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4 Summary

4.1 Summary in English

Throughout the entire life, new neurons of the granule cell type (GCs) are continu-
ously generated in the mammalian hippocampal dentate gyrus (DG). As a part of the
limbic system, the hippocampus is concerned with spatial and declarative memory for-
mation. Increasing evidence exists, that adult born granule cells (ABGCs) play an im-
portant role in this process. An especially critical period, when these ABGCs are 4-6
weeks old, has come into the focus of research. It is during this specific time-span that
the ABGCs express enhanced excitability and synaptic plasticity as well as a lowered
threshold for the induction of long term potentiation (LTP), a mechanism associated to

learning and memory formation.

This study investigates the time course and dynamics of synaptic integration in
ABGCs and mature GCs together with which differences exist between them at various
cell ages. Furthermore, spine plasticity following high frequency stimulation (HFS) is

analysed focusing on a critical phase of enhanced excitability in 4-5 week old ABGCs.

In this thesis, two approaches at studying the synaptic integration and structural plas-
ticity of ABGC:s in rats were investigated. This work was performed on fixed brain ma-
terial that was provided by two laboratories that performed the in vivo labelling, stimu-
lation procedures and brain fixation. In the first project, 6, 12 and 35 weeks old XdU-
labelled ABGCs were studied. Adult rats were exposed to an enriched environment and
received unilateral intrahippocampal delta burst stimulation (DBS) and LTP induction.
The ABGCs and a control population of mature GCs were immunohistologically ana-
lysed for Egrl (early growth response 1) expression. Egrl is an immediate early gene

(IEG), expressed after LTP induction and marks neuronal excitation.

It was found, that unilateral stimulation of the perforant path of the hippocampus re-
sults in an increase of Egrl expression in ABGCs of both hemispheres. It could be
shown that the enhanced expression intensity of Egrl in ABGCs is not a usual state of

young GCs but a reaction to DBS. ABGCs from unstimulated control animals and ma-
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ture GCs expressed lower levels of Egrl. Interestingly, the stimulation induced a similar
degree of Egrl expression intensity in all ABGC age groups. Furthermore, it was found
that young ABGC from the infrapyramidal dentate gyrus (DG) express a higher excita-
bility than those from the suprapyramidal DG.

In the second project, fixed brain sections were analysed. They stemmed from rat
brains containing 28 and 35 day old ABGC that had been transfected with intrahippo-
campal RV-GFP (retroviral-green fluorescent protein) injections and had received uni-
lateral high frequency stimulation of the medial perforant path in vivo. Nuclear Egrl
expression intensity was analysed in a cell specific manner. Dendritic spine size was
measured in the inner-, middle- and outer molecular layer (IML, MML, OML). It was
found that in ABGC, stimulation induced Egrl expression increase is lower than in ma-
ture GC. Following HFS, a significant homosynaptic spine enlargement was observed
in the MML indicating homosynaptic LTP, while heterosynaptic spine shrinkage was
found in the adjacent IML and OML. The latter corresponds to heterosynaptic long term
depression (LTD). Homosynaptic plasticity describes an input-specific potentiation of
synapses that received direct activation. The weakening of synapses not stimulated dur-
ing homosynaptic potentiation is oppositely coined heterosynaptic plasticity*.

A positive correlation between an increase in nuclear Egrl expression intensity and
spine enlargement due to homosynaptic plasticity induced by HFS could be shown.
Concomitant heterosynaptic plasticity, as indicated by spine shrinkage was observed.
Spine shrinkage in the IML and OML showed a negative correlation to a decrease in
Egrl intensity.

Taken together, the results provide detailed information on the gradual integration of
ABGC with ongoing maturation. Cell specific proof for homo- and heterosynaptic plas-
ticity following HFS was found in the critical period of synaptic integration of ABGCs.



4.2 Zusammenfassung in deutscher Sprache

Wahrend des gesamten Lebens von Sdugetieren werden im Gyrus dentatus des Hip-
pocampus neue Neurone vom Kdrnerzelltyp gebildet, was als adulte Neurogenese be-
zeichnet wird. Als Teil des Limbischen Systems ist der Hippocampus an der Verarbei-
tung raumlicher und zeitlicher Informationen beteiligt und spielt eine wichtige Rolle in
der Ged&chtnisbildung. Die adult neugeborenen Kornerzellen (ABGC) sind aktuell Ge-
genstand intensiver Forschung, da gezeigt werden konnte, dass sie eine Schlusselrolle in
hippocampalen Lernvorgangen einnehmen. Die ABGCs gehen aus Stammzellen hervor,
die sich schrittweise zu Nervenzellen mit komplexen Dendritenbdumen entwickeln. Ins-
besondere das Zellalter von 4-6 Wochen hat sich fiir hippocampale ABGCs als interes-
sant erwiesen. Wahrend dieser Zeitspanne, die auch ,kritische Phase* genannt wird,
zeigen die ABGCs eine verstarkte zelluldre Erregbarkeit und synaptische Plastizitét so-
wie eine erniedrigte Schwelle flr die Induktion von Langzeitpotenzierung (LTP). Letzt-
genannter Prozess wird mit Lernen und Geddchtnisbildung assoziiert und umschreibt
die Verstarkung synaptischer Ubertragungen. Im Gegensatz dazu beschreibt Langzeit-
depression (LTD) die Abschwachung desselben. In der vorliegenden Dissertation wur-
den zwei unterschiedliche methodische Ansatze fir die Erforschung der Dynamik sy-
naptischer Integration und struktureller Plastizitdt von ABGCs in Ratten verfolgt. In
beiden Ansétzen wurde Egrl (early growth response 1) als gradueller Marker flr synap-
tische Plastizitat verwendet. Egrl ist ein sogenanntes Immediate early gene welches
nach der Induktion von Langzeitpotenzierung exprimiert wird und als stabiler Marker
fir synaptische Plastizitit etabliert ist. Fir das erste Projekt, wurden XdU-markierte
ABGCs im Alter von 6, 12 und 35 Wochen verwendet. Adulte Ratten wurden einer an-
gereicherten Umgebung ausgesetzt und, mittels intrahippocampaler Hochfrequenzsti-
mulation (HFS) einer Hemisphare, in vivo einer Langzeitpotenzierung unterzogen. Die
Egrl Expression im Zellkern von ABGCs und der Kontrollpopulation aus maturen Kor-

nerzellen wurde immunhistologisch quantifiziert.

Im Rahmen dieses Projekts wurde herausgefunden, dass die einseitige Stimulation
des Tractus perforans des Hippocampus eine Zunahme der Egrl Expression in ABGCs

beider Hemispharen hervorruft. Es konnte gezeigt werden, dass die verstarkte Egrl Ex-
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pression in ABGCs kein Normalzustand junger Kornerzellen, sondern eine Reaktion auf
die HFS ist. Sowohl ABGCs unstimulierter Kontrolltiere, als auch mature Kornerzellen
exprimierten geringere Mengen Egrl. Interessanterweise induzierte die Stimulation ein
vergleichbares Mal3 an Egrl Expression in ABGCs aller Altersgruppen. Diese Resultate
demonstrieren, dass die Aktivitdt von ABGCs mittels einer HFS auf ein langfristig er-
hohtes Mall an Erregbarkeit angehoben werden konnte. Im zweiten Projekt wurden
ABGCs durch intrahippocampale Injektionen eines retroviralen Vektors mit einem griin
fluoreszierenden Protein markiert. Nach 28 und 35 Tagen wurde eine in vivo HFS
durchgefuhrt. Die nukledre Egrl Expressionsintensitat wurde bestimmt und mit struktu-
rellen Veranderungen dendritischer Dornen korreliert. In der Literatur ist eine Assozia-
tion von LTP mit einer VergrélRerung von Dornfortsdtzen beschrieben ebenso wie von
LTD mit einer Verkleinerung von Dornfortsatzen. Die GroéRe der dendritischen Dorn-
fortsatze wurde jeweils in der inneren-, mittleren- und duflReren Molekularschicht (IML,
MML, OML) ausgemessen. Die Ergebnisse konnten jeweils individuellen Kérnerzellen
zugeordnet werden. Nach der HFS war der Egrl Expressionsanstieg in ABGCs geringer
als in maturen Kornerzellen. In der stimulierten MML kam es nach HFS wéhrenddessen
zu einer signifikanten VergrofRerung von dendritischen Dornen, die als strukturelles
Korrelat homosynaptischer LTP interpretiert werden kann. Die Starke der VergroRerung
konnte mit einer intensiveren Egrl Expression positiv korreliert werden. Gleichzeitig
kam es in der benachbarten, unstimulierten IML und OML zu einer Verkleinerung von
Dornfortsatzen. Dieses Phanomen bezeichnet man als heterosynaptische LTD, sie konn-
te negativ mit der Egrl Expression im Zellkern korreliert werden. Homosynaptische
Plastizitat beschreibt eine Input spezifische Potenzierung von Synapsen, die direkt akti-
viert werden. Im Gegensatz dazu wird die Abschwéchung von Synapsen, die wahrend
homosynaptischer Potenzierung nicht stimuliert wurden, heterosynaptische Plastizitét
genannt'. Zusammengenommen liefern die gewonnenen Resultate detaillierte Informa-
tionen Uber die graduelle Integration von ABGCs wahrend ihrer zunehmenden Reifung.
Es wurde ein zellspezifischer Beweis fur homo- und heterosynaptische Plastizitit nach
HFS in der kritischen Phase der synaptischen Integration von ABGCs gefunden, die mit

der nukledren Expression von Egrl korreliert werden konnte.



5 Introduction

5.1 Adult neurogenesis

It was thought for a long time that neurons cannot be regenerated in adult organisms.
This dogma was, however, overthrown with the discovery of neurogenesis in adult rats
by Altman & Das in 1965. Adult neurogenesis describes the process of cell division in
neurons during adulthood disclosing an entire field of research as a result of this discov-
ery. Thanks to the unbroken enthusiasm, with which the details of adult neurogenesis
were and are sought after until the present day, the knowledge of this phenomenon has
greatly increased. The abovementioned authors showed adult neurogenesis in the sub-
granular zone (SGZ) of the dentate gyrus as well as in the subventricular zone (SVZ) by
labelling newborn neurons with radioactive thymidine-H*. In the following years, adult
neurogenesis was demonstrated in other animals, corroborating their results. The exist-
ence of ongoing neurogenesis in the telencephalon of canary birds and their prolifera-
tion, differentiation and functional integration was presented”®. The first to demonstrate
adult neurogenesis in the human brain was Eriksson and colleagues®. Evidence for con-
tinuing neurogenesis throughout the humans lifespan was presented by measuring the
amount of **C from atomic bomb tests in the genomic DNA of hippocampal neurons”.
Very recent results from post-mortem- and epileptic surgery resection samples interest-
ingly show a strong indication that, although neurogenesis in the hippocampus rapidly
declines during childhood, it cannot be detected in humans beyond puberty®. On the
other hand, a study from 2018 in whole hippocampi from cognitively healthy humans
aged 14 - 79 revealed a decreasing but persistent adult neurogenesis’. Throughout the
recent decades, adult neurogenesis has been shown in a large variety of animals®®. To-
day it is widely accepted, that adult neurogenesis exists in the SVZ and the SGZ of the
hippocampus, though evidence was presented that neurogenesis also exists in the stria-
tum of humans'®. The reports of adult neurogenesis in other brain regions are contro-

versially discussed™**.



5.2 Anatomy of the hippocampus

The curved structure of the hippocampal formation, a part of the limbic system, has
prompted many comparisons that resulted in its given name. In the mid-sixteenth
century, the Venetian anatomist Julius Caesar Aranzi saw a similarity to a seahorse and
hence called it “hippocampus”, the Latin translation'®. One hundred years later, the
Dutch physician and anatomist Isbrand van Diemerbroeck visualized the “pes hippo-
campi” instead, interpreting the curved forelimb of the mythological hippocampus, a
creature half horse and half fish'*. Decades later, the similarity to a ram’s horn prompt-
ed the name “cornu ammonis” driven by the depiction of the Egyptian god Amun with a
ram’s head™. Today, the subdivisions of the hippocampus proper are divided into three
parts, called CA1, CA2 and CA3. The CA stands for “cornu ammonis”. The hippocam-
pus proper is part of the hippocampal formation, which also comprises the dentate gy-
rus, the subiculum, parasubiculum, presubiculum and entorhinal cortex. In the rat and
mouse, its arced structure reaches from slightly dorsal of the corpora mammilaria all the
way along the lateral ventricles to the ventromedial part of the temporal lobe®®. The hip-
pocampus is widely used as a model system of cortical neural network because its fea-
tures allow easier, specific observation and manipulation than other brain parts. The
aforementioned features include both the formation of its main cells in a single layer
and the inputs adherence to a stringent lamination. Furthermore, most of the connectivi-
ty follows unidirectional pathways and includes synapses with strong plasticity*’. Many
in vivo and in vitro techniques have been established using the hippocampal formation,
making it possible to compare different studies. The entorhinal cortex is the main corti-
cal source of input, consisting of a variety of sensory information. The superficial layers
I1 and 11l of the six-layered entorhinal cortex provide axons that project, via the perfo-

rant path, to the dentate gyrus (DG)'®*%.

Here, the granule cells” long axons, termed
mossy fibers, convey the signal to CA3. The pyramidal cells give rise to the so called
Schaffer collaterals which project to CAL. Those cells closer to the DG project to CAl
neurons more septal to their location, CA3 pyramidal cells closer to CA1 send their ax-
ons to CA1 neurons further temporally. Axons either directly reach the entorhinal cortex
from this point or the projections take an indirect way via the subiculum, pre- or para-

subiculum and then progress further to the entorhinal cortex. This circuitry is called the
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trisynaptic loop®. Additionally, the entorhinal cortex projects directly to other hippo-

campal regions such as CA3'®,

Figure 1: Calbindin expression in neurons of the hippocampal formation (A): A coro-
nary schema of the dentate gyrus (DG) and the hippocampus proper is depicted (B).
The latter can be subdivided into CA1 — CA3 (CA stands for ““cornu ammonis™). The
part of CA3 enclosed by the DG is called the hilus. Scalebar: 50 um. Image on the right
drawn according to the immunohistochemically stained hippocampal tissue on the left.

The DG itself consists of three cell layers, the granule cell layer (GCL) curves
around the polymorphic layer or hilus and thus features a lying V- or U-shape with the
bend, called crest, pointing medially. Hence, the DG can be divided into a dorsal- or su-
prapyramidal blade and a ventral or infrapyramidal blade. On the outer side of the GCL
lies the molecular layer. It is formed by the cone-shaped dendritic trees of the granule
cells extending completely through to the hippocampal fissure. The molecular layer is
subdivided into the inner, middle and outer molecular layer (IML, MML and OML).
The lateral perforant path from the lateral entorhinal cortex terminates in the OML and
conveys olfactory, visual and tactile stimuli®®*?*. The medial perforant path originating
from the medial entorhinal cortex reaches the MML, providing input on spatial infor-
mation and navigation®*%, Furthermore, a few inhibitory interneurons like chandelier
cells are interspersed in the molecular layer and supply inhibitory input to GCs. The
resting membrane potential of mature GCs lies at -75 mV, a more hyperpolarised state
than in CA3?*®. This leads to a higher threshold for action potential generation togeth-
er with a lower spontaneous firing rate in granule cells. The GCL is composed of a
densely packed band of granule cells and a small amount of other cells, such as the
GABAergic basket cells. The latter cell-type is positioned at the border of the GCL to
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the hilus and derives its name from the basket-like plexus which its axons form around
neighbouring GC somata. The GCs give rise to long axons called mossy fibres because
they seemed to be “mossy” in appearance to Ramon y Cajal due to their many varicosi-
ties®”. Initially, their trajectory takes them to the centre of the hilus®®, which is com-
posed of a variety of cells: GABAergic interneurons and glutamatergic mossy cells with
axons terminating in the IML of the ipsi- and contralateral DG. They project to GCs as
well as GABAergic interneurons and thus stimulate excitatory and inhibitory parts of
the circuitry. It is hypothesized that this could fulfil a modulatory function®**°. The
proximal dendrites of the mossy cells are covered with the eponymous “thorny excres-
cences” and receive input from GCs of the same septotemporal level. The mossy fibres
from all granule cells are highly organized. From the hilus, they turn towards CA3c (di-
vision according to Lorente de N6, 1934%") where their trajectory takes a 90° angle from
ventral to dorsal as they cross CA3b. Upon arrival in CA3a the mossy fibres take a fur-
ther 90° angle towards the temporal pole of the hippocampus*®. Thus, all mossy fibres
reach through the entire CA3 field irrelevant of the position of their soma. Each mossy
fibre produces varicosities to 14-28 CA3 pyramidal cells. Since there are far more GCs
than presynaptic neurons in the entorhinal cortex and postsynaptic neurons in the CA3
area, the input first diverges in the GCL only to converge on the CA3 pyramidal
cells'®333¢ Apart from the abovementioned input via the perforant path, GCs receive
further input from certain subcortical regions: Achetylcholinergic afferents from the
septal nuclei, noradrenalinergic input from the locus coeruleus, dopaminergic input
from the central tegmental area, serotonergic afferents from the raphe nuclei and affer-
ents from the supramammilary region of the hypothalamus with the transmitter sub-

stance P which has a modulatory function®?°,

5.3 The hippocampal neurogenic niche and granule cell

genesis

The term “neurogenic niche” describes the microenvironment in which adult neuro-
genesis takes place in the subventricular zone (SVZ) of the lateral ventricles and the
subgranular zone (SGZ) within the hippocampus. It consists of cellular and molecular

components that regulate neurogenesis. Microglia, macrophages, ependymal- and endo-
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thelial cells as well as mature neurons, progenitors and astrocytes all participate in the
complex equilibrium that promotes the birth of new neurons®”**. Non-cellular compo-
nents such as cytokines, neurotransmitters and growth factors are equally indispensable

for a stable regulation®*°.

