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Zusammenfassung / Summary
(Deutsch / English)

Die Struktur und Funktion von biologischen Organismen wird durch nat  Urliche Selektion
bestimmt. Das bedeutet, dass sich abliangig von den Gegebenheiten der physikalischen
Umwelt und der Konkurrenz mit anderen Organismen die Individuen durchsetzen, deren
Gene zu den bestenUberlebens- und Fortp anzungschancen f iihren. Um diese Chancen
zu maximieren, m tissen die Funktionen, die dem Uberleben und dem Fortp anzungserfolg
eines Organismus dienen, optimiert werden. Dabei wird die Struktur eines Organs durch
dessen Funktion bestimmt, genauso wie die Funktion eines Organs durch dessen Struktur
bestimmt wird. Aufgrund dieses untrennbaren Zusammenhangs zwischen der Struktur und
Funktion eines Organs kann die Funktionsweise von Organen durch das Studium ihrer Mor-
phologie verstanden werden. Allerdings ist es trotz der detailreichen Kenntnis der Struktur
des Nervensystems auf mikro- und makroskopischer Ebene weiterhin ein R atsel, wie das
Gehirn Informationen verarbeitet, um Bewusstsein und ein koh &rentes Abbild der Umwelt
zu erzeugen. Die Anzahl der Verbindungen und damit die Komplexit at neuronaler Netz-
werke ist einfach zu grof3, um diese Netzwerke geistig erfassen zu k 6nnen. Auch wenn es
Anstrengungen gibt, komplette Nervensysteme mit jeder einzelnen Verbindung zu kartieren
und zu simulieren, ist es fraglich, ob dies allein ausreicht, um ein tiefergehendes Verst andnis
der Funktionsweise des Gehirns zu erlangen.

Ein alternativer Forschungsansatz ist das Studium einfacherer Prinzipien, die den Aufbau
der hochkomplexen neuronalen Strukturen bestimmen. Bereits Anfang des 20. Jahrhun-
derts wurde vom spanischen Neurowissenschaftler Santiago Ramoén y Cajal postuliert, dass
Nervensysteme nach drei Prinzipien aufgebaut sind: Die Minimierung der Signallaufzeit
zwischen Nervenzellen, die Minimierung des Materialverbrauchs der zellul aren Strukturen
und die Minimierung der Raumgr 03¢, die durch die Zellen eingenommen wird. W ahrend
die Minimierung der Signallaufzeit eine schnellere Signalverarbeitung erm 6glicht, wird
der Energiebedarf des Organismus durch die Minimierung von Materialverbrauch und der
eingenommenen Raumgrdf3e reduziert. In der Tat konnten schon viele Zusammenh ange
zwischen der Morphologie neuronaler Strukturen und diesen Prinzipien gefunden werden.
Beispielsweise konnte man durch die Einhaltung dieser Regeln Neuronen in silicowachsen
lassen, die realen Neuronen zum Verwechseln ahnlich sehen. Allerdings beschranken sich
die sichtbaren Effekte dieser Regeln nicht nur auf die Morphologie einzelner Neuronen. Die
Lange der Verbindungen wird auch durch eine Anordnung von Neuronen in Modulen (wie
z.B. kortikalen Arealen und Kolumnen) minimiert. Sogar durch die Ausbildung neuronaler
Karten, mit denen strukturierte Aktivit atsmuster der Neuronen entlang der Kortexober &ache
bezeichnet werden, wird die L &nge der Verbindungen zwischen den Neuronen minimiert.

Im Rahmen dieser Dissertation wurde eine algorithmische Methode etabliert, die es erm 6glicht
Vorhersagen der relativen Position von Neuronen anhand ihrer Verbindungen zu treffen.

Diese neuronale Platzierungsmethode beruht darauf, dass Neuronen mit ahnlichen Ver-
bindungspartnern n aher zueinander platziert werden als Neuronen, die weniger ahnliche
Verbindungspartner besitzen. Entsprechend der auf diese Weise vorhergesagten neuronalen
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Positionen ist die L ange der Verbindungen zwischen Neuronen k Urzer, wenn diese starker
verbunden sind. Insgesamt werden dadurch der Materialverbrauch und die Signallaufzeit
zwischen Neuronen mit den vorhergesagten Positionen im Vergleich zu einer zuf alligen
Positionierung deutlich reduziert.

Neben der Etablierung dieser Methode, welche die Untersuchung eines Zusammenhangs
zwischen neuronaler Konnektivit at und Position erm dglicht, wurde im weiteren Verlauf
der Dissertation diese Methode benutzt, um Modelle zu erstellen, die es erm dglichen die
Entstehung neuronaler Karten und kortikaler Faltungen zu untersuchen. Mit Hilfe dieser
Modelle konnten neue Hypothesen f Ur bisher offene Fragestellungen der Neurowissenschaft
aufgestellt werden.

Zun achst wurde der Zusammenhang von Konnektivit &t und Struktur der neuronalen Kar-
ten im visuellen Kortex untersucht. Anhand der Aktivit atspraferenz von Neuronen als
Antwort auf orientierte Lichtreize (Orientierungspr aferenz) kbnnen charakteristische ,, Pin-
wheel-Strukturen im visuellen Kortex von S augetieren beobachtet werden. Visualisiert man
die Orientierungspr aferenzen farblich, sodass jeder Orientierungspraferenz die Farbe des
Farbkreises mit dem entsprechenden Winkel zugewiesen wird, erscheinen wirbelartige Struk-
turen, um deren Zentrum sich die Farben im oder gegen den Uhrzeigersinn entsprechend der
Ordnung des Farbkreises drehen. Aufgrund der Ahnlichkeit dieser Strukturen mit bunten
Windr &dern werden diese als Pinwheeldezeichnet. DiesePinwheelsviederholen sich tber
die gesamte Ober ache des primaren visuellen Kortex. Dabei ist eine Verbindung zwischen
zwei Neuronen umso wahrscheinlicher je ahnlicher die Orientierungspr aferenz dieser beiden
Neuronen ist. In der Tat konnten, nachdem eine solche Konnektivit &t in silico modelliert wur-
de, einzelne Pinwheelanit Hilfe der neuronalen Platzierungsmethode vorhergesagt werden.
Wurde hingegen eine Konnektivit at verwendet, in der die Verbindungen zwischen Neuro-
nen deutlich unabh angiger von der Orientierungpr aferenz sind, wurde eine vermeintlich
zufallige Positionierung der Neuronen basierend auf ihrer Orientierungspr &aferenz vorherge-
sagt. Diese Anordnung ist typisch f tr Nager und wird auch als , Salt-and-Peppéibezeichnet.
Ein Zusammenhang zwischen Konnektivit at und Struktur der Karte im visuellen Kortex wur-
de bereits in einer fr iheren Studie gefunden und daraus geschlussfolgert, dass die Struktur
der Karte im visuellen Kortex von Nagern mit einer zuf alligen Konnektivit at in Zusam-
menhang stehen kdnnte. Neuere Studien haben allerdings gezeigt, dass auch bei Nagern
die Wahrscheinlichkeit einer Verbindung zwischen Neuronen von der Ahnlichkeit ihrer
Orientierungspr aferenzen abhangt.

