DOPAMINE CONCENTRATION AT SPECIFIC DISTANCES TO RELEASE SITE
The change in dopamine concentration was measured at different distances (1, 2 and 5
µm) from all the release sites with increased or decreased release activity (Figure 5.2).
The figures emphasize the importance of the distance to a release site to the amount of
dopamine reaching a given receptor in the neuropil. The closer to the release site the
greater the change during increased and decreased activity. With an average nearest
neighbour distance of 9 µm between release sites in the volume, the values at a
distance of 5 µm reflect the dopamine level most distant from release sites. The
simulation predicts that even at points in the volume distant from a release site, there
is a change in dopamine level after increased or decreased activity.
The uptake is not constant, but due to the concentration dependent linear uptake rate
with a higher uptake at increased dopamine level and lower uptake at decreased level,
the dopamine level returns to steady state rapidly after phasic activity.
5.3.2.2 LOCAL HETEROGENEITY
When we look at the dopamine concentration changing across a sample line in the
simulation volume, we see the local variability in dopamine level as a result of all the
release sites at different distances (Figure 5.3 A). Although we cannot say how many
release sites contribute to this sample, we can see that at some points in the volume,
the absolute dopamine level is not highest, its change after phasic activity is strongest
(see at x = 19 µm in figure 5.3 B and C).
The transient local change in dopamine level is highly variable and not necessarily
most pronounced at the sites with the highest absolute dopamine level. This is
because at some sites there is an accumulative increase in dopamine due to increased
release from several sites at some distance.

89

Chapter 5: Dopamine Diffusion Cx3Dp

Figure 5.2
Different simulation protocols of increased firing and depressed activity. The change in [DA] over time
at different distance to the release sites is plotted (red: 1, orange: 2 and green: 5 µm, mean and standard
deviation) Inset illustrates the measurement points with scale bar = 5 µm. Tonic firing leads to steady
state level. At t= 4 sec 50% of release sites have increase or depressed release of dopamine. A. Phasic
firing of 15Hz followed by depressed activity of 0 Hz each 150 ms B. Phasic firing of 26 Hz for 150
ms. C. Depressed activity (0Hz) for 150 ms.
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Figure 5.3
Local change in dopamine concentration from tonic to phasic activity. A. Local dopamine
concentration is plotted during tonic (black) and incrased (orange: 15 Hz, red: 26 Hz) or depressed
(blue, 0 Hz) activity along a random line of the simulation volume. B. The local difference in absolute
dopamine concentration between tonic and the increased or decreased activity is plotted for the
different protocols. C. The local difference in the dopamine concentration is plotted as percentage to
the baseline level.

5.3.3 Change in entire simulation volume
Figure 5.4 summarizes the local dopamine concentration of the entire simulation
volume (resolution 1 µm3). The range of dopamine concentrations during steady state
and after increased or depressed activity is plotted in 5.4 A-C. Most values lie in the
range of 10-60 nM and figures A-C. 3 plot the distribution for tonic and after
increased firing (or depressed activity) within this range. The plots in A-C 3 and 4
consider the absolute and relative change of dopamine at all sites after increased firing
or depressed activity. The dopamine concentration varies already at steady state and
the range from the lowest to the highest dopamine concentration within the volume is
larger after increased activity. When we consider the relative change, most sites have
an increase of less than 20%. After depressed activity most sites have a decrease of
less than 10% of the baseline dopamine level. However an increase of more than
100% of baseline concentration can be measured very close to release sites. In the
case of 26 Hz phasic firing an increase of more than 200 up to 300% of the tonic level
is measured.
5.3.3.1 PHASIC FIRING 15 HZ FOLLOWED BY 0 HZ
After 150ms of phasic firing of 10, 25 or 50% of the release sites, the average
dopamine concentration rose from 26 nM to 27 nM, 28 nM, and 30.5 nM respectively
(Table 5.3). The range of dopamine concentrations becomes larger and with 50% of
release sites following a phasic firing, a dopamine concentration up to 585 nM can be
observed.
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Figure 5.4
Change in dopamine concentration across simulation volume between tonic and phasic activity
(resolution:μm3). Simulation performed with 50% of the release sites firing at 15 Hz (A), 26 Hz (B)
and 0 Hz (C) during150 ms. A-C.1 The distribution of [DA] during steady state and after 150 ms of
phasic activity is plotted. A-C. 2 Histogram of the Dopamine concentration in the volume of the lower
nM range, containing almost all values. A-C. 3 Change in absolute dopamine concentration in the
simulation volume for every μm3. A-C. 4. The relative increase of the dopamine concentration is
plotted for the different protocols as percentage from steady state.

The simulation never leads to dopamine concentrations up to micromolar level and
dopamine receptors in their low affinity, resting state are not bound to dopamine.
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5.3.3.2 PHASIC FIRING OF 26 HZ
When the firing rate was set to 26 Hz (Bayer and Glimcher, 2005), the average
dopamine level reached 28 - 36 nM. Only at very few sites the dopamine levels got
close to micromolar levels: at four measurement points of the volume (64×64×64
µm3, resolution 1 µm3) dopamine levels reach 800-989 nM after phasic activity of
50% of release sites (Table 5.3).
5.3.3.3 DEPRESSED ACTIVITY AFTER REWARD OMISSION
When an expected reward is omitted, the dopaminergic neurons cease firing. In our
simulation we show that the average dopamine level decreases to 24.5, 24 or 22 nM if
10, 25 or 50% of release sites have zero activity. The minimal values stay at 9.5 nM
and dopamine could still bind to high affinity receptors evenly in the volume (Table
5.3).
Taken together the results show the dopamine concentration in prefrontal cortex is
non-uniform with very local hot-spots. It is important to keep in mind that at any
point in the volume there is always enough dopamine available to bind on dopamine
D1 receptors in their high affinity state, even in the transient decrease in firing. The
phasic release leads to an increase of dopamine level, but the dopamine receptors in
their low affinity state do not bind to dopamine because the dopamine level stays
mainly in the lower nM range and never reaches micromolar level necessary to bind
on the low affinity state of the dopamine receptors.

5.3.4 Altered dopamine release or uptake
5.3.4.1 HIGHLY REDUCED DENSITY OF DOPAMINE RELEASE SITES
According to the literature the dopamine level in prefrontal areas is reduced by 4074% in MPTP treated monkey serving as animal models of Parkinson’s disease (Pifl
et al., 1991; Jan et al., 2003). The inter-individual variability for the cortical
denervation has been described to be very high. If we assume that the cortical
denervation results in a reduced dopamine level, 30% of the original value, the tonic
firing would lead to a steady state level of only 8 nM. The reduced steady state is
reached when the number of release sites decreases from 53 to 16 (only 30% left, new
density of only 0.000061 dopamine release sites/µm3). We performed a simulation of
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dopamine signalling at the low density with tonic and phasic firing. Figure 5.5
summarizes the change in dopamine concentration with only few release sites left.
The dopamine level in the volume is very low and 42% of the volume receives less
than 5 nM. Only 22% of the volume shows a dopamine concentration of more than 10
nM at steady state. Phasic release leads to 40% of the volume with less than 5nM and
28% more than 10 nM. The dopamine concentration necessary to activate the
dopamine receptors in their high affinity state (range in literature 1-10 nM) is very
critical and determines whether the dopamine can still bind to the receptors in the
neuropil under Parkinson-like conditions.

Figure 5.5
Simulation of Parkinsonian-like condition with few release sites performed with 50% of release sites
firing at 15 Hz for 150 ms. A. The average dopamine concentration at a distance of 1 μm (red), 2 μm
(yellow) and 5 μm (green) from all the release sites is shown along time. Dashed lines indicate standard
deviation. B. The plot shows the dopamine concentration along a line in the simulation volume during
tonic (black) and phasic (orange) activity. C. Dopamine level at steady state and after 150ms of phasic
activity is plotted. D. Histogram shows the distribution of dopamine concentration in the lower nM
level. Most values are lower than 10 nM. E. The absolute change of the dopamine concentration in the
volume. F. Change in dopamine concentration is given as percentage from steady state level.
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The dopamine concentrations of the different protocols are summarized in Table 5.3.
Mean and standard deviation as well as the range of values within the volume are
listed. The absolute (nM) and relative differences (%) of dopamine level after
increased or depressed activity are also presented.
Values (nM)
Tonic
15Hz
10%
25%
50%
26Hz
10%
25%
50%
0Hz
10%
25%
50%
MPTP
Tonic
15Hz
10%
25%
50%

Abs. Difference (nM)

Rel. Difference (%)

Mean
26

Std
10.5

Min
9.5

Max
250

Mean

Std

Min

Max

Mean

Std

Min

Max

27
28
30.5

11.5
13
16

9.5
9.5
9.7

441
586
586

0.9
2.2
4.5

3
4.7
7.1

0.01
0.01
0.02

262
344
344

2.9
7.16
14.4

7.4
10.3
15

0.005 147
0.02 149
0.05 155

28
31
36

13.5
17.6
23.4

9.5
9.5
9.9

746
988
989

1.9
5
9.6

6.5
10.2
15.5

0.01
0.01
0.03

568
746
746

6.3
15.5
31.2

16.2
22.4
32.8

0.006 320
0.04 322
0.1
335

25.6
24.8
23.5

10.3
9.6
8.6

9.5
9.5
9.4

250
249
246

-0.5
-1.3
-2.6

1.8
2.8
4.2

- 156 0.01
- 204 0.01
-205 0.009

- 1.7
-4.2
-8.5

4.5
6.2
9.0

-88
-89
-92

7.5

5.6

1.0

223

7.7
8.2
8.9

6.4
7.4
9.3

1.0
1.0
1.0

443
454
570

0.17
0.69
1.4

1.5
2.7
4.4

0.003 263
0.003 274
0.003 348

0.9
5.4
9.9

4.6
12.3
16.8

0.002 147
0.002 161
0.002 161

0.13
0.13
0.07

Table 5.3
Summary of the simulation results obtained from the different protocols. The absolute values of the
dopamine concentration at steady state (tonic firing) and after phasic firing (t=150 ms), the absolute
difference in dopamine concentration between tonic and phasic firing and the relative difference in
dopamine concentration after phasic release are listed as mean with standard deviation (std). The range
is presented with the minima and maxima values.