The neural stem cells of the hippocampus can be found in the SGZ of the dentate gy-
rus, which lies adjacent to the GCL at its hilar border. The neural stem cells are radial
glia-like precursor cells, so called type 1 cells, that express the distinct neuronal stem
cell markers Nestin (a type VI intermediate filament protein), GFAP (glial fibrillary
acidic protein), Sox1 (Sry-related HMG box transcription factor) and BLBP (brain li-
pid-binding protein). Their end-feet are in contact with blood vessels and their dendrites
reach through the granule cell layer (GCL). The type 1 cell has astrocytic properties and
although it scarcely divides, it gives rise to intermediate progenitor cells, the type 2
cells**=*. The fate choice decision of type 2 cells is already fixed. Those of glial lineage
are the type 2a cells, although they express the same four markers as the glia-like
precursosr cell**, their morphology differs greatly. The type 2b cells have a neuronal
phenotype and express NeuroD, Nestin and Tbr2. At this point in time the expression of
DCX (Doublecortin) and PSA-NCAM (polysialylated neuronal cell adhesion molecule)
beginns, which overlaps completely. The type 2b cells divide quickly and provide the
large number of new neuronal progenitor cells*. They generate neuroblast-like cells,
the type 3 cells, that start to migrate into the GCL. They have exited the cell cycle and
still express DCX, PSA-NCAM, NeuroD and Prox1. Through the extention of an axon
through the hilus to the CA3 region of the hippocampus thoghether with the streching of
an elongating dentrite towards the molecular layer, a change in cell marker expression
developes as a result. During the postmitotic maturation stage, DCX gives way to
Calretinin in mice, accompanied by NeuN (Neuronal Nuclei). At about 3 weeks of cell
age, Calretinin expression switches to Calbindin and DCX expression is finally con-
cluded®. The GC is functionally mature enough from this point onward to participate in

the network*"*,



5.4 The function of the hippocampus

One of the main functions of the hippocampus is memory formation***°. More ex-
plicitly, two kinds of memories are dependent on the hippocampal formation: Spatial
memory, which is responsible for the orientation in the environment, and declarative
memory. The latter can be divided into semantic memory, which concerns factual in-
formation, and episodic memory which includes autobiographical events and their con-
text*®. Furthermore, the hippocampal formation takes part in other brain functions, such
as the regulation of the hypothalamic-pituitary axis>!, behavioural inhibition®?, anxiety>®
and sensorimotor function'®. A well-established method for studying the function of an
anatomical structure is to carefully administer a lesion and to then observe the results.
Different approaches to this method exist, each with varying precision and adverse ef-
fects. Impairment of associative memory and spatial learning has been reported in ani-
mals with lesion of the hippocampal formation®*°. The most famous human with de-
liberate hippocampus lesions was the patient H.M. In order to cure his epilepsy; a bilat-
eral medial temporal lobectomy was performed effectually blocking his ability to form
new memories. Although he could remember everything predating the operation, the
formation of episodic, semantic and spatial memories was completely lost, with only
implicit content being learned as a result®’. Other studies have focused on the role of
ABGCs in the hippocampal function by impeding adult neurogenesis as thoroughly as
possible using irradiation, application of antimitotic drugs or genetic alteration®®®. A
variety of studies have shown deficits in hippocampus dependent tasks like spatial navi-

6182 " exploration of novel environment®, trace fear

55,66

gation in the Morris-Water-Maze

64,65

conditioning and pattern separation (see below). Interestingly, there are contra-

dictory results for certain functions. After inhibition of adult neurogenesis contextual

%087-% but not by other researchers

fear conditioning was found to be impaired by some
647071 Fyrthermore, spatial learning and memory seemed to be compromised to some
investigators’®"*, but appeared normal to others®®®”"2. This may be due to fundamental
differences existing between mice and rats, i.e. animal strains and age as well as varia-

tion in the type of behavioural tests used.

Certain hippocampal properties have been found to be relevant for memory for-

mation. Pattern separation is a process that differentiates between differences of highly
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similar input. In order to disambiguate the characteristics of events, objects and loca-
tions, minimal differences have to be noted. Thus, through computational conversion,
similar input is transformed into more distinct output within the network”®. As previous-
ly described, the input to the EC diverges on a multitude of dentate gyrus GCs only to
converge on a smaller number of CA3 pyramidal cells***>*. Through neural circuits

from local interneurons, the GCs not only receive constant feedback inhibition”*"

, they
are also more hyperpolarized®. These factors lead to a low activity which allows for a
separation of incoming similar input and a representation in very few neurons’®"”’. It has
been proposed, that the connectivity between the DG and CA3 plays an important part
in pattern separation’®. It is of interest to note, that the precision of memory encoding
improved with increased DG-CA3 feedforward inhibition’®. Opposed to pattern separa-
tion is pattern completion, a process that allows the recall of an entire memory from any
cue®. The completion of a memory imprint, starting from an incomplete part, has been
attributed to CA3. The CA3 region receives input from mossy fibres as well as directly
from layer 2 of the EC via the perforant path. Furthermore, the pyramidal neurons give
rise to recurrent projections, which function as an auto associative memory. This ena-

bles the completion of a memory starting from a small part of the representation® 2.

5.5 The function of newly born hippocampal granule cells

Various theories have been formed as a result of considering the role of adult neuro-
genesis in pattern discrimination. Whilst Marin-Burgin and colleagues argued that old
GCs could be apt pattern separators due to their high activation threshold and input
specificity®, other groups reported that although mature GCs are necessary for differen-
tiating between distinct input, new born GCs are indispensable for disambiguating simi-
lar information®®®*. Disregarding these discrepancies, it has been made clear that adult
neurogenesis is relevant for several aspects of memory. Increasing adult neurogenesis in

the dentate gyrus resulted in enhanced memory formation and acquisition®*®® 708

well as recall capacity’>®

as
. Animals with reduced adult neurogenesis showed impaired
pattern separation which became evident in their deficits discriminating similar con-
texts®>##”. Conversely, results in pattern separation dependent tasks were improved in

mice with enhanced neurogenesis®®. The role of adult neurogenesis in forgetting has re-
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cently been investigated. It has been demonstrated that increasing neurogenesis corre-
lates with forgetting in adult mice. Infants, with an inherent high rate of neurogenesis,
quickly forget new memories (infantile amnesia). This observation led to the experi-
mental decrease of adult neurogenesis in infant mice resulting in attenuated forgetting.
Inducing stronger adult neurogenesis in two species with naturally low hippocampal
adult neurogenesis resulted in the appearance of infantile amnesia®. These conclusions
suggest that the integration of newborn neurons could results in replacement of pre-
existing neurons. A careful measure of adult neurogenesis would therefore appear nec-

essary to provide a balance between new memory formation and forgetting”.

5.6 Regulation of adult neurogenesis

Adult neurogenesis is regulated by countless intrinsic and extrinsic factors. The
complexity of this process stems from the levels of regulation that begin at the initiation
of proliferation and its rate, proceed to the variety in differentiation and integration and
reach the determination of neuron survival. On single cell level, various cell cycle genes
and signalling pathways have been identified as key regulators in adult
neurogenesis®>*2. Furthermore, hormones and growth factors like VEGF and BDNF
belong to the mediators that orchestrate its equilibrium®°. Epigenetic factors also in-
fluence adult neurogenesis in order to provide adaption to the environment®. Several
studies have presented certain mechanisms that have a positive effect on adult neuro-
genesis, including differentiation and survival. Hippocampus dependent learning tasks
have proved to increase ABGC survival® . It has been demonstrated that the exposi-
tion of rats and mice, especially during a critical phase, to enriched environment equally
boosts survival of newborn GCs*™%. It is of interest to note, that a positive correlation
between the area size explored by the animal and the amount of hippocampal neurogen-
esis was observed by Freund et at'®. Voluntary physical exercise, such as wheel-
running, augmented cell proliferation in the SGZ and lead to enhanced mushroom spine
formation'®*%, Casting a closer look at the hippocampal circuitry, it can be noted that
neurogenesis is tuned by excitatory and inhibitory neuronal activity. GABAergic signal-
ling from interneurons lead to improved ABGC survival as well as dendritic growth and

synapse formation. These effects were maintained via the CREB pathway and through
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Calcium-dependent expression of NeuroD, a neuronal differentiation factor'®”*%. Con-
versely, the application of Calcium agonists or antagonists leads to an increase or de-
crease of neuronal differentiation*®. Promoted ABGC survival and proliferation could
be observed after LTP induction at the perforant path™***. It has been shown that dur-
ing the critical period, NMDA receptor dependent neuronal activity is decisive for the
survival of ABGCs™™2. The NMDAR subunit NR2B, which is expressed during the
critical period, is necessary for enhanced synaptic plasticity of ABGCs*"®. Contrary to
the abovementioned effects, several conditions influence adult neurogenesis in a nega-
tive way. It has been noted remarkably long ago that neurogenesis declines with increas-
ing age'**'**. Furthermore, various forms of stress pose a derogatory influence on
ABGC proliferation through over-activation of the hypothalamic-pituitary-adrenal
axis'> 8, Although temporal lobe epilepsy initially enhances progenitor cell prolifera-
tion, this pathological state of stimulation also causes a defective differentiation and of-
ten results in erroneous morphology™™®. The increased neurogenesis following ischemia
together with the migration of the newly formed neurons to the destructed locus is a
compensatory reaction of the organism but long lasting cell survival mostly fails due to
a lack in synaptic integration'?**?!. The abundance of regulatory mechanisms in adult
neurogenesis takes effect on the fate of the continuously born precursor cells. In the two
weeks following this event, it can be observed that the majority succumb to apoptosis
until only a few succeed to fully differentiate and integrate into the existing

network*?>1%,

5.7 Molecular markers of differentiation

In order to analyse brain function and development on single cell basis, tools are
necessary to determine different cell types and their stage of maturation. Furthermore,
individual cells of specific age should be analysed with regard to their participation in
the circuitry. At the close of the 19™ century, Camillo Golgi and Ramén y Cajal laid the
foundations for the analysis of single neurons. The silver staining method is still in use
today but in the meantime an entirely new toolbox has been added: molecular cell
markers. In the following section, a small selection of cell markes that are essential for

researching adult neurogenesis will be presented. Doublecortin (DCX) is expressed by
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neuronal precursor cells and immature neurons starting at about three days of cell
age'. It is a microtubule associated protein that plays an important role in the
migration of newborn neurons and lamination of the cortex?. DCX is widely used as a
surrogate marker for neurogenesis®. PSA-NCAM (polysialylated neuronal cell adhe-
sion molecule) is a member of the immunoglobulin superfamily and participates in the
maturation and differentiation of young neurons in the hippocampus****?°. 1t modulates
cell-to-cell interactions and has been shown to take part in the regulation of axonal out-
growth'?"'?®. PSA-NCAM s expressed in all DCX positive GCs but more DCX ex-
pressing cells exist that are PSA-NCAM negative***®. Therefore, DCX is often pre-
ferred to label young maturing neurons. When the expression of DCX and PSA-NCAM
is down-regulated at approximately three weeks, most neurons start synthesizing NeuN
(Neuronal Nuclei) with some exceptions including Golgi cells and cerebellar Purkinje
cells*®®. Due to its strong and almost ubiquitous expression in neurons of the central
nervous system, NeuN is a widely used neuron marker. Although the dentate gyrus of
the hippocampus consists mainly of granule cells, interneurons are sparsely scattered
throughout the molecular layer and a variety of neurons lie adjacent to the subgranular
zone. NeuN is not sufficient enough to distinguish granule cells precisely from other
neurons; hence a different marker must be employed: Prox1 (Prospero homeobox pro-
tein 1) is specific for granule cells™. It determines the fate of granule cells, if Prox1 is
absent, immature neurons differentiate into pyramidal cells such as those of the CA3 re-
gion of the hippocampus™®!. The earliest expression of Prox1 can be found in the type
2b intermediate progenitor cell****?, The abovementioned cell markers provide the
means to identify GCs and vaguely determine their stage of maturation. In order to ana-
lyse the GCs reaction to neuronal activity, cell markers termed immediate early genes
(IEG) are employed. The IEGs consist of more than 40 gene products of various func-

133

tions™°. Among these are transcription factors such as Early growth response protein 1

(Egrl), DNA-binding proteins, cytoskeletal and secreted proteins as well as receptor
subunits. Whilst not actually being dependent on protein synthesis, these genes are rap-

idly and transiently activated after synaptic stimulation and therefore play a key role in

134-

genomic response™****"_ It has been shown that IEG expression is responsive to diverse

135,138-141

physiological and pathological stimuli . Increasing evidence points out that
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many IEG play an important role in hippocampus dependent information processing and

memory formation.

Egrl is a regulatory IEG, meaning that in contrast to effector IEG, it maintains regu-
latory tasks rather than having a more direct function at the synapse. Immunohistologi-
cal staining reveals a nuclear location. Egrl belongs to the Egr family consisting of four
members. Prominent features of these are the three Zink finger sequences in the DNA
binding domain, which show a high homology among the Egr family'*****. The gene
product of Egrl is a protein of 82 or 88 kDa, depending on where its translation is initi-
ated™**. The activation of transcription hails from a plethora of stimuli. All subtypes of
glutamate receptors, as well as dopaminergic, adrenergic and opiate receptors can con-
vey the activating signal***°. It is forwarded via several different signaling pathways
like the CaMK, MEK, PI3K and essentially the MAP kinase cascade. Most pathways
converge on the activation of the transcription factor ELK-1, which in turn, binds to the
regulatory sequence SRE (Serum response element) or on CREB, which binds to CRE
(Ca®*/cAMP responsive element), to finally initiate the transcription of Egr1**’. Alt-
hough early studies reported an upregulation of Egrl 30-60 min after perforant path
stimulation****3, Egrl mRNA can be found as early as 10 minutes after LTP induction
37 Following high frequency stimulation of one hemisphere, Egrl was preferentially
expressed in the dorsal part of the hippocampus in the same hemisphere3*491%° \When
evaluating the role of Egrl in synaptic plasticity, it has been shown that especially the
late phase of LTP and long term memory consolidation seem to be contingent on ade-
quate Egrl as well as Arc (activity-regulated cytoskeleton-associated protein) expres-
sion*3>137150151 "1y comparison with other IEGs such as ¢-Fos, c-jun and Jun-B for ex-
ample, Egrl expression correlates best with LTP maintenance, especially with regard to
its persistence'®**°. Several studies have demonstrated the importance Egrl plays in
learning and memory. In Egrl knockout mice the formation of long term memory did
not occur, even though short term memory was flawless****3. Tasking homozygous
Egrl knockout mice with spatial learning in the Morris Water Maze, conditioned taste
aversion and object recognition showed a general impairment in long term memory
formation that was not task specific but indicated a deficit in memory consolidation.

When heterozygous mice performed the same tasks, some accomplished comparable re-
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sults to those of wildtype mice, but a shortcoming was apparent if the task had a pro-
nounced spatial component. This appoints Egrl an important role in spatial learning™*’.
In addition, in this study, the impairment in spatial learning and recognition could be
overcome by excessive training. Further studies with Egrl knockout and heterozygous
mice described a compensation of deficits in spatial learning®®?, recognition memory**’
and ABGC survival*® by enhanced training. Contrary to this, Veyrac and colleagues
reported no effect of excessive training on 9 day old ABGC survival'®®. Their investiga-
tion of the effects of Egrl knockout, however showed a missing recruitment of ABGCs,
linked to shortcomings in long term memory formation. Whilst the basic structure of the
dentate gyrus, together with its synaptic functions was normal, the morphology and
function of ABGCs was impaired. Glutamatergic and GABAergic properties were de-
layed in their maturation. The absence of Egrl resulted in faulty dendritic development
and a reduced spine density™>. The complex association of functional and structural
changes of ABGCs in long term memory formation, with Egrl in a key position, opens

many possibilities in which these processes can be influenced or disturbed.

5.8 Markers of neurogenesis

The necessity to study single neurons with precise knowledge of their age is inherent
to researching adult neurogenesis. Especially in vivo cell labelling faces many obstacles
concerning the adverse effects of the utilised label. One of the earliest approaches was
to use the radioactive nucleoside 3H-thymidine which is incorporated into the DNA of
dividing cells during mitosis?. Cells labelled in this manner can be visualized by audio-
radiography. A method based on the same principle but without the disadvantage of ra-
diation, is to employ the synthetic Thymidine analogue 5-bromo-2'-deoxyuridine
(BrdU). It was established by M. Miller and R. S. Nowakowski in 1988 to study the
proliferation and migration of neurons™. Today, further Thymidine analogues like
Chlordeoxyuridin (CldU) and loddeoxyuridin (IdU), which can be used concordantly
have been developed. In order to label a maximal number of cells, a certain amount, de-

pending on the analogue, must be injected™*®

. A single low dose injection would label
all cells born in the ensuing 24 hours but not many would remain. This is due to XdU

(any Uridine derivative) degradation and rarefication of the analogue each time a cell
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divides™’. The Thymidine analogue can later be visualized by immunostaining. Since
the Uridin derivative is incorporated in the DNA, it is passed on to the daughter cells
and persists for several years**®. It is therefore impossible to determine the exact age of
cells labelled in this manner. It can only be stated, that the “birthday” of an XdU la-
belled cell does not precede the injection date. The methods described above, however,
only label the nucleus. By transducing neurons with the green-fluorescent protein gene
(GFP), the entire cell can be distinguished. Depending on which viral vector is used,
even cells that are not dividing can be labelled'®®. Contrary to the Thymidine analogue
incorporation method, cells labelled with the GFP gene increase over time. Adding a
few more colours and alterations to the technique, Lichtman and colleagues even pro-

duced a mouse brain that resembled a piece of art: the Brainbow™.

5.9 Synaptic plasticity in mature granule cells

The ability to alter existing synaptic structures and their efficacy as a result of neu-
ronal activity is called synaptic plasticity. This is thought to be the foundation for
memory storage in the brain. Change in synaptic efficacy can be brought about in two
directions: The strengthening of established and formation of new synapses is described
as long-term plasticity (LTP), whereas their retrenchment, called long-term depression
(LTD), weakens the synaptic connection*®%. In an experimental setting, LTP can be
excited by brief high-frequency stimulation. LTD on the other hand, is evoked by low-
frequency stimulation over an extended period of time'®*. LTP as well as LTD can be
divided into an early and a late phase. During the early phase, synaptic input causes
Calcium influx through N-methyl D-aspartate (NMDA) receptors, but only when the
postsynaptic membrane is depolarised and glutamate has bound to the NMDA receptor.
This prompts the recruitment of further Calcium channels, namely a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptors, to the postsynapse’®®. The
induction of LTP can be abolished by pharmaceutically blocking the NMDA
receptor™®***®". The later phase requires additional structural changes in spine morpholo-
gy and synapse organisation*®®*"*, This process encompasses de novo protein synthesis.
Among the earliest synthesised proteins are immediate early genes such as Egrl. In

Egrl knock out animals, long-term memory was severely impaired whilst short-term
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memory remained unaffected'’?. LTP and LTD as synaptic forms of plasticity can be
further discriminated into homo- and heterosynaptic plasticity. Homosynaptic plasticity
is input specific in that the efficacy of a synapse is changed by the activation of its pre-
synaptic partner'®. Heterosynaptic plasticity, on the other hand describes the change of
efficacy in synapses from neurons receiving no input in the vicinity of activated neu-
rons. The dentate gyrus has proven to be a good model for studying homo- and heter-
osynaptic plasticity’”*"®. HFS induced LTP in the stimulated medial perforant path
whilst LTD was elicited in the non-stimulated lateral perforant path'**"*. Furthermore,
neuronal activity not only has modulating effects on neurons in geographical vicinity
but also over the course of time. It has been hypothesized by Bienenstock, Cooper and

175

Munro~" that preceding activation of the same neurons can shift the threshold of LTP

and LTD for successive stimulation. This phenomenon is termed metaplasticity'’®'"".