Neben der Abhangigkeit der Kartenstruktur von der Verbindungsselektivit at konnte in
dieser Arbeit gezeigt werden, dass auch eine Abhangigkeit zwischen der Kartenstruktur
und der Anzahl der Neuronen besteht. Wird die Anzahl der Neuronen erh  0ht, kommt es
zu einem Phasenibergang von einer vermeintlich zuf alligen Anordnung der Neuronen
(Salt-and-Peppé@min zu einer strukturierten Anordnung ( Pinwhee). Entsprechend konnte
der Unterschied zwischen Nagern und anderen S augetieren allein durch einen Unterschied
in der Neuronenanzahl begr indet sein. Diese Hypothese wurde durch eine detaillierte Re-
cherche der Anzahl der Neuronen und der Struktur der Karten im visuellen Kortex von
diversen Saugetieren unterstitzt. Es wurde aul3erdem gezeigt, dass der Zusammenhang
zwischen Struktur und Anzahl der Neuronen im Modell nicht nur auf die neuronale Karte
der Orientierungspr aferenz im visuellen Kortex beschr ankt ist, sondern allgemeing ultig f Gr
alle neuronalen Karten zu sein scheint.

Eine Verbesserung des Modells ermdglichte nicht nur die Vorhersage einzelner Pinwheels
sondern auch detailliertere neuronale Karten, die in vielen Eigenschaften den Karten im
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visuellen Kortex von S augetieren entsprechen. Dementsprechend wurde im Modell neben
der Anordnung mehrerer Pinwheelsmit wechselndem Drehsinn auch eine retinotopische
Anordnung und die Anordnung in sogenannten , Ocular Dominance Columrisrorhergesagt.
Daflr wurde eine Konnektivit &t modelliert, in der die Neuronen nicht nur abh angig von der
Orientierungspr aferenz verbunden sind, sondern auch abhangig von ihrer retinotopischen
und okul aren Aktivit atspraferenz. Ocular Dominance Columnsind streifenartige Muster, die
auf der Ober &che des visuellen Kortex sichtbar sind, wenn man die Aktivit atspraferenz der
Neuronen flr jeweils ein Auge visualisiert. Auch in diesem detaillierteren Modell konnte eine
Phasentransformation zwischen strukturierten und unstrukturierten Karten abh  angig von
der Anzahl der Neuronen gefunden werden. Da nunmehr die vorhergesagten Karten nicht
nur aus einzelnen Pinwheeldestanden, war es auRerdem ntglich vergleichende Statistiken
der in silico modellierten neuronalen Karten mit den in vivo durch bildgebende Verfahren
sichtbar gemachten Karten durchzuf tihren. Eine universelle Eigenschaft strukturierter Karten
basierend auf der Orientierungspr aferenz im visuellen Kortex ist, dass die relative Pinwheel
Dichte in verschiedenen Saugetier-Spezies eine Konstante ist, die ungefihr der Kreiszahl p
entspricht. Diese Eigenschaft deutet auf universelle Prinzipien in der Entstehung dieser Karte
hin. Im Modell wurde diese relative PinwheelDichte flr eine steigende Anzahl von Neuronen
asymptotisch angenahert. Dabei stellte sich auBerdem heraus, dass die Anzahl der Neuronen
pro Pinwheelkonstant ist. Dies w are eine einfache Erklarung, weshalb die relative Pinwhee}
Dichte in Saugetieren konstant ist. Die Unterschiede in der absoluten Dichte der Pinwheels
konnte dann einfach durch Unterschiede in der Dichte der Neuronen bedingt sein. Die Daten
far die Anzahl der Neuronen und Pinwheelsiner Reihe von Sugetieren zeigen tatsichlich
einen linearen Zusammenhang mit ca. 30.000 Neuronen pro Pinwheelund unterst titzen damit
diese Hypothese. Ein Pinwheelkdnnte gerade diese Anzahl von Neuronen besitzen, weil das
theoretische Limit f Gr die Anzahl der Neuronen, die untereinander vollst andig verbunden
sind, ebenfalls in derselben GréRenordnung von ca. 10* liegt. Deshalb kénnte die GroRe von
Hyperkolumnen wie Pinwheelsallgemein durch dieses Limit de niert sein.

Nach dem Studium der neuronalen Karten im visuellen Kortex wurde ein weiteres Mo-
dell auf Basis der neuronalen Platzierungsmethode erstellt, um die Entstehung der charak-
teristischen Faltungen in Saugergehirnen zu untersuchen. Im Vergleich zu den Strukturen
neuronaler Karten im visuellen Kortex erstrecken sich kortikale Faltungen Uber einen deutlich
groReren Raum. Entsprechend wurde eine detaillierte Konnektivit &t gegeben durch die Akti-
vit atspraferenzen der einzelnen Neuronen vernachlassigt und stattdessen eine Konnektivit at
modelliert, welche die Verbindung zwischen Neuronen verschiedener kortikaler Kolumnen
auf einer grof3eren raumlichen Skala abbildet. Diese Konnektivit at de niert sich tber die im
Mittel deutlich st arker lokal als global verbundenen Neuronen. Allein mit dieser simplen
Eigenschaft der Konnektivit at konnten zweidimensionale Faltungsmuster mittels der neu-
ronalen Platzierungsmethode vorhergesagt werden. Mit diesem kortikalen Faltungsmodell
konnten viele Eigenschaften der Faltungsmuster in Saugetieren abhangig von Parametern,
die die Grol3e und Dicke des Kortex sowie die Starke und Form der lokalen und globalen
Konnektivit at de nieren, erkl art werden.

Mit steigender Gr 03e des Kortex kommt es bei Siugetieren zu mehr und mehr Faltun-
gen. Analog dazu kommt es im Modell zu einer immer st arkeren Faltung abhangig von der
Anzahl der kortikalen Kolumnen, die letztlich proportional zur Gr ~ 63e des Kortex ist. Im
Gegensatz dazu flhrt eine Erh 6hung der Anzahl der Neuronen pro Kolumne, die mit der
Dicke des Kortex zusammenhangt, zu weniger Faltungen im Modell. Entsprechend zeigt
sich eine qualitativ ahnliche Abh angigkeit des Faltungsgrads von der kortikalen Dicke in
Sugetieren.
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Dartber hinaus konnte im Modell gezeigt werden, dass das Verh &ltnis zwischen der Anzahl
der Kolumnen und der Anzahl der Neuronen pro Kolumne scheinbar grunds  atzlich festlegt,
ob Neuronen in Nuklei oder in einer kortikalen Struktur organisiert sind. Erst wenn die
Anzahl der Kolumnen deutlich gr 63er als die Anzahl der Neuronen pro Kolumne ist, kommt
es im Modell zu einer glatten kortex- &hnlichen Struktur. Mehr und mehr Faltungen entstehen,
wenn die Anzahl der Kolumnen bei gleichbleibender Anzahl der Neuronen pro Kolumne
weiter erh 6ht wird. Wird dagegen das Verh altnis zwischen der Anzahl der Kolumnen und
der Anzahl der Neuronen pro Kolumne mehr und mehr zugunsten der Anzahl der Neuronen
pro Kolumne verschoben, kommt es zu einer Struktur, die mehr einer Ansammlung einzelner
Hirnkerne ahnelt. Dementsprechend konnte die Entstehung der kortikalen Struktur damit
zusammenhangen, dass die kortikalen Kolumnen aus der Multiplikation eines kanonischen
Berechnungsmoduls hervorgehen, das aus einer relativ konstanten Anzahl von Neuronen
besteht.

Auch wenn die Entstehung der Faltungen grunds atzlich mit der Multiplikation von Ko-
lumnen gleicher Gr 63e in Kortizes wachsender Grof3e zusammenzuh&ngen scheint, kdnnten
Variationen des grunds atzlichen Musters der lokal starken und global schwachen Konnekti-
vitat zu Anderungen des Faltungsmusters fiihren. Solche Anderungen des Faltungsmusters
werden tatsachlich im Modell vorhergesagt und k énnten erkl aren, warum die Menge der
Faltungen in verschiedenen Saugerordnungen auf unterschiedliche Weise mit der Gr 6i3e
des Kortex skaliert. Eine lokal unterschiedliche Konnektivit at im Modell f Ghrt zu lokalen
Unterschieden in der Art der Faltung und somit zu charakteristischen Faltungsmustern.
Dementsprechend konnten Unterschiede in der Konnektivit at erklaren, warum es zu ste-
reotypen Faltungen in einzelnen Saugetierarten kommt. Diese Hypothese wird dadurch
unterstiitzt, dass Anderungen in der Konnektivit at, die in Verbindung mit pathologischen
Faltungsmustern stehen, qualitativ ahnliche Veranderungen im Modell erzeugen.