5.3.4.2 BLOCKED REUPTAKE
In our simulation volume we can also study the change in dopamine level in the
prefrontal cortex caused by a blocked reuptake. Several drugs block the dopamine
reuptake transporter such as Amphetamine, Methylphenidate (Ritalin) or Benzoylmethylecgonine (Cocaine) (Steinkellner et al., 2011). When we stop the reuptake
completely and allow the tonic release to continue the dopamine concentration in the
volume increases linearly with 39 nM/s and it would take 20-25 sec to reach
micromolar levels (Figure 5.5). At micromolar levels the dopamine receptors would
also bind to dopamine in the resting state (low affinity) and bound dopamine is not
released from the receptors. The dopamine receptors would constantly be activated. It
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would also be important to consider how much dopamine can be released without reuptake and when the pool of dopamine would be depleted. A phasic release would
induce a sudden increase of dopamine and the micromolar level would thus be
reached earlier in time.
We are aware that drugs do not lead to a complete inhibition of transporters. Our
simulation does not consider the biochemical and pharmaceutical dynamics of
transporters and drug. However the simulation could be refined to match the actual
altered reuptake behaviour. Here we simply show how dopamine concentration would
change if there was no reuptake.

Figure 5.6
Simulation performed with blocked re-uptake after 4.0sec. The average [DA] at a distance of 1 μm
(red), 2 μm (yellow) and 5 μm (green) from a release site is shown along time. The dashed lines
indicate the standard deviation. The dopamine concentration increases on average 39 nM per second
and would reach μM level after 20-25 seconds.
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5.4 Discussion
With the simulation of dopamine diffusion in PFC layer 3 we could show that nonsynaptic release of dopamine leads to local hot-spots of increased dopamine
concentration due to the low density of potential release sites. Nevertheless the
dopamine level is high enough anywhere in the neuropil so that all dopamine
receptors could be activated in their high affinity state. Phasic release of dopamine
increases the dopamine concentration and yet it stays below the binding concentration
of the low affinity state of the dopamine receptors.

5.4.1 Affinity states of receptors
We found that during tonic signalling the dopamine concentration is high enough at
any point in the volume to activate the dopamine receptors in their high affinity state,
assuming the affinity lies in the low nM range.
The value of the affinity of the receptors is crucial for the interpretation of our results.
Estimates of the dopamine concentration necessary to bind on the dopamine receptors
varies from low nM (Richfield et al., 1989) 1-50 nM to high >100 nM (Marcellino et
al., 2012). If the threshold for the high-affinity state of the receptors is higher than in
the lower nanomolar range, such as > 100 nM, the local neuropil surrounding a
dopamine release site would be the only target of dopamine. The receptors within a
radius of 1µm would bind dopamine during tonic firing, but all the other receptors
would not be activated. Phasic release enlarges the radius of receptor binding, but
most of the neuropil would not have enough dopamine to activate the D1 receptors.
This would mean that if the threshold is high, dopamine is locally almost as restricted
as synaptic release and does not cover a larger radius than its closest neighbours. If
the threshold were ∼10 nM (Richfield et al., 1989; Seeman and Van Tol, 1994; Cragg
and Rice, 2004) receptors at any location expressed in the neuropil would receive
enough dopamine to be activated in their high-affinity state.
After a phasic release, the concentration of dopamine increases suddenly and is
highest in the close vicinity to dopamine release sites, but still stays below
micromolar levels. The simulation demonstrates that unlike the dopamine level in the
striatum (Dreyer et al., 2010) micromolar levels are never reached in the prefrontal
cortex. We did not see micromolar levels, even if 50% of all the release sites follow a
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phasic firing at 15 Hz (max: 585 nM). The dopamine receptors in the prefrontal cortex
are therefore not bound in their low affinity state, i.e. their G-protein uncoupled state.
According to our simulation dopamine would bind with the receptors in their highaffinity state, induce the signal transduction intracellularly, and subsequently be
released as soon as the receptor is uncoupled from the G-protein and turned into a
low-affinity state. The dopamine signal would be conveyed anywhere in the volume
as long as high-affinity receptors are available.

5.4.2 Binding probability of receptors in their high affinity state
Our simulation suggests that it is not the absolute value of dopamine level, but the
change in the dopamine level that is detected against the background concentration of
dopamine maintained by the tonic firing. The information conveyed by the dopamine
signal would be decoded as the relative difference between tonic and phasic firing (or
depressed activity). Given that tonic firing already provides sufficient dopamine to
bind on the receptors in their high-affinity state, what matters is not whether the
receptors in their high-affinity can bind and be activated, but that the dopamine
concentration is signalled by a change in the receptor occupancy due to an increased
or decreased binding probability.
Physiological recording of dopaminergic neurons described three different firing
patterns (Schultz and Romo, 1990). There is a tonic background firing without salient
stimuli, a phasic increase in firing after the occurrence of an unexpected reward and a
depressed activity of the dopaminergic neurons after an omission of an expected
reward. We propose that the change in dopamine concentration due to the firing
pattern is decoded at the signal-receiving site by the change in receptor occupancy. A
certain number of dopamine receptors are activated at this background dopamine
concentration. A sudden increase or decrease in dopamine due to phasic firing or
absence of release would be registered against this background level of dopamine by
the change in the binding probability and thus receptor occupancy.
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5.4.3 Dynamic balance between the affinity states
In the two-state model the measured affinity is composed of the association and
dissociation constant between ligand and the receptor as well as the equilibrium
constant between the high and low affinity states (Leff, 1995; Kang, 2012). Richfield
and colleagues have estimated that for the rodent striatum 80% of the D1 receptors
are in their low affinity state and only 20% in their high affinity state (Richfield et al.,
1989). Varying the equilibrium constant between the conformational states leads to a
different range of dopamine concentration and receptor occupancy (Kang, 2012),
which could be of great importance for an optimal signalling at different sites of the
volume. The dopamine concentration varies across the volume due to the sparse
innervation and so the change after phasic firing lies on average within a range of 25
up to 30 nM, but close to a release site the dopamine concentration increase from
approximately 70 up to 140 nM. We propose that the equilibrium constant between
the different conformational states shifts and sets the proportions of receptors in their
high and low affinity state at every signal receiving site, so that the change in
dopamine concentration can be optimally read through the binding probability i.e.
receptor occupancy. The equilibrium constant can alter the probability of a receptor of
being in the high or low affinity state and thus alter the overall proportion of the two
affinity states. Additionally there are several ways to regulate the total number of
receptors: more receptors recruited on the membrane, less inactivation of receptors or
restrict the lateral diffusion of dopamine receptors within the membrane.
With our simulation we propose that the change in dopamine concentration is
decoded by the degree of receptor occupancy. Even if the dopamine concentration
within the volume is highly heterogeneous, there is a high flexibility on the side of the
recipient neurons to correspond to the dopamine concentration by regulating the
number of dopamine receptors in the high-affinity state.

5.4.4 Bidirectional interaction between D1 dopamine receptors and NMDA
receptors
Our simulation suggests that during tonic release some dopamine receptors are bound
to dopamine and that a phasic release of dopamine in prefrontal areas leads to an
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increased occupancy of high affinity dopamine receptors. The question arises what an
increase in activated dopamine receptors implies for prefrontal circuits.
Recent studies emphasize the importance of the interaction between dopamine
receptors and glutamatergic NMDA receptors for synaptic plasticity (Lee et al., 2002;
Scott et al., 2002; Scott and Aperia, 2009). It has been shown that the carboxy-tail of
dopamine receptors can directly and selectively couple to NMDA subunits and
regulate the functionality of NMDA receptors. For the coupling to take place, the
NMDA receptors need to be activated by their ligands. The formation of the D1 and
NMDA heteroreceptor complex can take place when the signal transmission of
glutamate and dopamine coincide. NMDA receptor activation increases the
recruitment of D1 receptors and thus the sensitivity to dopamine. On the other hand
D1 receptor stimulation enhances the excitatory postsynaptic current mediated by the
NMDA receptors. There is thus a bidirectional interaction between the dopamine D1
receptor and NMDA receptors. This synergy between the dopamine D1 receptor and
NMDA receptor is hypothesized to be an important mechanism for synaptic plasticity
(Castner and Williams, 2007) and the involvement of dopamine in the plasticity of
glutamatergic synapses, short and long term, has been shown in slice preparations of
rat PFC (Gurden et al., 2000; Young and Yang, 2005).