5.10Structural maturation of adult born granule cells

The structural maturation of adult born granule cells (ABGCs) describes the
outgrowth of the axon and the formation of the dentritic tree with its spines*’®®. The
development of the granule cells axons, called mossy fibers, begins ~ 3 days prior to
that of the dendrites®. In the first 10 days of cell age, the axon gains much of its final
length although no boutons are yet formed'®°. Its path can be traced to the hilus from
which it turns to the more lateral and temporal CA3 region of the hippocampus. At
10-17 days of age, the mossy fibres terminate at CA3 pyramidal neuron and begin to
form boutons'®. The axonal outgrowth continues until the third week when the bouton
density reaches its maximum?®. Apart from the large boutons that provide contact to the
CA3 pyramidal neurons, two other types of mossy fibre terminals can be found: small
filopodial extensions and en passent varicosities that project to inhibitory
interneurons™®*%, The dendritic development is closely linked to that of the axon'®*.
Distinct stages, correlating with cell age, have been classified to describe the outgrowth
of dendritic tree till it reaches its characteristic cone shaped form*. A tiny protrusion
appears within the first 12 hours which reaches the molecular layer in the second day
after injection. At 4 dpi the apical dendrites are extended to the MML'®. Although den-

dritic growth lags behind in GCs born in the adult brain, the process is similar to that in
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the embryonic phase’®. The dendrites accretion shows similarities to the outgrowth of
the mossy fibres. The first three weeks are devoted to rapid increase of length and com-
plexity, after which only minimal growth can be witnessed®?. Dendritic spine formation
only starts at about 16 days, the dendritic ramifications having mostly reached the
OML'®, At the same time, mossy fibres reach the CA3 area. Since GCs receive the ma-
jority of their excitatory input via dendritic spines, their morphology and number largely
reflect the connectivity of these GCs™®**®. Four categories have been established to dis-
tinguish granule cell dendritic spines: large mushroom-shaped spines with a big spine
head and a stout neck, thin spines with a small head and long neck, filopodial spines
consisting of an elongated protrusion without head and stubby spines without any
neck'®"1%8 During early development, stubby spines and filopodia predominate but with
ongoing maturation, however, they give way to mushroom spines, which are the most
common in mature GCs'®**®. This transition is concomitant with several changes in
connectivity and synapse efficacy: Although small spines are similarly reactive to stim-
ulation as large spines, they are more likely to show long lasting spine enlargement®.
Thin protrusions (< 0.4 um) are more dynamic and therefore more probable to form
synapses with boutons already connected to other spines whereas thick spines rather
form synapses with single synapse boutons™®*. The spine size and density incrementally
grow until 70 dpi when a steady state is attained'®’. It has been shown that with aug-
menting spine head size the density of glutamate receptors increases as well as the size
of the post-synaptic density together with the amount of docked vesicles at the presyn-

apse192,193.

5.11 Synaptic integration and plasticity of newborn granule cells

The morphological maturation of adult born GCs in the adult hippocampus is
accompanied by the synaptic integration into the existing circuitry. This process occurs

in a very similar way to that in hippocampal development*

. Two neuronal messengers
play an important role in orchestrating the synaptic integration: the inhibitory transmit-
ter GABA (y-aminobutyric acid) and the excitatory transmitter Glutamate. Although
ABGCs do not react to stimulation in the first week, they still however already express

GABA and Glutamate receptors'®. The newborn GCs are subject to tonic activation by
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ambient GABA from local interneurons'®. Starting at 8 dpi they receive GABAergic
afferents which are located at the dendrites and therefore elicit a slow response. After
2-3 weeks the first postsynaptic currents are generated by glutamatergic input from
newly formed spines. A high intrinsic excitability compensates the initially rather weak
glutamatergic input strength'®®. At 28 dpi perisomatic GABA terminals have formed

107.184.194.197-199 "nitially, GABA input leads to depolarization

and induce a fast response
of the GC. This is due to the expression of the CI"importer NKCC1. Only when it slow-
ly yields to the expression of KCC2, a CI" exporter, does GABA induce hyperpolariza-
tion®®. The switch from CI"import to export leads to a significant change in its gradient
and therefore in a different GABA response polarity. The GABAA, receptor itself is
permeable to CI', but does not influence the direction of ion passage. The effect of
GABA on immature GCs evolves over time. In contrast to mature GCs, GABAergic in-
hibition does not impair the activation of young GCs®. Consequently, blocking GABAA
receptors in mature GCs resulted in a lower activation threshold but left the required in-
put strength in immature GCs unchanged. This alteration in susceptibility to GABAer-
gic inhibition occurs at about 7 weeks of age*’*®. A concomitant increase in membrane
capacitance and decrease in input resistance can be explained by changing channel den-
sity and membrane proportions'®**?°!, It has been demonstrated that K*-inward rectifier
channel (Kir) conductance reduces membrane resistance and therefore diminishes the
excitability of a GC as a result. Kir conductance is far higher in mature GCs leading to a
higher excitation threshold. The deduction that Kir blockade with Ba** in mature GCs
increased their excitability to the same level as young GCs and that Kir overexpression
in immature neurons induced a state of low excitability equal to that of mature GCs cor-
roborates the conclusion that Kir decidedly regulates spiking behavior of GCs*®. The
transition from excitatory to inhibitory GABA activation is accompanied by a phase of
competitive survival of ABGCs at 2-3 weeks of age'*®. The activation of NMDA recep-
tors is indispensable for cell survival**?. The NMDA receptor consists of two subunits
with multiple variants expressed at different stages of hippocampal development®®?. The
process of adult neurogenesis is similar to prenatal development in the preferential ex-
pression of the NMDA subunits NR1 and NR2B during the early phase of
neurogenesis®®. It has been shown that the induction of LTP by MPP stimulation (see

5.9 Synaptic plasticity in mature granule cells) is dependent on the presence of the
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NR2B subunit and that this plays an instructive role in enhanced synaptic plasticity of
immature GCs*"?*. In contrast to NR1, a deletion of NR2B does not result in cell death
but in impaired LTP similar to neurogenesis ablation models as well as diminished den-
dritic complexity and deficits in certain forms of hippocampal learning tasks®***2. The
differential expression of NMDA subunits and their individual effect on various forms
of synaptic plasticity, synaptic integration and ABGC survival plays an important role
in context discrimination and novelty encoding®?%>?%. Several studies established that
ABGCs play an important role in pattern separation: Enhanced neurogenesis led to im-
proved pattern separation; a smaller number of ABGCs resulted in inferior pattern sepa-
ration®"®®. Elaborate experiments with transgenic mice allowed the differentiation be-
tween certain mechanisms of information processing of young ABGCs and old GCs. It
was shown that old GCs are not important for maintaining pattern separation (see 5.4
The function of the hippocampus), a task which requires ABGCs of 3-4 weeks of age.
Rapid pattern completion was found to be facilitated by old GCs®. Pattern separation
was impaired in mice with exitotoxic perirhinal and lateral entorhinal cortex
(PRH/LEC) lesions. This is in accordance to the finding that the PRH/LEC is an im-
portant source of input to ABGCs as well as septal cholinergic cells and various intra
hippocampal neurons: interneurons, mossy cells, area CA3 and even mature GCs. The
input from mature GCs persists only during the first month after injection while affer-
ents from local interneurons increased from 21 dpi on®®’. Interestingly, a subsequent
study demonstrated that enriched environment during a critical time window of 2-6
weeks of GC age raised the number of afferents from local interneurons and cortical
neurons. Although the presynaptic local interneurons decreased to baseline after return-
ing the mice to standard housing conditions, new input from CA3 and CALl inhibitory

190 These results cor-

neurons was established that was scarcely found in control animals
roborate that structural plasticity is experience dependent and takes place during a par-
ticular period in ABGC:s. It has been shown by several authors that young GCs of a cer-
tain age express enhanced sensitivity to stimulation. Although the process of maturation
and integration of ABGCs differs slightly in rats and mice'?, several studies demon-
strated that GCs of both species aged 4-6 weeks exhibit a lower LTP induction thresh-

old, a higher LTP amplitude than mature GCs and are more likely to be integrated into
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the established circuitry**8+?°2%* This period of superior synaptic integration and
plasticity has been termed “the critical phase”.

From this, the following questions for this thesis project can be formulated:

5.12Questions

Though the change in excitability of ABGCs during the course of their maturation
has been studied in some detail, a number of questions remain. In order to harmonize
previous findings and to investigate missing evidence, the following specific questions

were asked in this thesis work.

1. What are the characteristics of excitability of ABGCs over the time of the critical

period (4-6 weeks of cell age) and beyond, viewed at different time points?
2. Can stimulation of the perforant path change the excitability of a maturing GC?

3. Can stimulation of the medial perforant path induce a layer specific homo- and
heterosynaptic plasticity at dendritic spines?

4. Can stimulation retrieve the enhanced excitability shown by young ABGCs in
older ABGCs and preserve it for a longer duration than that of the stimulation it-
self?

5. Can the IEG Egrl be correlated to homo- and heterosynaptic plasticity and if so,

how strong is this correlation?

6. Is the IEG Egrl an appropriate indicator of subtle differences in synaptic activity

and structural plasticity?

7. Do ABGCs of the suprapyramidal blade of the DG show different sensibility to

stimulation than those of the infrapyramidal blade?

In order to solve these questions, the following anatomical and histological methods

were used:
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Detection of ABGCs and mature GCs by application of histochemical stainings of
Egrl and NeuN, labelling of ABGCs by IdU and CldU administration.

Detection of ABGC and portrayal of the dendritic tree including spines with ret-

roviral GFP transfection.

Immunohistochemical expression analysis of synaptic activity and plasticity

marker Egrl following stimulation.

Grid-based, cell-specific analysis of spine size dynamics in the IML, MML and
OML.
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6 Material and methods

For this work, brain tissue was processed for histological examination with immuno-
cytochemical stainings. The analysed brains in this study came from two different

sources:

1. XdU project: Prof. Wickliffe Abraham, Department of Psychology, University of

Otago, Dunedin, New Zealand

2. Spine project: Dr. Tassilo Jungenitz, Institut fiir klinische Neuroanatomie, Centre

of Neuroscience, Frankfurt, Germany

The in vivo methodology used by these two laboratories to label and stimulate the
hippocampal dentate gyrus is described in chapter 7 Additional material and methods.
All methods performed by these laboratories can be found there. In the following, the

methods for this work performed by myself are described.

6.1 Animals and tissue preparation

For the XdU project, brains from thirteen adult male Sprague-Dawley rats which un-
derwent various experimental procedures including injection of mitotic markers and in
vivo stimulation (see 7 Additional material and methods) were fixated by perfusion with
4 % paraformaldehyde in the laboratory of Prof. Wickliffe Abraham, University of Ota-
go in New Zealand. The fixated brains were sent to Germany submerged in phosphate
buffered saline (PBS). After washing them in Tris-buffered saline (TBS) for one night
they were marked on the right side. The brains were sliced in to series of 40 um coronal
sections with a vibratome (Leica VT 1000S). Only sections containing the hippocampus
in the area from -2.40 to -4.44 mm posterior to Bregma®®® were used. All sections were
stored in cryoprotection (30 % ethylene glycol [Sigma Aldrich], 25 % glycerine [Ap-
pliChem] in phosphate buffered saline [PBS]) at -20 °C. Histological procession and

analysis was performed while blinded to the experimental group.
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For the spine project, selected 50 um brain sections were provided by Dr. Tassilo
Jungenitz. To this end, 11 adult male Sprague-Dawley rats which underwent various
experimental procedures including injection of RV-GFP and in vivo stimulation (see 7
Additional material and methods) were fixated by perfusion with 4% paraformaldehyde
in the Institut fur klinische Neuroanatomie by Dr. Tassilo Jungenitz. The fixated brains
were marked on the right side. The brains were sliced in series of 50 um coronal sec-
tions with a Vibratome (Leica VT 1000S). Only sections containing the hippocampus in
the area from -2.40 to -4.45 mm posterior to Bregma*® were used. All sections were
stored in cryoprotection (30 % ethylene glycol [Sigma Aldrich], 25 % glycerine [Ap-
pliChem] in phosphate buffered saline [PBS]) at -20 °C. Histological procession and

analysis was performed while blinded to the experimental group.

6.2 XdU project immunohistochemistry

The immunohistological analysis of the rat brains provided by Prof. Wickliffe Abra-
ha was performed with three different groups of antibodies that were co-applied on se-
ries of 40um coronal brain sections. Firstly: The identification of different populations
of adult born granule cells was performed with antibodies against CldU (rat-anti-CldU
from Accurate, OBT 0030) and IdU (mouse-anti-ldU from BD Biosciences, 347580).
Secondly: The detection of the immediate early gene (IEG) Egrl was performed with
the antibody (rb-anti-Egrl from Cell Signalling). Thirdly: In order to insure that the
stained structures were actually neurons NeuN was detected with the antibody (guinea
pig-anti-NeuN from Synaptic Systems). The final protocol for the immunohistological
staining of the IEG, XdU and granule cells was developed after several staining tests

and combination samples.

The stainings in free floating sections were performed according to a basic schema.
Depending on the staining some steps were repeated or added.

e Four times washing with 0.1 M TRIS buffered saline (TBS) (pH 7.5; 0.1 TRIS
[AppliChem] in distilled water) for 10 minutes at room temperature.

-25.-



Blocking of non-specific staining (0.25 % Triton-X [Merck]; 5 % bovine serum
albumin (BSA) [Roth] in 0.1 M TBS) for 60 minutes at room temperature.

Incubation with the primary antibody (solved in 0.1M TBS) for 48 hours at 4 °C
Four times washing with 0.1 M TBS for 10 minutes at room temperature.

Incubation with the secondary antibody (solved in 0.1 M TBS) for 24 hours at
4°C

Four times washing with 0.1 M TBS for 15 minutes at room temperature.

Mounting the stained sections on glass slides and covering them with Dako Fluo-

rescence Mounting Medium under a thin cover slip.

For the XdU stainings a pre-treatment was needed:

Four times washing with 0.1 M TBS for 15 minutes at room temperature.

Incubation with 2 N hydrochloric acid (HCL) [VWR Chemicals] for 30 minutes at
30 °C.

Incubation with 0.1M boric acid (pH 8.5) [AppliChem] for 10 minutes at room

temperature.

Four times washing with 0.1 M TBS for 15 minutes at room temperature.

Initially, the pre-treatment was tested at two time points in the schema. Once it was

applied directly at the beginning of the protocol followed by a synchronous incubation
with the primary antibodies against XdU and the IEG. For the other test the pre-
treatment was applied after the incubation with the primary and secondary antibodies
against the IEG. In the following, the incubation with the primary and secondary anti-
bodies against the XdUs was performed. All relevant staining were performed using the

latter schema including the pre-treatment after the IEG staining.
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Table 1 XdU project: Primary antibodies

Antibody Host Manufacturer Kind Workingconc. | Cataloguenr.
Cldu rat Accurate monoclonal 1:250 OBT 0030
IdU mouse BD Bioscience | monoclonal 1:250 347580
NeuN guinea pig | Synaptic Systems | polyclonal 1:500 266 004
Egrl (15F7) rabbit Cell Signalling | monoclonal 1:1000 4153
Table 2 XdU project: Secondary antibodies
Conjugation Host | Antigen Manufacturer | Workingconc. | Cataloguenr.
Alexa Fluor®
488 goat mouse Vector Labs 1:1000 A-11001
Alexa Fluor®
488 goat rat Vector Labs 1:1000 A-11006
Alexa Fluor®
568 goat rabbit Vector Labs 1:1000 A-11011
Alexa Fluor®
568 goat guinea pig Vector Labs 1:1000 A-11075
Alexa Fluor®
568 goat rat Vector Labs 1:1000 A-11077
Alexa Fluor® Vector Lab
568 goat mouse ector Labs 1:1000 A-11004
Alexa Fluor® v Lab
633 goat guinea pig ector Labs 1:1000 A-21105
Alexa Fluor® v Lab
633 goat rabbit ector Labs 1:1000 A-21070

The staining with XdU, Egrl and NeuN was done in two sessions with the same primary

antibodies (see Table 1 XdU project: Primary antibodies), but different combinations of

secondary antibodies (see

Table 2 XdU project: Secondary antibodies) in order to rule out changes in marker

intensities due to different detection protocols. In the first session three brain slices per
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animal, each six slices apart, were stained. The selection of the secondary antibodies

was as follows:
e IdUand CldU => Alexa Fluor® 488
e NeuN => Alexa Fluor® 568
e Egrl => Alexa Fluor® 633

In the second session, three other slices per animal were stained but this time the col-

our spectrum of the secondary antibodies for NeuN and Egrl was exchanged:
e IdU and CldU => Alexa Fluor® 488
e NeuN => Alexa Fluor® 633

e Egrl => Alexa Fluor® 568

6.3 Spine project immunohistochemistry

The immunohistochemical stainings for GFP 44 and Egrl in the 50 um coronal rat
brain slices provided by Dr. Tassilo Jungenitz were performed using the same schema
as elaborated in chapter 6.2 only with different antibodies. The primary and secondary

antibodies used for spine analysis are listed below.

Table 3 Spine project: Primary antibodies

Antibody Host Manufacturer Kind Workingconc. | Cataloguenr.
. . SAB
GFP488 mouse Sigma-Aldrich | monoclonal 1:500
4600051
Egrl (15F7) rabbit Cell Signalling | monoclonal 1:1000 4153

Table 4 Spine project: Secondary antibodies

Conjugation Host | Antigen Manufacturer | Workingconc. | Cataloguenr.
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Alexa Fluor®

488 goat mouse Vector Labs 1:1000 A-11001
Alexa Fluor®

568 goat rabbit Vector Labs 1:1000 A-11011

6.4 Microscopic imaging and analysis

For the XdU project, stained 40 um coronal brain sections were analysed with a con-
focal microscope (Nikon Eclipse 80i) under an objective with a 40-fold magnification
(oil immersion, numeric aperture 1.3). The dentate gyrus was screened for XdU positive
cells in both the suprapyramidal and the infrapyramidal blade. Every XdU positive and
NeuN positive cell within the GCL was captured including the tissue surrounding this
marked cell. Using the Software EZ-C1 3.60, picture sequences in the z axis, called z-
stacks, were made with 1 um intervals between each image. Z-stacks contained between
20 and 40 images equivalent to 20 - 40 um in the z-axis. The image resolution was
1024 x 1024 Pixel. This allowed a detailed inspection of the XdU positive cells and
their location in the granule cell layer. The XdU and NeuN positive cells of the GCL
were called “labelled GCs” and the XdU negative NeuN positive cells of the GCL were
called “unlabelled GCs”.