Da das Muster der Faltungen im Modell nicht nur global, sondern auch lokal durch die
verschiedenen Parameter beein usst werden kann, stellt sich die Frage welche Eigenschaften
der Konnektivit at lokal zu einer Faltung f Ghren. Es gibt viele Beispiele in Saugetieren, in
denen ein Gyrus, also eine einzelne Ausstiilpung des gefalteten Kortex, mit einer spezi -
schen Funktion des Kortex zusammenfallt; z.B. mit der Repr asentation eines Korperteils. Da
Neuronen mit ahnlicher Stimulusselektivit at eine hohere Wahrscheinlichkeit besitzen ver-
bunden zu sein, spricht diese Beobachtung daftir, dass ein Gyrus durch eine lokal verst arkte
Konnektivit &t der Neuronen entsteht. In der Tat k dnnen einzelne Faltungen im Modell pro-
voziert werden, wenn die Konnektivit at der Modellneuronen lokal verst arkt wird. Kortikale
Faltungen kodnnten also nichts anderes als ein Kompromiss zwischen der Anordnung von
Neuronen in einer kortikalen Schicht und der Anordnung in einzelnen Nuklei sein. Entspre-
chend wurde bereits vermutet, dass die Zugkr afte durch lokale Verbindungen, die zwischen
den Wanden von Gyri verlaufen, f Ur die Entstehung der kortikalen Faltungen verantwortlich
sein konnten. Diese sogenannte, axonal tensioftHypothese wurde allerdings in Frage gestellt,
da keine nennenswerten Zugkr afte zwischen den Wanden einzelner Gyri bestehen, wohl aber
innerhalb der intergyralen weiRen Materie und der grauen Materie. Da Faltungen im Modell
jedoch von der globalen und der lokalen Konnektivit at abhangen, kdnnte entsprechend der
gemessenen Zugkréfte die axonal tensiorHypothese in modi zierter Form doch richtig sein.
Basierend auf den Ergebnissen im Modell w are dann die Entstehung von Faltungen durch
ein Zusammenspiel der existierenden Zugkr afte denkbar. Folglich k énnten die intergyralen
Zugkr afte der globalen Verbindungen daf Gr verantwortlich sein die gesamte kortikale Struk-
tur kompakt zu halten. Diese Kr afte allein w Grden den Kortex einfach ineinanderschieben
und so zu einer dickeren kortikalen Schicht f Ghren. Lokale Zugkr afte in der grauen Materie
konnten dem entgegenwirken, da lokal st arker verbundene Neurone ansonsten raumlich
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auseinandergedrtckt w trden. Damit die Struktur sowohl lokal als auch global kompakt
gehalten wird, k dnnte es dann als Kompromiss zwischen diesen Zugkr &ften zu einer Faltung
des Kortex kommen.

Da verschiedene neuroanatomische Strukturen mit ein und derselben Platzierungsmethode in
silicomodelliert werden konnten, k énnte auch in vivo ein gemeinsamer Mechanismus zur Ent-
stehung dieser neuroanatomischen Strukturen fihren. Die bereits beschriebenen Zugkréafte
entlang neuronaler Fortsatze waren ein moglicher Mechanismus. Genauso wie im Modell
konnten die Neuronen dann anhand ihrer Verbindungs ahnlichkeit angeordnet werden, wenn
die Position durch die Summe der konkurrierenden Zugkr &afte zwischen den Neuronen
bestimmt ist. Ein solcher Mechanismus kann jedoch nicht die alleinige Ursache daf ur sein,
wie Neuronen ihre Position im Gehirn nden. Signalmolek Ulgradienten und durch Stamm-
zellen in der subventrikul aren Zone festgelegte ontogenetische Kolumnen sind gemeinhin
fur ihre Mitwirkung bei der Enstehung einer geordneten Struktur im Kortex anerkannt.
Wahrend kortikale Faltungen durch neuronale Zugkr &afte entstehen kdnnten ohne die durch
Signalmolekilgradienten und ontogenetische Kolumnen festgelegte Nachbarschaftsbezie-
hungen der Kolumnen zu ver andern, ist es nicht moglich diese Nachbarschaftsheziehungen
zu konservieren, wenn die Position der Neuronen durch Zugkr afte wieder deutlich ver andert
wird, um eine neuronale Karte zu formen. Daher erscheint die Entstehung neuronaler Karten
durch die Abstimmung der Aktivit atspraferenz der Neuronen mit bereits xer Position
wahrscheinlicher. Allerdings kann nicht ausgeschlossen werden, dass eine Selbstorganisation
basierend auf konkurrierenden Zugkr aften eine Rolle spielen kdnnte. Zumindest in einem
lokal eingeschrankten Bereich kdnnten Zugkr afte die Entstehung der neuronalen Karte un-
terstitzen und kleinere Merkmale der Karten wie z.B. Pinwheeldormen. Ob konkurrierende
Zugkr afte zwischen Neuronen tatsachlich ein Mechanismus zur Selbstorganisation neuro-
naler Strukturen sind, ist eine interessante Fragestellung, die durch empirische Studien in
Zukunft beantwortet werden k 6nnte.
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The structure and function of biological organisms is determined by natural selection. This
means that, depending on the circumstances of the physical environment and competition
with other organisms, the individuals whose genes lead to the best chances of survival and
reproduction prevail. In order to maximize these opportunities, the functions that serve
the survival and reproductive success of an organism must be optimized. The structure of
an organ is determined by its function, just as the function of an organ is determined by
its structure. Due to this inseparable connection between the structure and function of an
organ, an organ's function can be understood by studying its morphology. However, despite
detailed knowledge of the structure of the nervous system at the microscopic and macro-
scopic levels, it is still a mystery how the brain processes information to create consciousness
and a coherent representation of the environment. The number of connections and thus the
complexity of neural networks is simply too large to process mentally. Even though there
are efforts to map and simulate complete nervous systems with every single connection, it is
guestionable whether this alone will suf ce to gain a deeper understanding of the functioning
of the brain.

Another approach to better understand the brain is to study simpler principles that govern
the development of highly complex neural structures. Already at the beginning of the 20th
century, the Spanish neuroscientist Santiago Rambn y Cajal postulated that nervous systems
are based on three principles: the minimization of the signal transit time between nerve cells,
the minimization of the material consumption of cellular structures, and the minimization

of the space occupied by the cells. While minimizing the signal propagation time allows
for faster signal processing, the body's energy requirements are minimized by minimizing
material consumption and the amount of space occupied. In fact, many correlations have
been found between the morphology of neural structures and these principles. By adhering
to these rules, for example, it was possible to grow neurons in silico that are visually indis-
tinguishable from real neurons. However, the visible effects of these rules are not limited
to the morphology of individual neurons. The relative placement of neurons in modules
(e.g. cortical areas and columns) also appears to be a consequence of these principles, as is
the formation of neural maps that describe structured two-dimensional patterns of neuronal
activity along the cortical surface in response to various stimuli of a speci ¢ sensory modality.