5.4.5 Highly adaptive dopamine system
We based our simulations on the high-sensitive measurements of dopamine level in
monkey prefrontal cortex (Zhang et al., 2007) for the tonic background level. Our
quantification of potential dopamine release sites performed with electron microscopy
showed some variations between different sampling sites and yet release or uptake
can be adapted in the simulation within a range proposed by the literature in order to
reach the measured steady state level. Though the parameters can be changed in a
certain range, our main observation concerning the local dopamine concentration in
the extracellular space of PFC would remain valid: With the given steady state level,
there is enough dopamine anywhere in space to activate dopamine receptors in their
high affinity state and yet due to the sparse innervation local heterogeneities in
dopamine concentration would always be present. The change in dopamine levels and
the change of the number of activated dopamine receptors underlying the dopamine
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signal permits the dopamine signal to be highly adaptive. The flexibility is yet only
given within a certain range above the level of dopamine necessary to bind on
receptors in their high affinity state but below the low affinity state.
To simulate the dopamine signal in Parkinson’s disease, we reduced the number of
release sites and consequently the dopamine level at steady state. The tonic dopamine
release then provided less than five nM dopamine to almost half the volume. If
dopamine receptors cannot be activated in more than half of the volume of the
neuropil, a fine-tuned detection of a change in dopamine concentration is not possible.
Local changes in dopamine concentration can also not be detected if a reduced uptake
leads to a steady state level of dopamine within micromolar, so reaching the affinity
of the low affinity state. Dopamine receptors would be bound to dopamine in both
affinity states and a fine-tuning of the balance between the affinity states is neither
possible. For both cases, the ‘reading’ of the dopamine signal is impaired on the
signal-receiving site, what could underlie the cognitive deficits present in patients
with dopamine depletion or the altered cognitive performance after drug-induced
blockade of dopamine re-uptake.
We propose that a synapse that dopamine modulates does so by ‘reading’ the change
of dopamine concentration as the degree of receptor occupancy changes. The binding
probability and receptor occupancy increases or decreases with phasic and depressed
activity respectively. As the dopamine concentration during tonic background activity
is highly heterogeneous we suggest, that as an additional regulatory mechanism an
optimal proportion of receptors in their high and low affinity states is balanced at the
signal receiving sites.
Our results raise important insights into how dopamine neurons might encode their
signal, how this signal is respectively decoded by the recipient neurons in the PFC
and finally the mechanisms by which the cortical circuits and individual synapses are
modulated.
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5.4.6 Methodological considerations
Cx3Dp has been developed in our Institute and had the biophysical process of
diffusion already integrated, so that we needed to adjust the parameters. However,
there are additional advantages in using Cx3Dp such as the local computation based
on finite elements. The concentration of dopamine is thus not calculated in relation to
every single release site and the distances to every measurement point as it has been
simulated for the striatum (Dreyer et al., 2010), but all the computation happens
locally within and between the compartments. The dopamine concentration of every
compartment is influenced by the dopamine concentration of its neighbouring
compartments and release of dopamine is propagated across the compartments
according the diffusion model. Besides the computational advantage, Cx3Dp also
provides the possibility to expand the study and to add neuronal structures with
biophysical properties to the simulation volume.
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Chapter 6 RESULTS
Degeneration of dopaminergic axons in frontopolar
cortex after MPTP treatment

6.1 Introduction
Understanding the role of dopamine in cortical and subcortical circuits has often been
guided by observations of the deficits that arise from dopamine depletion. Patients
with Parkinson’s disease show a great loss and degeneration of dopaminergic neurons
and their symptoms demonstrate the influential role of dopamine for several brain
functions. The degeneration of dopaminergic neurons has mainly been examined in
the subcortical structures of the basal ganglia as motor deficits are well-described
symptoms in Parkinson’s disease. However patients with Parkinson’s disease also
suffer from cognitive impairments, which are complex and can even precede onset of
the characteristic motor symptoms (Schneider and Kovelowski, 1990; Owen et al.,
1992; Vezoli et al., 2011). Cognitive deficits seem to affect mainly the functions of
the prefrontal cortex such as working memory, task switching or planning. Imaging
studies on patients with Parkinson’s disease showed an increased activity in prefrontal
areas during tasks involving working memory. This increase in prefrontal activity
correlated with the number of errors and thus with a low cognitive performance and
an impaired working memory (Mattay et al., 2002). Prefrontal area 10 is an area
important for task switching (Braver et al., 2003; Dreher et al., 2008) and we thus
wanted to examine whether and to what extent the dopaminergic axons of area 10 are
affected in monkeys that received a neurotoxin specifically targeting dopaminergic
neurons. These treated monkeys present Parkinsonian symptoms of motor and
cognitive impairments. We compare the dopaminergic axons in area 10 at the light
and electron microscopic level with our similar observations in normal animals
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(described in Chapter 3). We also set the results in relation with the predictions made
in the simulation study of the previous chapter.
According to the simulation study most of the neuropil does not receive enough
dopamine for the dopamine receptors to be activated when the number of release sites
is strongly reduced. If the dopamine receptors cannot be activated during tonic
release, the change in dopamine level during phasic or depressed activity cannot be
signalled relative to the tonic state. The proposed signalling mechanism of dopamine
would be disturbed for most of the neuropil. Without the activation of the dopamine
receptors the bidirectional interaction of the dopamine and glutamate receptors is also
not provided and synaptic plasticity based on dopamine would be impaired. It is thus
possible that glutamate transmission without any dopaminergic modulation underlies
the cognitive deficits observed in dopamine depleted patients.

6.1.1 The neurotoxin MPTP and the different vulnerability of dopaminergic
neurons
The neurotoxin methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), was accidently
discovered by young drug addicts who used ‘synthetic heroin’, 1-methyl-4-phenyl-4propion-oxy-piperidin (MPPP) contaminated with MPTP, and developed severe and
chronic Parkinsonian symptoms (Langston et al., 1983). It was shown that MPTP
administration leads to a selective lesion of monoaminergic and especially
dopaminergic neurons in the midbrain and to the cardinal symptoms of Parkinson’s
disease (Mitchell et al., 1985). Since then MPTP administration in non-human
primates has been applied to study Parkinson’s disease in an animal model. MPTP is
highly lipophilic and can easily cross the blood-brain barrier. MPTP is oxidized to
MPP+ becoming a high affinity substrate for the dopamine re-uptake transporter
(DAT). MPP+ enters the cells through the DAT and is translocated into vesicles,
mitochondria or remains in the cytosol. The damage of the dopaminergic neurons is
mainly induced through mitochondrial stress (Dauer and Przedborski, 2003). It has
been observed that the dopaminergic neurons of the substantia nigra (SN) have a
higher vulnerability than the dopaminergic neurons of the ventral tegmental area
(VTA) (Elsworth et al., 1990; Damier et al., 1999). Resistance to stressors such as
mitochondrial dysfunction could explain some of the different vulnerability of
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dopaminergic neurons (Liss et al., 2005). Though the dopaminergic neurons of the
VTA, that project their axons to cortex seem to be less vulnerable in Parkinson’s
disease, cognitive impairments manifest with dopamine depletion. In this study we
describe to what extent the mesocortical innervation is affected and whether the
cognitive impairments can be explained with our anatomical observations.
We studied the dopaminergic projection to area 10 of monkeys that received MPTP
injections. We first present the degree of degeneration of dopaminergic population as
well as the cognitive performance and motor deficits of the monkeys assessed by Dr.
Julien Vezoli. We compare the dopaminergic innervation of prefrontal area 10 of the
control and MPTP treated animals under the light microscope and subsequently also
under the electron microscope.
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6.2 Results
6.2.1 Extent of dopamine lesion after MPTP treatment
The dopaminergic cells of the midbrain as well as their axonal projection to striatal
and cortical areas were stained immunohistochemically with anti-TH antibodies, as
shown in Figure 6.1A and B. The inset on the left gives the orientation of the
section’s plane. Comparing the two half coronal sections of A and B we see
qualitatively the loss of dopaminergic cells (shown enlarged below) and denervation
of striatal structures.

Figure 6.1
Overview pictures of immunostained coronal sections of a control and MPTP treated animal A. TH
immunopositive areas (dark staining) in the midbrain (SN and VTA) and striatum (CdN: Caudate
Nucleus, Put: Putamen) of a control animal. The midbrain is shown enlarged below. B. The coronal
section of a MPTP treated animal is shown with only little TH immunoreactivity. Areas in the striatum
and the midbrain have almost no staining what implies the loss of dopaminergic neurons and a
nigrostriatal denervation. A schematic drawing on the left shows the level of coronal sections. The
histological section B is taken from a MPTP treated animal that is not involved in our anatomical
study, but show the anatomical locations of the midbrain and the striatal regions, that will be presented
in Figure 6.2. Scale bar = 1 cm.
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Figure 6.2
Histological assessment of the striatal denervation and mesencephalic lesion after MPTP treatment.
A-F. Striatal and mesencephalic structures of a control monkey (A, D), monkey T (B, E) and monkey
Y (C, F) with MPTP lesion identified TH immunostaining are photographed in different histological
sections. Striatal structures: caudate nucleus head (i) and tail (iii); putamen (ii). Mesencephalic
structures: VTA (a), SN (b). Scare bar = 1 mm

The histological assessment of striatal denervation and mesencephalic lesions after
MPTP treatment for the two animals of our study are presented in Figure 6.2. The
striatal and mesencephalic structures of a representative control and of the two MPTP
animals (monkey T and Y) were stained also immunohistochemically against tyrosine
hydroxlase (TH). The staining reveals the extent of TH-positive midbrain left after
treatment. The optical density measure (OD, arbitrary unit) quantifies the
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immunostaining and enables a comparison of the nigrostriatal denervation between
animals and is a semi-quantitative estimate of the mesencephalic lesion (Figure 6.3
and Table 6.1). A highly significant decrease of TH-positive structures in all the
striatal and mesencephalic regions was observed after MPTP treatment (***p<0.001).
Decrease of the OD value in the SN, indicative for a lesion of dopaminergic cells, is
similar between the two monkeys. Both animals show an OD value of approximately
the half of the substantia nigra of the control animal. The OD values of the striatal
innervation are similarly low in both MPTP treated monkeys. The SN projects mainly
to striatal regions and the VTA to cortical areas and therefore it is not surprising that
the striatal regions of both monkeys are similarly affected. The OD value for the VTA
of monkey Y decreased more than the half (56.5%), while for monkey T the VTA
revealed an OD value only 14.6% smaller than control. The lesion of the VTA in
monkey T is thus smaller and the mesocortical innervation could be less affected in
monkey T than in monkey Y. The OD has not been measured for cortical areas, as the
innervation density is much lower.

Caudate nucleus
Putamen
SN
VTA

Monkey Y
-75,7%
-75,6%
-67,0%
-56,5%

Monkey T
-67,7%
-76,4%
-43,1%
-14,6%

Table 6.1.
Optical density values for MPTP animals
expressed as percent of control values.
Note that monkey Y had a stronger
degeneration than monkey T, especially
for the VTA

Figure 6.3
The extent of lesion was evaluated by optical
density measures (O.D, Mean ±SEM, arbitrary
units) in the striatal and mesencephalic regions
(*p<0.05; **p<0.01; ***p<0.001, two-tailed
student’s t-test). The MPTP treatment led to a
strong decrease in the optical density measure and
loss of TH-positive cells in both monkeys. The
lesion is very significant in the case of monkey Y.
The VTA of monkey T has a less significant
decrease in the O.D. values compared to monkey
Y.
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6.2.2 Results of motor index and cognitive performances
The clinical scores were assessed for the monkeys during the administration, after the
cessation of MPTP injections as well as before sacrifice and are plotted in Figure 6.4.
Both animals show symptomatic clinical scores, but recovered after the first
treatment. Monkey Y received one year and monkey T four years after the first a
second MPTP treatment session and showed again clinical symptoms during the
MPTP treatment and the motor impairments stayed now stable also after arresting the
MPTP injection. The scores are very similar for the two animals during and in the
first weeks after MPTP treatment.