Figure 2: Randomized selection of mature GCs. Five XdU negative NeuN positive GCs

were chosen randomly while only the NeuN colour channel was invisible. The subgran-
ular zone and the top most cell layer of the granule cell layer were excluded. The cir-
cumference was marked at the largest diameter, allowing measuring the Egrl intensity
only in the area of the nucleus. The unlabelled GCs served as control. MCL: molecular

layer, GCL: granule cell layer, SGZ: subgranular layer. Scale bar: 50um.
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The z-stacks were then screened for labelled GCs using the program ImageJ
(http://fiji.sc/). At the level of their largest soma diameter, the circumference of the cell-
soma was marked and the Egrl intensity in the marked area was analysed. For each z-
stack five XdU negative GCs from the same z-stack at the level of the labelled GCs
were marked randomly and analysed in a similar way. While marking the circumfer-
ence, the colour channel of the Egrl signal was deactivated with the Channels Tool. By
doing so, the selection of the unlabelled GC was blind towards their Egrl intensity. For
the co-localisation analysis the plugin Cell Analyser was used. The XdU negative GCs

were used as control. This method was first established by Dr. T. Jungenitz*® (Figure 2).

The Egrl intensities were converted into so called z-scores as a means of further

normalisation. The following formula was used:
z-score = (X-p)/o

x is the measured Egrl intensity value, p is the mean of all Egrl values from the un-
stimulated side of the rat and o is the standard deviation of all Egrl values for each an-
imal separately?®. In order to compare the data of this thesis work with that of the col-
laborative laboratory in New Zealand, the conversion into this z-score proved sufficient.
There, the Egrl expression was categorized in Egrl positive or negative; a graded inten-
sity measurement did not take place. Therefore, GCs with a Z-score of > 2.0 were de-
fined as being Egrl positive.

In order to relativize the Egrl intensity regarding different slices and animals, the
Egrl signal of each XdU positive GC was compared to the average Egrl intensity of all
unlabelled GCs of their z-stack.

The statistical analysis was performed with GraphPad Prism Version 6o for Mi-
crosoft Windowse. The significance tests are outlined in the description of each figure.
The significance was fixed on P <0.05. Group values are demonstrated as
means + SEM.
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6.5 Spine analysis

For the spine project, stained 50um coronal brain sections were analysed with a con-
focal microscope (Nikon Eclipse 80i) under an objective with a 40-fold magnification
(oil immersion, numeric aperture 1.3). The dentate gyrus was screened for RV-GFP
positive ABGCs in both the suprapyramidal and the infrapyramidal blade. The identifi-
cation of each ABGC was possible due to careful numbering and description of the lo-
cation. It was made sure that only dendrites with visible connection to the GC soma
within the 50 pum section were imaged. Images were made with a confocal microscope
with a 60 x oil immersion objective (N.A. 1.3; Nikon). The dendritic segment was
zoomed in with a 5x field zoom. Z-stacks (see 6.4) were made with a step size of
0.5 um. Z-stacks were made in the IML (inner molecular layer), MML (middle molecu-
lar layer) and OML (outer molecular layer). The location of the imaging window for the
IML was adjoining the GCL. For images of the OML, the z-stack bordered the hippo-
campal fissure with a distance of 5 - 10 um. The imaging window for the MML was at

the centre between IML and OML. 2 - 5 dendritic segments were imaged in each layer.

The ensuing image analysis was performed with the program ImageJ (http://fiji.sc).
The length of each segment was measured in a two-dimensional z-projection by manu-
ally tracing its trajectory along the centre of the dendrite. The mean length was roughly
42 um. Firstly, the spines were categorized. For this the stack was examined using a
grid of 0.2 pm?. Large spines were defined as being larger than one grid element; small
spines were equal or smaller than one grid element. They were referred to as “mush-
room spines”. Spines whose head was not larger than their spine-neck were identified as
stubby and filopodial spines. They were sorted out as “non-mushroom spines”. Normal-

ization was applied using the following formula:
X=#/pum

X being the spine number (#) per segment length (um). Secondly, the spine diameter
was captured by manually circling the largest cross-sectional area. A graphic tablet

(Wacom, Kozo, Saitama, Japan) was utilized for this.
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7 Additional material and methods

7.1 XdU project

The cell marker injections, surgery, tetanus application and perfusion of all rats were
performed by the team of Professor Wickliffe Abraham of the University of Otago in

Dunedin, New Zealand.

7.1.1 Injection of the cell markers

Thirteen male Sprague-Dawley rats were used for this study. They were sourced
from the University of Otago Animal Breeding Station. Eleven of these rats received
two injections of different markers at varying time points prior to their death at
10 months of age. These markers were two Thymidin analogues: loddeoxyuridin (1dU)
and Chlordeoxyuridin (CIdU). The term XdU will be used to describe either Thymidine
analogue. The Thymidin analogues were integrated into the DNA of all cells which
were in the state of mitosis at the injection time. Therefore, the adult newborn granule
cells of the hippocampus were marked as well. Collectively, three populations of gran-
ule cells were to be compared that were born at three different time points. These three
populations consisted of six, twelve and 35 week old adult born granule cells. At the age
of two months a rat received an intraperitoneal injection of one of the XdUs equivalent
to 200 mg/kg Bromodeoxyuridine (BrdU) at 20 mg/ml. At the age of six or eight and a
half months, the other XdU was injected. These times the application was spread over
five days with two intraperitoneal injections per day at the equivalent of 50 mg/kg BrdU
at 50 mg/ml. Therefore, every rat contained two populations of adult born granule cells
of different age. The animals received injections either at 35 and six weeks or at twelve
and six weeks prior to death (ptd). Since all animals were injected at six weeks and the
other injection was either at twelve or 35 weeks ptd, n = 8 for the six week old ABGC
population and n = 4 for the other time points. In order to minimize any influence on the
number of labelled cells due to the little difference of the Thymidine analogues, the as-
signment of either XdU to each time point was different in every rat. For the simulation

procedure and novel environment exposition see below.
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Figure 3: Timeline. The protocol of XdU labelling is shown. Each rat was injected with
CldU and IdU at two time points, either at 2 months and 8 ¥2 months of age (A) or at 7
months and 8 % months of age (B). Thus, three populations of ABGCs were labelled:
6 week, 12 week and 35 week old ABGCs. The rats were killed when they were 10

months old. Animal numbers: (6+35 weeks) n = 6, (6+12 weeks) n = 5.

The two remaining rats were to be practice animals. Only one XdU was applied at
the age of twelve weeks. The rat Ng 71 received two intraperitoneal injections of
42.5 mg/kg CldU per day for two days equivalent to 50 mg/kg BrdU. The rat Ng 70 re-
ceived two intraperitoneal injections of 57.75 mg/kg 1dU per day for two days equiva-
lent to 50 mg/kg BrdU. These rats were exposed to the same kind of novel environment
like the other rats. They were transcardially perfused four weeks after the injections at
the age of 16 weeks. However, they were not given any intracerebral stimulation. Thus,
the practice animals contained only one population of adult born granule cells which

was four weeks old at the time of death.

7.1.2 Electrophysiology and surgery

The anaesthesia was carried out with ketamine (75 mg/kg, 100 mg/ml) and Domitor
(0.5 mg/kg, 1 mg/ml). At the time of surgery the weight of the rats was about 500 g.
Normally, the surgery time was about 1 h. Separate sterile needles were used for each
rat. Once a surgical pane of anaesthesia and sedation was obtained, the surgery was exe-
cuted under aseptic conditions. The rat’s head was immobilized with a standard stereo-
taxic instrument and disinfected with alcohol. The area for the incision was furthermore
anaesthetized with subcutaneous injections of lignocaine. After waiting for the effect of
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the local anaesthetic, the skin and periosteum was cut to expose the skull. At the loca-
tion for the electrodes small holes with a diameter of 1.2 mm were drilled. Both elec-
trodes were made of stainless steel wire (125 pum diameter) and insulated except for the
cut tip. The stimulation electrode was placed in the medial perforant path fibres where
they meet the angular bundle. The stimulus-evoked field potentials were recorded by the
electrode in the hilus of the dentate gyrus. The bilateral location of the electrodes was
based on stereotaxic coordinates and physiological responses. Once the electrodes were
in a satisfactory position the electrode leads were inserted into a plastic head plug. The
device was then fastened to the skull with 5 sterile stainless steel anchor screws which
were inserted into the bone but did not perforate it. The head plug was additionally ad-
hered to the skull with dental acrylic. The skin was then sutured in a strainless manner
as far as the head plug allowed. Finally the animal was released from the stereotaxic in-
strument. The rat received a subcutaneous injection of 10-15 ml of warmed 0.9 % saline
and afterwards an antisedan to antagonize the Domitor. One day after surgery,
Carprofen and amphoprim were re-administered. For the two following weeks the rats
were allowed to recover. Three control animals also received a head plug with implant-

ed electrodes but no high frequency stimulation.

7.1.3 The induction of long term potentiation (LTP)

The fixed head plug with the implanted electrodes permitted to record field potentials
and stimulate the perforant path in freely moving animals. A minimum of four days of
baseline recording was begun. The recording lasted 30 minutes each day. The perforant
path was stimulated with single-pulse (1/20 s) stimulations and the baseline evoked re-
sponses were recorded and measured in the dentate gyrus. In order to induce long term
potentiation (LTP) a protocol of brief high frequency stimulation (HFS: delta-burst
stimulation, 50 trains, each 10 pulses at 400 Hz) was applied to one hemisphere via the
stimulation electrode to the perforant path?'®. The HFS was given on two consecutive
days. The opposite hemisphere served as unstimulated control since only test pulses
were applied. After the stimulation the responses were monitored for further 30 minutes
to assert the LTP induction. Then the rats were left undisturbed for 48 h after which

they received the exposition to novel environment.
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7.1.4 Novel environment and perfusion

The rats that received HFS, as well as the control rats were exposed to a standard-
ized novel environment before the perfusion. This treatment was administered to in-
crease the expression of the immediate early gene (IEG) Egrl. Since all animals had
been handled regularly before the necessary handling that came with the novel envi-
ronment did not pose a new stress factor. The novel environment consisted of an open
box of 60 x 60 x 20 cm which was divided into nine equal squares of 20 x 20 cm that
were arranged in a 3 x 3 grid. Every rat stayed five minutes in the novel environment
during which it was placed in a new square every 15 seconds to provide enough explo-
ration opportunities. One hour after the novel environment exposure the rats were anes-
thetized with isoflurane. In the following 0.01 M phosphate buffered saline (100 ml)
was used for the transcardial perfusion, then the fixation was achieved by perfusing
with 4 % paraformaldehyde in 0.01 M phosphate buffer (PB: 100 ml). At this time the

rats were ten months old.

7.2 Spine Project:

The virus production and intra-hippocampal injection as well as the perforant path
stimulation and following fixation of the rat brain tissue was performed by Dr. Tassilo

Jungenitz of the Institute of Clinical Neuroanatomy in Frankfurt, Germany.

7.2.1 Animals

Eleven adult male Sprague-Dawley rats (8 - 13 weeks, 220 - 459 g; Charles River,
Sulzfeld, Germany) were used. The animals were housed in large cages (30 x 40 cm)
according to standard laboratory conditions. The German guidelines for the use of la-

boratory animals were applied to all animal experiments.
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7.2.2 Virus production and in vivo injection

The retrovirus was produced by transfecting HEK293T cells with pCAG-GFP,
pCMV-GP and pCMV-VSV (3:2:1) plasmids using Calcium-Phosphate precipitation.
After 48h of incubation, the supernatant containing the retrovirus was separated and
centrifuged at 3200 x g for 10 min and filtrated through a 0.22 pm filter. This insured a
separation from cell detritus. The retrovirus was concentrated using ultra-centrifugation
at 160000 x g for 2 h (Sorvall WX Ultracentrifuge and SureSpin 630 swinging bucket
rotor, Thermo Fisher Scientific, Waltham, MA, USA). The pellet containing the retrovi-
rus was then suspended in 200 ul phosphate buffered saline (PBS, Sigma-Aldrich, St.
Louis, MO, USA). Storage at -80 °C was provided in aliquots containing the retroviral

suspension with a titer of 10° colony forming units.

The anaesthesia for surgery consisted of Fentanyl (Janssen Pharmaceutica, Beerese,
Belgium), Midazolam (Dormicum; Roche, Basel, Switzerland) and Medetomidin
(Domitor; Pfizer, New York City, NY, USA) in conformance with the German law on
the use of laboratory animals (5 pg Fentanyl, 2 mg Midazolam, 150 ug Medetomidin
per kg body weight i.m. initially plus further injections as needed). The animals head
was stabilized in a Kopf stereotaxic instrument (Kopf instruments, Tujunga, CA, USA).
At -3.8mm from Bragma and 2.2 mm laterally from the median, two holes
(1.5 - 2.0 mm diameter) were drilled in the skull on both hemispheres. Through these
holes 0.75 pl of the retroviral solution was slowly injected to a depth of 3.2 and 3.7 mm
below brain surface. The injections into the dentate gyrus of the hippocampus were per-
formed bilaterally using a NanoFil syringe (World Precision Instruments, Inc., Sarasota,
FL, USA).

7.2.3 In vivo perforant path stimulation

The perforant path stimulation was performed under deep urethane anaesthesia
(1.25 g/kg body weight s.c. initially plus further injections as needed; 250 mg ure-
thane/ml 0.9 % saline, Sigma-Aldrich) conformant with the German law on the use of
laboratory animals. During surgery and stimulation the animal was immobilised in a

Kopf stereotaxic instrument (Kopf instruments, see above). Body temperature was de-
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tected rectally and maintained at 37.0 £ 0.5 °C. A bipolar stainless steel stimulation
electrode (NE-200; Rhodes Medical, Woodland Hills, CA, USA) was inserted in the
angular bundle of the perforant path (coordinates measured from Lambda: L: 4.5 mm,
AP: +0.5 mm at 3.5 mm depth in brain tissue) through two holes (1.5 - 2.0 mm diame-
ter) drilled through the skull. The recording microelectrode (glass, 1.5 mm outer diame-
ter) was made with a Zeitz (Munich, Germany) electrode puller. It was placed in the
dorsal blade of the granule cell layer (coordinates from Bregma: L: 2.0 mm, AP: -
3.5 mm at 3.5 mm depth in brain tissue) while filled with 0.9 % saline. The correct
depth of the recording electrode was optimized by viewing the typical shape of evoked
potentials using low voltage control stimulation of the perforant path.

In the following, HFS was applied for 2 h with one HFS train consisting of 8 pulses
(500 pA, 0.1 ms pulse duration) of 400 Hz once per 10s. 10 retrovirally GFP (green
fluorescent protein) labelled rats received HFS at 28 dpi (n = 6) and at 35 (n = 4). Sub-
sequently, the animals were deeply anaesthetized with urethane and transcardially per-
fused using a fixative with 4 % PFA in 0.1 M PBS, pH 7.4. After brain removal they

were postfixed for 12 — 18 h. This method has been established previously **?*.

7.2.4 Tissue preparation

Initially, the fixated brains were cut into serial frontal slices (300 um) using a Vi-
bratome (Leica VT 1000S), rinsed in 0.1 M TRIS buffered saline (TBS, AppliChem,
Darmstadt, Germany) and stored in cryoprotectant solution (30 % ethylene glycol, 25 %
glycerin in PBS) at -20°C. These thick slices were used for dendritic tree analysis which
is not part of this dissertation. In order to execute spine analysis, the slices were cut to
50 um with a Vibratome. Washing and storing of the thin slices was performed with the
same methods as described above. The immunohistological stainings and spine analysis
was only performed on the thin slices.

-37-



8 Results

8.1 XdU project

8.1.1 Analysis of Egrl immunoreactivity in adult-born granule

cells

All experiments were performed on rat brains fixated by perfusion wit 4% paraform-
aldehyde from the laboratory of Prof Wickliffe Abraham, University of Otago, New
Zealand. The brains were sent to Germany submerged in phosphate buffered saline
(PBS). A total of thirteen brains were used. The experimental procedures can be found
in chapter 6 and 7.The brains were sectioned into series of 40 um slices. The immuno-

reactivity of XdU, Egrl and NeuN was analysed.

Six brain sections were stained and analysed per rat. In order to verify that no outer
influences regarding staining, storing and imaging was apparent between the sections of
each animal, they were analysed independently. In each brain section, the Egrl intensity
of cell somata in the GCL was measured either in XdU labelled GCs or in unlabelled

GCs. Unlabelled GCs were used as control.

This analysis was performed for GCs of distinct categories: the unlabelled GCs and the
three populations of ABGCs aged 6 weeks, 12 weeks and 35 weeks. The average Egrl
intensities of every section were compared by side (Figure 1 - Figure 4). It has to be
taken into consideration that the number of counted GCs per section side varied greatly;
occasionally no labelled GCs could be found in a section. This explains why six dots
per side for each animal were not always ostensible in the Figures 1 - 4. The numbers of

counted GCs per rat is listed in

Table 6. The six stained sections per animal were stained in two sessions with two
different sets of secondary antibodies. No detected difference in immune intensities be-
tween these two groups was indicated, thus the secondary antibodies had no apparent

effects.
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Figure 4: Confocal images of Egrl and NeuN positive, 1dU labelled ABGCs. The

merged image serves as verification of co-localization. GCL: granule cell layer, SGZ:

subgranular zone. Scale bar: 20pum

Table 5 XdU project: Experimental method per animal

Number ! njei;tiv?/r; etli(rsnz t;éoint Procedure Purpose Age
6 12 35 HFS for two days, 48h 5 min novel enviro_nment, in
rest 1h rest, perfusion months
Ng 44 1dU Cldu X X HFS 9,9
Ng 45 ldU Cldu X control 9,9
Ng 46 1dU Cldu X control 9,9
Ng 47 Cldu 1dU X X HFS 9,9
Ng 48 Cldu 1dU X X HFS 9,9
Ng 49 Cldu 1dU X X HFS 9,9
Ng 61 ldu | Cldu X control 9,9
Ng 62 1dU ClduU X X HFS 9,9
Ng 63 1dU ClduU X X HFS 9,9
Ng 65 Cldu 1dU X X HFS 9,9
Ng 66* ldu | Cldu X X HFS 9,9
Ng 70 1dU 4 weeks ptd X practice 3,7
Ng 71 CldU 4 weeks ptd X practice 3.7

*) Ng 66 was excluded from the analysis due to extremely few labelled cells.
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Table 6 XdU project: Number of all counted GCs, ipsi vs contra

Unlabelled 6 weeks ptd 12 weeks ptd 35 weeks ptd
Ipsi | Contra| |Ipsi |Contra| Ipsi | Contra| Ipsi | Contra

Ng 44 125 124 16 47 27 40
Ng 45, 50 55 6 15 5 8
Ng 46, | 170 85 21 15 44 17
Ng 47 75 110 4 7 24 45
Ng 48 170 74 41 13 77 21
Ng 49 140 175 27 22 55 83
Ng 61, 55 60 18 23 29 32
Ng 62 190 175 60 50 36 59
Ng 63 120 30 16 4 14 5
Ng 65 115 140 24 27 21 78
Ng66 | 15 40 1 4 2 7

¢) Ng 45, 46 and 61 are control animals, they did not receive stimulation.
*) Ng 66 was omitted due to extremely few labelled cells.