In ful llment of this thesis an algorithmic method was established that predicts the rel-
ative positions of neurons based on their connections. This neuronal placement method is
based on placing neurons with similar connection partners closer together than neurons
that have less similar connection partners. The neuronal positions predicted in this manner
exhibit shorter distances between neurons which are more strongly connected. Overall, this
placement signi cantly reduces the material consumption and the signal transit time between
neurons compared to a random positioning.

In addition to establishing this method, allowing for the investigation of the relationship
between neuronal connectivity and position, the method was used in the further course of
the dissertation to create models that facilitate the study of the formation of neural maps
and cortical folds. Using these models, new hypotheses for hitherto unresolved questions in
neuroscience could be established.

First, the relationship between connectivity and structure of neural maps in the visual
cortex was investigated. Based on the activity preference of neurons in response to oriented
light stimuli (orientation preference), characteristic structures that resemble pinwheels can be
observed in the visual cortex of mammals. These structures emerge when orientation prefer-
ences are visualized in color such that each orientation preference is assigned the color of the
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color wheel with the corresponding angle. These pinwheel-like structures repeat across the
entire surface of the primary visual cortex. The connection probability between two neurons

is higher if their orientation preferences are similar. In fact, after such a connectivity was

modeled in silico, single pinwheels could be predicted using the neural placement method.
On the other hand, when a connectivity was used in which the connections between neurons
were less dependent on their orientation preferences, a seemingly random positioning of the
neurons was predicted. This arrangement is typical for rodents and is also referred to as "salt-
and-pepper”. An association between connectivity and map structure in the visual cortex

has already been found in an earlier study and it was concluded that the structure of the map

in the visual cortex of rodents could be related to a random connectivity. However, recent

studies have shown that even in rodents, the likelihood of neuronal connection depends on
the similarity of the neurons' orientation preferences.

In addition to the dependence of map structure on connection selectivity, it could be shown
in this dissertation that there is also a dependence between the map structure and the number
of neurons. If the number of neurons is increased, there is a phase transition from a seem-
ingly random arrangement (salt-and-pepper) to a structured arrangement of the neurons
(pinwheel). Accordingly, the difference between rodents and other mammals could be due
solely to a difference in the number of neurons. This hypothesis was supported by a detailed
literature search of the neuronal numbers and the map structures in the visual cortex of
mammals. It has also been shown that the relationship between the structure and the number
of neurons in the model is not limited to the orientation preference map in the visual cortex,
but appears to be universal for all neural maps.

An improvement of the model made it possible to not only predict individual pinwheels,
but also more detailed neural maps which correspond in many respects to the maps in the
visual cortex of mammals. Accordingly, the model predicted not only the arrangement of
several pinwheels with alternating directions of rotation, but also a retinotopic arrangement
and the arrangement in ocular dominance columns. For this improved model, a connectivity
was modeled in which the neurons are connected not only depending on orientation pref-
erence, but also depending on their retinotopic and ocular activity preference (retinotopy
and ocularity). Ocular dominance columns are stripe-like patterns that are visible on the
surface of the visual cortex when visualizing the activity preference of neurons for one eye.
In this more detailed model, a phase transition between structured and unstructured maps
depending on the number of neurons was also found. Since the predicted maps now did
not only consist of a single pinwheel, it was possible to carry out comparative statistics
of the neural maps modeled in silico and the maps of in vivo imaging data. A universal
property of structured maps based on the orientation preference in the visual cortex is that
the relative pinwheel density in different mammalian species is constant and approximates
p . This property suggests that a universal principle governs the creation of this map. In the
model, this relative pinwheel density was asymptotically approximated for an increasing
number of neurons. It has also been found that the number of neurons per pinwheel is
constant. A constant number of neurons per pinwheel would be a simple explanation for the
constant relative pinwheel density in mammals. The differences in the absolute density of
the pinwheels could then be due simply to differences in the neuronal density. The number
of neurons and pinwheels in data from mammals actually shows a linear relationship with
about 30,000 neurons per pinwheel and thus support this hypothesis. Since the theoretical
limit for the number of neurons that are fully connected to each other is also the same order
of magnitude, about 104, the size of hypercolumns such as pinwheels could in general be
de ned by this limit.
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After studying neuronal maps in the visual cortex, another model based on the neuronal
placement method was created and used to study the development of characteristic folds
in mammalian brains. Compared to neuronal maps in the visual cortex, cortical folds ex-
tend over a much larger area. Accordingly, a detailed connectivity as given by the activity
preferences of individual neurons in the visual cortex was neglected and a more general
connectivity mapping the connection between neurons of different cortical columns on a
larger spatial scale was modeled instead. This connectivity is de ned by the fact that on
average neurons make more local than global connections. Modeling this simple property
of neuronal connectivity was indeed suf cient to predict two-dimensional folding patterns
using the neural placement method. Based on this cortical folding model, many features of
mammalian folding patterns could be explained depending on parameters de ning the size
and thickness of the cortex as well as the strength and shape of local and global connectivity
in the cortex.

As the size of the cortex increases, more and more folds occur in mammals. Similarly,
in the model, there is an ever-increasing degree of folding depending on the number of corti-
cal columns, which is ultimately proportional to the size of the cortex. In contrast, increasing
the number of neurons per column, which is related to the thickness of the cortex, leads to
fewer folds in the model. Correspondingly, a qualitatively similar dependence of the degree
of folding on the cortical thickness was shown in mammals.

In addition, the model showed that the ratio between the number of columns and the number
of neurons per column seems to determine, in principle, whether neurons are organized in
nuclei or in a cortical structure. Only when the number of columns is signi cantly larger
than the number of neurons per column does the model generate a cortex-like structure that
is more folded depending on the number of columns there are in relation to the number of
neurons per column. If this ratio is shifted more and more in favor of the number of neurons
per column, a structure emerges that is more similar to a collection of individual brain nuclei.
Thus, the cortical structure may develop because it consists more or less of similar copies of a
canonical computation module that contains a relatively constant number of neurons.

Although the formation of folds generally seems to be related to the multiplication of equally
sized columns in cortices of growing size, variations in the basic pattern of a strong local and
weak global connectivity could lead to changes in the folding pattern. Such changes in the
folding pattern are actually predicted by the model and could explain why the amount of
convolutions in different mammalian orders scales differently with the size of the cortex. A
locally different connectivity in the model leads to local differences in the type of folding and
thus to characteristic folding patterns. Accordingly, differences in connectivity may explain
why stereotypical folds occur in individual mammalian species. This hypothesis is supported
by the fact that changes in connectivity associated with pathological folding patterns produce
gualitatively similar changes in the model.

Since the folding pattern in the model can be in uenced locally and globally by various
parameters, it is unclear which part of the connectivity nally leads locally to a fold in the
model cortex. There are many examples in mammals in which a gyrus, which is a single
protuberance of the folded cortex, coincides with a speci ¢ function of the cortex, e.g. with
the representation of a body part. Since neurons with similar stimulus selectivity are more
likely to be connected, this observation suggests that a gyrus arises from locally enhanced
connectivity of the neurons. In fact, single convolutions in the model can be provoked if
the connectivity of the model neurons is locally enhanced. Cortical folds could thus be
the result of a compromise between the arrangement of neurons in a cortical layer and the
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arrangement in single nuclei. Correspondingly, it has already been suggested that the tensile
forces of local connections between the walls of gyri may be responsible for the development
of cortical folds. This hypothesis was rejected because there are no appreciable tensile forces
between the walls of individual gyri. However, there are considerable forces within the
intergyral white matter and the gray matter. Since the cortical folds in the model depend on
the global and local connectivity, a modi ed version of the axonal tension hypothesis could
prove to be correct. Accordingly, the intergyral tensile forces of the global connections could
be responsible for keeping the entire cortical structure compact. These forces alone would
simply push the cortex in on itself, resulting in a thicker cortical layer. Local tensile forces
in the gray matter could counteract this, as locally more strongly connected neurons would
otherwise be forced apart. In order to keep the structure locally and globally compact, a
compromise between these tensile forces could lead to a folded cortex.

