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Abstract

M.Sc. Katharina Klinger
Maintaining neuroplasticity in a sex-dependent manner during healthy aging: critical
role of Neuropeptide Y
Aging-related cognitive decline is associated with a reduced number of neuropeptide Y (NPY)-

expressing interneurons and a loss of cholinergic function in the hippocampus. Furthermore,
NPY -expressing local interneurons in the dorsal DG (dDG) are modulated by the cholinergic
system and are critically involved in memory formation and storage in male mice. Moreover,
sex differences have been shown in synaptic plasticity and neurotransmission. Apart from its
direct effects on neuronal functions and plasticity, the sex hormone estrogen interacts with
other neuromodulatory systems and alters the use of cognitive resources via the regulation of
circuit plasticity and excitability. Two key neuromodulatory systems substantially affected by
estrogen are the NPYergic and cholinergic systems. In the current study, I, therefore,
investigated with extracellular field potential recordings the effect of NPYergic
neurotransmission on MPP-dDG plasticity and its changes during healthy aging, under intact
inhibitory neurotransmission, in male and female mice separately. The data of this thesis show
that post-synaptic excitability is increased and that theta-burst stimulation-induced long-term
potentiation (LTP) at the MPP-dDG synapse in aged male mice is dependent on cholinergic
and NPYergic neurotransmission, whereby MPP-dDG LTP depends in aged anestrus females
only on the NPYergic neurotransmission. This is indicated by a loss of LTP in aged male mice,
which could be restored by increasing the cholinergic activity through physostigmine.
Strikingly, this cholinergic effect strictly depends on NPY and could be blocked by a Y1
receptor antagonist, BIBP3226. Moreover, the MPP-dDG L TP deficit could be restored by the
NPY application. In contrast, in aged anestrus female mice, post-synaptic excitability is
unaltered compared to young low estrus females. LTP is not abolished during healthy aging
but is dependent on NPYergic neurotransmission. Interestingly, LTP is independent of Y1-R
blockade under moderate cholinergic activation, whereby the cholinergic system does not
mediate NPY release in aged and low estrus females. Moreover, the sex differences displayed
in post-synaptic excitability and MPP-dDG LTP are also abundant in NPY concentrations and
ERK1/2 phosphorylation in the dDG. This is demonstrated by the reduction of NPY
concentration but an increase of ERK1/2 phosphorylation in naive-aged male mice. NPY
concentrations and ERK1/2 phosphorylation are unaltered upon aging in females. These
observations together suggest that NPYergic neurotransmission becomes critical for

maintaining and recovering synaptic plasticity in the dDG during healthy aging.
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Zusammenfassung

M.Sc. Katharina Klinger
Maintaining neuroplasticity in a sex-dependent manner during healthy aging: critical
role of Neuropeptide Y
Der altersbedingte kognitive Verfall wird mit einer verringerten Anzahl von Neuropeptid Y

(NPY)-exprimierenden Interneuronen und einem Verlust der cholinergen Funktion im
Hippocampus in Verbindung gebracht. NPY-exprimierende lokale Interneurone werden im
dorsalen Gyrus Dentatus (dDG) durch das cholinerge System moduliert und sind bei
méannlichen Mé&usen entscheidend an der Gedachtnisbildung und -speicherung beteiligt.
Dariiber hinaus wurden Geschlechtsunterschiede bei der synaptischen Plastizitat und der
Neurotransmission nachgewiesen. Abgesehen von seinen direkten Auswirkungen auf die
neuronalen Funktionen und die Plastizitat interagiert das Sexualhormon Ostrogen mit anderen
neuromodulatorischen Systemen und verdndert die Nutzung kognitiver Ressourcen durch die
Regulierung der Plastizitat und Erregbarkeit von Schaltkreisen. Zwei wichtige
neuromodulatorische Systeme, die von Ostrogen wesentlich beeinflusst werden, sind das NPY -
erge und das cholinerge System. In der vorliegenden Studie untersuchte ich daher mit
extrazellularen Feldpotentialableitungen die Wirkung der NPY-ergen Neurotransmission auf
die MPP-dDG-Plastizitat und deren Veranderungen wéhrend des gesunden Alterns bei intakter
inhibitorischer Neurotransmission in ménnlichen und weiblichen Mdusen. Die Daten dieser
Arbeit zeigen, dass die postsynaptische Erregbarkeit erhoht ist und die durch Theta-Burst-
Stimulation induzierte Langzeitpotenzierung (LTP) an der MPP-dDG-Synapse bei gealterten
méannlichen Mé&usen von der cholinergen und NPY -ergen Neurotransmission abhangt, wéhrend
das MPP-dDG-LTP bei gealterten Weibchen im Andéstrus nur von der NPY-ergen
Neurotransmission abhangt. Dies wird durch einen Verlust des LTPs bei gealterten ménnlichen
Mausen deutlich, welches durch eine Erhéhung der cholinergen Aktivitat durch Physostigmin
wiederhergestellt werden kann. Bemerkenswerterweise ist dieser cholinerge Effekt strikt von
NPY abhangig und kann durch einen Y1-Rezeptor-Antagonisten, BIBP3226, blockiert werden.
AuBerdem kann das MPP-dDG-LTP-Defizit durch die NPY-Applikation wiederhergestellt
werden. Im Gegensatz dazu ist die postsynaptische Erregbarkeit bei dlteren Mausen im
Anostrus-Stadium im Vergleich zu jungen Mausen mit niedrigen Ostrogenspiegeln
unverandert. Das LTP wird wahrend des gesunden Alterns nicht aufgehoben, sondern ist von
der NPY-ergen Neurotransmission abh&ngig. Interessanterweise ist MPP-dDG LTP bei
moderater cholinerger Aktivierung unabhangig von der Y1-R-Blockade, wobei das cholinerge

System bei weiblichen Maéusen nicht die NPY-Freisetzung vermittelt. Die
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geschlechtsspezifischen Unterschiede in der postsynaptischen Erregbarkeit und des MPP-
dDG-LTP sind auch in den NPY-Konzentrationen und der ERK1/2-Phosphorylierung im dDG
deutlich zu erkennen. Dies wird durch die Verringerung der NPY-Konzentration, aber einen
Anstieg der ERK1/2-Phosphorylierung bei naiven ménnlichen Mé&usen im Alter belegt. Die
NPY-Konzentration und die ERK1/2-Phosphorylierung bleiben bei weiblichen Mausen im
Alter unverandert. Diese Beobachtungen deuten zusammengenommen darauf hin, dass die
NPY-erge Neurotransmission fir die Aufrechterhaltung und Wiederherstellung der

synaptischen Plastizitat im dDG wéhrend des gesunden Alterns entscheidend ist.
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Katharina Klinger Introduction

1. Introduction

1.1. Aging

Harman defined aging as “the progressive accumulation of changes with time associated
with or responsible for the ever-increasing susceptibility to disease and death which
accompanies advancing age. This process may be common to all living things, for the
phenomenon of aging and death is universal.” People over 80 are expected to triple between
2020 and 2050 (https://www.who.int/news-room/fact-sheets/detail/ageing-and-health), so it is
crucial to investigate the cause of increased susceptibility. Changes during aging are manifold,
they can be evident, like grey hair and more wrinkles, but they can also be observed on
molecular, physiological, and psychological levels (reviewed in da Costa et al., 2016). One
common hallmark of aging is cognitive decline, primarily associated with Alzheimer’s Disease
(AD). For that, it is essential to state that cognitive decline can occur during healthy aging
without pathological neurodegeneration. The mechanisms contributing to and preventing
cognitive decline without pathological alterations are far from being understood.

Understanding these mechanisms would set the stage for identifying novel targets for
clinical interventions and improving mental aging, quality of life, and lifespan. When
investigating the mechanism that prevents cognitive decline, one must consider that in some
neurodegenerative diseases, sex differences in prevalence or steepness are reported. For
example, the cases of dementia have more than doubled from 1990 to 2016, with a higher
prevalence in women (Nichols et al., 2019). A steeper cognitive decline in AD for women has
been reported (Irvine et al., 2012; Mielke et al., 2014), and the beneficial effect of standard
pharmacological treatment in AD, namely acetylcholine esterase inhibitor treatment, is
controversially discussed for women (reviewed in Canevelli et al., 2017; Giacobini & Pepeu,
2018; https://www.nia.nih.gov/health/how-alzheimers-disease-treated ). The higher life
expectancy and the discussed differential effect of a pharmacological treatment point to
different aging processes in men and women.
The most noticeable cognitive decline during aging is the reduction of memory, whereby
episodic memory is impaired chiefly. Episodic memory encodes and retrieves the
spatiotemporal context of previous personally relevant events (Light, 1991; Nyberg & Tulving,
1996; Tulving & Markowitsch, 1998). Specifically, preserved hippocampal activity is
correlated with maintaining episodic memory during aging (Persson et al., 2012).

In humans, activity changes can hardly be investigated with invasive techniques and, as

such, are measured through neuroimaging (metabolism) or electroencephalogram (EEG)
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recordings (Rosen et al., 2002). A typical measurement of brain activity is the event-related
brain potential (ERP) which is highly precise in the temporal but not spatial resolution.
Importantly, ERP has also been used to assess episodic and working memory. Yet, concluding
from scalp potentials to intracerebral potentials, especially in deeper brain areas, is difficult
(Friedman, 2003, 2013). Thus, this thesis aims to investigate physiological plasticity changes
in the hippocampus and its mechanistic alterations that govern cognitive decline in the absence
of pathological markers. This needs a high temporal resolution and specific modulation and
measurement of synaptic plasticity in the hippocampus, which invasive methods can only

approach. Hence, a suitable animal model is of crucial importance.

1.1.1. Natural aging mouse as a model for human aging
For aging studies, the same quality criteria as for every other model account, which are

face validity (similarity of the phenotype), predictive validity (similarity of drug effects), and
construct validity (accuracy of the intended measurements) (Willner, 1966)

Numerous animal models have been established over the last decades, like Caenorhabditis
elegans, Drosophila melanogaster, fish, birds, cats, dogs, and primates. All of them display
characteristics of aging, but lack homology of structure, homology of complex behavior,
inappropriate lifespans, or have high ethical restrictions (Mitchell et al., 2015), which makes
them unsuitable for this study. The group of animal models with similar homology and complex
behavior to humans and a reasonable timespan with accessible ethic regulations are rodents.
Especially mice are very well-established as animal models. For aging, the Mouse Phenomena
Project performed by the Jackson laboratories characterized 31 genetically diverse inbred
mouse strains by collecting information about development, reproduction, physiology,
behavior, and genetics (Ackert-Bicknell et al., 2010, 2015; Lutz & Osborne, 2014; Yuan et al.,
2011). Altogether, these studies show enormous similarities in age-related changes between
mice and humans; of particular interest is episodic memory's occurring impairment (Ackert-
Bicknell et al., 2015; Davis et al., 2013). That could be translated to humans based on the
lifespan equivalence (Fig. 1). The life phases of mice are typically discriminated into mature
adulthood (3-6 months), middle age (10-14 months), and old age (18-24 months) corresponding
to 20-30 years, 38-47 years, and 56-69 years in humans, respectively. These life phases
resemble the following criteria: 1) fully developed but not yet affected by senescence (3-6

months), 2) some senescent changes can be already observed (10-14 months), and 3) senescent
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changes can be detected in all animals at almost all levels (18-24 months) (Jackson

Laboratories www.jax.org).

Life phase equivalencies
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Maturational rate comparisons

Ages Mouse vs. human
Birth—1 month 150 times faster
1—6 months 45 times faster
&+ months 25 times faster

Figure 1: Life phase equivalents of C57BL/6J mice and humans. Mature adults: reference group. Mice
are fully developed but not yet affected by senescence. Middle age: some senescent changes can already be
observed but not all. Old: senescent changes can be detected in all animals at almost all levels.
(Www.jax.org).

The downside of the mouse models to study neurodegenerative diseases might be the lack of
naturally occurring neurodegenerative diseases in mice (Lutz & Osborne, 2014). However, this,
on the other hand, allows studying healthy aging to its full extent. Furthermore, using mice
allows investigation of the role of sex hormones during aging. Female mice show an estrus
cycle, even though it is much shorter than humans and not a menstrual cycle. The estrus cycle
contains four cycle stages, each lasting approximately one day, and comprises a hormonal
fluctuation like in the human menstrual cycle: proestrus (Fig. 2A), estrus (Fig. 2B), metestrus
(also called diestrus 1) (Fig. 2C), and diestrus stages (also called diestrus Il; Fig. 2D) (Allen,
1922; Byers et al., 2012). The stages can be investigated by defining the cytology of vaginal
smear as described in (Byers et al., 2012) (Fig. 2). Similar to female humans, the cycle of

female mice becomes irregular during aging (i.e., between 10-15 months in the mice), and
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acyclic at 16-20 months of age, depending on the strain (Nelson et al., 1981). Indeed, expecting
a lifespan of 24 months in a mouse, acyclicity occurs in mice comparatively much later than in
humans, but still, differences coming from cycle depletion can be measured (Bimonte-Nelson
etal., 2021; Koebele & Bimonte-Nelson, 2016). Sixty-seventy percent of the old mice that stop
cycling stay in a polyfollicular anovulatory state called permanent estrus, where plasma-
estradiol levels remain high and progesterone levels are low (Koebele & Bimonte-Nelson,
2016). Only 30-40% end up in an anestrus phase with low levels of ovarian steroids as well as
a decline in follicles, but not fully depleted (Bimonte-Nelson et al., 2021; Huang et al., 1978;
Koebele & Bimonte-Nelson, 2016). While this does not reflect the hormonal changes of
humans during aging to its full extent, mouse models provide a valuable tool to study the role

of sex hormones in aging processes.

Figure 2: Cytology of vaginal smear of each cycle stage. Each cycle stage contains three cell types, and
the predominant cell type defines the cycle stage. The three different cell types are leukocytes (circle),
cornified epithelial cells (black arrow), and nucleated epithelial cells (white arrow). A: proestrus with mainly
nucleated epithelial cells, B: estrus with mainly cornified epithelial cells, C: metestrus with all three cell
types almost evenly distributed, and D: diestrus with primary leukocytes. (Byers et al., 2012).