Ng 70 and 71 were practice animals which were used for establishing the methodology,
but not further used for the analysis. No cells were counted.
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Figure 5: Average per slice (unlabelled): The average Egrl intensity of the unlabelled
control population of granule cells (GCs, unlabelled = not labelled with XdU) of every
brain slice per animal is shown. The linked pairs depict the stimulated and the unstimu-

lated side of every slice. Animal number: n=7.
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Figure 6: Average per slice (6 weeks): The average Egrl intensity of the adult born
granule cells (ABGCs) labelled at 6 weeks ptd (labelled = received XdU injections) of
every brain slice per animal is shown. The linked pairs depict the stimulated and the
unstimulated side of every slice. Although six slices of each animal were stained, XdU

labelled ABGCs were not found in each side and every slice. Animal number: n =7.
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Figure 7: Average per slice (12 weeks): The average Egrl intensity of the adult born
granule cells (ABGCs) labelled at 12 weeks ptd of every brain slice per animal is

shown. The linked pairs depict the stimulated and the unstimulated side of every slice.
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Although six slices of each animal were stained, XdU labelled ABGCs were not found in

each side and every slice. Animal number: n = 3.
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Figure 8: Average per slice (35 weeks): The average Egrl intensity of the 35 week old
adult born granule cells (ABGCs) of every brain slice per animal is shown. The linked
pairs depict the stimulated and the unstimulated side of every slice. Although six slices
of each animal were stained, XdU labelled ABGCs were not found in each side and eve-

ry slice. Animal number: n = 4.

8.1.2 Unilateral Stimulation increases Egrl expression in
ABGCs of both hemispheres

The Egrl intensity values of all animals were pooled for each age group of ABGCs
and for the unlabelled GCs (Figure 9, A - E). The average Egrl intensities of every side
were compared. There was no significant difference in the Egrl intensity between the
stimulated and the unstimulated side. The next step was to reciprocally contrast the
ABGCs of each time point and with the unlabelled GCs. This was done for each brain
side (Figure 9, F - G) using the absolute and relative average Egrl intensity of every an-
imal. A significantly higher Egrl intensity could be observed in all ABGCs of the con-
tralateral side and in the 12 and 35 week old ABGCs of the ipsilateral side. This re-
vealed that the stimulation significantly enhanced the expression of Egrl in ABGCs.

This effect was apparent in both hemispheres.
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Figure 9: Average per time point: The average Egrl intensity of all unlabelled GCs (A),
all ABGCs XdU labelled at 6 week (B), 12 week ptd (C) and 35 week ptd (D) of every
animal is compared by side. The same comparison is made with relative values (E).
Showing the same Egrl intensities as in A-E, the differences between the three time
points and the unlabelled GCs are contrasted (F). The same comparison was conducted
with relative values (G). The dots represent the average Egrl intensity value per ani-
mal. Animal number: (unlabelled) n=7, (6w) n=7, (12w) n=3, (35w) n = 4. Aster-
isk indicate significance between time points, Kruskal-Wallis test, (unlabelled vs 6 w, vs
12 w and vs 35 w) *P < 0.05.
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Figure 10: Merged time points: (A) The average Egrl intensity of all GCs from the
stimulated and the unstimulated side of every animal is depicted for the unlabelled GCs
and the ABGCs labelled at 6, 12 and 35 weeks ptd. (B) The average Egrl intensity of all
unlabelled GCs from both sides of every animal is compared with the average Egrl in-
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tensity of all ABGCs from both sides of every animal and every time point. The same
comparison was conducted using relative values (C + D). The dashed line shows the
Egrl intensity of the unlabelled column and serves as orientation. The average Egrl in-
tensity of the ABGCs aged 6 weeks and 12 weeks (E) is compared by side. The average
Egrl intensity of the unlabelled GCs serves as control. The same comparison is made
including the average Egrl intensity of the 35 week old ABGCs (F). The bottom row (G)
shows the same analysis with relative values. The dots represent the average Egrl in-
tensity value per animal. Dotted line marks level of unlabelled GCs. Animal number:
(unlabelled) n=7, (6w) n=7, (12w) n=3, (35w) n =4. Asterisk indicate signifi-
cance between GC populations, (B+D) Mann-Whitney test, (A, C, E - G) Kruskal-Wallis
test, Dunn’s multiple comparison rank test (unlabelled vs 6 w, vs 12 w and vs 35 w; un-

labelled vs labelled_contra and vs labelled_ipsi) *P < 0.05.

Egrl intensities of both sides were pooled for each time point (Figure 10, A + C). In-
terestingly, a significant stimulation effect could only be observed for 35 week old
ABGCs. The slightly higher average Egrl intensity of the younger ABGCs could indi-
cate a trend but was not significant if both sides were pooled. The average Egrl intensi-
ty among the ABGCs was similar. In order to distinguish the effect on ABGCs, the Egrl
intensity of all ABGCs of every animal and side was pooled (Figure 10, B + D). Now, a
significant distinction could be made between the unlabelled GCs and the labelled
ABGCs (Figure 10, D). This finding led to the question of whether this distinction could
also be made when the pooled ABGCs were re-split into an ipsi- and contralateral
group? Figure 10, G demonstrates that the average Egrl intensity from all ABGCs was
significantly higher than that of all unlabelled GCs for both ipsi and contra. This result
also remained for the merged 6 and 12 week old ABGCs (Figure 10, G left).

8.1.3 Enhanced excitability is not an innate feature of ABGCs

Apart from the stimulated rat brains, three brains taken from control rats were ana-
lysed. These rats had been implanted with the same head plug but received no HFS. Just
as the stimulated animals, the control rats were exposed to novel environment one hour

prior to perfusion. All control rats were injected with XdU at 6 weeks prior to death.
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The second XdU injection was at 35 weeks prior to death for one rat and at 12 weeks
prior to death for the other two. Therefore, it was made possible to match every ABGCs
population with a control population. As in the case of the stimulated animals, no outer
influence on the quality of staining could be found by analysing the average Egrl inten-
sities of each brain section (Figure 11, A - D). As expected, no difference between the
average Egrl intensity of the unlabelled GCs and the ABGCs of any age group in the
control animals was found (Figure 11, E). The ABGCs of both sides and of all age
groups were pooled. The average Egrl intensity of these labelled GCs was equivalent to
that of the unlabelled GCs (Figure 11, F). This analysis showed that in control condi-
tions, the Egrl intensity of ABGCs was similar to that of unlabelled GCs. Therefore, the
possibility that a heightened excitability is an innate feature of ABGCs was ruled out. In
the next step, the control values were compared to the values from the stimulated ani-
mals. The Egrl intensity of the unlabelled cells of both hemispheres was equal in both
stimulated and control animals (Figure 11, G). This showed that XdU labelling does not
alter the cells excitability. The average Egrl intensity of all labelled ABGCs from both
sides was significantly higher for the stimulated animals (Figure 11, H). This confirmed
that the stimulation significantly enhanced Egrl expression in ABGCs. Is has been
shown that the average Egrl intensity of the control animals GCs was equal to that of
the unlabelled GCs from the stimulated rats (Figure 11, F). It has also been demonstrat-
ed that there was a significant difference in average Egrl intensity between all ABGCs
from stimulated rats and those from control rats (Figure 10, G). This raised the expec-
tancy that the average Egrl intensity of all ABGCs from stimulated rats divided into an
ipsi- and a contralateral group would be higher than the average Egrl intensity of con-
trol ABGCs. But for this comparison (Figure 11, 1), however, no significand difference

could be shown.
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Figure 11: Control: This figure shows only values from control animals. The average
Egrl intensity of the unlabelled GCs (A), the ABGCs labelled at 6 weeks ptd (B), at
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12 week ptd (C) and at 35 week ptd (D) of every brain slice per animal is shown. The
linked pairs depict the right and the left side of every slice. (E) The average Egrl
intensity of all GCs from both sides of every animal is depicted for the unlabelled GCs,
and the ABGCs labelled at 6, 12 and 35 weeks ptd. The same comparison is made with
absolute and relative values. (F) The average Egrl intensity of all unlabelled GCs from
both sides of every animal is compared with the average Egrl intensity of all ABGCs
from both sides of every animal and every time point. This comparison is made with
absolute and relative values. (G) The comparison between the average Egrl intensity of
the unlabelled GCs from the control animals is made with that from all stimulated
animals. (H) The average Egrl intensity of all ABGCs from the control animals is
compared with that of all simulated animals. This analysis is made with absolute and
relative values. (1) The average Egrl intensity of all ABGCs is depicted. The average
Egrl intensity of the contra- and ipsilateral side of the stimulated animals is compared
with the average Egrl intensity of the control rats. This comparison is made with
absolute and with relative values. The dots represent the average Egrl intensity value
per animal. Control animal number: (unlabelled) n=3, (6w) n=3, (12w) n=1,
(35 w) n = 2. Asterisks indicate significance between control and stimulated, (H) Mann-
Whitney test, (I) Kruskal-Wallis test, Dunn’s multiple comparison rank post-hoc test

(control vs contra, control vs ipsi) *P < 0.05.

8.1.4 Unilateral Stimulation results in similarly heightened
excitability of 6, 12 and 35 week old ABGCs of both

hemispheres

In order to further normalise the absolute Egrl intensities, they were converted into

z-scores using the following formula:
z-score = (X-p)/o

x is the measured Egrl intensity value, p is the mean of all Egrl values from the un-
stimulated side of this animal and o is the standard deviation of Egrl values for each

separate animal®®. The conversion to the z-score was necessary in order to compare the
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data from my analysis with that conducted for animals analyzed in New Zealand. There,
the Egrl expression of GCs was not measured on a scale of intensity but simply catego-
rized in Egrl positive or negative. GCs with a Z-score of > 2.0 were defined as being
Egrl positive. By scrutinizing the z-scores distribution of the different GCs groups, it is
apparent that the distribution of Egrl expression is significantly right-shifted for the
three ABGCs time points (Figure 12, A) (P<0,005 Bonferroni corrected Komolgorov-
Smirnow tests). This indicated that HFS identically enhances the excitability of ABGCs
across all three cell ages. The possibility that increased Egrl expression is an inherent
feature of ABGCs was considered. Considering that the majority of the unlabelled GCs

were born perinatally in rats***%

, the equal alignment of the z-score distribution curves
in the control animals, with the exception of the 35 week old ABGCs, demonstrated no
enhanced Egrl expression of ABGCs in control animals (Figure 12,B). A distinct in-
crease of Egrl expression compared to unlabelled GCs and control animals could be
noted when merging all ABGCs of the ipsilateral hemisphere (Figure 12,C) (p < 0.0083,
Bonferroni-corrected Kolmogorov-Smirnov tests). Interestingly, the z-score distribution
of the contralateral hemispheres ABGC was also right-shifted (Figure 12, D). The mean
percentage of the combined age groups further distinguished the enhanced responsive-
ness of ABGCs (19.2 + 3.4 %) compared to the unlabelled GCs of the same hemisphere
(4.7 £ 0.5 %) and to the ABGCs (3.7 £ 0.7 %) and unlabelled GCs (3.7 £ 0.7 %) of the
control animals (all p <0.05, Figure 12, E). A similarly significant increase in respon-
siveness could be observed in the contralateral hemisphere for the combined ABGCs
(15.4 = 3.1 %) compared to the unlabeled GCs of the same hemisphere (4.4 + 0.7 %)
and the ABGCs and unlabeled GCs of the control animals (all p < 0.05, Figure 12, F).
This proposes a long-term stimulation effect of increased excitability on both hemi-

spheres following unilateral stimulation.

-50 -



1004

T e e
— 801 = 80 7 I
£ L3 15
= [y ':u
& s S
2 604 3 60 ot
g g &
3 3
=4 2 o0
3 M -« unlabelled_ctrl e 1
g — Bw_ipsi é A = Bw_clrl
S ] — 12w_ipsi S 2 el - 12w_ctrl
— 35w_ipsi -y, == 35w _ctrl
— unlabelled_ipsi " 5 -= unlabellad_ctrl
20 10 00 10 20 30 40 60 60 20 -0 00 10 20 30 40 50 680
Z-SCore Z-score
C D
100+ . 100
. B4 —. 804
S E3
> >
] &
2 60 g 60+
g g
S 404 S 404
= =
H -+ unlabelled_ctrl H -~ unlabelled_ctr]
3 0l = E+12+35w_cirl S Lol -=- B+12+35w_cirl
—— G+12435w_ipsi —— B+12+35W_contra
—— unlabelled_ipsi —— unlabelled_contra
20 40 00 10 20 30 40 50 60 20 440 00 10 20 30 40 50 60
Z-Score I-score
E L F
ipsi contra
40+ * 40+ *
[
o 304 o 30
™~ ™~ ®
@ [
S )
o 2041 o 204
» n
U 1
N N
X 104 2 104
[
e 0 - = e e =
G L) Ll T L} c T T T T
N ; N & N S
&' & & > a & &
K R & & & 3 &
S Y 57 7z ) Ry 57 N
t}\e xé’ Q}\m xn"‘o &7 K\ @Q x"‘:‘o
\‘50 x'{l' \%o ,'0' &\@ xﬂ;: {Sb x'o'
Q{‘ [ \"5‘ © .&0 N o ©

Figure 12: The distribution of z-score values (see text) from 6 (n=7), 12 (n =3) and
35 (n =4) week old ABGCs is equivalent. Compared to the distribution of the unla-
belled GCs of the stimulated and the control animals, a significant right-shift can be ob-
served (A). The Z-score distributions of the control groups are all similar except for a
significant right shift of the 35 week old ABGCs (B). When merging all ABGCs age

groups of the ipsilateral hemisphere, they appear significantly right-shifted compared to
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the unlabelled GCs and merged ABGCs of the control animals (C). The same right-shift
can be observed on the contralateral hemisphere (D). The percentage of the merged ip-
silateral ABGCs with a Z-score of >2.0 shows a significant increase (19.2 £ 3.4 %,
n = 7) when comparing that of the GCs from the contralateral side with the control an-
imals. Figures adapted after Ohline et al*®. Animal number: (unlabelled) n =7, (6 w)
n=7, (12w) n=3, (35w) n=4. (A-D) Bonferroni- corrected Kolmogorov-Smirnov
test, (E+F) one-way ANOVA, Sidak-Holm post-hoc tests, *P < 0.05.

8.1.5 Higher excitability in infrapyramidal adult born granule

cells

In the following analysis the suprapyramidal GCs were compared with the infrapyrami-
dal GCs. The average Egrl intensity of each ABGC population varied among the rats.
This was due to two factors. Firstly, the amount of labelled ABGCs counted per age
group differed between the animals and age groups (Table 7 XdU project: Number of all
counted GCs, supra vs. infra). Secondly, the Egrl intensity is quite stable for the majori-
ty of GCs, some ABGCs however appear with a very strong Egrl expression as well as
some ABGCs having almost none. These fluctuations were diminished by pooling all
ABGCs of every age population, separated into ipsi and contra (Figure 13, A+B).
Again, there was no difference in the average Egrl intensity between supra- and infrap-
yramidal GCs. Unfortunately only three rats could be used for the analysis of the 12
week old ABGCs. The fourth rat (Ng66) was excluded due to the fact that only very few
labelled GCs could be found (Table 7 XdU project: Number of all counted GCs, supra
vs. infra). The average Egrl intensity of the suprapyramidal ABGCs of each age group
appeared to be higher, but this inclination was not significant (Figure 13, A+B). The
comparison of the average Egrl intensity from the supra- and infrapyramidal GCs of the
control animals showed that the intensity levels were equal for each ABGCs population
as well as for the unlabelled GCs (Figure 13, C+D). In order to overcome the problem
of low animal number per age group, the 6 week and 12 week old ABGCs were merged
(Figure 14, D). The average Egrl intensity of the infrapyramidal young ABGCs was
significantly higher than that of the suprapyramidal young ABGCs. The Egrl intensity
of the infrapyramidal young ABGCs was also significantly higher than that of the unla-
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belled GCs. The intensity of the suprapyramidal young ABGCs was equivalent to that
of the unlabelled GCs of either side. It could therefore be concluded that the stimulation
effect was clearly visible in the 6 week and 12 week old ABGCs of the infrapyramidal
blade but not in those of the suprapyramidal blade of the dentate gyrus (Figure 13, D). It
is also important to singularly interpret the results attained in the 35 week old ABGCs.
It has already been shown that there was no significant difference of the average Egrl
intensity between the supra- and infrapyramidal ABGCs at 35 weeks of age (Figure 13,
A, rightmost graph). Here it could be demonstrated that the Egrl intensity of the infrap-
yramidal ABGCs of this age group was significantly higher than that of the unlabelled
GCs from the infrapyramidal blade. Interestingly, the 35 week old suprapyramidal
ABGCs also showed a significantly higher Egrl intensity than the unlabelled suprapy-
ramidal GCs (Figure 14, E). In contrast to the younger ABGCs, it was visible that the
HFS affected the 35 week old ABGCs from the infrapyramidal as well as from the su-
prapyramidal blade. The control rats clearly showed no difference of Egrl intensity be-

tween supra- and infrapyramidal or unlabelled GCs and labelled ABGCs (Figure 14, F).

Table 7 XdU project: Number of all counted GCs, supra vs. infra

Unlabelled 6 weeks old 12 weeks old 35 weeks old
Supra | Infra | Supra | Infra | Supra | Infra | Supra | Infra

Ng 44 150 140 48 29 30 43
Ng 45. 35 50 7 12 3 7
Ng 46, 145 95 18 16 46 13
Ng 47 140 50 11 0 42 26
Ng 48 150 140 24 28 41 46
Ng 49 220 125 28 30 93 42
Ng 61; 170 85 28 13 39 18
Ng 62 260 60 88 25 67 28
Ng 63 100 45 13 5 16 6
Ng 65 180 105 41 14 52 80
Ng 66* 30 20 3 1 5 4

c) Ng 45, 46 and 61 are control animals, they did not receive stimulation.