Since a variety of neuroanatomical structures could be modeled with the same placement
method in silico, a common mechanism for the generation of these neuroanatomical structures
might also be found in vivo. Perhaps such a mechanism could be provided by the tensile
forces already described in the context of cortical convolutions along neural processes. Just
as in the model, the neurons could then be arranged by their connection similarity if their
position is determined by the sum of the competing tensile forces between the neurons.
However, such a mechanism is unlikely to be the sole reason of neurons nding their position
in the brain. Signhal molecule gradients and ontogenetic columns de ned by stem cells in
the subventricular zone are known to be involved in creating the ordered structure of the
cortex. While cortical convolutions may arise from neuronal tensile forces without altering
the columns' neighborhood relationships established by signhal gradients and ontogenetic
columns, it is not possible to keep these neighborhood relationships if neuronal positions
would again be changed markedly to form a neuronal map through those tensile forces.
Therefore, the formation of neuronal maps by the activity tuning of neurons with xed
positions seems to be more likely. However, it cannot be ruled out that self-organization by
tensile forces could still play a role in the formation of neuronal maps. At least locally, tensile
forces could support map formation by shaping smaller structures of the map, like pinwheels.
Whether competing tensile forces between neurons could indeed be a valid mechanism for
the self-organization of neuronal structures is an interesting research question that might be
answered by empirical studies in the future.
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Chapter 1

Introduction

All biological organisms are subject to natural selection shaping the way they look—or
more precisely their phenotype—by favoring genes that are bene cial to their reproductive
success. As a consequence of this evolutionary pressure, anatomical structures in animals
can be described as a function of the costs that are to be minimized and the performance
that is to be maximized. This is particularly true for the nervous system with its intricate
anatomical organization at the macroscopic and the microscopic scale. For neural circuits for
example, keeping the overall length of wiring between neurons as short as possible is crucial
for optimizing the network performance and metabolic cost. In my thesis, | investigated
how neurons arrange themselves under the assumption that the overall wiring length is
minimized. To nd such neuronal arrangements, | developed a computational model based
on dimension reduction algorithms. My model (1) provides a simple hypothesis explaining
the differences in neuronal maps in the visual cortex of rodents compared to larger mammals
(see Chapter 4), (2) predicts a large number of characteristic properties of cortical maps and
their scaling relations (see Chapter 5) and (3) provides tools which are suited to studying why
and how some mammalian brains are folded (see Chapter 6). To introduce the topic, | rst
explain why optimization principles shape the morphology of organisms and | then show
how these principles aid our understanding of the intrinsic relationship between structure
and function in the context of the nervous system.

1.1 Structure and function of living things

Nothing in biology makes sense except in the light of evolution.

(THEODOSIUS DOBZHANSKY )

Evolution has been shaping the structure and function of all living things on Earth. During
this process organisms are optimized for better chances of survival and ultimately for a higher
reproductive success because organisms with genes that maximize reproductive success are
naturally selected. Instead of a de novadesign of organs to provide an optimal solution for

a certain function, natural selection rather shapes and optimizes organs by tinkering with
already present components encoded in the genetic composition of organisms (Jacob, 1977).
Accordingly, the structure of an organ is dependent on its function and phylogenetic history.

Due to this evolutionary process, structure and function depend on each other and cannot be
viewed separately from one another. The mutual dependency of structure and function is
particularly re ected in the individual scaling behavior of certain body parts with regard to

the total body size. Depending on the underlying function of a component of an organism's
body, its allometric scaling behavior can be non-linear. In more general terms, a biological
variable Y depends on the body mass M by a scaling law Y = Yo+ MP, where bis the scaling
exponent and Yq a species-speci ¢ constant (West, 1997). Such scaling laws emerge from
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physical requirements that have to be ful lled to maintain a certain functionality. Without
compensating for these requirements, changing the size of an organ therefore always impacts
its functionality or ef ciency (Schmidt-Nielsen, 1984; Kaas, 2000; Changizi, 2001). A simple
example is how bone size varies with the size of an organism to maintain the same stability.
Since the volume of an organism grows with the third power of its size, a bone that is three
times longer should have a diameter that is about = 33 = 5.2 (or expressed as a scaling law
with exponent b= %) times greater to ful Il the same stability criteria (Schmidt-Nielsen, 1984).
Although in this case it is apparent that structure and function relate to bone thickness and
stability, it might show how studying such relationships could lead to a better understanding

of biological functions and morphology. Similarly to the way bone thickness depends on
bone volume, the metabolic rate of organisms could depend on the square-cube law (b= 3)
to avoid heat exhaustion. However, metabolic rates were found to scale more differently
with an exponent b = % (Kleiber, 1947), which can be explained by a space- lling fractal-like
vascular branching pattern with size-invariant terminal units designed to minimize energy
consumption (West, 1997). As given by this example, studying the rules underlying biological
structures can enable us to better understand the function of an organ and vice versa.

Nowadays we understand how the physiology (function) relates to the morphology (struc-
ture) of many organs from different species. For example, we understand how the mor-
phology of lungs facilitates the dissolution of oxygen in the blood. Pulmonary alveoli in
mammals are round to increase the surface area, thus enabling a faster exchange of oxy-
gen and carbon dioxide. In contrast, the nervous system is one if not the exception where
understanding function by observing structure seems to remain enigmatic because of its
immense complexity. The crucial role of the nervous system is to control animal behavior,
and different cognitive functions can often be attributed to certain regions of the brain (Rees,
Kreiman, and Koch, 2002; Lisman, 2015). However, what exactly constitutes the speci ¢ func-
tion is often unknown even though the physiological processes for sending, receiving and
integrating electrical signals in single neurons are relatively well understood (Rall et al., 1992).

Neuronal computation can either happen at the neuronal, dendritic (Smith et al., 2013),
synaptic (Abbott and Regehr, 2004) and possibly at the molecular (Adleman, 1994) or even
the quantum level (Sarovar, 2010; Koch and Hepp, 2006). Although it is unclear which level
of neuronal computation contributes the most to information processing, neurons are very
likely to play a crucial role in cognition and behavior because the amount of neurons in the
brain highly correlates with cognitive performance and behavioral complexity (Herculano-
Houzel, 2017; Herculano-Houzel, 2012a; Roth and Dicke, 2005). The gap between knowledge
about the function of single neurons and the function of the organ they constitute—the
brain—is due to the fact that the brain's function is not only the sum of its neurons but a
product of the concerted network activity and its non-linear dynamics (Singer and Lazar,
2016). Understanding a nervous system requires an understanding of how all of its neurons
are concurrently interacting.

The brain of a mouse consists of approximately 68 million neurons (Herculano-Houzel,
Catania, et al., 2015) and orders of magnitude more synapses (Peters, 1987) which renders a
re-engineering of the network very dif cult. Despite this overwhelming complexity, ambi-
tious projects have been launched attempting to reconstruct all the connections in a single
brain in order to ultimately decipher its function by simulating the reconstructed brain based

on connectivity information and the knowledge of its single neuron dynamics (Helmstaedter,
2013; Markram, 2006; Markram et al., 2011). However, to date it is not even possible to recon-
struct small brains of higher vertebrates and it is not easy to predict whether or when it will
ever be possible to do so. Additionally, there are many methodological pitfalls (Helmstaedter
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and Mitra, 2012) that must be overcome before obtaining faithful and consistent neuronal
connectivity and activity data. Complete and reliable brain reconstructions are thus unlikely
to become available in the near future.