Figure 6.4
Clinical motor evaluation during and after
MPTP treatment. Clinical scores for both
animals were obtained from the
Parkinsonian Monkey Rating Scale with a
threshold of score 5 for the symptomatic
stage. The scores 5 to 10 correspond to
mild and above 10 to severe motor
impairments. Both monkeys have mild
symptoms during and after MPTP
treatment. The symptoms stay until
sacrifice. Monkey Y shows a stronger
motor impairment than monkey T before
sacrifice.

Interestingly monkey T shows milder symptoms than monkey Y in the last weeks
before sacrifice (Figure 6.4). The cognitive performance of the MPTP receiving
animals was examined during the treatment based on an Object Retrieval Detour Task
(ORDT). For both animals the cognitive performance was impaired following MPTP
treatment so that the number of error increased while the successful performance
decreased. Interestingly the cognitive performance of monkey T was much worse than
the performance of monkey Y though the lesion of the VTA in monkey T was less
significant than in monkey Y (Figure 6.5).
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Figure 6.5
Behaviour measures for the evaluation of cognitive performance The performance of both monkeys
were measured based on the percentage of errors (barrier hits) and success (direct reach) in a retrieval
detour task. The motor impairments were too high to perform the task after the second MPTP treatment
and no values are taken for the last three weeks post MPTP2. A. The behaviour of monkey T shows a
low performance in comparison to monkey Y before MPTP administration. The percentage of success
decreases strongly from 78% to 10% and the percentage of error increases from 22% to 40%. B. The
performance of monkey Y became weaker with MPTP administration and the percentage of success
decreased from 85% to 38% while the percentage of errors increased from 10% to 50%. Monkey Y
shows a high variability in the behavioural measures during the last 3 weeks of MPTP.

6.2.3 Degeneration of dopamine axons in prefrontal area 10 across the laminae
When we looked at the TH-immunopositive axons innervating area 10 of monkey T
and Y we observed a highly reduced innervation density compared to normals (Figure
6.6 and 6.7). The two-dimensional reconstructions made under the light microscope
show mainly short axonal segments especially in the middle layers. We observed
thick axons travelling parallel to the brain surface in the superficial layers one and
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two as well as in the deeper layers five and six. As the dopaminergic lesion in the
VTA of monkey T was smaller than the lesion in the VTA of monkey Y, we expected
the dopaminergic projection to cortical areas in monkey T to be less affected. Though
we have no quantitative measure, qualitative observations under the light microscope
show that the innervation density was similarly reduced in both animals.

Figure 6.6
Light microscopic reconstruction of the innervation density of TH-positive axons in medial area 10 of
monkey Y after MPTP treatment. A. A schematic drawing of a coronal section through area 10
indicates the two medial sites of the LM reconstructions Scale bar = 2 mm. B. Two-dimensional LM
reconstruction of the TH-positive axons in two medial sites of area 10 after MPTP treatment. C. For
comparison, a two dimensional LM reconstruction of the TH-positive axons at a medial site of area 10
of a non-MPTP, control animal. Cortical layers are indicated with numbers on the left, WM: With
matter. Scale bar = 100 μm.
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The reconstructions don’t show the different thickness of the axons, but from the
observations under the light microscope the thick TH-positive axons appeared to be
less affected by the MPTP treatment. In contrast, the thin and beaded axons we had
observed in the middle layers of the non-treated tissue almost disappeared and only
very short axonal segments were left in the middle layers.

Figure 6.7
Light microscopic reconstruction of the innervation density of TH-positive axons after MPTP treatment
in monkey T. A. A schematic drawing of a coronal section through area 10 indicates the medial (B.1)
and lateral (B.2) sites of the LM reconstructions Scale bar = 2 mm. B. Reconstruction of the THpositive axons in medial (B.1) and lateral (B.2) area 10 after MPTP treatment. The LM reconstruction
show that thick axons in layer 1 and 2 are less affected, but in layer 3 and 4 only very thin and
incomplete axon segments remain. Scale bar = 100 μm.

6.2.4 Ultrastructural changes of TH-positive axons in MPTP animals
After the observations and reconstructions under the light microscope we examined
the structural changes of the TH-positive, presumed dopaminergic, axons after MPTP
treatment with the electron microscope. In the previous chapter we showed that the
density of TH-positive boutons in healthy tissue is very sparse. After MPTP treatment
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the innervation density got even sparser so that the sampling of TH-positive boutons
in the MPTP treated tissue was very time demanding and restricted our sample size
(n= 23 axonal segments and n=10 vesicle-filled profiles). Axons were sampled from
both monkeys T and Y and solely from layer 3 for comparison with the samples from
layer 3 of the healthy tissue. Most TH-positive axons contained no vesicles and only
few vesicle-filled profiles were observed and could be sampled (10 vesicle-filled
profiles of 33 samples). The TH-positive boutons with vesicles were photographed in
series and reconstructed (Figure 6.8 and 6.9).

Figure 6.8
TH-positive bouton after MPTP treatment. A-C. Electron micrographs from a series showing a THpositive bouton in contact with a dendritic shaft. The vesicles are small and their morphology appears
different from the healthy tissue. D. A three-dimensional reconstruction of the TH-positive bouton with
the vesicles (red) and the spiny dendrite adjacent. Reconstruction is based on 30 ultrathin sections, each
40 nm thick. The micrographs of A-C are included in the reconstruction, but are not taken from
consecutive sections. Scale bar = 1 μm.
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Figure 6.9
A TH-positive bouton and axonal segment after MPTP treatment. A1-2. Two electron micrographs
showing a TH-positive bouton in contact with a spiny dendrite (d). B1-2. Two electron micrographs of
a TH-positive axon with mitochondria of abnormal morphology and two adjacent synapses formed
between spines and boutons (blue arrowhead). C. 3-D reconstruction of the TH-positive bouton (a) and
the TH-positive axonal (b) segment lying close to each other in the neuropil. Bouton is reconstructed
from 27 and axonal segment from 33 ultrathin sections, each 50 nm thick. Boutons = blue, spines
=yellow, dendrite = orange vesicles = red, TH-positive bouton/axon = grey. Scale bar = 1 μm.

115

Chapter 6: MPTP treatment
No synaptic specialisation was present on any of the vesicle-filled TH-positive
boutons. In some TH-positive axons few vesicles were observed and in a low density
(Figure 6.8-6.9). The vesicles in immunostained profiles can have an altered shape
due to the staining and don’t necessarily represent the shape of vesicles of unstained
tissue, yet the vesicles of the MPTP treated animals appeared smaller than the vesicles
of the control animals. Although the vesicles were very small (10-20 nm diameter)
and counting them on ultrathin sections (40-60 nm) does not give a precise number,
we wanted to compare the density of vesicles to the control, non-treated boutons.
When we measured the density of vesicles in the TH-positive boutons of the MPTP
treated animals there were on average three times fewer vesicles than expected from
control (Figure 6.10). Due to the small sample size of TH-positive vesicle-filled
boutons, a quantitative description of the neuropil in direct contact with the THpositive bouton has not been performed. We observed some TH-positive axonal
segments with unlabeled boutons, synapses and spines in contact with them (see
reconstruction in Figure 6.9 and 6.11).

Figure 6.10
Changes in vesicle density of TH-positive bouton after MPTP treatment. A. Electron micrograph of a
TH-positive bouton with few and small vesicles (arrowhead) in the MPTP treated tissue.
B. Electron microgrpha of a TH-positive boutons of animals without MPTP treatment showing a high
density of vesicles (arrowhead). Scale bar = 0.5μm C. Histogram showing the different density of
vesicles in TH-positive boutons of the MPTP and control tissue. Vesicle-density in TH-positive
boutons of MPTP treated animals was about three times sparser than in non-treated animals.
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Figure 6.11
TH-positive axon after MPTP
treatment. A-C. Electron micrographs of a series showing a THpositive axon with few little
vesicles.
The
membrane
is
undulated and appears different to
axons in control animals. D. A
three-dimensional
reconstruction
shows the TH-positive axon in light
grey and the few vesicles in red. On
the reconstructed axonal segments
five adjacent synapses formed by
spines and boutons were observed
and are shown in yellow (spine) and
blue (bouton).
The average diameter of the
reconstructed axon is 860 nm.
Reconstruction is based on 33
ultrathin sections, each 40 nm thick.
Scale bar = 1 μm.

In general, the axonal membrane of TH-positive axons appeared strongly affected by
the MPTP treatment and had a very wrinkled surface (Figure 6.11). The threedimensional reconstructions of the micrographs illustrate the abnormal shape of the
TH-positive axonal segments. The mitochondria in some of the TH-positive axons
looked strongly degenerated with disturbed membranes (Figure 6.9)
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For the normal tissue we have shown that there are two distinct types of axons: the
very thick axons without vesicles and the axons with vesicle-filled boutons with very
thin interbouton axonal segments (Chapter 3). The thick TH-positive axons have
some scattered big circular structures but no accumulations of small vesicles (Figure
3.3). The diameters of the thick axons are often more than 600 -700 nm. The
interbouton segments of the thinner axons measured only half the diameter of the big
ones (100-300nm). In the MPTP treated tissue we also observed TH-positive axons of
large diameter, without vesicles, but big spherical structures (Figure 6.13) and very
thin axonal segments.