*) Ng 66 was omitted due to extremely few labelled cells.
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Figure 13: Supra vs. infra: The average Egrl intensity of the GCs counted in the
suprapyramidal blade of the dentate gyrus is compared with that of the infrapyramidal
GC. (A) These graphs show the average Egrl intensity of all ABGCs of every animal
labelled at 6, 12 and 35 weeks ptd. (B) The same comparison is made with relative
numbers. (C) These graphs show the average Egrl intensity of all ABGCs of every
control animal labelled at 6, 12 and 35 weeks ptd. (D) The same comparison is made
with relative numbers. The dots represent the average Egrl intensity value per animal.
Animal number: (unlabelled)n =7, (6w)n=7,(12w)n=3, (35w)n=4.
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Figure 14: Supra vs infra, merged: The average Egrl intensity of suprapyramidal GCs
is compared to that of infrapyramidal GCs for the following GC populations: (A) The
Egrl intensity of the unlabelled GCs from all animals is contrasted to the merged Egrl
intensity of ABGCs labelled at 6 and 12 weeks ptd. (B) The Egrl intensity of the
unlabelled GCs from all animals is compared to that of the ABGCs labelled at 35 weeks
ptd. (C) This graph shows the Egrl intensity from GCs of the control rats. The values
from the unlabelled GCs are compared with the average Egrl intensity of all ABGCs.
The bottom row (D-F) shows the same analysis with relative numbers. The dots
represent the average Egrl intensity value per animal. Animal number: (unlabelled)
n=7, (6w) n=7, (12w) n=3, (35w) n=4, (control) n=3. Kruskal-Wallis test, Dunn’s
multiple comparison rank post-hoc test (6 w, 12 w_infra vs unlabelled_infra, vs 6 w,

12 w_supra and unlabelled vs 35 w_supra, unlabelled vs 35 w_infra) *P < 0.05.
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8.1.6 Cross reaction of antibodies

The distinction of two populations of ABGCs in each rat is possible due to the fact
that each one received two injections of differing XdUs. Initially double stainings with
antibodies against CldU and IdU were performed. However, a very slight cross reaction
was noted. Test stainings with the training animals, which had only received injection of
a single XdU, revealed the exact nature of the cross reaction: The mouse-anti-ldU anti-
body (AB) from BD Bioscience stained few cells in brain sections from Ng 71, which
only received CldU injections. This could be shown with the secondary AB Alexa Fluor
goat-anti-mouse 488 and 568. The rat-anti-CldU AB from Accurate stained very few
cells in 1dU labelled tissue from Ng 71 (which had received only IdU injections). This
was made visible with Alexa Fluor 488 goat-anti-rat AB. Interestingly, when applying
the secondary AB Alexa Fluor 568 and 488 goat-anti-mouse as well, the signal of rat-
anti-CldU was also brightly visible. Although the abovementioned stainings indicated
the adherence of rat-anti-CldU to 1dU labelled tissue, Alexa Fluor 488 and 568 goat-
anti-mouse AB signalled the presence of rat-anti-CldU only in CldU labelled tissue.
This could be due to the stronger adherence of rat-anti-CldU AB to CldU labelled tissue
since this is its main epitope. In conclusion it can be noted that although the anti-1dU
and anti-CldU AB show a very slight cross reaction, the real problem in clear identifica-
tion lies in the secondary AB Alexa Fluor 488 and 568 goat-anti-mouse since they in-
tensify the incorrect signal from Alexa Fluor goat-anti-mouse to rat-anti-CldU. By re-
verting to single stainings for the stimulated animals, the intensification of a very slight
cross reaction was omitted, because Alexa Fluor goat-anti-mouse and rat-anti-CldU
were never administered in one brain section. Alexa Fluor 488 and 568 goat-anti-rat did

not show a cross reaction.
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Figure 15: Cross reaction: Upper row: Ng70, only IdU injections: (A) ms-a-1dU and gt-
a-ms568, correct, (B) rat-a-CldU and gt-a-rat488, correct, (C) ms-a-1dU, gt-a-rat488
and gt-a-ms568, correct, (D) ms-a-1dU, rat-a-CldU, gt-a-rat488 and gt-a-ms568, Cross
reaction, left. Lower row: Ng71, only CldU injections: (E) rat-a-CldU and gt-a-rat488,
correct, (F) ms-a-1dU and gt-a-ms488, Cross reaction, (G) rat-a-CldU, gt-a-rat488 and
ms-s-568, Cross reaction, G, right, (H) ms-a-ldU, rat-a-CldU, gt-a-rat488 and gt-a-

ms568, Cross reaction H, right. Scale bar: 10um.

8.2 Spine Project

Egrl fluorescence and spine analysis constituting to the following results provide ad-
ditional data for a larger project from Dr. Tassilo Jungenitz of the Institute of Clinical
Neuroanatomy in Frankfurt, Germany. The point of interest of this project was the criti-
cal phase for homo- and heterosynaptic structural plasticity and synaptic integration in
ABGCs. In order to analyse the dendritic structure of individual GCs, selective GC la-
belling was executed with a retrovirus based approach. Rats received HFS of the MPP
in in vivo conditions, this elicited homosynaptic LTP in the middle molecular layer
(MML). Heterosynaptic LTD was observed in the neighbouring inner- and outer molec-
ular layer (IML and OML). By analysing Arc and f-actin expression in differently aged
ABGC, conclusions were drawn on their developing structural plasticity and integration
into the existing GC network®®. Here, the role of IEGs as a marker of synaptic acticity
and plasticity was investigated by using Egrl labelling. Some immunohistochemical
staining and all the imaging, Egrl intensity measurement and spine analysis were done

by me, all prior work leading to this was performed by Dr. T. Jungenitz.
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8.2.1 Egrl expression due to HFS is lower in adult-born than in

mature granule cells

This study was performed on fixed brain sections of eleven adult male Sprague-
Dawley rats that had received intrahippocampal injections of a GFP-expressing murine
leukemia retrovirus (RV-GFP) at 28 or 35 days prior to transcardial perfusion. In these
animals, 2 h of unilateral HFS of the medial perforant path had been applied directly
prior to transcardial perfusion. After fixation, brains were sliced with a vibratome. The
provided brain sections were immunohistochemically stained for Egrl and, in order to
enhance the GFP signal, with an additional antibody directed against GFP. Egrl fluo-
rescence intensity was measured with the same method used for the XdU labelled GCs
(chapter 6.4): In three dimensional image stacks, the soma of a labelled GC was marked
at its largest diameter by outlining the circumference. Egrl intensity was measured only
in the thus selected area. Sample ABGC at 28 and 35 dpi with strong and weak Egrl
expression can be seen in Figure 16 (A - D). When comparing the cumulative Egrl in-
tensity of ABGCs at 28 dpi, 35 dpi and mature GCs, it was apparent that the average in-
tensity of the ABGC was less than that of the mature GCs (Figure 16, E). At 28 dpi,
50 % of the ABGC population expressed an Egrl intensity of less than ~20 %. 100 %
was set as the average Egrl expression intensity of all mature GCs. With ongoing matu-
ration the average Egrl intensity increased. At 35 dpi half the population expressed an
Egrl intensity of up to 40 %. The mature GCs clearly showed the highest Egrl intensity
(Figure 16, E). Figure 16 F depicts the same data set revealing the detailed Egrl intensi-
ty distribution of the GCs of each age group. The difference in Egrl intensity between
ABGCs and mature GC is significant for both 28 dpi (p = 0.0001) and 35 dpi
(p =0.0114) (Figure 16, H). This data indicated a stimulation induced increase of Egrl
intensity which was dependent from the age of ABGC. It was apparent that with in-
creasing maturation, the Egrl intensity increased although at 35 dpi, it did not reach the

expression level of mature GC.

Overall, the peak distribution of nuclear Egrl intensity values from ABGCs differed
from that of the mature GCs. The best differentiation between the two groups could be

made at 70 % Egrl expression intensity (Figure 16, F dotted line). This key value was
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used as a threshold to divide ABGCs and mature GCs into groups with nuclear Egrl ex-
pression higher or lower than 70 %. The distribution of the ABGCs at 28 and 35 dpi is
opposite to that of the mGCs, marking a considerably lower Egrl expression in the ma-
jority of ABGCs compared to mGCs (Figure 16, G).
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Figure 16: Cell age dependent Egrl expression: Examples of retrovirally GFP labelled
ABGCs with strong (A) and weak (B) Egrl expression intensities at 28 dpi. Examples of
retrovirally GFP labelled ABGCs with strong (C) and weak (D) Egrl expression at
35 dpi. The cumulative Egrl intensity for ABGCs at 28 dpi, 35 dpi and for mature GCs
is depicted (E). The diagram depicts the distribution of Egrl intensities of ABGCs at 28
dpi, 35 dpi and for mature GCs (F). Dashed line marks 70% Egrl intensity. The col-

umns depict the portion of GCs with either less or more than 70% nuclear Egrl intensi-
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ty at 28 dpi, 35 dpi and for mGCs (G). The dot plot shows the mean Egrl intensities of
ABGCs at 28 dpi, 35 dpi in relation to the Egrl intensities of mature GCs (H). Animal
number: (28 dpi) n = 6, (35 dpi) n = 5. Asterisks indicate significant difference from
mature GCs. Kruskall-Wallis test, Dunn’s multiple comparisons test, (28 dpi vs mGCs,
35 dpi vs mGCs) *P < 0.05. Scale bar (A-D) = 10 pm.

8.2.2 Dendritic spine plasticity of adult-born granule cells

following HFS

The dendritic tree of each GC was analysed in a layer specific manner. Spine size of
mushroom spines was measured in segments from the inner-, middle- and outer molecu-
lar layer (IML, MML and OML) of the ipsilateral hemisphere following 2h HFS. Only
dendrites with connection to a soma, identified and analysed in the abovementioned re-
sults (Figure 16), were used in order to analyse cell specific changes across the IML,
MML and OML. Mushroom spines were defined as “big” if the largest cross-sectional
area of the spine heat was larger than 0.2 um? (see chapter 6.5). The percentage of big
spines was calculated based on the total amount of mushroom spines. An ipsilateral
ABGC at 28 dpi with its complete dendritic tree is depicted in Figure 17 (A, B) with
matching samples of dendritic segments from IML, MML and OML. On the stimulated
hemisphere, the percentage of big spines in the MML was significantly larger than in
the IML and OML at 28 dpi and even more so at 35 dpi. The percentage of big spines in
IML and OML was comparable (Figure 17, C+D). Interestingly, the highest percentage
of big spines prevailed in the MML which had been subject to 2 h HFS.
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Figure 17: Layer specific structural plasticity of dendritic spines: GFP labelled dendrit-
ic tree sample of an ABGC at 28 dpi (A). Matching spine segments from IML, MML and
OML of the cell shown in A (B). The average percentage of big spines in IML, MML
and OML at 28 dpi (C) and at 35 dpi (D) in the stimulated hemisphere, each dot repre-
sents the average of one animal. Animal number: (28 dpi) n = 6, (35 dpi) n = 5. Aster-
isks indicate significant difference between layers. Kruskall-Wallis test, *P < 0.05.
Scale bar (A) =50 um, (B) = 2 um. IML= inner molecular layer, MML= middle molec-
ular layer, OML= outer molecular layer, GCL= granule cell layer, lightning bolt indi-

cates layer specific stimulation.

8.2.3 Correlation of Egrl intensity and spine enlargement

The analysis of spine head enlargement and shrinkage was done in a cell specific
manner. Thus, the structural dimensions of mushroom spines in the molecular layer
could be correlated with the Egrl expression intensity measured in the corresponding
cell soma following the induction of heterosynaptic plasticity. The images in Figure
18 A-H show cells that are represented as dots in the graphs in Figure 18, I. For exam-
ple the corresponding dots of the ABGC with weak Egrl expression in the soma (Fig-
ure 19 E) and little variation in spine characteristics between IML, MML and OML
(Figure 19 A) can be found at the leftmost pole of the linear fit (Figure 19 | - K). The
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dots for the ABGC shown in Figure 19 B and F are placed at the rightmost pole of the
linear fit. The analysis of spine size in high frequency stimulated ABGC revealed a
trend toward the correlation between the percentage of big spines and the relative ex-
pression intensity of Egrl. The manner of correlation depended on the position in the
molecular layer. A positive correlation between percentage of big spines and Egrl in-
tensity could be observed in the MML with an R? of 0.09 (Figure 18 J). In the OML and
IML the correlation was negative with a respective R? of 0.12 for OML and 0.05 for
IML (Figure 18 1+K). The positive trend in the MML indicated homosynaptic spine en-
largement. The observed structural plasticity represents evidence for stimulation in-
duced homosynaptic LTP in the MML. The negative tendency in OML and IML sug-
gests heterosynaptic LTD induction. Spine shrinkage in OML and IML may therefore
reflect heterosynaptic LTD in IML and OML. The changes in spine size were examined
in adjacent dendritic segments, providing evidence for activity dependent homo- and
heterosynaptic structural plasticity within the dendritic tree of individual GCs.

Next, it was analysed, if the amount of structural homo- and heterosynaptic structural
plasticity could be correlated with the Egrl expression intensity on the level of single
identified ABGCs. In order to investigate this, the ABGCs from both age groups were
split into two groups: Those with less than 70 %, and those with more than 70 % nucle-
ar relative Egrl intensity (Figure 18, L - N). This value was chosen as a threshold due to
findings depicted in Figure 16, F: The majority of ABGCs expressed less than 70 % nu-
clear Egrl intensity while the majority of mGCs expressed more than 70 % nuclear
Egrl intensity. In the MML, the cell group with more than 70 % Egrl intensity expres-
sion appeared to have a significantly higher percentage of big spines than the group
with less than 70 % Egrl intensity (Figure 18, M). This shows a positive correlation be-
tween the expression intensity of Egrl and the percentage of big spines in the MML.
Contrary to this, in the cell group of ABGCs with more than 70 % Egrl expression in-
tensity a smaller percentage of big spines was observed in the OML as well as in the
IML (Figure 18, L+N). From these findings, a negative correlation between Egrl ex-
pression and the percentage of big spines can be deduced for the OML and IML indicat-
ing a concomitant heterosynaptic structural plasticity in these layers. ABGCs at 28 and
35 dpi were merged for this analysis because, when using the 70 % threshold, both pop-
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ulations showed an almost identical cell distribution (Figure 16, G). Taken together, the
results strongly indicate a link between structural homo- and heterosynaptic plasticity

and Egrl expression.
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Figure 18: Correlation of Egrl expression and dendritic spine size: Dendrite samples
for IML, MML and OML from ABGCs at 28 dpi with weak (A, E) and strong (B, F)
Egrl expression. Dendrite samples from OML, MML and IML from ABGCs at 35 dpi
with weak (C, G) and strong (D, H) Egrl expression. The dot plots show the percentage
of big spines in relation to the relative somatic Egrl intensity in the OML (1), MML (J)
and IML (K).100 % equal the average Egrl intensity of all mGCs. Each dot represents
the averaged dendritic segments of one GC. Only GCs of the stimulated side are includ-
ed. Regression analysis reveals: OML: R? = 0.12, MML: R® = 0.09, IML: R? = 0.05.
The dot plots show the percentage of big spines from ABGCs at 28 and 35 dpi with
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more or less than 70 % Egr1 intensity in the OML (L), MML (M) and IML (N). Each dot
represents the average of one animal. Asterisks indicate significant difference. Wilcox-
on test, *P < 0.05. Animal number: (28dpi) n = 6, (35 dpi) n = 5. Scale bar
(A-D)=2pum, (E-H) = 5 um. IML = inner molecular layer, MML= middle molecular
layer, OML = outer molecular layer, GCL = granule cell layer, lightning bolt indicates

layer specific stimulation.