1.1.2. Memory performance during aging
When talking about reduced memory performance or memory loss during aging, the

declarative part of long-term memory is usually affected, defined as everything that is learned
explicitly, like facts and events (Squire, 2009; Zlotnik & Vansintjan, 2019). Episodic memory
belongs to declarative memory and encodes rather personal important events than facts
(Tulving, 2001). Episodic memory is one of the first declining systems during aging in humans
(Nyberg et al., 2012). Investigation of episodic memory has focused on rodents' spatial memory
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as the ‘where’ component of episodic memory (Aggleton & Pearce, 2001; Gaffan, 1991; Zhou
& Yu, 2018). Notably, during aging, rodents show an apparent decline in learning, retaining,
and reversal in different spatial tasks, among several others, in the Morris water maze (MWM)
(Foster et al., 1991; Pawluski et al., 2009) and the Barnes maze (Barnes, 1979; Barnes &
Mcnaughton, 1980, 1986). Furthermore, rats' long-term potentiation (LTP) in the dentate gyrus
(DG) has been demonstrated to represent impaired learning in the MWM, 8-radial arm maze,
and BM (Barnes, 1979; Detoledo-Morrell et al., 1988; Jeffery & Morris, 1993). Excitatory
post-synaptic potential (EPSP) recordings of the perforant path (PP)-DG synapse in the rat
reveal a higher induction threshold and a faster decay for LTP after Barnes maze training. The
higher induction threshold has been interpreted as the electrophysiological resembling of the
longer latency to learn the location and the faster decay as the quicker loss of remembering the
place (Barnes, 1979; Barnes & McNaughton, 1986), whereby the actual LTP size with the
performance in the MWM correlates (Jeffery & Morris, 1993). The abolishment of PP-DG LTP
and reduced MWM performance after applying an N-methyl-D-aspartate (NMDA) antagonist
supports the view of LTP resembling spatial memory performance in vivo (Morris, 1989).
Furthermore, MWM performance is impaired after LTP saturation in the PP-DG synapse
(Moser, 1998). This selection of studies reveals a clear impact of aging on spatial and episodic
memory in rodents and that LTP correlates with spatial performance. Those to investigate
cognitive decline LTP recordings are a highly suitable approach. Furthermore, it is well-
established that the encoding phase of episodic memory is hippocampus-dependent in humans
and mice (Dere et al., 2005; Squire & Zola, 1996; Zola-Morgan, 1996).

1.2. The Hippocampus

As the central area of learning and memory, the hippocampus is of particular interest for
investigating cognitive decline during healthy aging. Significantly during normal aging,
reduced plasticity, neurogenesis, episodic and memory, as well as cell loss occur in the
hippocampus (Barnes et al., 2000; Bettio et al., 2017; Driscoll et al., 2003; Geinisman et al.,
1995; McEwen Harold & Milliken, 1999). The hippocampal formation is located in the medial
temporal lobe and shows a unique and distinct architecture along its dorsoventral axis (Witter,
2012). 1t comprises the DG and the hippocampus proper, subdivided into cornu ammonis (CA)
3-CAl, and is ordered in a so-called tri-synaptic circuit (Witter, 2012). The DG receives input
from the entorhinal cortex (EC) through the PP, which can be divided into medial PP (MPP)
and lateral PP (LPP). The LPP provides non-spatial information to the hippocampus, while the

rv5~



Katharina Klinger Introduction

MPP delivers spatial information from the EC (Hargreaves et al., 2005; Hunsaker et al., 2007).
Through mossy fiber synapses, the DG communicates with the CA3, which terminates in the
stratum lucidum of the CA3 (Witter, 2012). The output of CA3 is connected to CA2 and CAl
via the Schaffer collaterals (SC). CA2 is relatively tiny, and CALl is the central output region
of the hippocampus and connects the hippocampus back to the EC. Along the dorsoventral
axis, the hippocampus is divided anatomically and functionally into the dorsal, medial, and
ventral hippocampus (Witter, 2012). Anatomically, the dorsal part differs from the ventral part
in the number of neurons and slightly in the dendritic branching of GC (Witter, 2012).
Functionally the ventral hippocampus is thought to be involved in emotional memory, anxiety,
and depression (Fanselow & Dong, 2010). On the other hand, the dorsal hippocampus is
involved in episodic memory, pattern separation, spatial learning, and working memory (Liu
& Zhao, 2013; Shapiro, 2001; Tonegawa & McHugh, 2007).

CA1

Layer V/VI 3
CA3
Layer Ill I

DG

Layer Il I

N\ v @ I
& MEC - ;
LS i DG o CA3 = cAl
LEC y
J L 7
PP t T

Figure 3: Schematics of the hippocampal formation. The EC projection to DG and CAS3 via the perforant
path (PP). DG afferents are projecting to CA3 (mossy fibers, MF). CA3 projects to itself via recurrent
connections and to CAL via the Schaffer Collaterals (SC), and the information loop closes by the CAl
feedback to the EC, which also receives the EC input via the Temporoammonic pathway (TA) (adapted from
Petrantonakis & Poirazi, 2014).

As mentioned above, the encoding of episodic memory is commonly accepted to happen in the
hippocampus, shown by impaired long-term memory after hippocampal lesion in mice, rats,
monkeys, and humans (Broadbent et al., 2006; Dillon et al., 2008; Squire & Zola, 1996; Talpos
et al.,, 2008; Zola-Morgan, 1996). In contrast, the area of long-term memory storage is
discussed based on the single-system model and the multiple-trace theory. According to the
single trace theory, the hippocampus is essential to store and retrieving memory in the
beginning. Still, during memory consolidation, the hippocampus' contribution diminishes.

Finally, the neocortex exclusively sustains and retrieves memory (Moscovitch, 1995). In this
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theory, repeating a particular event strengthens only one memory trace (Hintzman & Block,
1971). The single system model has been underlined by different experiments (Nadel &
Moscovitcht, 1997).

Nevertheless, Hintzman and Block (1986) proposed the multi-trace theory (Hintzman, 1986;
Hintzman & Block, 1971; Zlotnik & Vansintjan, 2019). Here the concept of initial recognition
and encoding is similar to the single-system model. In contrast, the multiple-trace theory
postulates that memory strengthens through the number of traces. This leads to a permanent
interaction between the neocortex and hippocampus, and the memory does not become
independent of the hippocampus (Hintzman & Block, 1971; Moscovitch, 1995; Nadel &
Moscovitcht, 1997). With that, the faster decline of recently allocated memories than older
memories during aging can be explained: A memory that has already allocated several traces
is less vulnerable to the loss of single traces than a memory that is relatively new and assigned
with fewer traces (Moscovitch, 1995; Nadel & Moscovitcht, 1997). Indeed, the multiple-trace
theory is strengthened by hippocampal lesion studies of monkeys, showing severe long-term
memory impairment. By contrast, lesion of the EC leads only to mild impairment of long-term
memory, speaking for a crucial role of the hippocampus in memory consolidation and storage
(Squire, 2009). Moreover, the research on the neuronal unit of memory, the ‘engram’, shows
that artificial activation of neuronal assemblies in the mouse DG, formed during an exposure,
can retrieve the memory in another context. Strikingly, this synthetic activation (through
optogenetics) can retrieve memory also when natural cues cannot (Liu et al., 2012; Ramirez
et al., 2013) as well as in a mouse model of AD (Perusini et al., 2017; Roy et al., 2016).
Additionally, optogenetic silencing of DG granule cells (GC) leads to a loss of memory
function. Comparison of silent and activated engrams reveal a reduced synaptic strength for
silent engrams (Denny et al., 2015; Lacagnina et al., 2019). Together this suggests that studying
the hippocampus is instrumental in understanding fundamental circuit mechanisms of cognitive

decline during healthy aging.

1.2.1. The involvement of dDG in aging
With its position as the entry region to the hippocampus, the DG can be considered the
gatekeeper in the machinery of hippocampal information processing (Witter, 2012). The dorsal,
as well as the ventral DG, comprise three layers. These comprise the molecular layer (ML),
with the dendrites of the GC, the ‘U’ (ventral) or ‘V’ (dorsal) shaped principal cell or granule
layer (GL), packed with the GCs, and the polymorphic layer or hilus/hilar layer, containing a
broad range of cell types (Witter, 2012). The molecular layer is mostly cell-free. It harbors
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dendrites of mainly GCs and axon terminals from a variety of interneurons and astrocytes
(Jinno & Kosaka, 2006; Witter, 2012). The GL and hilus host numerous cells. In the GL, the
variety of cells is low. Still, it is closely packed with GCs, which have apical dendritic trees
arising from the superficial part of the soma and unmyelinated axons that are projecting to CA3
as well as to mossy cells (MCs). Besides the glutamatergic MC, the hilus contains different
types of gamma-aminobutyric acid (GABA) interneurons (Witter, 2012). The GABAergic cells
in the hilus are mainly parvalbumin-positive (PV+), cholecystokinin (CCK+), and
somatostatin-positive (SST+) interneurons (Freund & Buzséki, 1996; Witter, 2012). PV+
interneurons are mainly located on the border to the GL and connect directly with the cell
bodies or initial axon segments of GCs and deliver a strong feed-forward and feedback
inhibition (Freund & Buzsaki, 1996; Houser, 2007; Sambandan et al., 2010). Another group is
the CCK-expressing hilar commissural associated path (HICAP) cells. They are located within
or below the granule layer and bordering the hilus. HICAP cells get input from the PP and local
mossy fibers onto their apical (reaching the inner ML) and basal (reaching the hilus) dendritic
tree. Furthermore, they form synaptic contacts with the soma and the distal dendrites of the
contralateral GCs and provide perisomatic inhibition to other inhibitory interneurons, mainly
PV+ interneurons (Freund & Buzsaki, 1996; Savanthrapadian et al., 2014). The biggest
subclass of GABAergic interneurons in the hilus is the SST+ interneurons (Houser, 2007).
They can be further divided into so-called hilar-perforant-path-associated interneurons (HIPP)
and hilus-associated interneurons (HILs). HIPP cells provide feedback inhibition on distal
dendrites of the GCs in the outer molecular layer and onto PV+ interneurons of the hilus
(Freund & Buzséaki, 1996; Yuan et al., 2017). Moreover, HIL cells provide potent perisomatic
inhibition on other GABAergic interneurons and show long-range projections to the medial
septum (MS) (Houser, 2007; Yuan et al., 2017). Besides projecting to the MS through HIL
cells, the DG receives input from the MS (Witter, 2012; Yuan et al., 2017) and other subcortical
regions. The septal nuclei project mainly to the hilus of the DG and partly to the ML, as evident
by acetylcholinesterase-positive projections in the GL (Witter, 2012) that connect to GCs as
well as to interneurons (e.g., SST+ interneurons) (Raza et al., 2017; Witter, 2012; Yuan et al.,
2017). Besides the cholinergic projections, GABAergic long-range projections are sent from
the MS to the DG (Kdéhler & Eriksson, 1984; Unal et al., 2015; Witter, 2012). Functionally, the
dDG has been implicated in the encoding and retrieval of contextual fear memory (Liu et al.,
2012), spatial orientation (Morris et al., 2012), and context discrimination (Liu et al., 2012;
Tonegawa & McHugh, 2007), as mentioned above. In particular, the DG translates multi-
informational patterns from the neocortex into sparse codes for the CA3 (Leutgeb et al., 2007;
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Treves & Rolls, 1994), which is only possible with the tight inhibitory control orchestrating
the synaptic activity of the DG (Lee et al., 2016; Nitz & McNaughton, 2004). Furthermore, this
excitation-inhibition balance (E-I) is essential for spatial performance, signal-to-noise ratio,
and sparse GC activation in the DG (Coulter & Carlson, 2007; Lee et al., 2016; Madar et al.,
2019). In contrast to the hippocampus proper, the DG does not show spine density or volume
loss during aging (Curcio et al., 1983). However, a reduction in cell number has been
established for cells in the hilus but not for the GCs. Furthermore, the DG shows reduced
synaptic contacts during aging, indicated by the loss of synaptic contacts in the middle ML and
inner ML (Geinisman et al., 1992), including a loss of PP connection (Amani et al., 2021,
Barnes et al., 2000; Barnes & Mcnaughton, 1980). A reduced magnitude of PP EPSPs and
reduced amplitude of the pre-synaptic response underlines the loss of afferent projections. In
contrast, GCs of aged rodents exhibit greater synaptic field potentials and a reduced voltage
threshold (Barnes, 1979; Barnes & Mcnaughton, 1980). Moreover, in vivo studies show that
LTP induction, maintenance, and decay are impaired in DG of aged male rodents (Barnes,
1979; Barnes et al., 2000; Barnes & Mcnaughton, 1986; Geinisman et al., 1995). It is
noteworthy that faster DG LTP decay is only shown in the late phase of LTP when using low-
stimulation protocols (Barnes, 1979; Barnes & McNaughton, 1980). Nevertheless, despite the
general impairment of synaptic plasticity (induction, maintenance, decay) in old rodents,
subcortical and local neuromodulation of DG plasticity during aging is underinvestigated.
Hippocampal interneurons control the plasticity of principal synapses (e.g., MPP to DG) in
vitro and in vivo (Castillo et al., 2011; Freund & Buzsaki, 1996; Kullmann et al., 2012) via
restricting excitation and shaping the firing of principal cells (Lee et al., 2016; Liguz-Lecznar
et al., 2022). A structural or functional decline in this interneuronal population might have a
tremendous effect on the intrinsic hippocampal system and the neuromodulation of principal
cells by subcortical cholinergic projections (Palacios-Filardo & Mellor, 2019). Thus, aging

research needs to investigate their neuromodulatory impact on dDG plasticity.