Figure 6.12
TH-positive axon after MPTP treatment. A-C. Electron micrographs from a series show a TH-positive
axon with few vesicles (white arrowhead) and damaged membranes. The axon lies on a dendritic shaft
with a high synaptic density (blue arrowheads). D. Three-dimensional reconstruction of the TH-positive
axon with some vesicles (red). The dendritic shaft (d) is and the neighbouring synapses are shown (red).
Reconstruction is based on 15 ultrathin sections, each 40 nm thick. Scale bar = 1 μm.
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Figure 6.13
TH-positive axon after MPTP treatment. A-B. Electron micrographs show a TH-positiv axon with few
big circular structures (white arrow in B) but no accumulation of small vesicles. The membrane of the
axon was damaged. C. A three-dimensional reconstruction based on 40 ultrathin sections, each 40 nm
thick. The average diameter of the axon was 670 nm. Scale bar =1 μm.

When we sampled TH-positive axonal segments in the MPTP treated animals, we
observed additionally TH-positive axons of medium-size diameter (400-600 nm)
containing no vesicles or only few scattered vesicles (Figure 6.9 and 6.11).
We measured the diameters of all the TH-positive axons without any vesicles and
compared them with the axonal diameters from non-MPTP animals. Many axons we
have sampled from the MPTP treated tissue had diameters of medium size (Figure
6.11 and 6.12). Their membranes were strongly degenerated or wrinkled and
abnormal in shape. Figure 6.14 summarizes the measured diameters in the histogram.
We can see that small and big diameter axons occur to similar degree in both groups:
there are some few very thick axons and mainly very thin axonal segments in layer 3.
The very thin axonal segments are interbouton segments, while the thick axons don’t
contain any vesicles. However in the control, non-treated tissue we measured only
few axonal segments with a diameter of 400-600 nm without any vesicles.
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Figure 6.14
Diameters of the TH-positive axons after MPTP
treatment A-B. Electron micrographs showing a
TH-positive axon on a dendritic shaft without
forming a synapse. Circular structures are visible in
the axon throughout the series (white arrowhead).
Average axon diameter = 457 nm. C-D. Electron
micrograph from consecutive ultrathin sections
showing a TH-positive axon with irregular
membrane shape. Average axon diameter = 333 nm.
The ultrathin sections are each 40 nm thick. Scale
bar = 1 μm
E. Histogram showing the distribution of axon
diameter of TH-positive axons without vesicles of
MPTP treated animals and control animals. The
TH-positive axons in the MPTP animals had thin
and thick diameters, but additionally intermediate
diameters.
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6.2.5 Density of synapses in the neuropil
The MPTP administration reduced the innervation density of dopamine in prefrontal
area 10. When we examined the tissue under the electron microscope the TH-positive
axonal segments appeared abnormal and strongly affected by the MPTP treatment.
We wanted to know whether the reduced density of potential release sites caused any
change in the density of synapses in the neuropil. Unbiased sampling with physical
disectors enabled us to determine the density of synapses in non-treated and MPTP
treated monkeys. When we compared the synapse density in the neuropil of untreated
and MPTP treated animals, we found no difference. The average synapse density for
the MPTP treated animals was 0.85 synapses/µm3 and for the non-MPTP control 0.83
synapses/µm3 (n= 60 disectors, p=9.87, rank sum test). The distributions of the
synapse density are shown in the histogram of Figure 6.15.

Figure 6.15
Same synapse density in area 10 of control and MPTP
monkey. A. Histogram shows the distribution of
synapse densities measured on disectors of non-MPTP
control tissue (n=60, B.1) and on disectors of MPTP
treated tissue (n=60, B.2). The average densities were
0.83 synapses/μm3 (std: 0.51) and 0.85 synapses/μm3
(std: 0.46) respectively.
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6.3 Discussion
In this study we examined TH-positive axons in prefrontal area 10 of two monkeys
that received low-dose MPTP injections and showed Parkinsonian symptoms due to
degeneration of the monoaminergic system. Previous studies performed by Dr. Julien
Vezoli showed that motor and cognitive performances of the monkeys were impaired.
The degree of lesion of the midbrain as well as the denervation of striatal areas were
subsequently assessed semi-quantitatively. It showed that the MPTP administration
caused severe degeneration of the dopaminergic population in both monkeys. There
was a loss of dopaminergic neurons in the SN and also the striatal denervation. This
pattern was very similar for the two animals. However, the lesion in the VTA was
smaller in monkey T than monkey Y.
The immunostaining of prefrontal area 10 of the two MPTP treated animals revealed a
strong degeneration of dopaminergic axons. The high degree of degeneration was
unexpected as the dopaminergic cells of the VTA are described to be less vulnerable
and hence the mesocortical projection to be more resistant to degeneration. While the
thick axons in the upper and lower layers appeared less affected, the thin axons with
boutons of the middle layers almost disappeared and only very thin axonal segments
were observed. When we examined the tissue under the electron microscope we were
confronted with a highly reduced density of TH-positive profiles and observed only
rarely vesicle-filled TH-positive profiles.

6.3.1 Few vesicles, affected mitochondria and axons of medium sized diameter
The membranes of the axons were undulated and appeared abnormal. TH-positive
axons with medium size diameters had no or only few scattered vesicles. Some THpositive boutons were yet observed and we compared their vesicle-densities with the
samples of the non-MPTP tissue. Counting vesicles in ultrathin sections (40-60 nm)
does not give a precise quantity, but for our comparison we can say that vesicle-filled
TH-positive boutons in the MPTP samples had on average three times less vesicles
than the control, non-MPTP tissue. The shape and appearance of the few vesicles was
abnormal and we suppose that the vesicles are affected by the MPTP treatment, as
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MPP+ enter vesicles through vesicular monoamine transporters (Del Zompo et al.,
1993). MPP+ also enters into mitochondria and impairs the respiratory chain inducing
oxidative stress (Mizuno et al., 1987). It is therefore not surprising that some of the
mitochondria we have seen in the TH-positive axons and boutons (Figure 6.8) had an
abnormal inner structure and appeared degenerated.
Measurements of diameter of TH-positive axons revealed many axons with medium
size (400-500 nm) diameters rarely observed in the control tissue. We hypothesize
that the axons of medium size diameters without vesicles were actually axons with
boutons, as the diameters of TH-positive boutons in the non-treated tissue
corresponds well with the diameter of the medium size axonal diameter of the MPTP
tissue. MPTP enters the monoaminergic structure through dopamine re-uptake
transporters that are mainly expressed close to release sites. We suppose that axons
with boutons have more DAT expressed on their membranes and were thus much
more vulnerable to the MPTP treatment. This could also explain why so few THpositive vesicle-filled boutons were observed.
Due to the low sample size of TH-positive boutons, no quantitative description of the
surrounding neuropil was made. From qualitative observations several spines and
boutons forming synapses were adjacent to TH-positive axonal segments. TH-positive
axons (Figure 6.9 and 6.11) and boutons were seen in contact with spiny and smooth
dendritic shafts (Figure 6.8 and 6.9) as we found in the normal tissue.

6.3.2 Synapse density
The anatomical study in Chapter 3 showed that the synapse density in the
microenvironment of TH-positive boutons or any other control bouton. The
simulation study demonstrated that the dopamine signal is highly adaptive as it is read
out through its relative change in dopamine concentration and the number of
dopamine receptors activated. At the same time we showed that a highly reduced
density of release sites did not provide enough dopamine to activate the dopamine
receptors in most of the neuropil. We thus examined whether the reduced number of
release sites after MPTP treatment affects the neuropil and the density of synapses. A
quantitative study in monkey prefrontal cortex, (Elsworth et al. 2011, SFN abstract)
claimed a 52% loss of asymmetric synapse in dorsolateral PFC of MPTP treated
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monkeys, but we did not detect any decrease in synapse density in our MPTP treated
tissue. We obtained the same density of 0.8 synapses/μm3 in prefrontal area 10 of the
MPTP as well as of the control animal. A 52% loss of synapses is very high and the
cortical circuit must be strongly affected. There are no other studies so far that
examined synapse densities in the PFC of MPTP treated monkey. According to
Elsworth and colleagues, their MPTP animals have a normal motor performance, but
cognitive deficits (Elsworth et al., 2011, SFN abstract). Without any further
information as to what prefrontal area, what layer, what administration protocol, we
can only speculate as to why their results are different. In general, we can imagine,
that a slow depletion of dopamine could cause a different structural change than a
sudden and sever loss of the dopamine signal. If the dopamine signal is decreased
slowly the prefrontal network may adapt to the reduced dopamine level especially as
the dopamine signal transmission seem to operate over a wide range of dopamine
level. Within the range where compensation is possible, the glutamatergic synapses
may not be lost.
Quantitative studies in the striatum (caudate nucleus and putamen) of MPTP treated
monkey reported a 30-50% decrease in spine density (Villalba et al., 2009). A 17%
decrease in synapse density has been shown in the striatum of rodents with lesion of
the nigrostriatal pathways (Ingham et al., 1998; Day et al., 2006). Mice with
dopamine lesion (6-OHDA injection) also presented a loss of spines and
glutamatergic synapses (∼50%). For the striatum the spine loss observed in
Parkinsonian conditions have been discussed with regard to a unmodulated glutamate
signal (Ingham et al., 1998). The degeneration of spines may be caused by the
unregulated excitatory input of glutamate if the modulation by dopamine is removed.
The activation of NMDA receptors leads to calcium influx, but a calcium overload
can cause excitotoxicity and so the calcium level in the spine needs to be finely
regulated. Interestingly it has been shown that D1 receptor expressing spines in the
striatum were not affected by dopamine depletion and only the spines without D1
receptors were eliminated (Day et al., 2006). The selective loss of spines has been
explained by the expression of D2 receptor and the calcium channel Cav 1.3. When
the D2 receptors are no longer activated due to dopamine depletion the calcium
channel would be disinhibited and the calcium overload would cause a destabilization
of the spine. As we see there are some explanations proposed for the spine loss in the
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striatum after dopamine depletion. We cannot explain why we see no difference in the
synapse density after MPTP treatment, but synapses are likely to be affected by the
dopamine depletion and the disturbed glutamate-dopamine interaction. The dopamine
system innervating the striatum and cortex show differences in several biochemical,
physiological and functional aspects and we cannot necessarily expect the same
changes to take place in the prefrontal neuropil after dopamine depletion.