A correlation between nuclear Egrl expression intensity and structural plasticity was
found in ABGCs at 28 and 35 dpi. The strength of homo- and heterosynaptic structural
plasticity in Egrl positive cells was further investigated: A ratio of big spines between
the MML and IML as well as the MML and OML was calculated for ABGC groups
with more or less than 70 % nuclear Egrl expression (Figure 19, A - B). This analysis
was made with the merged data from ABGCs at 28 and 35 dpi, since it was previously
shown, that the cell distribution at this threshold was near identical for both time points
(Figure 16, G). Interestingly, the ratio of big spines between MML and IML was signif-
icantly higher in ABGCs with more than 70 % Egr1l intensity (Figure 19, A). This effect
could also be seen for a comparison of MML and OML: ABGCs expressing more than
70 % nuclear Egrl intensity appeared to have a significantly higher ratio of big spines
than those with less than 70 % Egr intensity (Figure 19, B). This phenomenon is depict-
ed in a schematic (Figure 19, C). On the left, an ABGC is shown with a typical distribu-
tion of small and large mushroom spines along the dendritic tree throughout the molecu-
lar layer. The nucleus is outlined, showing only a very low level of endogenous Egrl
expression before HFS*. On the right, two ABGCs after HFS are shown. The middle
one expresses weak nuclear Egrl intensity, the right one expresses strong nuclear Egrl
intensity. Spines that undergo change due to stimulation are highlighted in green. HFS
applied to the medial perforant path and thus to the middle molecular layer is indicated
with lightning bolts. In the GC with weak nuclear Egrl, the increase in spine size in the
MML is not as pronounced as in the GC with strong Egrl expression. Likewise, the de-
crease in spine size in the IML and OML is more distinct in the GC with strong nuclear
Egrl. In conclusion, homosynaptic structural plasticity, indicated by an increase of big
spines in the MML following HFS, positively correlated with nuclear Egrl expression
intensity. Heterosynaptic structural plasticity was apparent through a decrease in big
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spines in the IML and OML. It showed a negative correlation to nuclear Egrl expres-
sion intensity.
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Figure 19: Egrl expression is linked to homo- and heterosynaptic structural plasticity:
The ratio of big spines between the MML and IML (A), and between MML and OML (B)
is shown from ABGCs of 28 and 35 dpi following HFS, separated in weak Egrl positive
(<70 %) and strong Egrl positive (> 70 %) cells. Each dot represents the average of
one animal. Asterisks indicate significant difference. Mann-Whitney Test, *P < 0.05.
Animal number: (28 dpi) n = 6, (35 dpi) n = 5. The schematic shows an unstimulated
GC on the left and the change in GCs with weak (middle) or strong (right) nuclear Egrl
expression after stimulation (C). Spines that change after stimulation are highlighted
green. Nuclear Egrl expression intensity is marked in shades of pink. IML= inner mo-
lecular layer, MML= middle molecular layer, OML = outer molecular layer,

GCL = granule cell layer, lightning bolt indicates layer specific stimulation.
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9 Discussion

9.1 XdU project

9.1.1 Early retirement vs. ongoing function in maturing granule

cells

In this study, we aimed at analysing, to what degree maturing and matured ABGCs
are functionally active and exhibit synaptic plasticity in mature rats. In the past, many
studies focused on the fate of ABGCs during adolescence and early adulthood. Howev-
er, the question whether or not ABGCs retire once their maturation is completed or
which tasks the matured ABGCs maintain cannot be answered only by studying their
immediate future during animal adolescence. In this study, three populations of ABGCs
born and labelled with CldU and 1dU 6, 12 and 35 weeks prior to death of 10 month old
rats were examined. The animals were subjected to intracranial high frequency stimula-
tion (HFS) to induce LTP in GCs of the hippocampus. After 48 h rest they were ex-
posed to 5 min of novel environment. One hour later they were perfused. The expres-
sion of the IEG Egrl was analysed for the ABGCs of various cell ages and compared to
that of mature GCs. It was found that although the stimulation was only applied on one
side, a resulting increase of Egrl in ABGCs occurred in both hemispheres. It could be
shown that this enhanced excitability is not an innate feature of all ABGCs but was in
fact due to previous stimulation. Furthermore, the unilateral stimulation caused a
heightened excitability of all considered groups of ABGCs to the same degree, inde-
pendent of brain side and age. Lastly, the infrapyramidal ABGCs appeared to express an
increased Egrl expression compared to the suprapyramidal ones. These results reveal a
general high excitability of young and matured ABGCs in the mature rat. They are in
contrast to the concept that mature ABGCs retire in the adult dentate gyrus as suggested
by Alme and colleagues®'®. The prevailing state of knowledge about the fate of new-
born GCs includes an extensive set of information about the earlier stages but less about

the later phase of GC development. After about 4 - 6 weeks of maturation an ABGC has
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reached a functional state of structural differentiation and integration***%*# In contrast
to mature GCs, ABGCs exhibit a lower induction threshold and increased LTP ampli-
tude*’. This critical phase of high intrinsic excitability makes ABGCs susceptible to a
preferential recruitment for memory tasks as well as to impart experience-induced plas-
ticity’”?°1%. This enhanced excitability declines in the following weeks until the ABGC
can no longer be distinguished from prenatally born GCs'#?##2!% Alme and colleagues
even proposed an “early retirement” of mature GCs. In their study, two theories were
hypothesised: If GCs were selectively tuned to an event (for example exposure to envi-
ronment A), occurring within its critical phase, it would respond during the recall of this
event and therefore exhibit activity (during re-exposure to environment A for example).
On the other hand, if a GC were to retire early, it would not necessarily be reactivated
whilst visiting an environment that was explored during its critical phase. As a result,
rats were trained in 4 different or one single environment over the course of several
weeks and then retested with exposure to either 4 different or only one environment on
a single day. It appeared that exposure to multiple environments during testing but not
during training significantly increased Arc expression. The conclusion to their experi-
ment was that Alme and co-workers argued for an early retirement of GCs**°. The ob-
servation in consequence to the Alme study that, if all mature GC retire, they would be
“out of a job™**° leads to the question how such a system, in which more than 90 % of
all GCs are inactive®®, could be so ubiquitous®**? According to the earliest evolutionary
studies, organisms only prevail, if their phenotype is superior to that of their competi-
tors®?%. The energy necessary for the production and maintenance of thousands of ma-

223 As a result, it cannot be

ture but retired GCs could well have been spent elsewhere
probable that this vast population of mature GCs is without function. In accordance with
this, several studies have found specific functionalities of mature GCs. It could be
shown that old GCs are necessary for pattern completion. A mouse model, where the
output of mature GCs was inhibited, rapid pattern completion was defected while pat-
tern separation was intact as long as young GCs were functioning normally®. In compu-
tational models, mature GCs functioned as discriminators of specific information while
young GCs, with a high excitability, received a wide range of input in an unspecific
manner?®. A contribution to hippocampus dependent memory encoding was discussed

for mature GCs, proposing that mature GCs carry the engram of experiences dating fur-
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ther back. This would allow the network to use certain sets of mature GCs to process
new experiences in established contexts®>??°. This stands in line with the hypothesis
that mature GCs are more receptive to memories acquired during their immature state,
because of a steadier connective network®’. In a more recent study, mice were subject-
ed to contextual fear conditioning. GCs that were active during this task were labelled
with a fluorescence marker and channelrhodopsin. A fear response was later observed,
when these cells were activated with light. Furthermore, it was shown that the tagged
cells express electrophysiological features of mature GCs*2. This finding strongly indi-
cates that mature GCs participate in behaviour processes. In order to clarify the func-
tional role of adult-generated GCs over time, three populations of ABGCs aged 6, 12
and 35 weeks, were studied in this thesis work. ABGCs aged 6 weeks stand at the end
of the critical period*’. In accordance with prior findings that ABGCs aged 4 - 6 weeks
are more excitable***', the population of ABGCs that was XdU labelled 6 weeks ptd
expressed heightened excitability after HFS. A general boost in activity by novel envi-
ronment proved enough to enhance this population’s activity after LTP induction. The
other two ABGC populations of 12 and 35 weeks of age had proceeded further into ma-
turity*’. Interestingly, it could be shown that they reacted similarly to the youngest
ABGC population. In conclusion, our results do not suggest a retirement of maturing
ABGCs but indicate that ABGCs are functionally active and exhibit synaptic plasticity

at least for 35 weeks of cell age in mature animals.

9.1.2 Excitability of adult born granule cells over time

By using three ABGC populations of differing cell age, the development of excitabil-
ity during their maturation can be studied. In this thesis, ABGCs were labelled 6, 12 and
35 weeks ptd in rats (Figure 3). After stimulation and novel environment (see chapter
7.1), the rats were perfused and brain tissue was immunohistochemically analysed for
Egrl expression. The measured Egrl level was similar in all three ABGC populations. It
appeared significantly higher than Egrl intensity of unlabelled i.e. perinatally born GCs
(Figure 10, A - D). As Egrl intensity is a measure for synaptic activity and plasticity,
these results indicate that ABGCs exhibit an enhanced phase of excitability and plastici-

ty for a prolonged time period between 6 and 35 weeks of cell age. In order to address
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the change in excitability of an ABGC contingent on its age, it is necessary to observe
maturing ABGCs closely over time. A well-established method for assessing excitabil-
ity is by staining IEGs, such as Egrl, Arc or Fos**#??° |t is indispensable to know the
expression pattern of these markers since it is dependent on cell age and phenotype as
well as animal race and strain??!®, Even at very early stages of development, a small
percentage of newborn GCs that are not yet fully integrated, express Egrl. This could
indicate an endogenous expression pattern, which is independent of external stimula-
tion*. A GCs capacity for physiological excitability starts when its synaptic integration
is sufficiently complete. It has been shown that at least 3 weeks are necessary for the
completion of this process*®. From then on, GCs can be recruited to behaviourally rele-
vant networks®®*. During the subsequent 4 - 6 weeks, enhanced excitability in ABGCs
with a lower induction threshold of LTP has been described*’. In a study where 2 month
old mice were injected with BrdU and trained in the Morris water maze 1, 2, 4, 6 or
8 weeks later®®. Spatial memory was tested 10 weeks after BrdU injection and the acti-
vation of ABGC was analysed via Fos and Arc expression patterns. 1 and 2 week old
ABGCs expressed only a very low degree of IEG. This indicated insufficient integration
for active participation in excitability. 4 week old ABGCs appeared to express similar
amounts of Fos as mature GCs. This result was interpreted as the beginning of adequate
integration and thus activity. Interestingly, a heightened excitability was documented
for 6 - 8 week old ABGCs as their expression of the IEG was twice as large as mature
GCs. Kee and colleagues argued that this proved a preferential recruitment of ABGCs
during this time span®. In a follow up study the same group found a rather differing
conclusion in contrast to these results. In this case, 2 month old mice received the same
BrdU labelling but were now trained in the water maze 1, 5, 7.5 and 10 weeks later. The
insufficient maturation of the youngest ABGCs was confirmed by limited Fos expres-
sion. Differing to prior results, no peak in recruitment was found in 5- 10 week old
ABGCs but a steady state of integration to spatial memory?**. Furthermore, it was
shown that it made no difference whether GCs were embryonically, postnatally or adult-
generated, the likelihood to be recruited for spatial or contextual fear memory was simi-
lar®**. In our study, HFS elicited equal amounts of Egrl expression in 6, 12 and 35 week
old ABGCs. In corroboration with the above mentioned results, no preferential activa-

tion of younger ABGCs could be observed. Although it must be kept in mind that the
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abovementioned spatial memory studies®®?*°

were performed on mice, whereas rats
were used in my study. In this thesis work, ABGCs analysed 6, 12 and 35 weeks after
XdU injection expressed similarly elevated levels of Egrl. When considering reports
comparing mice and rats, a greater Egrl expression following seizures and water maze
training is to be especially expected at 3 weeks of GC age'®. This would lead to an
overestimation of excitation in the rat. In this case, however, older populations are com-
pared. Further support for age independent recruitment was recently demonstrated: In a
study using CldU and IdU injections to label 6 and 12 week old ABGCs, memory ac-
quisition and retrieval was tested in rats with the Morris water maze. It was demonstrat-
ed that both younger and older ABGCs are activated in spatial memory processes®*..
These findings correspond directly to the equivalent excitation, assessed by Egrl ex-
pression, elicited in the 6 and 12 week old ABGCs in my study. It can be concluded that
ABGCs appear more excitable than perinatally born mature GCs and that ABGCs retain

their enhanced excitability up to 35 weeks.

9.1.3 Influence of experience/stimulation on excitability

reactivation

The analysis on excitability in differently aged ABGCs after HFS performed in this
study is part of a larger cooperative study about “Age dependent stability versus plastic-
ity of adult-born granule cell excitability” by the group of Prof. Wickliffe Abraham in
New Zealand®®® and the laboratory at the Frankfurt University. In the beginning, four
populations of 4, 6, 12 and 35 week old ABGCs were labelled with CldU and IdU in 10
month old rats. They were subjected to 5 minutes of novel environment. After resting
for one hour, the animals were perfused and Egrl expression was analysed. As ex-
pected, the youngest ABGCs showed a high level of Egrl expression. This was in ac-
cordance with prior studies*”*. Egrl expression decreased incrementally in the 6 and
12 week old ABGCs. Fascinatingly, the 35 week old ABGCs expressed Egrl at a simi-
lar level as the 4 week old ABGCs. Analogue experiments with 5 and 15 month old rats
confirmed that this elevated excitability, observed in the 35 week old ABGCs, was due
to the fact that the GCs were born when the animal was 2 months old. Thus, GCs born

in a rat’s adolescence are unique as they express enhanced excitability throughout the
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ensuing months®®. Apart from this privileged population, the Egrl expression of
ABGCs appears to decline after the peak observed during the critical phase**?*. This
trend was also documented in the experiments by Ohline et al described above®®.
Building on these observations, the experiments were repeated, with the exception that
each animal was exposed to enriched environment for 10 consecutive nights and
5 minutes of novel environment prior to its death. It was demonstrated that resulting
from this additional stimulation, the 4 week old ABGCs expressed even higher levels of
Egrl. The Egrl expression of the 6 and 12 week old ABGCs was raised to the same
level as that of the 35 week old ABGCs, which did not increase further. Thus, the excit-
ability levels of the 6 - 35 week old ABGCs became similar’®. The rats analysed by me
were treated in the same fashion as in the previous experiments but received HFS in-
stead of enriched environment. The 4 week old population was omitted because the time
point of labelling coincided with the surgery for stimulation electrode implantation.
This could have affected this population in a confounding way. The effect of HFS on
the 6 - 35 week old ABGCs was similar to that of enriched environment: A heightened
but equivalent expression level of Egrl could be observed in every ABGC population
(Figure 12). The resulting enhanced excitability, due to exposure to enriched environ-
ment as well as to HFS, indicates that ABGCs can regain increased levels of activity
even in mature stages of development. This increase is brought about by behavioural
experience like exploration of enriched environment or physiological-like stimulation
through HFS?®. The results discussed here complement previous findings in a compati-
ble study: rats were trained in the water maze for 8 or 16 weeks after BrdU injection and
then perfused. Analysing the dendritic arbour of the labelled ABGCs revealed that spa-
tial learning enhanced its complexity and increased spine number in both ABGCs popu-
lations®®2. This shows that maturing ABGCs retain the property for structural plasticity
and that this process was activated by spatial learning®®®. Interestingly, in a behavioural
study with rats, Penner et al found that adult (9-12 months) and aged rats
(24 - 32 months) both had equivalent levels of Egrl mRNA in the dentate gyrus. After
exploratory behaviour, however, the increase in Egrl mRNA in the DG of aged rats was
significantly less than in adult rats**. This confirms that experience can rescue GCs
from relative quiescence even at a very advanced age whilst simultaneously indicating

that the degree of reactivation might become diminished in the senium of a rat.
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9.1.4 Bilateral excitation by unilateral stimulation

The intracranial stimulation of the medial perforant path was only performed in one
hemisphere. LTP induction was confirmed on the ipsilateral side immediately after
HFS. Observation of the contralateral side by colleagues in New Zealand did not reveal
LTP induction at this time point. Nevertheless, the expression of Egrl in ABGCs had
increased in the hippocampus of both hemispheres (Figure 9). Similar stimulation pro-
tocols had not been reported to lead to contralateral LTP induction in prior

210 Microstimulation under fMRI surveillance had shown evidence for

experiments
interhemispheric communication®*. An extensive fMRI study provided further infor-
mation on bilateral effects of unilateral LTP induction®*. Sprague-Dawley rats were
stimulated in the medial perforant path, albeit with a different stimulation protocol from
the one used in my data, and analysed for subfield recruitment in the MRI. A bilateral
activation could be observed and this was interpreted to be a result of augmented
interhemispheric coupling via the mossy cell commissural pathway®®. Experiments us-
ing HFS on one DG had yielded the result that Egrl expression directly after stimula-
tion was only ipsilaterally increased**®**°. This result was later reproduced by Bramham
et al. In the same study it could be shown that after unilateral LTP induction, neurotro-
phins and trk (Tyrosine kinase) receptor mRNA were expressed equivalently in both
sides®*. Considering the analysis time difference (i.e. directly versus 6 - 35 weeks after
LTP induction), these results do not contradict each other, but rather, could signify a di-
verging time course of Egrl expression in the two hemispheres. Given the strong func-
tional connectivity between the hippocampi of both hemispheres (see Introduction), an

affection of both hemispheres by unilateral HFS seems likely.

9.1.5 Differences in Egrl expression between infra- and

suprapyramidal blade

In this study, 6 and 12 week old ABGCs of the infrapyramidal blade exhibited a
higher Egrlexpression compared to those of the suprapyramidal blade (Figure 14).The
hippocampal formation arches through the brain starting from the median basis of the

forebrain and ending close to the amygdala in the temporal lobe. In order to describe the
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location of a GC in this C-shaped structure, two axes are used: The dorsoventral or sep-
totemporal axis where the ventral, temporal pole is the one close to the amygdala. The
transverse axis is perpendicular to the first one and describes the continuum of suprapy-
ramidal-to-infrapyramidal-blade of the DG?**". During the development of the DG, the
settlement of GCs starts at the lateral end of the suprapyramidal blade. The infrapyrami-
dal blade is established in the ensuing time?**2%. The structure and connectivity differs
between dorsal and ventral hippocampus. Among many other distinctions, the dorsal
DG receives projections from the lateral and medial entorhinal cortex, the ventral DG is
reached only by afferents from the medial entorhinal cortex?**?*?, The function of the
DG is not homogenous along the dorsoventral axis. Early lesion studies have shown that
the dorsal hippocampus is tasked with spatial learning and memory while the ventral
hippocampus is crucial for anxiety-related and affective behaviour®***. Unsurprising-
ly, several differences between the supra- and the infrapyramidal blade of the DG can
be found. The projections from the entorhinal cortex also seem to distinguish between
supra- and infrapyramidal blade as the suprapyramidal blade is preferentially reached by
afferents from the lateral EC, and the infrapyramidal blade is rather projected to by the
medial EC***?*". More GABAergic neurons were found in the suprapyramidal blade
than in the infrapyramidal blade®®. Electrophysiological experiments revealed that,
compared to the suprapyramidal blade, the infrapyramidal blade generated a larger pop-
ulation spike whereas paired-pulse inhibition was weaker following perforant path
stimulation®*. Furthermore, Ambrogini et al. described more 2 week old BrdU labelled
GCs supra- than infrapyramidally in Sprague Dawley rats®*°. In line with this, a higher
percentage of DCX positive GCs in the suprapyramidal blade of the dorsal DG were
found than in the remaining DG. In addition to this result, the infrapyramidal blade of
the ventral DG appeared to show the lowest level of radial glia-like progenitor cells®*.
Interestingly, Snyder et al. observed more 4 week old BrdU labelled GCs in the infrapy-
ramidal blade of Long Evans rats than in the suprapyramidal blade'?. In a subsequent
study of 13 month old rats, neurogenesis was found to be evenly distributed throughout
the DG?*?. Scrutinising the distribution of 6 week old BrdU labelled GCs, Tashiro and
colleagues found that exposure to enriched environment influenced GCs proliferation in
the same degree along the septotemporal and transversal axis®. In this study a higher

Egrl expression of 6 and 12 week old ABGCs of the infrapyramidal blade compared to
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those of the suprapyramidal blade was discovered. The Egrl expression of the latter was
at the same level as the unlabelled i.e. “mature” GCs. The 35 week old ABGCs showed
similar Egrl expression in both blades at a significantly higher level than the unlabelled
GCs. The Egrl expression of the unlabelled GCs was similar to that of unlabelled and
labelled GCs in control animals (Figure 14). These results can be brought into beneficial

context with findings from Schmidt et al®

. Rats were trained in spatial navigation tasks
and Egrl expression was measured in GCs of the supra- and infrapyramidal blade. It
was shown that Egrl expression increased in the suprapyramidal blade with each incre-
ment of activity®®. Interestingly, Egrl and Arc expression remained at the same inter-
mediate level in the infrapyramidal blade regardless of whether the animal stayed in the
home cage or experienced a new environment*®*?*2*"_ Although Schmidt et al found
more Egrl in the suprapyramidal blade during spatial exploration; this is not in contrast
to the results of greater Egrl expression in the infrapyramidal blade after HFS outlined
in this thesis. Since, according to Schmidt et al, the balance of Egrl expression between
supra and infra depends on the state of activation, it is possible that in the study outlined
here, the constant level of Egrl expression in the infrapyramidal blade preponderated,
whilst in Schmidt’s case the activation induced an overweight of suprapyramidal Egrl
expression. Further studies will have to elaborate, in which way the balance of Egrl ex-
pression is set by each stimulation protocol and behavioural experience. The observa-
tion that the suprapyramidal blade is more flexible in Egrl expression, could mark a

tendency of increased pattern separation in the suprapyramidal blade®.