1.3. Neuropeptide-Yergic system during aging

Neuropeptide-Y (NPY) belongs to the pancreatic polypeptides class and is phylogenetically
highly preserved (Armstrong et al., 1982). NPY is widely distributed in the nervous system,
abundantly expressed, and released after depolarization by exocytosis (Armstrong et al., 1982;
Tasan et al., 2016). In rodents, most of the hilar SST+ interneurons co-localize with NPY
(Freund & Buzséki, 1996; Houser, 2007; Kohler & Eriksson, 1984; Raza et al., 2017). As the
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main neuropeptide in the central nervous system (CNS), it has numerous physiological and
pathological functions, like seizure suppression, circadian rhythm, anxiety control, feeding
behavior, and learning and memory (Botelho & Cavadas, 2015; Vezzani & Sperk, 2004). Five
types of G-protein-coupled receptors mediate these different functions (GPCR), termed Y1-
Y5. They all inhibit adenylyl cyclase that decreases cyclic adenosine phosphate (CAMP) levels
and intracellular calcium (Ca?*) levels, and activates the mitogen-activated protein Kinase
(MAPK) (Benarroch, 2009; Colmers et al., 1988). The most abundant receptor subtypes in the
DG are Y1 and Y2 (Dumont et al., 1993, 1998; Silva et al., 2005). Y1 receptors (Y1-R) and
Y2 receptors (Y2-R) can be found in the same regions. Y2-R are mainly located in the pre-
synapses of the GL and hippocampus. Y 1-R are located postsynaptically, mainly in the ML on
the dendrites of the GL and in some interneurons, and inhibit GC by decreasing glutamate
release and reducing intracellular Ca®* (Sperk et al., 2007a; Tasan et al., 2016). Functionally,
NPY shows various effects, including differentiation of precursor cells in the DG, preventing
status epilepticus (Cardoso et al., 2010; Vezzani & Sperk, 2004), and preventing generalization
of fear memory (Besnard & Sahay, 2021; Danielson et al., 2016; McAvoy et al., 2016; Raza et
al., 2017). During aging, several studies show a decline in NPY secretion (Gruenewald et al.,
1994), NPY mRNA (Gruenewald et al., 1994; Ramos et al., 2006), Y1-R and NPY
immunoreactivity (Hattiangady et al., 2005; Matsuoka et al., 1995; Sawano et al., 2015), which
is related with memory impairment (Spiegel et al., 2013). NPY modulates hippocampus-
dependent learning and memory, neuroprotection, and antiepileptic effects through the Y2-R
(Botelho & Cavadas, 2015; Redrobe et al., 2004; Silva et al., 2005). The beneficial effect of
Y2-R activation is underlined by cognitive impairment of a Y2-R knockdown mouse model
(Redrobe et al., 2004), while the neuroprotective effect is strengthened through a longer
lifespan of NPY overexpressing rats (Michalkiewicz et al., 2003). In contrast, NPY modulation
through Y1-R is known to be involved in neuroprotection, anxiolytic and antidepressant effects
(Botelho & Cavadas, 2015; Redrobe et al., 2004). Nevertheless, a study from our laboratory
showed that antagonizing Y1-R in the DG leads to generalized fear in a background fear
paradigm (Raza et al., 2017) and proved the role of Y1-R in learning and memory. Moreover,
studies from overexpressing Y1-R models show cognitive impairment at a young age
ameliorated during aging (Carvajal, 2007). Furthermore, in an AD rat model, agonizing Y1-R
increases learning in the MWM test, whereby a selective Y1-R antagonist attenuates the
positive effect of the Y1-R activation (Rangani et al., 2012). So far, it has been shown that
NPY decreases LTP evoked on the LPP-DG synapses while not affecting neurotransmission
of the PP-DG synapse of young mice (Baratta et al., 2002; Klapstein & Colmers, 1993; Raza
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et al., 2017)t al., 2002; Klapstein & Colmers, 1993; Raza et al., 2017). This NPY-mediated
decrease in DG LTP is due to a reduction in dendritic calcium (Ca?*) (Baratta et al., 2002).
Moreover, McQuiston and colleagues demonstrated unchanged GC resting potential and
dendrite Ca?* levels but decreased depolarization-induced Ca?* influx through N-type voltage-
gated calcium channels (VDCC) after NPY application dependent on Y1-R activation in DG
GCs of adult rats (McQuiston et al., 1996). Given the modulation of HIPP cells through the
cholinergic system and the relationship between cognitive impairment and interneuron decline
during aging, it is thus essential to investigate the effect of the direct peptidergic modulation

as well as the indirect modulation through the cholinergic system in the dDG.
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Figure 4: Neuromodulatory effects of NPY. Neuropeptide Y (NPY) is present in interneurons synthesizing
y-aminobutyric acid (GABA). NPY is a potent neuromodulator that acts via G protein-coupled receptors.
The most abundant receptors are Y1-R, located mainly postsynaptically, and Y2-R, both presynaptically and
postsynaptically. Y1-and Y2-R inhibit adenylyl cyclase (AC) and pre-synaptic N and P/Q-type
Ca?* channels. Furthermore, they are involved in releasing glutamate and other neurotransmitters.
Postsynaptically, these receptors activate G-protein-coupled, inwardly rectifying potassium (K*) currents
(GIRKS). Other transduction cascades include the activation of mitogen-activated protein kinase (MAPK)
and phospholipase C (PLC). cAMP = cyclic adenosyl monophosphate (Benarroch, 2009).

1.4. The cholinergic system and its involvement in aging

Hippocampal acetylcholine (ACh) levels are strongly associated with learning during
arousal, and primary reinforced cues (Palacios-Filardo & Mellor, 2019; Teles-Grilo Ruivo et
al., 2017). The main source of endogenous ACh release in the hippocampus is the MS/diagonal
band of Broca (Mesulam et al., 1983). They are part of the basal forebrain, located close to the

medial and ventral surface of the cerebral hemisphere (Zaborszky et al., 2012). ACh acts
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through nicotinic ionotropic (in the hippocampus principally 04p2, a3p4, and o7) and
muscarinic (M1-M4) GPCRs and facilitates LTP and LTD (reviewed in Palacios-Filardo &
Mellor, 2019). Specifically, in the DG, the a7-, M1-, and M2-type receptors (-R) appear to be
the most abundant (reviewed by Prince et al., 2016).

Furthermore, ACh can enhance post-synaptic excitability through M1 receptors (the major
muscarinic receptor) and acts on the synapse in multiple ways, either depressing or activating
NMDA-R (reviewed in (Palacios-Filardo & Mellor, 2019). Specifically, in the DG, previous
work from our group showed that endogenous ACh release mildly increases the excitability,
evidenced by the increase in the area of population spikes (Raza et al., 2017). This may also
involve decreased spike threshold and increased propensity of action potential generation upon
stimulation of cholinergic afferents (Martinello et al., 2015; Prince et al., 2016). Furthermore,
ACh promotes an increased response of mature GCs to afferent stimulation upon cholinergic
modulation by perisomatic disinhibition of PV+ interneurons through activation of SST+
interneurons (Ogando et al., 2021). It is thus striking that the cholinergic agonist carbachol
reduces LTP in mature granule cells under the blockade of GABAA-receptor (GABAA-R). The
same protocol increases LTP in immature GCs after blocking GABAA-R with bicuculline
(Zhang et al., 2010). This discrepancy points to a distinct cholinergic regulation of DG circuitry
and activation of distinct cholinergic receptors depending on the level of cholinergic
stimulation. In addition to controlling principal neuron activity, ACh profoundly modulates
inhibitory interneurons. This leads to an altered configuration of the local circuit output by
transiently increasing spontaneous GABA release indicating that ACh plays a crucial role in
the functional modulation of inhibitory synapses (Palacios-Filardo & Mellor, 2019).
Significantly, the activation of HIPP cells mediated by the cholinergic system through M1-R
leads to distinct memory retrieval during cued fear conditioning in adult male mice (Raza et
al., 2017).

Furthermore, evidence suggests that cholinergic neurons of MS co-transmit GABA and
acetylcholine (Takacs et al., 2018a). Indeed, local disturbances in the hippocampal circuit
function and structure are accompanied by distorted functional or structural alterations in the
long-range projections to the hippocampus in AD and during healthy aging (Ballinger et al.,
2016). The loss of cholinergic function can be observed in the early stages of AD and in patients
with mild cognitive impairment (MCI). In contrast, degeneration of the whole cholinergic
system is demonstrated in the later stages of AD (Schliebs & Arendt, 2011). Besides that,
implications of the cholinergic system during aging are given by cholinergic lesions as a model
for aging (Berger-Sweeney et al., 2001; Kesner et al., 1986; Nicolle et al., 1997) and
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acetylcholine esterase inhibitors as standard pharmacological treatment during aging
(YYiannopoulou & Papageorgiou, 2020). In line with that, muscarinic agonist increases LTP at
the MPP-DG synapse in aged rats (Pang et al., 1993). Thus, studying the cholinergic system in
the context of aging is particularly crucial due to its vulnerability to neurodegeneration during

aging and a possible change in the cholinergic modulation of DG interneurons.

1.5. Plasticity as a cellular correlate for learning

In 1949, Donald Hebb postulated the basis of plasticity in his book ‘The Organization of
Behavior’, known as the ‘neurophysiological postulate’. He described that repetitively
activated neurons are more likely to be connected, leading to activity facilitation of both cells
even if (only) one is activated. Strengthening happens through transmitter release, which
depolarizes through receptor binding the post-synapse and is considered the basis of learning

but also the storage of memory (Abraham et al., 2019).

1.5.1. Hebbian plasticity

One form of Hebbian plasticity is called long-term potentiation (LTP) and was first
described by Bliss and Lomo in 1973. They stimulated the PP with extracellular micro-
electrodes and observed the simultaneously recorded GC signal potentiation in anesthetized
rabbits (Bliss & Lomo, 1973). In general, the term LTP describes an increase in efficiency of
synaptic transmission and excitability of a post-synaptic cell mediated by a short train of
stimulations at the pre-synapse, shown by changes in latency and amplitude of the cell signal,
that persist for at least 30 min (Bliss & Lomo, 1973). Importantly, LTP shows the so-called
‘input specificity’, meaning that only the stimulated post-synapse elicits LTP and the
cooperativity, which ensures that only a strong input leads to LTP (Nicoll, 2017). Since then,
LTP has been shown for several species and different synapses (Douglas & Goddard, 1975;
Racine et al., 1983; Schwartzkroin & Wester, 1975). LTP can be divided into three phases
based on the terminology of Racine and colleagues as well as Park and colleagues. Depending
on the author, the basis for the discrimination is the origin of plasticity or the cellular-induced
steps. For both definitions, the third phase of LTP is expected to persist over days and include
protein synthesis or even gene transcription. The other two phases either strengthen only one
of the synapses or do not include gene transcription. Both are not leading to long-lasting
changes (Park et al., 2014; Racine et al., 1983).
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LTP can be induced with electrical, chemical, or optogenetic stimulation of specific synapses
in vivo and in ex vivo slice recordings. The commonly used and the most intensively studied
electrical stimulations to induce LTP are high-frequency (tetanic) and patterned electrical
stimulation for in vivo and anesthetized DG stimulations, containing 100Hz or 15Hz trains for
3-4 sec or 15-20 sec, respectively (Bliss & Lomo, 1973; Raymond, 2007). The simulations
used can differ depending on the synapse. Besides the train stimulation, time-dependent spike
plasticity (STDP) protocols that rely on pre- and post-synapse co-activation are commonly used
to induce LTP reliably. The STDP varies the timing between pre- and post-synaptic firing by
stimulation and causes a combination of Hebbian and anti-Hebbian plasticity (reviewed in Bliss
etal., 2014).

The induction of dDG LTP under physiological conditions is restricted with the HFS due to
solid feed-forward inhibition. For that reason, LTP studies in vitro are rarely done in the dDG
(Wigstrom & Gustafsson, 1983), and if done, are performed under the blockade of GABAA-R
(by using bicuculline or picrotoxin) to reduce the inhibitory tonus (Hanse & Gustafsson, 1992;
Zhang et al., 2015). Nevertheless, STDP TBS protocols induce LTP in vitro in the dDG (Lopez-
Rojas et al., 2016).

Besides LTP, other forms of plasticity are the short-term facilitation or depression caused by
paired-pulse stimulation (Zucker & Regehr, 2002), homeostatic plasticity (Turrigiano &
Nelson, 2004) occurring after persistent activity change, and metaplasticity (Abraham & Bear,
1996) describing possible alterations of the ability to induce plasticity (reviewed in Citri &
Malenka, 2008). As mentioned, LTP induction and maintenance are reduced in the DG of aged
rodents. Possible mechanisms are mostly explored in the CAl. For CAL, an increase in pre-
synaptic calcium resting level and signaling following stimulation has been shown (Pereda et
al., 2019). This might also occur in the DG, underlined by the increased ratio of pre-synaptic
fiber volley and post-synaptic fEPSP in the DG of aged rats compared to young rats (Barnes,
1979; Barnes & McNaughton, 1980). The increased E-I balance in the DG correlates with
reduced cognitive performance in aged rats and is mediated by reduced inhibitory recruitment
after LPP stimulation (Tran et al., 2019). So, inducing LTP at the MPP-DG synapse in vitro is
an excellent approach to investigating plasticity changes during aging in a highly controlled

and adjustable environment.

1.5.2. Molecular components of long-term potentiation in the dentate gyrus
Regardless of the different forms of LTP, all LTP types follow the same structure:
induction, expression, and maintenance (Rosenblum et al., 1996). Notably, the molecular key
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players can differ in these three phases. Since the pre-synaptic LTP is rarely expressed in the
dDG, the central aspect of this research project will focus on postsynaptically-mediated LTP,
as the main form observed in the DG (Hanse & Gustafsson, 1992; Rosenblum et al., 1996).

Induction of LTP causes an increase in extracellular glutamate release, leading to an NMDA-
R-dependent LTP, shown by DG recordings of anesthetized rats and in vivo recordings
(Errington et al., 2003; Morris, 1989). As a result of this, the magnesium (Mg?*) blockade of
the NMDA-R is removed through post-synaptic depolarization, causing an influx of Ca®* (Bliss
& Collingridge, 1993; Errington et al., 2003; Morris, 1989). That causes an enhancement of a-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor (AMPA-R) trafficking and
insertion in the synapse membrane in a long-lasting manner. In contrast to induction, the
molecules involved in the expression and maintenance are not identified to their full extent. It
is known that the phosphorylation of the D-aspartate receptor subtype 2B (NR2B) subunit of
NMDA-R is crucial for LTP induction since it mediates Ca?* influx (Chen et al., 2007;
Rosenblum et al., 1996). For the AMPA-R GIuA1l subunit, it has been shown that mice lacking
the ability to phosphorylate the GIuA1 subunit exhibit deficits in spatial learning, LTP, and
LTD (Lee et al., 2003). Moreover, GIuA1 subunit levels are increased after high-frequency
stimulation of the DG at PP (Kennard & Woodruff-Pak, 2011). Interestingly, increased GIuAl
expression is also involved in adaptive forgetting (Fraize et al., 2017). NR2B and GIuA1l show
several phosphorylation sites. Specifically, the phosphorylation sites tyrosinel472 (Y1472)
and serinel1480 (S1480) of NR2B, as well as the serine831 (S831) and serine845 (S845) of
GIuAl, are of particular interest for plasticity. Y1472 is the leading phosphorylation site of
NR2B. It is essential for surface expression and activation (Waters et al., 2019), whereas
phosphorylation on S1480 reduces the surface expression of NR2B (Chen & Roche, 2007).
GluAl phosphorylation of S845 is involved in membrane insertion, mediating homeostatic
plasticity and increasing the opening probability of the channel (Diering & Huganir, 2018).
Furthermore, S831 phosphorylation increases channel conductance and lowers the LTP
induction threshold, indicated by abolished LTP in mice with abolished phosphorylation at
S831 and lowered LTP induction threshold in knock-in mice mimicking phosphorylation (Lee
et al., 2003; Makino et al., 2011). The most-investigated player for phosphorylation of the
subunits to maintain LTP in the DG is calcium/calmodulin-dependent protein kinase Il
(CaMKII) (Jiang et al., 2015; Wu et al., 2006). Protein kinase A (PKA) is also vital for DG
LTP through abolishing late LTP after applying a PKA inhibitor and after co-inhibiting with
CaMKII (Nguyen & Kandel, 1997; Wu et al.,, 2006). Besides CaMKII and PKA, the
extracellular signal-regulated kinase/MAP (ERK/MAP) pathway is essential for LTP induction
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as well as for LTP maintenance in the hippocampus and is indispensable for TBS-mediated
LTP induction in the CA1 subregion (Citri & Malenka, 2008; Coogan et al., 1996; English &
David Sweatt, 1997; Thomas & Huganir, 2004). Furthermore, ERK is critically involved in
DG LTP, as shown by the brain-derived neurotrophic factor (BDNF)-induced LTP in young
anesthetized rats (Gooney et al., 2002, 2004) and by abolished LTP in the DG after co-
application of MAP and CaMKII inhibitors (Wu et al., 2006). ERK is activated by PP-DG
tetanic stimulation and is modulated through MRs in a phosphoinositide 3-kinase (PI3K)-
dependent manner (Rosenblum et al., 2000). All three kinases can phosphorylate cAMP
element-binding protein (CREB), which seems intimately linked to DG LTP maintenance
(Schulz et al., 1999). The phosphorylation of CREB would activate immediate early genes like
c-fos or zif268, which have been shown to lead to learning and memory processes (Citri &
Malenka, 2008; Thomas & Huganir, 2004; Tischmeyer & Grimm, 1999). Notably, the
ERK/MAP phosphorylates CREB and mediates glutamate release, shown by reduced
glutamate release after MAP inhibition in vitro (Mcgahon et al., 1999). Indeed, S845 of GIuAl
is phosphorylated by PKA (upstream of ERK) and S831 by CaMKII, Y1472 of NR2B by Fyn
(upstream of MAPK), and S1480 by CaMKII (Chen & Roche, 2007; Diering & Huganir, 2018;
Hayashi, 2022; Waters et al., 2019).