Irrespective of the methodological problems of these approaches, we can state the following:
even if all of the brain's connections and the activity of each neuron at each time point
were known, it is questionable whether this would enable us to understand the brain's
function (Eckoldt, 2013). This general problem is illustrated by the current knowledge about
the function of the nervous system of C. elegansThe availability of the worm's complete
connectome - the entirety of all its connections - has not led to a holistic understanding
of the function of its nervous system (Jabr, 2012). Considering that the worm's nervous
system consists only of roughly 300 neurons, far less than any mammalian species, this is
discouraging. We are also unable to understand the rational basis of decisions made by
arti cial neuronal networks (ANN) that assist us in our daily life more and more (LeCun,
Bengio, and Hinton, 2015; Koch, 2018). In an ANN, the network design is set by the network
engineer. Still, the rational basis of the decisions made by these algorithms is mostly not
understood (Davenport, 2017). Therefore it is unclear whether brain function would ever be
understood based purely on the knowledge of the neuronal connections and their dynamics.
Nevertheless, this does not imply that deciphering the connectome of various organisms is a
worthless endeavour. It means that large scale connectome data alone are almost certainly
not suf cient for understanding brain function. For this reason, we need other approaches
which may rely on our ability to extract the principles underlying large scale connectome data.

As explained previously, the vast complexity of neuronal networks is likely to be the main
obstacle when trying to understand the brain. However, the genetic information of organisms
is too limited to encode all the details of their intricate neuronal networks (Braitenberg and
Schiiz, 1998; Cherniak, 1988; Eckoldt, 2013). This means that neuronal networks must be
formed by factors that can operate independently from genetics, e.g. signal molecule gradi-
ents and activity-dependent mechanisms. Thus, brain function could be constituted by much
simpler principles that would lead to the complexity of the network. Understanding and sim-
ulating the principles underlying the brain's structure might be the key to understanding the
function of the nervous system. In my project, | developed a neuronal placement procedure
that is inspired by such general principles of neuronal wiring in order to study the spatial
arrangement of neurons. These principles are introduced in the next section.
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1.2 Optimization principles of neuroanatomical structure

We realized that all of the various conformations of the neuron and its various
components are simply morphological adaptations governed by laws of conser-
vation for time, space, and material.

(SANTIAGO RAMON Y CAJAL)

General principles that govern the morphology of neuronal networks had already been empir-
ically derived by Ram 6n y Cajal in his pioneering work on the texture of the nervous system
of man and the vertebrates (Ramon y Cajal, 1999) long before there was an understanding of
the physiology of single neurons. Cajal postulated that the structure of the nervous system is
shaped by three laws: The conservation of time, space and material. This means that neuronal
structures are formed such that the conduction time between neurons, the material (i.e. the
length of the connections between neurons) and the space taken up by neuronal structures is
minimized. In the following section, | will explain in more detail why these optimization
principles shape the anatomy of the nervous system.

1.2.1 Conservation of material

Conserving the material used to build up nervous system structures is bene cial because it
saves additional energy that would otherwise be necessary for the metabolism of a larger
structure. A lower nutritional demand is a survival advantage which increases the probability
of reproducing. Hence there is an evolutionary pressure towards the minimization of material
used in the nervous system.

The signi cance of minimizing brain size is well demonstrated when taking a look at the
human brain. The energy demand of the human brain is about 500 kcal per day (Herculano-
Houzel, 2012b) which is more or less the energy content of a Big Mac. The abundant
availability of food in our Western society and its mostly high energy content may suggest
that this amount of energy is rather low but a closer look at the numbers says otherwise.
The the brain makes up only 2% of a human's body weight (1.3 kg of 65 kg, (Aiello and
Wheeler, 1995)) but its energy demand is 20% (500 kcal of 2500 kcal per day) of the total
energy consumption and thus roughly ten times higher than expected.

Since the brain's energy demand scales linearly (Herculano-Houzel, 2012b) but the energy
consumption of body mass only sublinearly (Kleiber, 1932), the divergence between the
size of the brain and the relative amount of energy it uses is ever more increasing with its
size. This unfavorable relationship between brain size and body size forms a high selective
pressure to keep the structure as small as possible.

Further evidence in favor of a high selective pressure on brain size comes from the com-
parison of the size of the human brain to that of other primate species. The human brain
is extraordinarily large with more neurons compared to that of other primates of similar
body size, although the neuronal density is typical for a primate (Herculano-Houzel, 2009).
Indeed, this size divergence between human and non-human primates has been convincingly
connected to the energy demand of the brain. Non-human primates rely on the intake of
raw food that generally has a lower nutritional value compared to cooked food and requires
a longer time to chew and digest (Koebnick et al., 1999; Wrangham and Conklin-Brittain,
2003). Accordingly, the necessary time for chewing and digesting is a limiting factor that
constrains brain size due to its high energy demand (Herculano-Houzel, 2012b; Wrangham
and Conklin-Brittain, 2003). Although it is still debated whether the higher energy demand
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of the human brain was originally satis ed by a more plant- or meat-based diet (Eisenstein,
2010), there is overwhelming evidence that processing and cooking raw food enabled the
evolution of the human brain which is extensively reviewed in Herculano-Houzel (2012b),
Wrangham and Carmody (2010), Wrangham and Conklin-Brittain (2003), and Wrangham
(2013).

Taken together, a large brain comes with a large cost due to the high evolutionary pres-
sure to be energetically ef cient so that minimization of its size is of the utmost importance
for survival.

1.2.2 Conservation of space

Different spatial conformations of neurons can be equivalent regarding their wiring length
but can vary in the amount of space that is occupied (Fig. 1.1).

FIGURE 1.1: lllustration of different spatial arrangements of connected neurons such that the wiring
length is equal but the used space (indicated by the dashed line) varies.

Even without varying the wiring length in different spatial conformations of connected neu-
rons, the occupied space may require additional tissue that has to be maintained. Therefore
the space used by neuronal structures within the nervous system should be minimized.
According to this rule, there should be no “empty” space which could otherwise be used
for the placement of additional neuronal structures. Indeed, the growth pattern of nheuronal
arbors can be quite space- lling, which is indicated by a fractal dimension near 2 (Panico
and Sterling, 1995). However, space- lling neuronal arbors not only optimize the used space,
they also allow for a uniform sampling of afferent synaptic information (Poe et al., 2017).

When viewing neuronal structures in isolation, space minimization cannot be differenti-
ated from material minimization. Outside of a global context the used space of a neuronal
structure is de ned by its tightest possible enclosure. Here, the conservation of space fol-
lows as a direct consequence of minimizing the used material: Assume that there exists a
neural structure which is perfectly optimized regarding the used material. If the used space
could be further reduced, it would follow directly that the volume of the material could
also be reduced. This means in turn that less material could be used, thus contradicting the
assumption. According to this, conservation of space can only be differentiated from material
conservation if the neuronal structure is viewed in a global context where it is embedded in
space.
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1.2.3 Conservation of time

Signal times increase proportionally to the connection length between neurons. Optimizing
the delay of signal transmission between neurons enables faster reaction times and higher
information throughput rates. In the ght for resources and competing situations between
animals, faster reaction times and higher cognitive abilities enabled by better information
throughput rates are a selective advantage over less optimized individuals (Laughlin, 2003).

Although the connection length between each pair of branch points should be kept at a
minimum when minimizing the used material of a neuron, such a solution is usually not
equal to a solution that minimizes the signal time. For example, increasing the thickness
of neurites lowers the signal times but conversely requires more material (see Wen and
Chklovskii (2005) for discussion). Differences between solutions for signal time and material
minimization are however not restricted to a mere difference in the thickness of neurites.
Minimizing for either signal time or the use of material also leads to different branching
patterns. To keep signal times as short as possible, each synapse would have to be directly
connected to the soma by a single non-branching neurite, which is a consequence of the
triangle inequality ¢ b+ a(Fig. 1.2).