6.3.3 Affirming the prediction for an impaired working memory
Our unbiased quantification showed no difference in the synapse density between the
MPTP treated and control tissue. Though the density of synapse was the same, their
synaptic strength could be strongly affected without the modulatory role of dopamine.
For human patients with Parkinson’s disease it has been showed that an impaired
working memory performance correlated with an increased neural activity in the
prefrontal areas, also in area 10. From physiological recordings in slices it has been
reported that dopamine can have inhibitory influences on pyramidal neurons in the
prefrontal cortex. Theoretical models also advance the view that dopamine increases
the signal to noise ration and stabilize certain neuronal assembles for persistent firing
and with it the robustness for working memory representation. Dopamine depletion
leads to a lower signal to noise ratio and consequently to poor working memory. Our
anatomical study in the MPTP animal model for Parkinson’s disease on the
ultrastructural level revealed the degeneration of meoscortical dopaminergic axons in
prefrontal area 10 affecting strongly the vesicle-filled boutons. The results corroborate
the simulation conditions of a highly reduced release of dopamine and the prediction
that most of the dopamine receptors in the neuropil would not be activated. The
consequence is that other synapses will not be modulated, which might lead to
instability in the prefrontal circuits and impair the performance of working memory
and other functions of the PFC.
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‘In what direction does the nervous impulse travel within the neuron? Does it spread
in all directions, like sound or light, or does it pass constantly in one direction like
water in a watermill?’
Santiago Ramon y Cajal, 1917
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Mapping the connectivity of neurons in the brain is one of the main endeavours in
neuroscience. At the end of the 19th century, an intense debate emerged over the
fundamental composition of the nervous system: Whether it is one meshed network, a
syncytium (reticular doctrine) or whether it is composed of neurons as connected
entities (neuron doctrine). The drawings and anatomical studies of Cajal provided
strong support for ‘freely ending’ neuronal units that communicate by contact.
Further, Cajal proposed a functional polarization defining the flow of activity
impulses within a neuron (DeFelipe, 2010). The question of how the nervous system
is organized was closely related to another fundamental question of signal
transmission between neurons: Whether electrical impulses are directly passed
between neurons, or whether chemical messages are used. The concept of synapses
between neurons originates in the physiological studies of Sherrington and was
confirmed anatomically more than 50 years later with the introduction of electron
microscopy. The identification of chemical synapses formed between neurons was
appreciated as a major finding in neuroscience. Anatomical studies on the
ultrastructural level associated glutamatergic synapses with an asymmetric and
GABAergic synapses with a symmetric morphology. However, when the synaptic
nature of monoaminergic boutons was investigated, the identification of synapses
revealed highly variable and inconsistent results. Dopaminergic boutons were
described to form in some cases small symmetric and rarely asymmetric synapses, but
for most of the boutons no synaptic specialisation has been identified. The absence of
synaptic specialisation on dopaminergic and other neuromodulatory structures
challenges the prevailing view on strictly synaptic interneuronal signal transmission.
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7.1 The possibility of non-synaptic dopamine release in cortex
We encountered the same difficulties identifying dopaminergic synapses when we
studied and reconstructed vesicle-filled, immuolabeled boutons on electron
micrographs. While asymmetric and symmetric synapses were clearly visible on
neighbouring boutons, the immunolabeled profiles lacked synaptic specialisations.
The literature describes the hypothesis of volume transmission and the possibility of a
non-synaptic release of dopamine as well as other neuromodulators (Beaudet and
Descarries, 1978; Agnati et al., 1995; Zoli et al., 1998). Since some investigators did
identify synapses on dopaminergic boutons (Goldman-Rakic et al., 1989; Groves et
al., 1994), the proposition of a non-synaptic dopamine signal has been received with
controversy (Papadopoulos et al., 1987). Intuitively, non-synaptic signal transmission
appears inefficient, very slow and unspecific. Synapses observed on dopaminergic
boutons were described mainly symmetric, small, most often visible on a single
ultrathin section (Smiley and Goldman-Rakic, 1993), yet some ultrastructural studies
of dopaminergic boutons were performed either on single sections or short series of
sections (Sesack et al., 1998b; Erickson et al., 2000). This approach is likely to miss
small synapses, if they exist. For this reason we decided to study immunolabeled
boutons in area 10 over their whole volume and later cut ultrathin sections of only
half the regular thickness (from 60 to 30 nm) to ensure a higher probability to detect
small synapses. Of our 52 samples we could only detect one asymmetric synapse on a
dendritic spine and two symmetric synapses on a dendritic shaft. All the other vesiclefilled, immunolabeled boutons in layer 3 of area 10 did not show characteristic
synaptic features of a synaptic cleft, postsynaptic density or accumulation of vesicles
indicative of potential release sites.

7.2 Does it matter where dopamine is released?
Our anatomical observations puzzled us. If dopaminergic boutons do not form
synapses with apposing structures, can there be any spatial specificity in their
location? We observed that non-synaptic TH-positive boutons were to a larger extent
in apposition with dendritic shafts than with spines and were often adjacent to a
‘synapse forming pair’ defined as a pair of pre- and postsynaptic structures, both in a
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continuous contact with the TH-positive bouton. However, when we consider the very
sparse density of vesicle-filled, TH-positive boutons in cortex, the number of
synapses lying in a continuous contact to a TH-positive bouton is negligibly small
(<1/3000 of all synaptic spines). Even for the striatum, where the innervation density
is approximately five hundred times higher (0.1/µm3 vs. 0.0002/µm3), it has been
estimated that the number of spines that show the classic triadic arrangement of a
glutamatergic synapse on the spine head and a dopaminergic synapse on the neck, is
very small (about 7% of all spines). As any synapse of the striatum lies within a
radius of 1 µm to a dopaminergic release site, the conclusion was drawn that the
locations of dopaminergic release sites are non-selective and random (Arbuthnott and
Wickens, 2007; Moss and Bolam, 2008).
By quantifying the nearest-neighbour distance between labelled boutons in twodimensions, we concluded that the dopaminergic innervation in area 10 is very sparse
and the release sites are randomly distributed. We estimated from the measurements
on two-dimensions an average nearest neighbour distance of 9 µm in threedimensions. For comparison, the average nearest neighbour distance between the
release sites in the striatum has been estimated to be 1.2 µm (Arbuthnott and
Wickens, 2007). The dramatic difference between striatal and cortical innervation
raises the question of whether the density is too low in cortex to provide an effective
concentration of dopamine to any site in the neuropil. If the concentration of
dopamine is only effective in a certain microsphere around each release site, then the
neuropil composition could change according to the proximity of a release site. To
evaluate the possibility of dopamine modulating only nearby synapses, we quantified
the density of synapses in a disector volume of 3 µm3 (disector height 0.12 µm and
area of 25 µm2) surrounding a TH-positive or control bouton. However, we did not
observe any difference in the density of synapses in the proximity of a TH-positive or
a control bouton.
To test over what region surrounding a dopamine release site an effective dopamine
concentration is reached, and whether the effect of dopamine is restricted to regions
close to a release site, we performed a three-dimensional simulation of dopamine
diffusion. The simulation provided an imaginary stage on which to study the
spatiotemporal dynamic of the dopamine signal, released non-synaptically, then
spread by diffusion in the extracellular space. Some parameters we used were taken
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from the literature and obtained in rodents or in the striatum, as they have not yet been
measured in primates. However, our goal was to match dopamine concentrations
measured in primate prefrontal cortex (Zhang et al., 2007), the physiological firing
pattern of dopaminergic neurons in the primate midbrain (Ljungberg et al., 1992;
Bayer and Glimcher, 2005) and the density as well as distribution of potential release
sties we quantified ourselves in primate area 10.

7.3 Enough dopamine for all the receptors anywhere in the neuropil
Our simulations showed that tonic background release of dopamine results in a
heterogeneous landscape with local hot spots of high dopamine level due to the low
density of dopamine release sites. However, we found that the dopamine
concentration is high enough during tonic firing to bind with dopamine D1 receptors
in their high affinity state at any point in the neuropil. Even if the density of the
release sites is very low in cortex, the background level of dopamine and the affinity
of the dopamine receptors are ultimately the crucial parameters determining the
regions of effective dopamine concentration. Dopamine receptors remote from release
sites would not be expected to be activated if the steady state level was significantly
lower during tonic firing. Accordingly, when we mimicked the low dopamine
conditions present in Parkinson’s disease, we observed that most of the volume would
not receive enough dopamine to bind to dopamine receptors.
In order to parameterise accurately the simulation model it is necessary to measure the
affinity of dopamine receptors in primate PFC as well as the dynamic balance
between the affinity states of dopamine receptors. The simulation study of Dreyer and
colleagues examined the dopamine signal in the striatum, but considered the
dopamine receptors only in one of the two affinity states: D2 in the high and D1 in the
low affinity state. They concluded that D1 receptors have a greater contribution
during phasic firing. D1 receptors in their high affinity state did not play a role in their
model, under the reasoning that D1 receptors in the striatum are mainly found in their
low affinity state (80%) (Dreyer et al., 2010). However, from descriptions of
dopamine receptor dynamics in the literature, we believe that the intracellular
signalling cascade can only be signalled by receptors in their high affinity state, when
the receptor is bound to a G-protein. After the signalling cascade has been induced,
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the receptor undergoes a conformational change to its resting state and exhibits a low
affinity for dopamine (Cumming, 2011).
We propose that the degree of receptor occupancy directly reflects the extracellular
concentration of dopamine. We assume that at a dopamine concentration above
micromolar levels, all receptors in both high and low affinity state are constantly
bound to the ligand. In this case the degree of receptor occupancy cannot be varied
and a change in dopamine concentration, for example during phasic firing, could not
be conveyed. For this reason, we propose that changing dopamine signals can be
decoded by the receiving neuron as long as the dopamine concentration stays under
the micromolar level, thus below the low affinity of the resting state. In contrast to the
simulation performed for the striatum, a micromolar concentration of dopamine is not
reached in our cortical simulation unless re-uptake is blocked.
The two-state model suggests a variable equilibrium constant between the two
receptor states (Leff, 1995), but the dynamic balance between the conformational
states of different affinity states has not yet been analyzed in detail (Perez and Karnik,
2005). With regard to the highly variable dopamine levels we obtained in our
simulation, we propose that the proportion of receptors in their high and low affinity
state is adjusted at different sites in the neuropil in order to allow optimal detection of
local fluctuations in dopamine concentration.