Besides others, the importance during aging has been shown for NR2B, GluA1l, and ERK.
NR2B depletion mimics reduced LTP in CALl and spatial impairments in rats, as during aging
(Clayton et al., 2002). Furthermore, NR2B declines during aging in the DG (Newton et al.,
2008). The beneficial effect of spatial training on memory performance has been shown to
increase spine generation, GIuA1, and NR2B levels through increased CaMKII activity in the
DG (Jiang et al., 2015). For ERK opposing results have been shown in the literature. ERK
activity is reduced in the hippocampus of aged rats and aged depressed mice, while overall
ERK levels are unaltered during aging (Li et al., 2017; Mo et al., 2005). In line with that,
increased ERK phosphorylation enhances cognition in AD models (Ibrahim et al., 2020; Zhang
et al., 2015). Moreover, defective LTP and impaired memory formation are related to ERK1/2
inhibition (English & David Sweatt, 1997; Ying et al., 2002). In contrast, inhibition of the ERK
pathway leads to recovery of AB-induced cellular changes and memory deficits in a mouse
model of AD (Chang et al., 2020; Feld et al., 2014; Lee et al., 2009; Wang et al., 2019).
Furthermore, elevated ERK1/2 phosphorylation is associated with long-term memory deficits
in a mouse model for autism (Seese et al., 2014). Due to the involvement of these factors in
LTP and aging- or AD-related processes, it is important to investigate possible alterations of
activation levels of these molecules during healthy aging in the dDG of both sexes.
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1.6. Sex differences in aging

Sex differences are generally abundant on a morphological, cellular, and physiological
level in healthy developing mammals. There are morphological differences in GCs and PCs
between the sexes and the cycle stages of females in the hippocampus. Some examples include
the dendritic intersection of granular cells (higher in males than females) and alterations in the
CALl apical spine density, the cell number of GCs or hilar neurons (males having higher
numbers than females; cell types not further specified) (Azcoitia et al., 2005; Yagi & Galea,
2019). Differences do not only exist on a morphological level but also on a molecular level.
For example, endogenous estrogen levels lead to tonic phosphorylation of ERK/MAPK in the
brain of natural cycling females mediated by estrogen fluctuations (Bi et al., 2000).
Additionally, exogenous B-estradiol infusion mediates the enhancement of object memory
consolidation by ERK1/2 activation in the dorsal hippocampus (Fernandez et al., 2008).

Furthermore, hippocampus-dependent behavioral performance varies over the estrous
cycle. Estrogen improves the performance of novel object recognition tasks but worsens the
performance of spatial memory tasks in females (Sheppard et al., 2019). Moreover,
physiological sex differences are also occurring, for example, the requirement of membrane
estrogen receptor-o. (ERa) to promote LTP induction and a higher LTP magnitude during the
proestrus phase of natural cycling females in the CA1 (Warren et al., 1995). Furthermore,
female rodents display an increased threshold for LTP induction in the CA1 and DG compared
to male rodents (Bi et al., 2000; Maren, 1995; Maren et al., 1994; Wang et al., 2018; Yang et
al., 2004). Besides the already-mentioned sex differences, the differences in the NPYergic and
the cholinergic systems are highly relevant to this study. It has been shown that NPY levels
differ between sexes in several brain regions. Specifically, in the hippocampus (under baseline
conditions), females have lower NPY levels than males (reviewed in Nahvi & Sabban, 2020).
Immunoreactivity, release, and NPY gene expression can be augmented by ER a and B in the
female DG (Corvino et al., 2015; Hilke et al., 2009; Ledoux et al., 2009; Veliskova et al., 2015;
Veliskova & Velisek, 2007). Besides the NPYergic system, the cholinergic system also shows
remarkable sex differences. Even though the number and size of cholinergic cells are similar
in young males and females, the spontaneous release of ACh is higher in males than in female
rats during the night cycle in the dorsal hippocampus. The number of cholinergic neurons is
similar in male and female rodents in the MS (Masuda et al., 2005; Miettinen et al., 2002;
Mitsushima et al., 2003, 2009a). Moreover, ovariectomy (OVX) rats displayed increased

acetyltransferase activity after estrogen treatment in the hippocampus (Gibbs, 2000).
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Furthermore, estrogen can mediate ACh release through Era, located in the MS, and at
cholinergic projections (Miettinen et al., 2002; Mufson et al., 1999).

Sex-specific alterations can also be observed during aging and AD. Generally, females
suffer earlier from AD and have a steeper memory decline than males (Irvine et al., 2012). In
aging, a sex-dependent area-specific decrease in neuronal density has been shown; for males
in the CA3 and females in the CAl (Yagi & Galea, 2019), whereby hilar neuron decline can
be observed to a similar degree in aged male than female rats (cell types are not further
specified) (Azcoitia et al., 2005). Studies on muscarinic receptors indicate that the cholinergic
system declines during pathological aging and healthy aging in the hippocampus of females
and males (Gibbs, 1998; Granholm et al., 2003.; Lukoyanov et al., 1999; Pilch & Miller, 1988).
Nevertheless, density reduction of the cholinergic fibers targeting the DG is significantly larger
in aged male rats than in aged females (Lukoyanov et al., 1999). In contrast, cholinergic cell
sizes remain stable during aging in both sexes (Gibbs, 1998). In the case of the NPYergic
system, some evidence from other areas hints at reduced Y1-R levels in females, which might
be counterbalanced with higher Y1-R affinity (reviewed in Nahvi & Sabban, 2020).
Interestingly, human studies show that NPY-like immunoreactivity in plasma increases in aged
females, and postmenopausal women develop higher NPY plasma levels than cycling females
at any stage of the cycle (Khoury & Mathé, 2004; Kluess et al., 2019). Notably, most NPYergic
and cholinergic system studies were done in OV X mice, which is a model for menopause and
might also account for aging. Here, it is also essential to mention the lack of research on the
interaction of the cholinergic and the NPYergic systems in aged males and females, as shown
for young male mice in our laboratory (Raza et al., 2017). Given the known sex differences in
plasticity, brain structure, and memory performance in spatial tasks (reviewed in, e.g., Hyer et
al.,, 2018; Yagi & Galea, 2019), it is crucial also to investigate sex differences in
aging. Therefore, this study evaluates the neurotransmission and plasticity in the MPP-dDG

pathway of aged anestrus females.

1.6.1. Ovariectomy in mice as a model for human menopause

As mentioned in section 1.1.1., female mice undergo an estrus cycle change during aging.
The follicular decline rather than depletion, the relatively short lifetime of animals with reduced
sex steroids, and the extended waiting time to reach an anestrus state have prompted most
researchers to study ovariectomized female rodents (Bimonte-Nelson et al., 2021; Koebele &
Bimonte-Nelson, 2016). For example, the augmented inhibition through the increase of NPY
immunoreactivity and release of NPY by ERa and ERp has been shown in the DG and
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hippocampus of ovariectomized rats (Corvino et al., 2015; Ledoux et al., 2009; Veliskova et
al., 2015; Veliskova & Velisek, 2007). Additionally, a decline in cell number has been shown
in the MS of OVX female rats for the cholinergic system. This and its maladaptive effect
(reduced spontaneous release) can be reversed by estrogen treatment (Gibbs, 1998; Mufson et
al., 1999). Moreover, estrogen can mediate plasticity indirectly by NPY and cholinergic
activation through G protein-coupled receptor for estrogen (GPR30) and ERa. (Gibbs, 1998;
Gibbs et al., 2014; Luine, 1985; Marriott & Korol, 2003; Nakamura et al., 2002) or in a direct
way through ERa and ERp (Baudry et al., 2013; Ooishi et al., 2012; Smith et al., 2009; Waters
et al., 2019). All these critical insights into estrogen modulation are highly important, but the
use of OV X also has limitations. Firstly, OVX causes premature aging of the nervous system
(Baeza et al., 2010). A reduced cholinergic cell number in the MS has been shown for OV X
rats but not for natural aging rats (Gibbs, 1998). Moreover, the length of OV X but not natural
aging abolished LTP in the CAL, shown by an LTP comparison of females with OV X for 19
months and aged-matched females with OVX for 1 month (Smith et al., 2010). Thus,
uncommon phenomena during this premature aging cannot be ruled out. Furthermore, the
results of ovariectomy on acetylcholine esterase activity are inconsistent. Therefore,
investigating the cholinergic substitution in ovariectomized female mice might give artificial
results on the effects of ACh on memory. Studies from humans show contradictory effects of
the protective effect of estrogen after menopause, and the theory of a time-window-dependent
beneficial effect of estrogen treatment has been established (Bean et al., 2015; Russell et al.,
2019). In this light, ovariectomy is a very nice tool to investigate the effect of estrogen on a
distinct time point. However, its value in addressing age-mediated changes in
electrophysiological properties needs clarification. Intriguingly, most studies focus on the
impact of estrogen on different circuits in ovariectomized females. Therefore, the effect of the
cholinergic and NPYergic system on MPP-dDG plasticity will be evaluated in young OVX
females to assess the possibility of using OV X as an aging model for MPP-dDG plasticity.
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2. Aims

The cholinergic system has been shown to degenerate during aging (Schliebs & Arendt,
2011), and acetylcholine esterase inhibitor is one of the most efficient pharmacological
interventions in AD (Nichols et al., 2019; Yiannopoulou & Papageorgiou, 2020), but still, this
treatment does not prevent the cholinergic decline — they counterbalance the neurotransmitter
imbalance (Hasselmo, 2006; Yiannopoulou & Papageorgiou, 2020). Critically, women seem
to have a steeper cognitive decline when suffering from AD (Irvine et al., 2012b Mielke et al.,
2014). Furthermore, the literature on the effect of acetylcholine esterase treatment in women is
controversial (reviewed by Canevelli et al., 2017; Giacobini & Pepeu, 2018). Therefore, the
first main aim of this study was to investigate the sex dependence of cholinergic maintenance
of plasticity in the aging rodent. The dentate gyrus was chosen for the subsequent investigations
due to its key role in the information flow. The LTP was investigated in slice preparation as
the cellular correlate of memory.

Moreover, a decline in the NPYergic system has also been shown during aging (Hattiangady
et al., 2005; Matsuoka et al., 1995; Sawano et al., 2015). Adding to this, chronic chemogenetic
inactivation of hilar SST+ interneurons has recently been shown to cause cognitive impairment
(Lyuetal., 2022). Importantly, the ACh-mediated release of NPY is crucial for proper memory
retrieval in young male mice from our laboratory (Raza et al., 2017). Therefore, the second
main aim of my study was to investigate the interaction of cholinergic and NPYergic
transmission during healthy aging in a slice preparation of the dorsal hippocampus containing
the dDG in both sexes.

To this end, | defined the following specific objectives:

e Establishing a TBS protocol for induction of LTP in the MPP-dDG synapse under intact

inhibition (in the absence of GABAergic antagonists)

e Measuring the change of MPP-dDG LTP during aging in both sexes

e Investigating the effect of acetylcholine esterase inhibition on MPP-dDG LTP in aged

animals of both sexes

e Determining the involvement of the local NPYergic system in the aging-induced

plasticity changes and the recovery by acetylcholine esterase inhibition

e Evaluating the role of hormonal depletion on plasticity and the contribution of ACh and

NPY in young female mice
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Investigating plasticity and mechanistic changes during healthy aging in a sex-dependent
manner would help determine the factors involved in preserving and impairing memory. This
could ultimately lead to new targets and the evaluation of new sex-specific treatments to

increase the life quality during aging.
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3. Material and Methods
3.1. Animals

The mice used in these studies were housed and bred in the animal facility of the
Department of Genetics and Molecular Neurobiology, Institute of Biology, Otto von Guericke
University Magdeburg under standard laboratory conditions or purchased from Jackson
Laboratories (Bar Harbor, Maine, USA) and housed for at least four weeks before performing
experiments. The animals were kept in groups of two to five individuals in Macrolon cages
(36.2 cm x 16 cm x 14.3 cm; Ebeco, Castrop-Rauxel, Germany) with standard bedding
(Lignocel BK8/15, J. Rettenmaier & Sohne, Rosenberg, Germany) in an inverse 12 h light/
dark cycle (lights on from 7 PM — 7 AM with a 30 min dawn phase). They had access to food
(Ssniff R/M-H V-1534, Ssniff Spezialdidten, Soest, Germany) and water ad libitum. The room
temperature and moisture were constantly monitored and kept at 21°C and 50-55 % air
humidity. All preparations for the experiments were conducted during the animals' dark
(active) phase, between 8 AM and 3 PM.