FIGURE 1.2: A triangle formed by points A, B and C with sides of lengths a, band c shows that the
triangle inequality must always be true since there is no way to place C such that the sum of the
lengths of b and awould be shorter than c.

In contrast, introducing branch points is vital to minimize the used material of a neuron, since
branches can then be shared to connect more than one synapse to the soma. Thus the material
that would otherwise be necessary for the additional branches to connect each synapse
directly to the soma in case of signal time minimization can then be saved. If introducing
branch points helps to reduce the used material, there should exist a set of branch points
that leads to a branching pattern for which the used material is minimal. Accordingly, to
minimize the used material for a given set of synapses (or target points) V; of a neuron, one
has to nd branch points V, such that the cost for the used material is minimal. Assuming
that G = (V,E) is the graph that describes a neuron by the nodesV = V,[ V; and the
edges E, which connect these nodes with a cost for material use given by the function c,
the total cost C(E) = & g c(€) has to be minimized by a neuron with minimum material
usage. While nding an optimal solution for this problem is intrinsically complex and
corresponds to one of the 21 NP-complete problems (Garey and Johnson, 1979; Karp, 2009),
minimizing signal times is trivial and can be done in linear time ( O(n)) by just connecting
the root v, to all target points such that E = ff v,,tg: 8t 2 Tg, which means that the problem
is in PL. Accordingly, the differences between signal time and material minimization are
also underpinned by their different complexity. The complexity of a minimization problem
corresponds to how the minimum number of steps to nd an optimal solution is growing

1For a short introduction to complexity theory and its terminology respective to the complexity classes P and
NP as well as the asymptotic O-notation (see Appendix A)
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with the input length (e.g. number of terminal points) of the speci ¢ problem (see Appendix
A). However, neuronal morphologies will always consist of some compromise of material
and signal time minimization. Otherwise neurites would be in nitesimally thin or thick to
either minimize material consumption or signal time. Interestingly, some features of Steiner
minimal trees seem to be re ected by neuronal morphologies. For example, it has been shown
that all branches must be bifurcations and that the angles formed by each adjacent pair of
arcs must be 120 degrees in a Steiner minimal tree (Gilbert and Pollak, 1968), which is
re ected by neurons that are sparsely grown in vitro (Fig. 1.3).

FIGURE 1.3: Sparsely grown neurons (taken from chick dorsal root ganglia and grown on a glass sur-

face) indeed show a branching pattern (left, from Chklovskii and Koulakov (2004)) that is reminiscent

of the branching pattern solutions that optimally solve the Steiner tree problem (right, from Gilbert
and Pollak (1968)).
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1.3 The nervous system: an optimized structure

If cortical maps are selected in the course of evolution to improve the tness of
the organism, they can only be chosen on the basis of the length of connections.

(DMITRI "MITYA' CHKLOVSKII)

After explaining the fundamental optimization principles shaping the nervous system in the
previous section, this section reviews the current literature showing how neuronal structures
are shaped by these rules. As mentioned earlier, the morphology of neurons is an example of
how structure and function can be related to the optimization of signal times, used space, and
material. However, not only the morphology of single neurons is shaped by optimization
principles. Instead, the morphology of neural structures can be explained at a broad range
of organization levels. At the highest level one can ask why the brain is located in the head
despite a better mechanical protection in the thorax and a reduction of blood vessel length.
Since the majority of the brain's peripheral connections run to the anterior sensory organs,
locating the brain in the head saves a considerable amount of wiring length by bringing it
closer to these organs (Cherniak, 1994). This example underpins the importance of saving
neuronal wiring length compared to other demands by showing that saving wiring length

is even favored over a better mechanical protection and shorter blood vessel length. In the
following, it is rst covered how wiring is optimized at the level of single neurons before
reviewing how these optimization principles shape structures that are present at a higher
organizational level.

1.3.1 Neuronal morphologies are shaped by wiring optimization principles

Single cell morphologies are shaped by a compromise between the minimization of signal
times and the used material (see Section 1.2). Finding the optimal solution for a trade-off
between signal time and material minimization is NP-complete because nding the optimal
Steiner trees is a subset of this problem (Cherniak, Changizi, and Won Kang, 1999). However,
nding approximate solutions to the problem by calculating the minimum spanning tree
(MST) of a set of points already leads to realistic synthetic neuronal morphologies (Cuntz,
Forstner, et al., 2010). The MST of a GraphG = (V,E) isde ned as the tree T=(V,E° E)
where & ,,w W for given edge weights W = fwy, : wyy 2 R"f u,vg 2 Egis minimal. To
minimize both — material and time — edge weights are de ned in Cuntz, Forstner, et al. (2010)
as the composite of the edge length betweenu and w and the minimum path length from
the root v, 2 V that usesf u,wg as an edge. Based on these edge weights, synthetic neuronal
morphologies can be grown in silico as follows:

1. Start by distributing random points V inside a volume that is roughly shaped as a tight
hull around the target morphology.

2. lteratively, select an edge fu,vg 2 E that does not form a loop and best minimizes
signal times and material until T = (V,E9 is atree.

The synthetic morphologies produced by this algorithm are sometimes indistinguishable
from reconstructed morphologies (see Fig. 1.4 for an example of cortical pyramidal cells
grown in silico). The in uence of wiring and signal time minimization can be varied in
the model by a parameter that balances the effects of these factors. Only by changing this
so-called balancing factor, different morphologies that capture a broad range of different
dendritic branching patterns can be obtained for the same input points (see Fig. 1.5).
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The MST model is not the only link between neuronal morphology and neuronal opti-
mization principles. Theoretical considerations have also shown that the elaborate structures
of neurites are mandatory for a highly interconnected neuronal network in the allotted
volume (Chklovskii, 2004b), that neuronal arbors are locally optimized at bifurcations such
that branching angles depend on the thickness of the branches relative to the trunk (Cher-
niak, 1992), that optimal diameters of mother and daughter branches satisfy a power law
(Chklovskii and Stepanyants, 2003), that neuronal arbor size depends on the neuronal density
ratio between two cortical layers (Hyde and Knudsen, 2000), that the number of branch
points and synapses relates to the total dendritic wiring length by a speci c power law
(Cuntz, Mathy, and H ausser, 2012) and that, considering only total length and path length
from synapse to soma, planar branching and compact arbors are optimal with respect to
minimizing the cost for building and maintaining dendrites (Wen and Chklovskii, 2008; Wen,
Stepanyants, et al., 2009).

FIGURE 1.4: Synthetic cortical layer 5 pyramidal cells grown in silico using the MST model (Cuntz,
Forstner, et al., 2010). The neuronal morphologies match the biological morphologies so well that they
cannot be discriminated visually from biological reconstructions. From Cuntz, Forstner, et al. (2010)

1.3.2 Wiring optimization affects the organization of the neuronal tissue

At the tissue level, neuronal cell bodies can either be embedded in or segregated from the
neuropil. Theoretical considerations predict that if the volume of the cell body is bigger than
the volume of the stem, a segregated arrangement is preferable over an embedded arrange-
ment and vice versa. Indeed the relationship between stem and cell body size explains the
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FIGURE 1.5: Conservation of time and material have opposing impacts on neuronal morphology. This

becomes clear when a balancing factor that controls the in uence of both optimization constraints is

varied in the MST model. Using the target points shown on the top, the results for instances using

different balancing factors are shown. The morphology on the left minimizes the used material while

the one on the right minimizes signal conduction times. In between are the morphologies that solve

the problem for instances where material and time constraints are more leveled. From Cuntz, Forstner,
et al. (2010).

layout in a wide range of species (Rivera-Alba et al., 2014).