7.4 Reading the dopamine signal
We propose that all dopamine signalling occurs within the range between 10 nM
(high affinity state) and 1 µM (low affinity state). Within this range, the proportion of
activated receptors decodes the change in dopamine concentration after phasic release
or depressed activity, elicited by an unexpected reward or by the omission of an
expected reward (Schultz et al., 1993). The dopamine signal is thus measured in
relation to its background level. We also suggest that the proportion of receptors in
their high and low affinity states is homeostatically adjusted to the local background
dopamine concentration and in order to ensure an optimal signal detection.
There are several possible mechanisms for increasing or decreasing the binding
probability at the site of signal reception: to change the equilibrium constant between
the low and high affinity states; to recruit more receptors into the cell membrane; to
remove receptors through internalization; or to regulate the lateral diffusion of
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receptors within the membrane. Since the dopamine level is sufficiently high
throughout the neuropil for signalling to occur, individual structures in the neuropil
can control their reception of the dopamine signal by their degree of expression of
dopamine receptors. Put bluntly, the dopamine system does not select its target
partners, but broadcasts its message to whomever wants to receive it. The simulation
results shifted our attention to the recipient site of dopamine signal transmission.
While the firing activity of dopaminergic neurons has attracted the main attention so
far, the question of which structure receives the signal, and in what way, is of equal
importance. Here we see one advantage of volume transmission: Synaptic
transmission of dopamine would only convey the signal to a limited number of
recipients, but volume transmission can broadcast the message to all structures that
express dopamine receptors, and places the control of that transmission on the
receiving structures in cortex.

7.5 Advantages of non-synaptic transmission
Glutamate and GABA are the main neurotransmitters in the central nervous system
and are transmitted at synapses. Connecting glutamatergic and GABAergic neurons
allows meaningful computational circuits to emerge. Point-like, synaptic connections
within the circuits enable integration of all inputs according to their synaptic strength
and distance to the soma. At the same time the strength of individual synaptic
connections can be modulated independently of other synapses. The synapses of the
purely excitatory and inhibitory neurotransmitters could be regarded as the essential
elements to create computational circuits, whereas neuromodulators have the role of
influencing the state of the circuit.
If a neuromodulatory signal was transmitted synaptically, only a few specific sites
within the circuit would receive the modulatory signal. As a teaching signal, we
assume that the influence of dopamine is required at different sites and we suggest
that neuromodulators need to be provided in a highly adaptive way. Non-synaptic
transmission has the advantage of reaching many sites simultaneously. Control over
the distribution of receptors allows a non-synaptic signal to act at specific sites.
Considering the role of the neuromodulators within neuronal networks, non-synaptic
signal transmission appears to be a very suitable way for signal conveyance.
133

Chapter 7: General Discussion

7.6 Dopamine level, neuronal activity and synaptic plasticity
Dopamine is important for synaptic plasticity (Otani et al., 2003). In the striatum it
has been shown that dopamine is necessary for spike timing dependent plasticity
(Pawlak and Kerr, 2008). Synaptic plasticity is believed to strengthen or weaken
specific connections, but if dopamine is transmitted as a diffused signal, how can that
plasticity be specific? We have hypothesized that extracellular dopamine
concentration is decoded by the degree of receptor occupancy on the signal-receiving
site. At the same time it has been shown that NMDA- and dopamine D1 receptors
reciprocally reinforce their respective activation: activation of D1 receptors enhances
the NMDA response, and NMDA receptor activation leads to an increased
recruitment of D1 receptors on the membrane surface (Wang and O'Donnell, 2001;
Scott et al., 2002; Chen et al., 2004; Cepeda and Levine, 2006). This bidirectional
interaction of the two receptors enables an enhanced synaptic response and could
facilitate synaptic plasticity (Jay, 2003). According to this observation, the binding
probability would increase with the number of dopamine receptors at sites of high
neuronal activity.
The combination of the activity state of the recipient and the change in dopamine
concentration could give rise to the specific action of dopamine for synaptic plasticity,
even if dopamine is released non-synaptically into the neuropil. Dopamine would thus
provide a global signal with the potential to act anywhere in the neuropil, and yet
through the interaction of activated D1 and NMDA receptors its influence can be
enhanced at specific sites.

7.7 Dopamine and working memory representation
Sustained activity of prefrontal neurons during delay periods of a working memory
task is believed to reflect maintenance of the working memory representation, and has
been suggested to emerge from recurrent networks (Compte et al., 2000). Dopamine
has been proposed to increase the signal to noise ratio in the prefrontal network
(Durstewitz et al., 2000a; Thurley et al., 2008). The activity of NMDA receptors is
argued to be crucial for the robustness of sustained activity (Compte et al., 2000;
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Durstewitz et al., 2000b) and the bidirectional interaction of D1 and NMDA receptors
could underlie the mechanism leading to an increase in signal power over noise.
The biophysical influence of dopamine at glutamatergic synapses has been included
in computational neural network models and the modulatory role of dopamine has
been shown to change the signal to noise ratio within a recurrent excitatory network
in these models (Durstewitz et al., 2000b, a; Dreher and Burnod, 2002;
Sheynikhovich et al., 2011). For an overall theory of the consequence of dopamine in
prefrontal cortex we relate our results to the predications of the neural network model
described by Durstewitz and colleagues. They argued that phasic firing leads to
persistent activity in a working memory representation (Durstewitz and Seamans,
2002). However, we propose a different interpretation where phasic elevated
dopamine activity enhances the current on-going persistent activity pattern and
depressed dopamine activity facilitates the transition to a different working memory
representation.
If we consider different cell assemblies to form a competitive network of working
memory representations, a stimulus would elicit sustained activity of a certain cell
assembly associated with a certain working memory representation. The occurrence
of an unexpected reward leads to the phasic firing of dopaminergic neurons and to an
increase in the dopamine concentration within the target areas. As outlined earlier, an
increase in dopamine concentration has an enhanced influence on sites of high
neuronal activity due to the bidirectional interaction of the NMDA and D1 receptors.
The cell assembly associated with the current working memory representation can
therefore be strengthened under the influence of phasic dopamine release and become
more robust against incoming distractions. Phasic release of dopamine is thought to
provide a positive error signal, but the omission of an expected reward leads to a
transient depression in the activity of dopaminergic neurons. Regarding the activity of
a cell assembly of a working memory representation followed by an omitted reward,
the decrease in dopamine reduces the occupancy of dopamine receptors and an active
cell assembly is not strengthened. Depressed activity and lower dopamine levels
could indirectly facilitate a transition to a different working memory representation of
an alternative stimulus.
The degree of dopamine receptor occupancy could thus serve to enhance current
neural activity of a cell assembly and working memory representation. If we consider
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different cell assemblies to be in competition with each other, then phasic dopamine
release would support the currently ‘winning’ cell assembly and the drop in dopamine
concentration due to depressed activity would remove this support and allow
competing representations to form. Cell assemblies of working memory
representations can thus be strengthened or weakened according to the prediction
error signal of dopamine.
Our interpretation predicts the same influence of dopamine on the signal to noise ratio
within the network suggested by Durstewitz and colleagues, but integrates the role of
dopamine as a teaching signal. We propose that dopamine can strengthen working
memory representation after phasic release or facilitate transition with depressed
activity. There is thus a learning process involved that reinforces some representations
over others. It has been observed that after learning the phasic firing of dopaminergic
neurons disappears and receiving an expected reward is associated with tonic
background firing (Schultz et al., 1993). In this case, the cell assembly related to the
current working memory representation is not further modulated by an increase or
decrease in the dopamine signal.
The vital importance of dopamine for the function of working memory was revealed
by the finding that dopamine depletion or blocking the D1 dopamine receptors within
the primate PFC suppresses the characteristic firing activity associated with working
memory representations, and impairs the working memory performance of an animal
(Brozoski et al., 1979; Goldman-Rakic et al., 2000; Vijayraghavan et al., 2007). We
suggest that the total blocking of dopamine receptors leads to a highly noisy
competition, or the absence of competition and the establishment of coherent cell
assemblies. This will lead to the destruction of existing working memory
representations and prevent the formation of new representations.
In our simulations we investigated the effect of different firing patterns of
dopaminergic neurons and also mimicked conditions with highly reduced numbers of
release sites. According the predictions of the network model, the reduced dopamine
concentration would result in an overall increase in the noise in the system. A
stimulus might then elicit increased activity in a given cell assembly of the
corresponding working memory representation, but without the influence of
dopamine, that particular cell assembly would not be strengthened. Distractor stimuli
evoking alternative cell assemblies would not be easily suppressed and a noisy,
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incomplete competition between several representations would emerge. This
increased noise in working memory representations eventually leads to an impaired
cognitive performance. Consistent with this prediction, the MPTP treated animals
examined in Chapter 6 showed impaired cognitive performances, pathological
dopaminergic axons and a greatly reduced number of release sites.