3.1.1. Animal welfare
Animal housing and experiments in these studies were conducted in accordance with the

European and German regulations for animal experiments. The organ harvesting was
performed on C57BL/6 mice whose breeding was approved by the Landesverwaltungsamt
Saxony-Anhalt (AZ 2-1628).

3.1.2. Mouse lines
3.1.2.1. C57BL/6 mice

C57BL/6 BomTac mice used in the different studies were obtained from breeding in the
Department of Genetics and Molecular Neurobiology animal facility. Initially, the breeding
pairs were purchased from Taconic (M&B Taconic, Berlin, Germany). The breeding schema
is one male mated with two females. The offspring were weaned at the age of four weeks and
group-housed (2-5 animals separated by sex) until assignment for the different experiments.
Furthermore, due to the lack of aged male C57BL/6 mice, 12- and 18-month-old male
C57BL/6J were purchased from Janvier Labs (Le Genest-Saint-Isle, France) and Charles River
(Wilmington, Massachusetts, USA). The purchased animals were aged in the animal facility of
the department until they reached at least 20 months of age. Group-caged animals were used

for the experiments at 2-5 months or >20 months for both sexes.
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Another set of experiments was performed with OV X female C57BL/6J mice. These animals
were purchased from Janvier Labs (Le Genest-Saint-Isle, France) at the age of 10 weeks
(Janvier labs performed surgical intervention at the age of 8 weeks) and were assigned to two
different groups. One group was fed standard food while the other group received a low-
phytoestrogen diet, called phyto-free food (see section 3.1.3; Ssniff R/M-H V-1554, Ssniff
Spezialdiaten, Soest, Germany). Meanwhile, the animals were allowed to habituate to the
animal facility and the inverse light/dark cycle in groups of 2-5 animals. Female OVX mice
were used at 4-8 months of age, earliest 8 weeks after OVX.

3.1.3. Low phytoestrogen diet
To evaluate the impact of external estrogen sources, a part of the experiments was

conducted with female OVX mice under a low phytoestrogen-containing diet (phyto-free;
ssniff R/M-H, 10 mm, low phytoestrogens, V1554, Ssniff Spezialdiiten, Soest, Germany) that
was composed of cereals (wheat products, barley), corn gluten, and potato protein. It contained
19.1% crude protein, 3.4% crude fat, 4.6% crude fiber, and 6.0% crude ash. In contrast to the
standard food, the phyto-free food is low in the phytoestrogens genistein (<10mg/kg), daidzein
(~10mg/kg), and coumestrol (<1mg/kg) and does not contain soybean or alfalfa products. The
mice were purchased from Janvier Labs (Le Genest-Saint-Isle, France) and put on phyto-free
food and water ad libitum six weeks before the experiments were conducted following our lab's

previous work (Caliskan et al., 2019).

3.1.4. Determination of the cycle stage in female mice
Investigation of the cycle stage in female mice was performed to correlate possible changes

in neurotransmission and plasticity under various modulations or during aging and to determine
when aged female mice transitioned to anestrus (closest hormonal status to menopause in
natural aging female mice). In young females, the so-called swabbing was done right after
decapitating the animals for slice recordings to correlate hormonal status directly with the
electrophysiological data. In the case of the aged female mice, the swabbing was done for 15
days consecutively to determine a possible transition to anestrus in aged female mice, starting
at the age of 18 months and repeated every two months in the case of cycling females. Females
in permanent estrous were not used for experiments, and anestrus females were not further
swabbed. The swab was collected using a 20 uL Eppendorf pipette with a filter tip and distilled
water. The filter tip with 20 pL distilled water was carefully inserted into the vaginal opening.
Only the tip was inserted to avoid penetration of the orifice (which could induce
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pseudopregnancy). The vaginal opening was flushed by pipetting 3-5 times up and down to
collect the cells from the wall of the vagina. To determine the cycle stage, the accumulated
fluid was placed on a glass slide (Menzel-Glaser Superfrost; Menzel-Glaser, Braunschweig,
Germany) and dried (at room temperature (RT) ~30 min and under the hood ~10 min). After
drying the swab, the major cell type in the swab was determined qualitatively under a light
microscope with an ocular magnification of 10x/20 combined with an objective magnification
of 4x/0.10 (overview) and 10x/0.25 (investigating the shape of the cells). Each cycle stage
contains three different cell types, and by defining the predominant cell type, the cycle stage
of the animal was qualitatively determined (described in Allen, 1922; Byers et al., 2012;
Goldman et al., 2007; McLean et al., 2012; Nelson et al., 1982). The three different cell types
were leukocytes, cornified epithelial cells, and nucleated epithelial cells. In the so-called
proestrus stage, mainly nucleated epithelial cells were identified (Fig. 5A). In contrast, during
estrus, the predominant cells were the cornified epithelia cells (Fig. 5B). At metestrus, all three
cell types were almost evenly distributed (Fig. 5C), and in the diestrus stage, mainly leukocytes
were observed (Fig. 5D) (see Tab.1; Byers et al., 2012; Nelson et al., 1982).
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Figure 5: Example pictures of self-evaluated swabs of young C57BL/6 female mice. A: Proestrus phase
with mostly nucleated epithelial cells (white arrow points to an example) B: Estrus with mainly cornified
epithelia cells (black arrow points to an example). C: Metestrus with all cells are almost equally apparent.
D: Diestrus with mainly leucocytes (circle around an example). Scale bar 100uM
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Table 1: Classification of the estrous cycle stage by vaginal smear (modified after Nelson et al., 1982).

Cycle stage nucleated cornified Leucocytes smear
epithelia epithelia density
Proestrus Oto+ +to +++ Oto+ medium
(often (well-formed and
degenerating) predominant)
Estrus 0 0 ++ t0 +++ medium to
(relatively small heavy
and predominant)
Metestrus ++ {0 +++ +to ++ +to ++ medium to
(predominant) (often irregularly heavy
shaped and
vacuolated)
Diestrus + 1o +++ + 0 thin
(often irregularly
shaped and
vacuolated)

0 =none, + = few, ++ = moderate, +++ = heavy

3.2. Electrophysiological recordings

To investigate synaptic plasticity and transmission during aging and under different
pharmacological conditions, adult and senescent mice of both sexes (C57BL/6BomTac,
C57BL/6J) were firstly deeply anesthetized with isoflurane and then decapitated. Brains were
rapidly (within 60 s) removed and placed into cold (4-8 °C) carbonated (5% CO2/95% 02)
artificial cerebrospinal fluid (aCSF) containing (in mM) 129 NaCl, 21 NaHCO3, 3 KClI, 1.6
CaCl2, 1.8 MgS04, 1.25 NaH2PO4, and ten glucose. Parasagittal slices, which contain the
dorsal hippocampus, were obtained by cutting the brain at an angle of about 12° on an angled
platform. The four most dorsal slices were transferred to an interface chamber perfused with
aCSF at 32 £ 0.5 °C (flow rate: 1.8ml + 0.2 ml per min, pH 7.4, osmolarity ~ 300 mosmol

kg—1). After cutting, the slices were left to rest for 1 hour before starting recordings. For dDG
electrophysiology, one glass electrode, filled with aCSF (~ 1 MQ), was placed at 70-100 um
depth into the molecular cell layer to measure the slope of the fEPSP. The stimulation of the
MPP was performed with a bipolar tungsten wire electrode, with exposed tips of ~ 20 um and
tip separations of ~ 75 um (electrode resistance in aCSF: ~ 0.1 MQ, purchased from world
precision instruments; Friedberg, Germany). A second bipolar tungsten electrode (same
parameters as in the MPP) was placed into the hilus of the dDG to elicit an antidromic
stimulation during LTP induction. Two input-output (I-O) curves were recorded after

stabilization of the responses (0.033 Hz, pulse duration: 100 us) over 20 min. The baseline
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excitability and maximal synaptic response were measured by obtaining the I-O curve using
pulses with stimulation intensities ranging from 10 to 200 pA. The stimulus intensity that
resulted in ~ 50% of the maximum fEPSP amplitude of the ML after orthodromic stimulation
was subsequently used for baseline recordings with orthodromic stimulation. While the
stimulus intensity that resulted in ~ 70% of the maximum fEPSP amplitude of the ML after
antidromic stimulation was used for the antidromic stimulation during LTP induction. The
appropriate placement of the orthodromic stimulation was verified through paired-pulse
stimulation with different inter-pulse intervals right after obtaining the 1-O curve before starting
the baseline recording. The characteristic feature of the MPP-DG synapse is the consistent
paired-pulse depression at 50 ms interpulse interval (Barnes & Mcnaughton, 1980a; Froc et al.,
2003). In all protocols, baseline and post-theta-burst stimulation (TBS) recordings were done
with orthodromic stimulation (in the MPP). Exclusively the four repetitions of TBS (4x TBS)
were done with a combination of orthodromic and antidromic stimulation (in the hilus of the
DG). Using the general construct of a stimulation protocol (1-O curve, paired-pulse inhibition,
20min baseline, MPP-dDG LTP stimulation, 40min LTP recording), the order of the
stimulations to induce reliable MPP-dDG LTP was evaluated. First, the antidromic stimulation
was placed before the orthodromic stimulation without inducing LTP at the MPP-dDG synapse
(see appendix; Fig. Al). The second protocol exchanged the stimulation order, resulting in
unchanged fEPSP slopes upon 4x TBS (see appendix; Fig. Al). In the next step, the antidromic
stimulation strength was increased, leading to a broader excitement of GCs and a higher
possibility that ortho- and antidromic activation are summed up in one GL to overcome the
spike threshold. Strikingly, the second increase reliably induced MPP-dDG LTP (see appendix;
Fig Al). Here, the stimulation strength of both antidromic and orthodromic stimulations was
determined by the size of the field (f)EPSP amplitude in the ML. The following experiments
were performed with orthodromic stimulation of the MPP (using 50% of the fEPSP amplitude
to perform recordings) followed by the antidromic stimulation during 4x TBS using 70% of
the fEPSP amplitude produced through the antidromic stimulation. Signals were pre-amplified
using a custom-made or EXT20-F amplifier (npi electronics, Tamm, Germany) and low-pass
filtered at 3 kHz. Signals were sampled at a frequency of 10 kHz and stored on a computer hard
disc for offline analysis. Twenty to eighty percent of the fEPSP slope size was analyzed offline
using self-written MATLAB-based analysis tools (MathWorks, Natick, MA, USA). Slices with
epileptic discharge, unstable baseline (variability more than 20%), or post-LTP signal 10%

lower than baseline signal were excluded.
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3.2.1. Pharmacological intervention during electrophysiological recordings
To investigate the effect of changes in the NPYergic system, cholinergic system, and the

change of the sex steroid estradiol on MPP-dDG neurotransmission and plasticity, different
drugs for exogenous modulation were applied to the slices obtained from C57BL/6 mice.

3.2.1.1. Exogenous modulation of the NPYergic system

The effect of selective Y1-R blockade on the fEPSP slope at the MPP-dDG synapse during
neurotransmission and LTP responses in young and aged males and females, as well as in
young OVX females, was evaluated. In these experiments, the selective Y1-R antagonist
BIBP3226 (1 uM; Cat.-No. 2707; Tocris, Bristol, UK) was added to the aCSF for 20 min (until
TBS) after 20 min baseline recording. In all experiments, the perfusion solution was changed
back to aCSF at the timepoint of TBS.

20 min 20 min 40 min

4x

Figure 6: Timeline for exogenous modulation of the NPYergic system through selective Y1-R
blockade. aCSF = artificial cerebrospinal fluid, DMSO = dimethlysulfoxide, LTP = long-term potentiation,
and TBS = Theta Burst Stimulation.

Furthermore, the effect of increased NPYergic transmission on the fEPSP slopes at the
MPP-DG synapse during neurotransmission and LTP responses in aged male mice were tested
by applying NPY (1 uM; Cat.-No. 90880-35-6; CaymanChemicals, Ann Arbor, Michigan,
USA) for 40 min (until the TBS) 20 min baseline recording. In all experiments, the perfusion
solution was changed back to aCSF at the timepoint of TBS.

20 min 40 min 40 min
DMSO or ax
aCSF NPY (1 uM) TBS LTP

Figure 7: Timeline for an exogenous increase of the NPYergic system through NPY application. aCSF
= artificial cerebrospinal fluid, DMSO = dimethlysulfoxide, LTP = long-term potentiation, NPY =
Neuropeptide Y, and TBS = theta-burst stimulation.

Additionally, the effect of selectively activating Y1-R through the selective Y1-R agonist
[Leu®!, Pro*]-Neuropeptide Y (human, rat; 0.5 uM; Cat.-No. 1176; Tocris, Bristol, UK) was
investigated on MPP-dDG neurotransmission in young female mice. [Leu®, Pro3Y-
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Neuropeptide Y (0.4 uM) was applied for 40 min after baseline recording. The combination of
[Leu3l, Pro34]-Neuropeptide Y with BIBP3226 was also tested in a set of experiments with
young female mice. In these sets of experiments, [Leu®!, Pro®*]-Neuropeptide Y (0.4 uM) was
applied for 20 min followed by 20 min BIBP3226 (1 uM) application after 20 min baseline

recording.

20 min 20 min 20 min

Leu-Pro-NPY or
Figure 8: Timeline for an exogenous Y1-R activation through [Leu31Pro34]-NPY application and

additional Y1-R blockade through BIBP3226. aCSF = artificial cerebrospinal fluid, NPY = Neuropeptide,
and Y1-R = Neuropeptide Y receptor type 1.

3.2.1.2. Exogenous modulation of the cholinergic system

To evaluate the effect of moderate cholinergic activation on the fEPSP slope at the MPP-
dDG synapse during neurotransmission and LTP, the acetylcholine esterase inhibitor
physostigmine hemisulfate (PHY; 2uM; Cat.-No. sc-203661; Santa Cruz Biotechnology,
Dallas, Texas, USA) was applied in young and aged males and females as well as in young
OVX females. PHY was applied for 60 min after 20 min baseline recording. In all experiments,
the perfusion solution was changed back to aCSF at the timepoint of TBS.

The effect of selective Y1-R blockade under moderate cholinergic activation on MPP-dDG
neurotransmission and LTP was investigated in young and aged males and females as well as
in young OVX females. PHY (2 uM) was applied for 40 min followed by 20 min BIBP3226
(1 uM) application after an initial 20 min baseline recording. In all experiments, the perfusion
solution was changed back to aCSF at the timepoint of TBS.

20 min 40 min 20 min 40 min
PHY or 4x
acsF RAEE BIBP3226 (1puM) | TBS md

Figure 9: Timeline for exogenous activation of the cholinergic system through an acetylcholine-
esterase inhibitor and applying a Y 1-R antagonist. aCSF = artificial cerebrospinal fluid, LTP = long-term
potentiation, PHY = physostigmine, TBS = theta-burst stimulation, and Y1-R = Neuropeptide Y receptor
type 1.