9.1.6 Omission of cross reaction in single stainings

The Thymidine analogues IdU and CldU were injected in amounts equivalent to the
application of 50 mg/kg BrdU for the 35 week old ABGC and 200mg/kg BrdU for the 6
and 12 week old ABGCs. The amount which labels the maximum number of cells is
300 mg/kg®®. According to previous studies, amounts equivalent to the latter cause a
cross reaction between the used antibodies from BD Bioscience (mouse-anti-ldU,
347580) and Accurate (rat-anti-CldU, OBT 0030)™°. In lower doses 1dU and CldU have
been reported not to cause any cross reaction in antibodies used for their

visualisation?®?®°. The doses used in this experiment were closer to those used by Vega

-74 -



& Petersen than to those of Cameron & McKay***?*°. The very small percentage of
cross reaction can therefore be tolerated. The more extensive cross reaction observed
using the secondary AB Alexa Fluor goat-anti-mouse 488 and 568 in IdU/CldU co-
stainings proved to be intolerable. The problem was solved by reverting to stainings
where either IdU or CldU were analysed with Egrl and NeuN, which meant the cross
reaction of secondary AB could be omitted. The cross reaction of secondary AB has al-
so been documented by other researchers who avoided this in a similar way?**. 1dU as
well as CldU label fewer cells than BrdU, furthermore they are less soluble than BrdU
and therefore require larger injection volumes. The potentially harmful effect of Thymi-
dine analogues is more probable in greater quantities when the abovementioned cross
reaction occurs. Large injection volumes have been shown to be stressful for the animal
and therefore proven derogatory for studying adult neurogenesis''®. Smaller doses in
smaller volumes were used as a result (200 mg/kg in 20 mg/ml and 50 mg/kg in
50 mg/ml).

9.2 Spine project

In the second part of my thesis work, the plasticity of spine morphology was ana-
lysed. This project, called “spine project” was part of a larger study from Dr. Tassilo
Jungenitz published in early 2018%"°. Rats were transfected with a GFP-expressing mu-
rine leukaemia retrovirus (RV-GFP) to label ABGC. 28 or 35 days afterwards, the ani-
mals were subjected to intrahippocampal high frequency stimulation and consecutively
to transcardial perfusion. In my thesis work, | performed immunohistological stainings
for Egrl with an additional antibody against GFP to strengthen the signal. Egrl expres-
sion intensity was measured in the same way as for the XdU labelled GCs (see chapter
6.4). The dendritic tree of GFP labelled GCs was analysed for mushroom spines by im-
aging dendritic segments from the inner-, middle- and outer molecular layer (IML,
MML and OML) of the stimulated side in high resolution. Consecutively, a differentia-
tion of mushroom spine size was made between small spines of < 0.2 pm? and big
spines of > 0.2 um? using a grid based approach. Layer specific differences in spine size
and structural plasticity as well as possible correlations to stimulation induced Egrl ex-

pression intensity were studied.
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9.2.1 Age dependent functional integration of maturing adult

born granule cells

The expression of Egrl together with numerous other IEGs such as c-fos and Jun-B
has been shown to play a vital part in the maintenance of the late phase of LTP?*>7®_ |n
this study, the IEG Egrl was chosen as a marker for activation following HFS. It has
been established, that HFS protocols such as the one used in this study (see chapter
7.2.3) are capable of inducing LTP and as a result stimulate the expression of IEGs in
the vast majority of GCs*®?!!. On the ipsilateral hemisphere, ABGCs at 28 and 35 dpi as
well as mature GCs were analysed for stimulation induced Egrl expression intensity.
The Egrl intensity of the mature GCs was significantly higher than that of the ABGCs.
Viewing the average Egrl intensity of 50 % of each age grouped GC population, the
ABGCs at 28 dpi expressed a relative Egrl intensity of 20 % which increased to ap-
proximately 40 % for the ABGC at 35 dpi. 50 % of the mature GC expressed an Egrl
expression intensity of 90 % (Figure 16, E). 100 % relative Egrl expression intensity
equals the average Egrl intensity of all mGCs. This age dependent increase of HFS in-
duced IEG expression has also been observed in previous experiments where the IEGs
c-fos and Arc were used in complement to Egr1®. In addition to 28 and 35 day old
ABGC, further age groups at 21, 49, 63 and 77 dpi were analysed. An augmenting ex-
pression of c-fos, Arc and Egrl from 21 to 77 dpi in response to HFS was observed®.
Since the methods implemented were identical to those of this study, the results are of
great compatibility. Taken together, these results reflect the increasing functional inte-
gration of maturing GCs which corroborates with earlier results that new born GCs in-
tegrate slowly into the existing network’®. Comparing the induced Egrl intensity of
the ABGCs to that of mature GCs, a significantly higher expression intensity could be
observed for the mature GCs (28 dpi: p = 0.0001 and 35dpi: p = 0.0114, Figure 16, H).
The same abundance of IEG expression following HFS was observed for c-fos, Egrl
and Arc in a previous study, although IEG expression intensity in ABGC increased with
maturation, it never reached the same level as that of perinatally born GC*.
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9.2.2 Homo- and heterosynaptic spine plasticity in adult born

granule cells following HFS

Homosynaptic plasticity describes an input-specific potentiation of synapses that re-
ceived direct activation. In contrast, the weakening of synapses that were not stimulated
during homosynaptic potentiation is coined heterosynaptic plasticity’. It has been
demonstrated, that spine size and its synaptic capacity are positively correlated®®’. Fur-
thermore it could be shown that increasing spine size is concomitant with LTP induc-
tion'®. Spine shrinkage on the other hand, was shown to be associated with the induc-
tion of LTD?*®?®_|n this study, dendritic segments from ABGC at 28 and 35 dpi were
imaged within the IML, MML and OML of the DG. Analysis of mushroom spine size
revealed a significantly higher percentage of big spines (> 0.2 pm?) in the stimulated
MML than in the non-stimulated OML and IML (Figure 17, C+D), concurrent with the
occurrence of homo- and heterosynaptic plasticity. Spine size changes were only ob-
served for ABGCs of the ipsilateral (stimulated) hemisphere. Ipsilateral spine size
changes can be compared to matching data from ABGCs of the contralateral hemisphere
and to that from mature GCs gathered by Jungenitz and colleagues®™®. In the study of
Jungenitz and colleagues™®, a significant increase of big spines was found in the MML
from 28 dpi on, and a significant decrease of big spines in the OML was shown starting
at 35 dpi. A corresponding decreasing tendency in big spines could be shown in the
IML at 35 dpi. These results clearly corroborate the findings made here (Figure 17,
C+D). Small spines (< 0.2 pm?) were analysed as well. At 28 dpi a significant decrease
of small spines in the MML of the ipsilateral side was found as well as a similar tenden-
cy at 35 dpi. Importantly, the overall spine density in each sublayer of the molecular
layer, although increasing with maturation from 21 to 77 dpi, did not change after
HFS?. This allows the conclusion, that it was indeed spine shrinkage and enlargement
and not de novo formation that caused the structural changes®'®. Nevertheless, it cannot
be determined whether either or both mechanisms are more relevant in structural plas-
ticity following LTP induction?”®?’*. The observed effect of spine enlargement in the
MML reflects the homosynaptic potentiation of spines as a reaction to 2 h HFS of the
MPP. The spine shrinkage that was found in the OML and possibly the IML corre-
sponds to heterosynaptic depression as was described earlier by Abraham and col-
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Ieaguesl,269,272

. Further evidence for homosynaptic potentiation has been presented
through the analysis of F-actin. F-actin is a part of the cytoskeleton and has been shown
to locally polymerize after LTP and depolymerize following LTD®%2". A layer specific
stimulation-induced accumulation in the MML has been shown for F-actin, marking
homosynaptic spine potentiation®>?’*. A decrease of F-actin in IML and OML has
equally been portrayed, proposing a participation of F-actin in heterosynaptic
plasticity?™. Considering the observation that homosynaptic spine enlargement takes
place in the MML and heterosynaptic spine shrinkage occurs in OML and possibly IML

(Figure 17, C+D), whilst overall spine density remains stable?™

, It can be proposed that
both phenomena form a balance. This corroborates previous suggestions, that heter-
osynaptic plasticity functions as a counter mechanism to homosynaptic potentiation in

order to maintain homeostasis in the process of synaptic plasticity®”

9.2.3 Homo- and heterosynaptic spine plasticity correlates with

Egrl expression intensity

Mushroom spine size was analysed in a layer specific manner for individual GCs.
The percentage of big spines of each GC was determined for each section of the molec-
ular layer (Figure 18, I - K). Since spine analysis was performed in a cell specific way,
the individual values could be correlated with somatic Egrl expression intensity. An in-
creased percentage of big spines was observed for ABGCs at 28 and 35 dpi following
HFS in the MML. This finding indicates homosynaptic structural plasticity in the MML.
A positive correlation between spine size and Egrl expression intensity could be shown
(R?=0.09) (Figure 18, J). In contrast, a lower percentage of big spines was found in the
IML and OML, representing heterosynaptic structural depression. Accordingly, a nega-
tive correlation between spine size and Egrl intensity arose with a respective R? of 0.12
for OML and 0.05 for IML (Figure 18, 1+K). Thereafter, the percentage of big spines
was assessed in ABGCs at 28 and 35 dpi with more or less than 70 % nuclear Egrl ex-
pression intensity (Figure 18, L-N). 70 % Egrl intensity had been established as a
threshold value (Figure 16, G). The majority of ABGCs at 28 and 35 dpi expressed less
than 70 % while the majority of mGCs expressed more than 70 % Egrl intensity. The
distribution ABGCs below or above this threshold was nearly identical at 28 and 35 dpi.
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Therefore, both time points were merged for the analysis of big spine percentages in
GCs with more or less than 70 % Egrl intensity: In the MML a significantly higher per-
centage of big spines was observed in ABGCs with > 70 % nuclear Egrl expression in-
tensity (Figure 18, M). In the IML and OML, a significantly smaller percentage of big
spines was found in ABGCs with > 70 % Egr1 intensity (Figure 18, L+N). These results
indicate a close link between nuclear Egrl expression and homo-, as well as concomi-
tant heterosynaptic structural plasticity. In order to further elaborate these findings, the
ratio of big spines in ABGCs with more or less than 70 % nuclear Egrl intensity was
calculated for the MML and IML as well as for MML and OML (Figure 19, A+B). The
effect of homosynaptic spine enlargement with collateral heterosynaptic spine shrinkage
was found to be significantly stronger in ABGCs with > 70 % nuclear Egrl intensity.
The role of Egrl expression in homo- and heterosynaptic structural plasticity must
therefore considered as highly influential. As to the causality of the link between nucle-
ar Egrl expression intensity and the strength of structural plasticity, previous studies
can be cited: It has repeatedly been shown that Egrl is indispensable for the mainte-
nance of the late phase of LTP*****°. Furthermore it was found that increased expression
of Egrl by gain of function mutation promotes synaptic plasticity in the hippocam-
pus®’®. The examination of Egrl targets of transcription reveals that a large number of
genes, influencing the regulation of synaptic plasticity, are being controlled by Egrl.
These targets include genes associated with the actin cytoskeleton like Arc as well as
neurotransmitter release and transport of vesicles?’”*"®. Additionally, the transcriptional

program of Egrl includes genes associated with protein synthesis and degradation®’*%®.

Taken together, the role of Egrl in synaptic organisation takes place at several levels 2.
Our findings provide novel evidence that nuclear Egrl expression intensity can be cor-
related with homo- and concomitant heterosynaptic structural plasticity. By partaking in
the regulation of synaptic stabilisation, Egrl supplies the prerequisites for a reliable cor-

relation with synaptic strength.
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10 Conclusion, clinical relevance and outlook

This work investigates the age dependence of ABGC excitability by the use of the

IEG Egrl as a immunohistological marker.

It comprises two projects: The XdU project centres on changing excitability in dif-
ferently aged XdU labelled ABGCs after HFS. It is part of a larger cooperative study
about “Age dependent stability versus plasticity of adult-born granule cell excitability”

by the group of Prof. Wickliffe Abraham in New Zealand*®

in cooperation with the
team of Prof. T. Deller from the Institute of clinical Neuroanatomy at the Goethe-

University in Frankfurt.

The Spine project focuses on layer specific homo- and heterosynaptic plasticity of
dendritic mushroom spines of GFP labelled AGBCs. It builds on previous results from
Dr. T. Jungenitz from the Institute of clinical Neuroanatomy of the Goethe-University
in Frankfurt: “Structural homo- and heterosynaptic plasticity in adult newborn rat hip-

pocampal granule cells”?*®.

In the XdU project, ABGCs in rats had been labelled with XdU at 6, 12 and 35 week
before DBS of the medial perforant path of the hippocampus in one hemisphere by the
group of Prof. Wickliffe Abraham in New Zealand®”. By measuring nuclear Egrl ex-
pression intensities in ABGCs and mature GCs on fixed brain tissue, their change in ex-
citability was analysed by me. It was found that enhanced Egrl expression is not an in-
nate feature of ABGCs but occurs following HFS. Interestingly, the unilateral stimula-
tion resulted in a bilateral increase of excitability in ABGCs. Compared to mature GCs,
ABGCs of 6, 12 and 35 weeks showed enhanced responsiveness to stimulation. Fur-
thermore, it was shown that the infrapyramidal ABGCs express a higher level of Egrl
intensity up to 12 weeks than the suprapyramidal ones. At 35 weeks, the suprapyramidal
reach an equally high level of Egrl expression. Evaluated together, a rescue of excita-
bility in ABGCs, from a low level of inactivity to a heightened level with enhanced

Egrl expression resulting from HFS of the MPP was shown.

Within the Spine project, ABGCs of 28 and 35 dpi were GPF labelled in rats via ret-
roviral transduction, followed by unilateral HFS that was applied to the MPP of the hip-
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pocampus by Dr. T. Jungenitz from the Institute of Clinical Neuroanatomy at the Goe-
the-University in Frankfurt. The analysis on fixed brain tissue was done by me. Dendrit-
ic mushroom spines were analysed for changes in size in a layer specific manner. Nu-
clear Egrl was measured and used as a marker for excitability. The Egrl expression in-
tensity of ABGCs was significantly lower than that of mature GC with a slight increase
from 28 to 35 day old ABGCs. It could be shown that large spines (> 0.2 pm?) in-
creased in the MML and decreased in the IML and OML. This result indicated ho-
mosynaptic spine enlargement in the MML and heterosynaptic spine shrinkage in IML
and OML. Plasticity in spine size correlated with nuclear Egrl expression intensity. A
positive correlation was found in the MML. For the concomitant heterosynaptic spine

shrinkage in IML and OML a negative correlation to nuclear Egrl intensity was found.

ABGCs can be rescued from low excitability to enhanced excitability by LTP induc-
tion and exceed the level of excitability of mature GCs at 6, 12 and 35 weeks. This con-
trasts the hypothesis that mature GCs lose their excitability?.

Following HFS, ABGCs of 28 and 35 dpi expressed a layer specific structural ho-
mosynaptic LTP and concomitant heterosynaptic LTD. This is in line with the general
view that ABGCs in the critical phase of 4 - 6 weeks of age undergo an increasing inte-

gration into the pre-existing network while in a state on enhanced plasticity*"*

. Com-
paring the results from both projects, it is indispensable to note that the stimulation pro-
tocol used in the Spine project induces the maximal possible stimulation intensity. It
was chosen to exploit the peak potential of the ABGCs and mGCs. The finding that alt-
hough ABGCs show strong excitability, they never reach the level of mGCs is in line
with previous studies?™®. The stimulation protocol employed in the XdU project in con-
trast is far milder and reflects an approach based on behavioural stimulation. It was used
in order to analyse the subtle differences in cell activation between mature and ABGCs
under physiological conditions in vivo. ABGCs were found to express an enhanced ex-
citability compared to mGCs resulting in a heightened susceptibility to mild simulation.

This confirms prior findings concerning the critical phase in ABGCs*/184201:204

For both the XdU labelled and the retrovirally labelled GCs, Egrl was chosen as a
marker for neuronal excitability. Egrl has proven to be best suited for measuring GC
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excitability *®. Using the method for nuclear Egrl intensity measurement described in
6.4 in correlation with a detailed spine size analysis, the results concerning homosynap-

tic plasticity (Figure 18) validate Egrl as a solid marker for excitability.

Increasing evidence outlines the importance of Egrl expression levels in neuropsy-
chiatric disorders. Reduced levels of Egrl and Egrl mRNA were found in patients suf-
fering major depressive disorders and schizophrenia as well as in a mouse model for
depression**®%#228 The correct maturation of GC plays a vital role in mental health. A
mouse model with an “immature dentate gyrus” exhibiting molecularly and electrophys-
iologically underdeveloped neurons expressed typical morphological traits as seen in
brain tissue from patients suffering from schizophrenia and bipolar disorders®®*. In con-
clusion it can be said that the dynamics of Egrl expression in ABGC maturation and
their excitability due to different forms of stimulation are of potentially high clinical in-
terest as they may provide important groundwork for the treatments of neuropsychiatric
disorders. Future work will be needed to close the gap between fundamental research

and clinical therapy.

Although adult hippocampal neurogenesis has been demonstrated to exist in humans,
it is still heavily debated to what extend it persists throughout the human life span®®°.
After findings from Spalding et. al., presenting evidence for hippocampal neurogenesis
in humans throughout life, clinical use was seen in an even more promising light®. In-
terestingly, a re-assessment of the duration and extend of neurogenesis in humans was
made very recently®. DCX and PSA-NCAM stainings in hippocampal neurons from tis-
sue samples from epileptic surgery and neurologically healthy deceased revealed a
sharp decrease of neurogenesis in the human brain in childhood. No neurogenesis could
be detected in adults beyond puberty®. Contrasting to this, a study on whole hippocampi
from cognitively healthy humans aged 14 - 79 revealed a decreasing but persisting adult
neurogenesis’. These contrary results demand more clarification in the field of adult
neurogenesis, especially when considering its role in neurodegenerative diseases as well

as learning and memory*4©3:64688587
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