7.8 Innervation density and plasticity
We found that the innervation density of dopaminergic axons declined drastically
after treatment with MPTP. There is however a naturally occurring decrease of the
density of dopaminergic axons with increased age (Goldman-Rakic and Brown,
1981). The dopaminergic axons send out long projections, but their axons are not
myelinated. Unmyelinated long axons are highly energy demanding, which could
explain the susceptibility of dopaminergic neurons to degeneration (Braak et al.,
2004). It has been also shown in primates that in young animals, the degree of
synaptic plasticity correlates with the innervation density of dopaminergic axons
(Rosenberg and Lewis, 1995). Innervation densities not only change with age, but
also vary between different cortical areas (Lewis et al., 1988). It is also important to
recognise the distinct projection pattern of dopaminergic axons among species
(Berger et al., 1991). Does a higher innervation density ensure a higher degree of
synaptic plasticity?
Based on the results of our simulation study, we propose that the dopamine signal is
decoded as a change relative to its background level. We suggest that the absolute
value is not critical, as long as the tonic background level is above the effective
concentration for the high affinity and below the concentration for the low affinity
states of the dopamine receptors. A higher innervation density could provide more
release sites and is thus more robust to disturbances. Cortical areas with higher
innervation of dopaminergic axons could therefore receive a more reliable dopamine
signal. We showed that the change in dopamine concentration is stronger closer to a
release site. The average nearest neighbour distance between release sites is shorter in
areas with higher innervation density and consequently less time is required to cover
the space by diffusion of dopamine form the release sites. In contrast, lower densities
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can be more affected by release probability or other changes in the dopamine release
and uptake dynamics.
Regarding the differences in dopamine innervation densities across cortical areas, a
high innervation is observed in areas related to behavioural learning such as motor
cortex or prefrontal cortex. Visual cortex and other sensory cortices on the other hand
have a low innervation density. These areas are primarily associated with the
processing of sensory input and not with reward-related learning. In addition to
innervation of the cortex, dopaminergic axons also project to subcortical areas such as
dorsal and ventral striatum, amygdala and hippocampus. These cortical and
subcortical targets play an important role in decision-making and behavioural learning
and dopamine may influence their activity as a behaviour-related teaching signal and
influence the different targets as a broad but related cell assembly.

7.9 The role of dopamine in the frontopolar cortex
Based on lesion and imaging studies in humans, area 10 appears to be important for
task switching and higher cognitive performance (Dreher et al., 2008; Boorman et al.,
2009). The first electrophysiological recordings suggested that activity in area 10 is
related to monitoring self-generated decisions and learning the outcome of those
decisions (Tsujimoto et al., 2010). It has further been argued that this form of
associative learning serves as retrospective monitoring of behaviour and consequently
effects future choices (Tsujimoto et al., 2011).
Regarding the possible functional role of area 10, what is the importance of dopamine
as a behaviour-related teaching signal? Within the PFC, area 10 receives a relatively
weak dopaminergic innervation (Lewis et al., 1988; Williams and Goldman-Rakic,
1998). However, if area 10 serves to associate self-generated decisions and their
outcomes for future reference, dopamine input as a prediction-error signal seems of
crucial importance. Neural activity within area 10 increases approximately 0.5sec
before feedback on a task is given, and remains high after feedback for a further
0.5sec. Unlike the persistent neuronal activity observed in area 46 and associated with
working memory representations, firing in area 10 increases only around the time of
feedback occurrence. We propose that dopamine does not lead to the increased firing
of neurons in area 10, but signals either a positive or negative error signal at the time
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of task feedback. The active cell assembly would thus be enhanced by a phasic
dopamine release if one occurs, or would be diminished by a depressed activity. We
have already outlined the possible role of dopamine in enhancing an existing working
memory representation. Here we propose that dopamine plays the same role in other
cortical areas, namely as a positive teaching signal to enhance the currently neuronal
activity state in the case of an unexpected reward. Accordingly, depressed firing on
the omission of an expected reward serves as a negative teaching signal and the lower
dopamine concentration either does not enhance the currently active neurons, or
actively diminishes the coherence of the currently active state resulting in an
increased noise in the system.
Our anatomical and simulation study was performed primarily in layer 3 of area 10,
where corticocortical connectivity is high, especially with other prefrontal cortical
areas (Petrides and Pandya, 1999). Plasticity of these connections could be of great
importance for associating activity states across prefrontal cortex. The prefrontal areas
have enlarged greatly over the course of primate evolution, but area 10 seems to have
expanded most (Semendeferi et al., 2011). The innervation density of dopaminergic
axons in area 10 may also have increased across primate evolution. It would be of
particular interest to compare the innervation density of dopaminergic axons across
different primate species.

7.10 Final conclusion and outlook
Our study was centred in the most anterior part of the prefrontal cortex, and studying
the dopaminergic innervation within area 10 was our primary interest. At the same
time we wanted to address a more fundamental issue in this study: how is dopamine
transmitted and is there any specificity to whom the signal is sent?
Our anatomical study revealed the possibility of non-synaptic dopamine transmission
and also the very sparse and random distribution of release sites. Our simulation study
allowed us to explore various dopamine release and uptake dynamics in relation to the
activation of receptors. We found that dopamine receptors anywhere in the neuropil
can bind to dopamine even during tonic release. We concluded that the dopamine is
decoded as a graduated signal according to the relative change in the dopamine
concentration after phasic or depressed activity.
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Our findings relate directly to the proposed role of dopamine in modulating the signal
to noise ratio within prefrontal networks. We conclude that dopamine does not
directly induce neural activity for working memory representation, but strengthens the
currently active neural connections according to the prediction error. Dopamine may
thus serve as a teaching signal that enhances currently active cell assemblies in the
target areas. For this purpose non-synaptic release that allows dopamine to reach any
synapse within the neuropil is an optimal way of signal conveyance.
MPTP treatment damaged dopaminergic axons within the monkey prefrontal cortex.
Our simulation predicts that a strongly reduced number of release sites cannot cover
the volume with enough dopamine and this may explain the lowered cognitive
performance of the animals.
Our combined anatomical and simulation study points to the importance of the
receiving site of the dopamine signal, in particular the dopamine receptor dynamics of
the recipient neurons. A quantitative assessment of receptor expression on cortical
neurons, as well as a quantifying how the binding properties of the receptors is
regulated is required to test our hypothesis that a dynamic balance of activated
receptors decodes changes in the extracellular dopamine concentration. We would
expect to find a higher proportion of receptors in their high affinity state after
dopamine depletion, such as in MPTP treated animals, in order to increase their
overall affinity for the dopamine signal.
We did not observe any differences in the density of synapses between MPTP treated
and normal monkeys, while others report a significant reduction in synapses after
dopamine depletion in PFC (Elsworth et al. 2011, SFN abstract). In striatum, the
activation of dopamine receptors was shown to be required for spike timing
dependent plasticity (Pawlak and Kerr, 2008). It has also been shown that dopamine
depletion leads to a reduction of spines and synapses in striatum (Ingham et al., 1998;
Villalba et al., 2009). It is therefore of major interest to further study the relation of
dopamine, synaptic strength, and the stability of spines within the PFC.
Dopamine is transmitted only by few cells and is believed to play an important role as
a teaching signal in decision-making and behavioural learning. While synaptic
formations between neurons define the flow of information according to the
anatomical connectivity pattern, non-synaptic release enables a modulatory signal to
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access all synaptic elements of a circuit. The signal is broadcast and the expression
pattern of dopamine receptors as well as their number defines where dopamine exerts
its influence in a circuit and the strength of that influence. Mapping neural circuits
formed by synaptic contacts is crucial to interpret how the brain computes, and yet it
is necessary to also consider the role of neuromodulatory signals in influencing
cortical computation without forming specific synaptic connections.
If connections between neurons form roads, where one can draw arrows guiding you
through the brain, the dopamine signal could be ‘like sound or light’ accompanying
you: Always present and reinforcing the journey on the cortical path you are walking,
sometimes more and sometimes less.
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SUPPLEMENTARY INFORMATION
HISTOLOGICAL PROTOCOLS

Nissl Staining
Brain sections were mounted on gelatine-coated slides and air-dried. The sections
were emerged in the following solutions.
1. Double distilled water with three drops of acet acid for 1min
2. Cresyl Violet 0.1% solution for 5-10min
3. Double distilled water with acet acid (same as 1.) for 1 min
4. 70% Ethanol for 2-3 min
5. 80% Ethanol for 2-3 min
6. 90% Ethanol for 2-3 min
7. 95% Ethanol with Acet. Acid, Differentiation, for 1 min
8. 100% Ethanol 1 for 2-3 min
9. Chloroform for 10-20 min
10. 100% Ethanol 1 for 2 min
11. 95% Ethanol with Acet. Acid for 1 min
12. 100% Ethanol 1 for 5 min
13. 100% Ethanol 2 for 10 min
14. Xylene 1 for 5 min
15. Xylene 2 for 10 min
The brain slices are embedded with DPX Mountain for histology and coverslips
applied.
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Immunohistochemical Staining (Anti-Tyrosine Hydroxylase)
Brain sections were cut at thickness of 80µm and collected in phosphate buffer.
1. 3 x 10 min wash in TBS (with or without 0.25% Triton)
2. Incubate for 30 min in TBS with 3% normal goat serum (NGS)
3. Incubate primary antibody, anti-TH diluted 1:1000 in TBS with 1% NGS
(with or without 0.25% Triton) for 2 hours at room temperature followed by
16 hours at 4°C.
4. 3 x 10min wash in TBS
5. Incubate with secondary antibody, anti-rabbit diluted 1:200 in TBS with 1%
NGS
6. 3 x 10min wash in TBS
7. BDA Protocol step 3-6

Protocol for BDA
1. Wash 2 x 15 min in phosphate buffer 0.1M
2. Wash 3 x 10 min in TBS pH 7.4
3. ABC-Kit solution
a) Prepare the solution 30 min before application
b) Add 2 drops of compound A to 5ml of TBS pH 7.4
c) Add 2 drops of compound B to the same solution
d) Leave overnight in the fridge
4. 3 x 20min TBS pH 7.4
5. Peroxidase reaction, Reaction Ni-DAB
a) 2 x 15 min TB pH 8
b) Incubate 20 min in Ni-DAB (600mg NiNH4SO4 + 15mg DAB + 100ml TB
pH 8). Vials with brain sections are covered.
c) Add 0.5% H2O2
6. Wash in PB 0.1M until sections are clean
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Osmium Treatment
1. Brain sections treated in 2% OsO4 for 40min, until they are dark-brown.
2. 1% Uranylacetet-Solution in 70% Ethanol applied.
3. Wash sections 3 x 10min in PB 0.1 M
4. Wash and dehydration with 50% ethanol for 10min
5. Ethanol 70% with 1% UAc 45min in the dark
6. Ethanol 90% for 10min
7. Ethanol 95% for 10min
8. Ethanol 100% for 15min
9. Ethanol 100% for 15min
10. Propylene oxide for 15min
11. Propylene oxide for 15min
12. Sections are transferred into Durcupan ACM resin
13. At room temperature overnight
14. Mount sections on slides and apply coverslip
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