3.2.1.3. Application of the sex steroid estradiol
The effect of exogenously applied B-estradiol on the fEPSP slope at the MPP-DG synapse

during neurotransmission was evaluated in a cycle or Y1-R-dependent manner. B-estradiol
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(10nM; Cat.-No. sc-204431; Santa Cruz Biotechnology, Dallas, Texas, USA) was applied for
50 min after an initial 20 min baseline recording. In all experiments, the perfusion solution was
changed back to aCSF at the timepoint of TBS.

Another set of experiments investigated the effect of p-estradiol (10 nM) under selective
Y1-R blockade. BIBP3226 (1 uM) was applied for 20 minutes, followed by 30 minutes of [3-
estradiol after an initial 20 min baseline recording. In all experiments, the perfusion solution

was changed back to aCSF at the timepoint of TBS.

20 min 20 min 30 min

Z_

Figure 10: Timeline for exogenous estradiol increase through p-estradiol and additional application
of the Y1-R antagonist. aCSF = artificial cerebrospinal fluid, and LTP = long-term potentiation, TBS =
theta-burst stimulation, and Y1-R = Neuropeptide Y receptor type 1.

3.3. Protein analysis

Mice were deeply anesthetized with isoflurane and killed by cervical dislocation after
reaching the deep surgical anasthesia, verified by the abolishment of the toe-pinch reflex. After
cervical dislocation, the mice were decapitated, and the brains were carefully removed from
the skull and transferred to ice-cold PBS to minimize protein degradation. For protein analysis,
the dDG was dissected manually. To dissect the dDG, the frontal cortex and the cerebellum
were removed, followed by the separation of the left and right brain hemispheres along the
longitudinal fissure with a blade. The thalamus and hypothalamus were removed to expose the
(underlying) hippocampus by pulling them away with forceps. After revealing the
hippocampus, the dorsal and ventral parts and the DG and CA area were identified and carefully
separated from each other (Hagihara et al., 2009). Samples were snap-frozen with liquid
nitrogen and stored at -80°C until usage for Western blot (WB) or Enzyme-linked
Immunosorbent Assay (ELISA).

3.3.1. Western Blot analysis

Hippocampal tissue of aged and young males and females were mechanically homogenized
on ice in cold LM-buffer containing 1% Laurylmaltoside, 1% NP-40, 1mM NazVOs, 2mM
EDTA,50 mM Tris-HCI pH 8.0,150 mM NacCl, 0.5% deoxycholate, ImM NaF 1mM
AEBSF protease inhibitor (cat. No. 78431; Thermo Fisher Scientific, Massachusetts, USA), 1
MM Pepstatin A (cat. No. 78436; Thermo Fisher Scientific, Massachusetts, USA), and 1 Tablet
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of Pierce protease inhibitor (cat. No. A32963; Thermo Fisher Scientific, Massachusetts, USA)
and incubated for 25 min on ice. Afterward, the lysates were centrifuged at 13.000 g (Eppendorf
Microcentrifuge 5415; Eppendorf SE, Hamburg, Germany), and the supernatant was collected.
The protein concentration was quantified with the RC DC Protein assay Kit Il (cat. No.
5000122; Bio-Rad Labortaories Inc, California, USA). After protein concentration assessment,
the samples were prepared for immunoblot analysis by adding 4X sample buffer (40% glycerol,
240 mM Tris HCL pH 6.8, 8% SDS, 0.04% Bromophenol blue, and 5% mercaptoethanol) and
incubated for 5 min at 95°C. For electrophoretic separation, an SDS Bis-Acrylamide gel was
loaded with 20 pug of protein from each sample and a standard marker to define the band length
after separation. The proteins were transferred to FL- PVDF membranes (cat. No. IPFL00010;
Merck Millipore; Massachusetts, USA). The membranes were incubated with primary antibody
solution at 4°C overnight. A near-infrared labeled secondary antibody IRDye 800CW or
IRDye680CW (1:10,000; LI-COR Biosciences, Nebraska, USA) was used to detect the
primary antibody. Finally, the imaging of the antibodies was performed using the Odyssey
Imaging system (LI-COR Biosciences, Nebraska, USA), and the protein signal was quantified
in the Image Studio software (L1-COR Biosciences, Nebraska, USA).
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Table 2: Used antibodies for WB.

Antibody concentration | company catalog tissue used | sex age
number

ms  anti- | 1:1000 Synaptic #182011 dDG QI3 young/aged

GluR1 systems

rb anti | 1:1000 Invitrogen #10555893 | dDG QI3 young/aged

pGIluR1

(Ser845)

ms anti- | 1:1000 Invitrogen #10221703 | dDG QIS young/aged

ERK1/2

rb anti | 1:1000 cell signaling #4370 dDG QI3 young/aged

pERK1/2

ms anti- | 1:1000 BD Bioscience | #610417 dDG QI3 young/aged

NR2 B

rb anti | 1:1000 Invitrogen #10650654 | dDG QI3 young/aged

pNR2B

(Tyr1472)

gt anti M1- | 1:1000 abcam #ab77098 dDG/CA3 4 young/aged

R

ms anti-Y1- | 1:500 Santa Cruz | #sc-393192 | dDG QI3 young/aged

R Biotechnology

3.3.2. ELISA analysis of NPY

dDG tissues (of old and young male and female mice) were mechanically homogenized on
ice in a cold LM Buffer. To determine the NPY peptide levels, 50 ul of the protein extract was
prepared and analyzed with the ELISA kit for NPY (Product No. CEA879Hu; UOM: 96T; with
minimum detectable dose less than 9.44pg/mL) according to manufacturer’s instructions
(cloude-clone corp., Texas, USA). In short: a 50 puL sample or standard solution (control) was
mixed with 50 puL Reagent A and incubated for 1 hour at 37°C (one well per sample and two
technical duplicates). After incubation, the mixture was washed three times, 100 pL detection
reagent B was added and incubated for 30 min at 37°C. Followed by five wash steps and
incubation of 90 uL substrate solution for 10-20 min at 37°C. The reaction was stopped by

adding 50 uL stop solution and read at 450 nm immediately.
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3.4. Statistics

Electrophysiological data were statistically compared by normalizing the fEPSP slopes to
aCSF condition and averaging the normalized fEPSP slopes of the last 6 min during drug
application for MPP-dDG neurotransmission evaluation. For plotting the fEPSP slopes after
TBS, the fEPSP slope was normalized to the last 10 min before TBS, and the normalized fEPSP
slopes of the last 10 min from the LTP recording were averaged. For the MPP-dDG
neurotransmission recordings, a group comparison was performed between the average of the
last 6 min of each drug. In the case of two drugs, either a two-tailed unpaired t-test (normal
distributed) or a two-tailed Mann-Whitney test (non-normal distributed data) was performed.
In the case of age and drug comparison, a (repeated) two-way- analysis of variance (ANOVA)
with Geisser-Greenhouse correction and the post-hoc Fisher's least significant difference
(LSD) test was applied. An in-slice comparison was performed when analyzing the
electrophysiological data for successful LTP induction. For that, the averaged raw fEPSP
slopes of the last 10 minutes after TBS were compared to the averaged raw fEPSP slope of the
last 10 minutes before TBS using a one-tailed paired t-test (for normally distributed data) or
the one-tailed Wilcoxon test (non-normal distributed data). Furthermore, to evaluate the LTP
strength between groups, a group comparison was additionally performed by applying a two-
tailed unpaired t-test or a two-way ANOVA on the normalized, averaged fEPSP slope from the
last 10 min after TBS.

ELISA data (NPY concentrations) were normally distributed and, as such, analyzed with
an ordinary one-way ANOVA with Fisher’s LSD test as a post-hoc comparison. Furthermore,
for WB analysis of the Y1-R expression, the data were normalized to tubulin, and one-way
ANOVA with the post-hoc Fisher’s LSD test was performed for normally distributed data. The
WB analysis of all other markers was performed with the data normalized to tubulin and
additionally to the young male mice. This was done to enable a comparison with samples from
different WB blots. The normalized data were analyzed with a two-way ANOVA with Geisser-
Greenhouse correction and Fisher’s LSD post-hoc test. Outliers were identified after ROUT,
and normality was evaluated with the D’Agostino-Pearson test for all statistical tests, except
for two-way ANOVA, where Geisser-Greenhouse correction was applied. Graphs and
statistical tests were conducted with GraphPad Prism (version 9.4.1(681); Dotmatics, Boston,
Massachusetts, USA).

Note that n accounts for the number of slices while N accounts for the number of animals.
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4. Results

4.1. LTP induction at the MPP-dDG synapse in male mice

Due to a prominent feed-forward inhibition in the dDG, the likelihood of LTP induction at
MPP to dDG synapses has been reported to be extremely low (Wigstrom & Gustafsson, 1983).
Thus, LTP induction is mainly performed under the blockade of fast GABAergic transmission
using a competitive blocker (e.g., Picrotoxin, 100 pM) of GABAAa-R as previously
reported (Annamneedi et al., 2018). Therefore, my first goal during the initial phases of my
thesis project was to establish an LTP induction protocol at the MPP-DG synapse without
blocking the inhibitory GABAergic neurotransmission in slice preparations of the dDG. The
establishment of this protocol was crucial for the aim of this thesis - to examine the
neuromodulation of inhibitory interneurons in the dDG circuitry during cognitive decline. A
standard LTP induction protocol under GABAA-R blockade based on orthodromic stimulations
of MPP fibers (Hanse & Gustafsson, 1992; L. Zhang et al., 2015). However, this protocol does
not lead to LTP in most slices recorded when the GABAergic tonus is intact. Thus, | adapted
a TBS stimulation protocol with a series of pre-and post-synaptic stimulations (Lopez-Rojas et
al., 2016) and tested several variations to induce LTP. First, | established the pre-and post-
synaptic stimulation order, also named ortho- and antidromic stimulation. This was followed
by evaluating the percentage of the fEPSP amplitude to determine the strength of the
antidromic stimulus (see appendix; Fig. Al).
Finally, using a series of TBS protocols with orthodromic stimulations (~50% of maximal
orthodromic fEPSP amplitude) followed by antidromic stimulations (~70% of maximal
antidromic fEPSP amplitude) led to successful LTP in young male mice (Fig. 11). Four
repetitions of the TBS train could generate LTP (ts) =2.056, p=0.0369, paired t-test, one-tailed,
n=9; Fig. 11D), shown by an increased fEPSP slope.
There is a known general impairment in LTP induction and maintenance in the dDG in vitro
of middle-aged rodents, as shown by Schreurs and colleagues (2017) using micro-array
recordings (Schreurs et al., 2017). Indeed, LTP was abolished in aged male mice (t9=0.9207,
p=0.1906, paired t-test, one-tailed, n=10; Fig. 11D), shown by the unchanged fEPSP slope after
4x TBS. Furthermore, circuit changes can be assessed by evaluating post-synaptic and pre-
synaptic excitability. The I-O curves revealed an increase in post-synaptic excitability in aged
male mice in comparison to young male mice (Fs, 270=4.316, p=0.0009, repeated-2-way
ANOVA, uncorrected Fisher's LSD, n=26 (aged) and n=30 (young); Fig. 11A). While no

change was observed in the pre-synaptic fiber volley (FV) amplitude of the aged male mice
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(Fs, 330)=0.7626, p=0.5773, repeated 2-way ANOVA, n=43 (aged) and n=15 (young); Fig.
11B). The increased baseline excitability in aged male mice could hint at a possible reduction
of the inhibitory tonus in the dDG. Therefore, the impact of NPY-mediated inhibition on MPP-
dDG LTP of male mice was tested by applying the selective Y1-R antagonist BIBP3226 (1
M) before TBS stimulation. The data showed that blockade of Y1-R did not affect MPP-dDG
LTP in young males with 4x TBS (t=3.080, p=0.0076, paired t-test, one-tailed, n=9 Fig. 11C),
as shown by the significant increased fEPSP slope. Furthermore, Y1-R blockade did not
modulate MPP-dDG LTP in aged animals, as shown by the unchanged fEPSP slope after TBS
(te)=1.044, p=0.3271, paired t-test, one-tailed, n=9, Fig. 11D). Moreover, the strength is
significantly different between the age groups (F(, 33)=8.499, p=0.0063, two-way ANOVA,
Fig. 11D), but no interaction between age and treatment could be observed. This experiment
revealed increased post-synaptic excitability and a deficit of MPP-dDG LTP in aged male mice.
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Figure 11: MPP-dDG LTP is abolished in aged male mice, while baseline excitability increases
compared to young male mice. A: Post-synaptic excitability is increased in aged male mice (dark blue)
compared to young males (blue), measured by the input-output (I-O) curve with stimulation strengths
ranging from 10 to 75 pA. Besides the graph, representative fEPSP slope signals were plotted for young and
aged mice at 30 pA stimulation strength. Scale bar x-axis2 ms each and scale bar y-axis: 1 mV each. B: The
pre-synaptic excitability is similar in aged (dark blue) and young males (blue), shown by similar FV
amplitude during the I-O curve. C: The plotted timeline of MPP-dDG LTP with the average values from
young male mice control (blue), young male mice with BIBP3226 (white with blue), aged control (dark
blue), and aged male mice with BIB3226 (white with dark blue) starts with the last 10 min of baseline
recording (0-10 min), followed by 4x TBS induction at 10 min, and finishes with 40 min of LTP recording
(10-50 min). D: Scheme of the experimental protocol for Y1-R blockade under control conditions. The
normalized data from the last 10 min, indicated by transparent sections in the columns, were used for
statistical comparison shown in bar graphs. The average of the last 10 min from the LTP recordings in the
bar graph reveals a significant increase in baseline fEPSP slope after TBS in young (blue) and young with
BIBP3226 (blue) but not in aged male mice (dark blue) and aged male mice with BIBP3226 (dark blue).
Nevertheless, a difference in MPP-dDG LTP strength between young and aged males is demonstrated.
Below the graph, representative fEPSP traces are plotted: before TBS (colored) and from the last 10 min of
LTP recording (grey). Scale bar x-axis: 2 ms each and y-axis: 1 mV (young males) and 0.4 mV (aged males).
dDG = dorsal dentate gyrus, DMSO = dimethylsulfoxid, LTP = long-term potentiation, MPP = medial
perforant path, an, TBS = theta-burst stimulation. MPP-dDG LTP strength (group comparison): *, p< 0.05,
** p< 0.01; MPP-dDG LTP induction (in slice comparison): #, p < 0.05, ##, p < 0.01

4.2. Neuromodulation of neurotransmission and plasticity at the MPP-

dDG synapse in male mice

Neuromodulators like acetylcholine and NPY can modulate MPP-dDG neurotransmission
and plasticity by exciting or inhibiting GCs, respectively. An imbalance or change during aging
in those systems could drastically disrupt synaptic transmission and plasticity. The literature
indicates that the projections from the medial septum, the main source of ACh, decline during
aging (Schliebs & Arendt, 2011). The decline leads to synaptic loss and cholinergic axonal
degeneration in the dDG (Ypsilanti et al., 2008). Additionally, regarding the NPYergic system,
Matsuoka and colleagues demonstrated that the somatostatinergic interneurons decline during
aging (Matsuoka et al., 1995; Stanley & Shetty, 2004). Pharmacotherapies targeting the
NPYergic system have not been established for AD treatment. However, one standard
treatment in AD patients is the increase of the cholinergic tonus through acetylcholine esterase
inhibitors, like physostigmine (Yiannopoulou & Papageorgiou, 2020).