Similarly, the segregation of the cortex into white and gray matter is preferable if wiring
length has to be minimized. Comparing a homogeneous arrangement where gray and white
matter are fused, a segregated arrangement into an outer sheet of gray matter with white
matter located internally (outer sheet layout) and an arrangement where gray and white
matter are swapped (inverted sheet layout) (Fig. 1.6), showed that indeed the outer sheet
layout is the optimal solution with respect to material (Murre and Sturdy, 1995; Ruppin,
Schwartz, and Yeshurun, 1993) and signal time minimization (Wen and Chklovskii, 2005).

FIGURE 1.6: Three possible cortex arrangements. Neurons can either be arranged in an outer layer

and inner white matter (outer sheet), interspersed with white matter (homogeneous) or in a big

nucleus of neurons with an outer layer of white matter (inverted sheet). In the schematic pictures,

gray corresponds to tissue mainly consisting of neurons, white to tissue mainly consisting of neuronal
bers, and the black dotted pattern to tissue that is a mix of neurons and their bers.
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Further analysis revealed that the thickness of the cortex should be roughly 1 mm (Wen
and Chklovskii, 2005), that a column with potential all-to-all connectivity should consist of
magnitude 104 number of neurons (Wen and Chklovskii, 2005) and that modularization by
forming cortical columns is preferable (Murre and Sturdy, 1995). All of these results match
biological observations (Murre and Sturdy, 1995; Wen and Chklovskii, 2005), except that a
homogeneous arrangement of gray and white matter is predicted to be favorable in mice.
Although the mouse cortex is laminated and organized into an outer sheet layout of gray and
white matter as in other mammals, mice show some form of a homogeneous arrangement in
the primary visual cortex which has been related to wiring optimization and is described in
the next subsection.

1.3.3 The formation of neuronal maps and areas as a consequence of wiring op-
timization

When visualizing their preferred response to a certain feature of a stimulus, neurons can
be arranged in an orderly fashion forming a so-called neuronal map. In the primary visual
cortex, such maps can be found based on the eye preference (ocular dominance (OD)) and the
preference for bar stimuli of a particular orientation in the visual eld (orientation preference
(OP)). OP maps are characterized by a continuous pattern with a repeating theme: neurons
form patches where OP is relatively constant in one direction, but continuously changing in
the orthogonal direction. These patches are interrupted by singularities where neurons of all
different OPs can come close to one other. Around those singularities OPs are represented in
a pattern that is reminiscent of a pinwheel (Fig. 1.7 A, left). These pinwheel-like structures are
repeated on the surface of the cortex constituting the characteristic OP maps that were found
in most of the studied mammalian species (Fig. 1.7A, right). However, rodents are mammals
that possess a completely different OP map where orientation selective neurons are arranged
in a seemingly random salt-and-pepper layout (Fig. 1.7 B). Accordingly it has been suggested
that rodents possess a different functionality and connectivity in the primary visual cortex
compared to other mammals (Kaschube, 2014). Indeed, theoretical considerations based on
wiring optimization showed that random connectivity between orientation selective neurons

in a computer model results in salt-and-pepper maps while a selective connectivity with
neurons of similar OPs results in pinwheel maps (Koulakov and Chklovskii, 2001). Although
this suggests that rodents may have a random connectivity between orientation-selective
neurons, studies of their visual cortex microcircuits showed that this is not the case and
that connections are formed instead more selectively between neurons of similar OP (Ko,
Hofer, et al., 2011; Ko, Cossell, et al., 2013; Ko, Mrsic-Flogel, and Hofer, 2014; Lee et al.,
2016). The results presented in this dissertation resolve this contradiction by showing that, in
addition to connection selectivity, the number of neurons is a crucial factor for the emergence
of structured maps. A relationship between the map structure and the number of neurons
could explain the difference in map structure between rodents and other mammals without
assuming large differences in the general connectivity (see Chapter 4 and 5).

Other visual cortex map models also showed that the formation of pinwheels is related to
wiring optimization. For example, Durbin and Mitchison (1990) used an optimization proce-
dure mapping the high-dimensional feature preferences of neurons onto a two-dimensional
grid such that the two-dimensional distances between neurons match the feature dissimilari-
ties as well as possible. Although wiring length is not explicitly minimized here, wiring is
minimized implicitly because the connection probability between neurons depends on the
feature similarity in the visual cortex (Kaschube, 2014).
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FIGURE 1.7: Different map phenotypes in the primary visual cortex. ( A) Activity patterns in response

to differently oriented bar-stimuli of neurons in the visual cortex of cats are reminiscent of pinwheels.

(left) Neurons are orderly arranged in a Pinwheel at the cellular level, which is revealed by Calcium-

imaging (modi ed from Ohki, Chung, Kara, et al. (2006)). ( right) These Pinwheels are repetitively

expressed along the surface of the visual cortex (modi ed from Bonhoeffer et al. (1995)). ( B) Seemingly

unstructured salt-and-pepper maps as they are found in rodents (Calcium-imaging modi ed from
Ohki, Chung, Ch'ng, et al. (2005)).

Neuronal maps are constituted by cortical columns which are de ned as a patch of cor-
tex where neurons are preferentially active in response to the same stimulus of a certain
modality through all cortical layers (Mountcastle, 1997). Per this classical de nition, cortical
columns cannot be identi ed in the primary visual cortex, since the OP of neurons is con-
stantly changing along the cortical surface. The visual cortex can instead be divided into
hypercolumns de ned by repetitive patterns of neuronal feature preferences. By de nition,
these hypercolumns consist of a set of neurons that covers the respective feature space.
Confusingly, orientation hypercolumns contain multiple pinwheels while each pinwheel
itself already covers the orientation space suf ciently. For historic reasons, hypercolumns
and pinwheels are considered as different concepts. Orientation hypercolumns were rst
discovered by electrophysiological experiments where neuronal activity was measured along
a tangential electrode track in response to differently oriented bars in the visual eld. In these
experiments, the OP shifted gradually along the surface and in many cases a full period of
different OPs could be traversed (Hubel and Wiesel, 1974a). The length | (hypercolumn size)
of the track demarcating such a full period of different OPs de ned the boundaries of the hy-
percolumn (Hubel and Wiesel, 1974b). However, the actual two dimensional map leading to
these one dimensional activity patterns was only discovered later by applying newer optical
techniques that were previously not available (Blasdel and Salama, 1986). Interestingly the
number of pinwheels per hypercolumn area | 2 is constant across mammalian species and in
a visual cortex model (Kaschube et al., 2010) while absolute pinwheel densities vary. This
relationship could be explained either by differences in neuronal numbers per hypercolumn,
differences in neuronal density or a combination of both. The present study shows that the
number of neurons per pinwheel and hypercolumn is constant across mammalian species,



	Zusammenfassung / Summary (Deutsch / English)
	Introduction
	Structure and function of living things
	Optimization principles of neuroanatomical structure
	Conservation of material
	Conservation of space
	Conservation of time

	The nervous system: an optimized structure
	Neuronal morphologies are shaped by wiring optimization principles
	Wiring optimization affects the organization of the neuronal tissue
	The formation of neuronal maps and areas as a consequence of wiring optimization
	Neural structures are optimally placed

	Solving the optimal neuronal placement problem
	Neuronal placement by solving a quadratic form
	Neuronal placement by using dimension reduction methods


	Scope of this thesis
	Discussion
	Bibliography
	Publications
	Publication 1
	Publication 2
	Publication 3
	Acknowledgements
	Curriculum Vitae
	Complexity of optimization problems
	Dimension reduction methods