Nevertheless, the exact mechanism of the beneficial effect of this treatment has not been
fully resolved yet. To investigate the impact of these two declining systems during healthy
aging, | applied PHY (an acetylcholine esterase inhibitor), BIBP3226 (a selective Y1-R
blocker), or NPY. The effects of these drugs were measured during neurotransmission and

plasticity at the MPP-dDG synapse in male mice.
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Furthermore, | investigated a possible interaction between these two declining systems.
Based on our laboratory's investigation that the ACh-mediated release of NPY is essential for
memory retrieval in the dDG of young male mice (Razaetal., 2017), | evaluated the importance
of Y1-R activation after moderate cholinergic activation. Furthermore, the impact of NPY on

MPP-dDG neurotransmission and plasticity was assessed.

4.2.1. Moderate cholinergic activation leads to elevated Y1-R activation in young but
not aged male mice

First, | established the minimal concentration of PHY for my in vitro recordings (see
appendix Fig. A2), which resembled the decrease of DG neurotransmission after the PHY
application shown previously (Colgin et al., 2003). The minimal concentration of 2 UM caused
a reduction in MPP-dDG neurotransmission. After establishing the concentration of PHY, the
effect of the Y1-R antagonist BIBP3226 (1 uM) on MPP-dDG neurotransmission and MPP-
dDG neurotransmission under moderate cholinergic activation (PHY 2uM) was tested. MPP-
dDG neurotransmission remained unchanged after selective Y1-R blockade independent of
age, shown by the unchanged fEPSP slope (F, 72=3.625 p=0.0609, two-way ANOVA, n=28
(young males + BIBP3226); n=29 (young males control); n=9 (aged males + BIBP3226); n=10
(aged males control) Fig. 12C). Next, | tested the impact of moderate cholinergic activation on
the Y1-R activation. Strikingly, a treatment (F, 50=9.116 p=0.0040, two-way ANOVA, Fig.
12F) and age effect (F(, 50=4.884 p=0.0317, two-way ANOVA; Fig. 12F) was evident. MPP-
dDG neurotransmission increased to control levels after additional blockade of the Y1-R in
young male mice (post-hoc comparison to young male mice + PHY: p=0.0037, two-way
ANOVA, Fisher's LSD test, n=16 (young males + PHY + BIBP3226); n=14 (young males +
PHY); post-hoc comparison to aged male mice + PHY: p=0.0003, two-way ANOVA, Fisher's
LSD test, n=16 (young males + PHY + BIBP3226); n=13 (aged males + PHY); post-hoc
comparison to aged male mice + PHY + BIBP3226: p=0.0269, two-way ANOVA, Fisher's
LSD test, n=16 (young males + PHY + BIBP3226); n=11 (aged males + PHY + BIBP3226);
Fig. 12F). However, the reversal of MPP-dDG neurotransmission with additional Y1-R
blockade was not present in the aged male mice, pictured by the unchanged MPP-dDG
neurotransmission (post-hoc comparison to aged males mice + PHY: p=0.1910, two-way
ANOVA, Fisher's LSD test, n=10 (aged males PHY + BIBP3226); n=13 (aged males + PHY);
Fig. 12F) and also not compared to young male mice + PHY (post-hoc comparison: p=0.5836,
two-way ANOVA, Fisher's LSD test, n=11 (aged males PHY + BIBP3226); n=14 (young
males + PHY); Fig. 12F). Moreover, fEPSP slope remained lower than in young male mice +
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PHY + BIBP3226 (post-hoc comparison: p=0.0269, two-way ANOVA, Fisher's LSD test,
n=11 (aged males PHY + BIBP3226); n=16 (young males + PHY + BIBP3226); Fig. 12F). An
interaction (F1, 50=1.086 p=0.3024, two-way ANOVA; Fig. 12F) was not evident.
Interestingly, a decreased MPP-dDG neurotransmission after increasing the cholinergic tonus
was evident in aged male mice, similar to the young male mice marked by the decrease of the
normalized fEPSP slope after PHY application (see appendix Fig. A3). Taken together,
increased cholinergic tonus mediated a decrease of MPP-dDG neurotransmission in male mice
independent of age. In contrast, the reversal of MPP-dDG neurotransmission by Y1-R blockade
was age-dependent. In summary, moderate cholinergic activation mediates Y1-R activation in

young male mice.
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Figure 12: Moderate cholinergic activation mediates Y1-R activation in the MPP-dDG synapse in an
age-dependent manner. A: Scheme of the experimental protocol for Y1-R blockade under control
conditions. The normalized data from the last 6 min, indicated by transparent sections in the columns, were
used for statistical comparison shown in bar graphs. B: Timeline of the MPP-dDG neurotransmission
recording from young males under control condition (blue), young males with blockade of Y1-R through
BIBP3226 (white with blue), aged males under control condition (dark blue), and aged males with Y1-R
blockade through BIBP3226 (white with dark blue) starts with 10 min baseline recording (0-10 min) and is
followed by 20 min BIBP3226 or DMSO application as control (10-30 min). C: The average from the last
6 min of MPP-dDG neurotransmission recording under control conditions and Y1-R blockade reveals an
unchanged fEPSP slope in young (blue) and aged male mice (dark blue). Below the graphs, representative
fEPSP traces are plotted: in color: the baseline; in grey: after drug application. Scale bar x-axis: 2 ms each
and y-axis: 0.4 mV each. D: Scheme of the experimental protocol for Y1-R blockade under moderate
cholinergic activation. The normalized data from the last 6 min, indicated by transparent sections in the
columns, were used for statistical comparison shown in bar graphs. E: Timeline of the MPP-dDG
neurotransmission recording from young males with moderate cholinergic activation (light blue), young
males with moderate cholinergic activation plus Y1-R blockade (white with light blue), aged males under
moderate cholinergic activation (petrol), and aged males under moderate cholinergic activation plus Y1-R
blockade (white with petrol) starts with 10 min baseline recording (0-10 min) and is followed by 60 min
PHY application or 40 min PHY plus 20 min BIBP3226 (10-70 min). F: The average from the last 6 min of
MPP-dDG neurotransmission recording reveals a Y 1-R-dependent increase of MPP-dDG neurotransmission
after moderate cholinergic activation in young male mice (light blue) but not in aged male mice (petrol).
Below the graph, representative fEPSP traces are plotted: before drug application (colored) and the last 6
min of drug application (grey). Scale bar x-axis: 2 ms each and y-axis: 0.4 mV each. dDG = dorsal dentate
gyrus, DMSO = dimethylsulfoxide, MPP = medial perforant path, PHY = physostigmine, and Y1-R =
Neuropeptide Y 1 Receptor. Changes in fEPSP slope after Y1-R blockade (group comparison) **, p < 0.01,
*** p<0.001

4.2.2. Moderate cholinergic activation in the dH rescues MPP-dDG LTP of aged
male mice in a Y1-R-dependent manner
The literature shows that the cholinergic system mediates NPY release in young male mice

(Raza et al., 2017). Additionally, this was proved in the experiment above. Furthermore, the
beneficial effect of acetylcholine esterase inhibitor for AD treatment and on CA1 LTP in aged
rodents is well documented (Fujii & Sumikawa, 2001; Hornick et al., 2011; Yiannopoulou &
Papageorgiou, 2020; https://www.nia.nih.gov/health/how-alzheimers-disease-treated) and
involvement of Y1-R activation is indicated by Y1-R-dependent beneficial effects of nicotine
treatment on MWM memory performance in a rat model of AD (Rangani et al., 2012).
Nevertheless, the exact mechanism of the beneficial effect of this treatment on MPP-dDG LTP
has not been fully resolved yet. For that reason, the impact of moderate cholinergic activation
on MPP-dDG plasticity was investigated by applying the evaluated PHY concentration (2 M)
and the combination of PHY and BIBP3226 (1 uM). Moderate cholinergic activation in the dH
led to MPP-dDG LTP in a Y1-R independent manner in young male mice (PHY: tg=2.403,
p=0.0215, paired t-test, one-tailed, n=9; PHY + BIBP3226: t9)=2.265, p=0.0249, paired t-test,
one-tailed, n=10; Fig. 13). Furthermore, moderate cholinergic activation rescued the MPP-dDG
LTP in aged male mice (t12=3.821, p=0.0012, paired t-test, one-tailed, n=13; Fig. 13). This
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rescue was dependent on the activation of the Y1-R as shown by the abolished MPP-dDG LTP
after additional BIBP3226 application (t(10=1.569, p=0.0739, paired t-test, one-tailed, n=11,
Fig. 13). A treatment effect was depicted (F(, 38)=7.746, p=0.0083, two-way ANOVA,; Fig.
13C) for young male mice with PHY (p=0.0067, two-way ANOVA, Fisher’s LSD test; Fig.
13C) and aged male mice with PHY compared to PHY with BIBP3226 (p=0.0320, two-way
ANOVA, Fisher’s LSD test; Fig. 13C). These results indicate a crucial role of Y1-R activation
under moderate cholinergic activation in the MPP-dDG LTP of aged male mice.
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Figure 13: Moderate cholinergic activation rescues MPP-dDG LTP in aged male mice in a Y1-R-
dependent manner. A: Scheme of the experimental protocol for Y1-R blockade under moderate cholinergic
activation. The normalized data from the last 10 min, indicated by transparent sections in the columns, were
used for statistical comparison shown in bar graphs. B: The plotted timeline of the average fEPSP slopes
from young males with PHY (light blue), young males with PHY + BIBP3226 (white with light blue), aged
males with PHY (petrol), and aged male mice with PHY + BIBP3226 (white and petrol) starts with the last
10 min of moderate cholinergic activation or selectively Y1-R blockade recording (0-10 min), followed by
4x TBS induction at 10 min, and finishes with 40 min of LTP recording (10-50 min). C: The average of the
last 10 min from the MPP-dDG LTP recordings reveals a significant increase of the fEPSP slope under
moderate cholinergic activation, which is independent of Y1-R activation in young male mice (light blue)
but dependent on Y1-R activation in aged male mice (petrol). MPP-dDG LTP strength is not changed
between the groups. Below the graph, representative fEPSP traces are plotted: before TBS (colored) and
from the last 10 min of MPP-dDG LTP recording (grey). Scale bar x-axis: 2 ms each and scale bar y-axis: 1
mV (for young males) and 0.4 mV (for aged males). dDG = dorsal dentate gyrus, LTP = long-term
potentiation, MPP = medial perforant path, PHY = physostigmine, TBS = theta-burst stimulation, Y1-R =
Neuropeptide Y 1 receptor. MPP-dDG LTP induction (in slice comparison): #, p < 0.05, ##, p < 0.01

4.2.3. Application of NPY rescues MPP- dDG LTP in aged male mice
Previous data from our laboratory showed that NPY release depends on the activation
of SST+ interneurons through ACh-mediated M1-R activation (Raza et al., 2017).
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Furthermore, Santos and colleagues conducted a beneficial effect of intracerebroventricular
NPY infusion on spatial memory in young male mice (dos Santos et al., 2013). Therefore,
the potential impact of NPY (1 uM) on MPP-dDG LTP in aged male mice was investigated.
Application of NPY rescued MPP-dDG LTP (t10=3.222, p=0.0046, paired t-test, one-
tailed, n=11; Fig. 14), shown by the persistent LTP after TBS under NPY. Furthermore,
NPY application led to a significantly more robust MPP-dDG LTP (p=0.0087, Mann-
Whitney test, two-tailed, n=11 (NPY group); n=5 (control group); Fig. 14). Whereby MPP-
dDG neurotransmission was unchanged after NPY application (see appendix, Fig. A4).
This experiment underlines the importance of NPYergic tonus for successful MPP-dDG

LTP induction in aged male mice.
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Figure 14: Increased NPYergic neurotransmission rescues MPP-dDG LTP in aged male mice. A:
Scheme of the experimental protocol for NPY application under control conditions. The normalized data
from the last 10 min, indicated by transparent sections in the columns, were used for statistical comparison
shown in bar graphs. B: The plotted timeline of MPP-dDG LTP with the average fEPSP slopes from aged
male mice with increased NPYergic transmission (light violet) and control (dark blue) starts with the last 10
min of increased NPYergic transmission or control (0-10 min), followed by 4x TBS induction at 10 min,
and finishes with 40 min of LTP recording (10-50 min). C: The average of the last 10 min of MPP-dDG
LTP recording reveals a significant increase of the fEPSP slope after TBS after NPY application (light violet)
which also leads to an increased MPP-dDG LTP strength compared to control (dark blue). Below the graph,
representative fEPSP traces are plotted: before TBS (colored) and from the last 10 min of MPP-dDG LTP
recording (grey). Scale bar x-axis: 2 ms each and scale bar y-axis: 0.4 mV (control) and 1 mV (NPY). dDG
= dorsal dentate gyrus, DMSO = dimethylsulfoxide, LTP = long-term potentiation, MPP = medial perforant
path, NPY = Neuropeptide Y, and TBS = theta-burst stimulation. MPP-dDG LTP strength (group
comparison): **, p < 0.01 and MPP-dDG LTP induction (in slice comparison): ##, p < 0.01
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4.3. LTP induction at the MPP-dDG synapse in hippocampal slices of

female mice

The electrophysiological recordings at the MPP-dDG pathway from young female rodents
are mainly without taking the estrous cycle into account or from young OVX females, which
might only partially depict neuroplasticity properties and modulation. These studies show a
more stable LTP at the PP-DG synapse of young anesthetized male rats and a higher PP-DG
LTP induction threshold in young anesthetized female rats (Maren, 1995; Maren et al., 1994).
Therefore, | took the cycle stage into account and sorted the mice into two groups, namely the
high estrous stage females (estrus and proestrus; estradiol, progesterone, FSH, LH high) and
the low estrus stage females (metestrus and diestrus; progesterone, estradiol, FSH, LH low)
(Huang et al., 1978; Inoue, 2022). | investigated MPP-dDG neurotransmission and plasticity
under physiological-like conditions and its modulation through neuromodulators and sex

steroids using slice electrophysiology.

4.3.1. MPP-dDG LTP is inducible in aged female mice, whereby pre- and post-

synaptic excitability is increased

The same TBS protocol as used for male mice is able to induce MPP-dDG LTP in female
mice independent of cycle stage, as shown by the significant increase of the fEPSP slope after
4x TBS in young low estrus females (t(7)=2.532, p=0.0196, paired t-test, one-tailed, n=8; Fig.
15D) and also in young high estrus female mice (t(10=2.850, p=0.0086, paired t-test, one-tailed,
n=11; Fig. 15D).

The synaptic plasticity and transmission properties of aged anestrus female mice in the
dDG are unknown. Aged anestrus female mice were chosen because they remained in the
closest hormonal state to human menopause in naturally aging female mice (Huang, 1978;
Koebele & Bimonte-Nelson, 2016). Application of 4x TBS induced LTP successfully at the
MPP-dDG synapse of aged female mice (t9=1.891, p=0.0456, paired t-test, one-tailed, n=10;
Fig. 15D). Post-synaptic excitability was increased in young low estrus females compared to
their high estrus counterparts at 30, 50 and 75 pA (Fo, 555=4.315, p<0.0001, repeated two-
way ANOVA; post-hoc comparison at 30pA: p=0.0388, repeated two-way ANOVA, Fisher's
LSD test; post hoc comparison at 50 pA: p=0.0436, repeated two-way ANOVA, Fisher's LSD
test; post-hoc comparison at 75 pA: p=0.0310, two-way ANOVA, Fisher's LSD test, n=34
(young high estrus females); n=45 (young low estrus females); Fig. 15A). On the other hand,
the post-synaptic excitability of aged anestrus females was substantially increased in
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comparison to young high estrus females in all stimulation strength (post-hoc comparison 10
MA: p=0.0478, repeated two-way ANOVA, Fisher's LSD test; post-hoc comparison 20 pA:
p=0.0018, repeated two-way ANOVA, Fisher's LSD test; post-hoc comparison 30 pA:
p=0.0002, repeated two-way ANOVA, Fisher's LSD test; post-hoc comparison 40 pA:
p=0.0001, repeated two-way ANOVA, Fisher's LSD test; post-hoc comparison 50 pA:
p=0.0001, repeated two-way ANOVA, Fisher's LSD test; post-hoc comparison 75 pA:
p=0.0004, repeated two-way ANOVA, Fisher's LSD test; n=45 (young high estrus females);
n=35 (aged anestrus females); Fig. 15A) but not compared to young low estrus females in none
of the stimulation strength (post-hoc comparison at 10 pA: p=0.8758, repeated two-way
ANOVA, Fisher's LSD test; post-hoc comparison at 20 pA: p=0.2903, repeated two-way
ANOVA, Fisher's LSD test; n=45 (young low estrus females); post-hoc comparison at 30 pHA:
p=0.1435, repeated two-way ANOVA, Fisher's LSD test; post-hoc comparison at 40 pA:
p=0.0519, repeated two-way ANOVA, Fisher's LSD test; post-hoc comparison at 50 pA:
p=0.1092, repeated two-way ANOVA, Fisher's LSD test; post-hoc comparison at 75 pA:
p=0.1404, repeated two-way ANOVA, Fisher's LSD test; n=35 (aged females); Fig. 15A).
Furthermore, the pre-synaptic excitability was increased in aged anestrus females compared to
young high estrus females at a stimulation strength of 20 pA, 30 YA, 40 pA, 50 HA, and 75 HA
(Fqo, s05=2.744, p=0.0027, repeated two-way ANOVA; post-hoc comparison at 20 pA:
p=0.0395, repeated two-way ANOVA, Fisher's LSD test; post-hoc comparison at 30 pA:
p=0.0257, repeated two-way ANOVA, Fisher's LSD test; post-hoc comparison at 40 pA:
p=0.0169, repeated two-way ANOVA, Fisher's LSD test; n=34 (young high estrus females);
post-hoc comparison at 50 pA: p=0.0139, repeated two-way ANOVA, Fisher's LSD test; post-
hoc comparison at 75 pA: p=0.0301, repeated two-way ANOVA, Fisher's LSD test; n=31
(aged females); Fig. 15B) but unchanged compared to young low estrus females at all
stimulation strength (post-hoc comparison at 10 pA: p=0.8048, repeated two-way ANOVA,
Fisher's LSD test; post-hoc comparison at 20 pA: p=0.2517, repeated two-way ANOVA,
Fisher's LSD test; post-hoc comparison at 30 pA: p=0.1094, repeated two-way ANOVA,
Fisher's LSD test; post-hoc comparison at 40 pA: p=0.0925, repeated two-way ANOVA,
Fisher's LSD test; post-hoc comparison at 50 pA: p=0.0888, repeated two-way ANOVA,
Fisher's LSD test; post-hoc comparison at 75 pA: p=0.1489, repeated two-way ANOVA,
Fisher's LSD test; n=31 (aged females); Fig. 15B). Moreover, the pre-synaptic excitability is
unchanged between the cycle stages at all stimulation strength (post-hoc comparison at 10 pA:
p=0.5487, repeated two-way ANOVA, Fisher's LSD test; post-hoc comparison at 20 pA:
p=0.4205, repeated two-way ANOVA, Fisher's LSD test; post-hoc comparison at 30 pA:

~ A4 ~
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p=0.5581, repeated two-way ANOVA, Fisher's LSD test; post-hoc comparison at 40 pA:
p=0.4939, repeated two-way ANOVA, Fisher's LSD test; post-hoc comparison at 50 pA:
p=0.4551, repeated two-way ANOVA, Fisher's LSD test; post-hoc comparison at 75 pA:
p=0.4941, repeated two-way ANOVA, Fisher's LSD test; n=34 (young high estrus females);
n=39 (young low estrus females); Fig. 15B). The enhanced excitability seen in young low
estrus females and aged anestrus females as shown by the I-O curve might be due to altered
neuromodulation (e.g., NPYergic, cholinergic) throughout the estrus cycle. The aged females
had increased post-synaptic excitability compared to their young high estrus counterparts but
unaltered compared to young low estrus females. Nevertheless, similar to the experimental
protocols in males, the Y1-R antagonist BIBP3226 (1 uM) was applied before TBS stimulation
in female mice to investigate possibly NPY-mediated inhibitory alterations in a cycle- and age-
dependent manner. At the MPP-dDG synapse of young low estrus stage females, LTP was
successfully induced with 4x TBS, under Y1-R blockade (t)=2.718, p=0.0119, paired t-test,
one-tailed, n=10; Fig. 15D). Also, the young high estrus stage females displayed MPP-dDG
LTP induction after Y1-R blockade with 4x TBS (p=0.0078, Wilcoxon test, one-tailed, n=7;
Fig. 15D) like under control conditions. Strikingly, MPP-dDG LTP depended on Y1-R
activation in aged anestrus females, underlined by the abolished MPP-dDG LTP after selective
Y 1-R blockade with BIBP3226, applied before 4x TBS (p=0.3477, Wilcoxon test, one-tailed,
n=10; Fig. 15D). In summary, these experiments demonstrate a Y1-R- and estrus cycle-
independent MPP-dDG LTP in young female mice but Y1-R dependent MPP-dDG LTP in
aged anestrus females under control conditions. At the same time, pre- and post-synaptic

excitability is unchanged compared to young females with low estrogen levels.
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Figure 15: TBS-induced MPP-dDG LTP is Y1-R dependent in aged anestrus female mice. Post-and
pre-synaptic excitability increases compared to young high estrus females but not young low estrus
females. A: Post-synaptic excitability is increased in low young estrus (light red) and aged anestrus females
(white with dark red) in comparison to young high estrus females (red), measured with stimulus strength
ranging from 10 pA to 75 pA. Besides the graph, representative fEPSP traces for young and aged animals
at 30 pA stimulation strength is shown. Scale bar x-axis: 2 ms each and y-axis: 1 mV (young low and aged
anestrus females) and 0.4 mV (young high estrus females). B: The pre-synaptic response is similar in aged
(white with dark red) and young low estrus females (light red), as well as in young low (light red) and young
high estrus females (red). In contrast, pre-synaptic excitability increases in aged anestrus females (white with
dark red) compared to young high estrus females (red). C: The plotted timeline of MPP-dDG LTP with the
average values from young, low estrus female control (light red), young low estrus females with BIBP3226
(light red with white, young high estrus female mice (red), young high estrus females with BIBP3226 (white
with red), aged anestrus females control (dark red), and aged anestrus females with BIBP3226 (white with
dark red), starts with the last 10 min of drug application (0-10 min), followed by 4x TBS induction at 10
min, and finishes with 40 min of LTP recording (10-50 min). D: Scheme of the experimental protocol for
Y 1-R blockade under control conditions. The normalized data from the last 10 min, indicated by transparent
sections in the columns, were used for statistical comparison shown in bar graphs. The average of the last
10 min from the MPP-dDG LTP recordings in the bar graph reveals a significant increase in the baseline
fEPSP slope for low young estrus (light red), young high estrus (red), and aged female mice (dark red).
Application of BIBP3226 did not affect MPP-dDG LTP in young low (light red) and young high estrus
females (red). Interestingly, it abolishes the increase of the fEPSP slope in aged anestrus females (dark red),
while MPP-dDG LTP strength is unaltered between the groups. Below the graph, representative fEPSP traces
are plotted: before TBS (colored) and of the last 10 min of LTP recording (grey). Scale bar x-axis: 2 ms each
and scale bar y-axis: 1 mV (young high estrus females control/BIBP3226 and low estrus females control),
0.4 mV (aged anestrus females control and low estrus females BIBP3226) and 0.2 mV (aged anestrus females
BIBP3226). dDG = dorsal dentate gyrus, DMSO = dimethylsulfoxide, LTP = long-term potentiation, MPP
= medial perforant path, and TBS = theta-burst stimulation. Change of fEPSP slope (group comparison): *,p
< 0.05, *** p < 0.001MPP-dDG LTP induction (in slice comparison): #, p < 0.05, ##, p < 0.01
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4.3.2. Moderate cholinergic activation stabilizes MPP-dDG LTP in a Y1-R
independent manner in aged anestrus females

The impact of increased cholinergic tonus on MPP-dDG plasticity in aged anestrus female
mice is underinvestigated. Moreover, the literature about the beneficial effect of acetylcholine
esterase inhibitors in women's studies is controversial. Studies show beneficial, no, or dose-
dependent results (reviewed in Canevelli et al., 2017; Giacobini & Pepeu, 2018). Furthermore,
a possible interaction between the cholinergic and NPYergic systems is not investigated in
naturally aged anestrus female mice. To evaluate the effect of increased cholinergic tonus on
the plasticity of the MPP-dDG synapse and its interaction with the NPYergic system, PHY (2
UM) or PHY in combination with BIBP3226 (1 uM) was applied before inducing MPP-dDG
LTP in aged anestrus female mice. Interestingly, the application of PHY led to a Y1-R
independent MPP-dDG LTP (PHY: t)=2.290, p=0.0310, paired t-test, one-tailed PHY:
t(7=3.388, p=0.0058, paired t-test, one-tailed, n=7 (aged anestrus females PHY), n=8 (aged
anestrus females PHY + BIBP3226); Fig. 16) in aged anestrus female mice, indicated by the
persistent increase of the fEPSP slope after the blockade of Y1-R under moderate cholinergic
activation. Since the application of PHY in aged anestrus females led to a Y1-R independent
MPP-dDG LTP, the question arose if moderate cholinergic activation acts similarly on MPP-
dDG LTP in young females. However, the application of PHY and the combination of PHY
with BIBP3226 did not affect MPP-dDG LTP of young female mice, neither in the low estrus
stage (PHY:: t(9)=2.072, p=0.0340, paired t-test, one-tailed, n=10; PHY + BIBP3226: t(9=2.190,
p=0.0281, paired t-test, one-tailed, n=10; Fig. 16) nor in the high estrus stage (PHY: t11)=3.493,
p=0.0025, paired t-test, one-tailed, n=12; PHY + BIBP3226: t11)=3.192, p=0.0043, paired t-
test, one-tailed, n=12; Fig. 16). Additionally, the extracellular ACh increase led to a similar
MPP-dDG LTP strength for all groups (F(, 52=2.903, p=0.0638, two-way ANOVA,; Fig. 16).
These results indicated a beneficial effect of PHY on MPP-dDG LTP in aged anestrus females,

possibly through increased Y1-R activation.
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Figure 16: MPP-dDG LTP is stabilized through moderate cholinergic activation in a Y1-R
independent manner in aged anestrus females. A: Scheme of the experimental protocol for Y1-R blockade
under moderate cholinergic activation. The normalized data from the last 10 min, indicated by transparent
sections in the columns, were used for statistical comparison shown in bar graphs. B: The plotted timeline
of MPP-dDG LTP with the average fEPSP slopes from young low estrus females with PHY (light red),
young low estrus females with PHY + BIBP3226 (white with light red), young high estrus females with
PHY (red), young high estrus females with PHY + BIBP3226 (white with red), aged female mice with PHY
(purple) and aged anestrus females with PHY + BIBP3226 (white with purple) starts with the last 10 min of
moderate cholinergic activation or moderate cholinergic activation with Y1-R blockade recording (0-10
min), followed by 4x TBS induction at 10 min, and finishes with 40 min of LTP recording (10-50 min). C:
The average of the last 10 min from the MPP-dDG LTP recordings in the bar graph reveals a significant
increase of fEPSP slope under moderate cholinergic activation in young low estrus females (light red), young
high estrus females (red), and aged anestrus females (purple), which also persisted after Y1-R blockade in
all groups (Light red/red/purple). Furthermore, MPP-dDG LTP strength is unaltered between the groups.
Below the graph, representative fEPSP traces are plotted: before TBS (colored) and from the last 10 min of
MPP-dDG LTP (grey). Scale bar x-axis: 2 ms each and scale bar y-axis: 1 mV (young high and low estrus
females PHY/PHY + BIBP3226) and 0.4 mV (aged anestrus females PHY/PHY + BIBP3226). dDG = dorsal
dentate gyrus, LTP = long-term potentiation, PHY = physostigmine, TBS = theta-burst Stimulation, and Y1-
R = Neuropeptide Y 1 Receptor. MPP-dDG LTP induction (in slice comparison): #, p < 0.05, ##, p < 0.01

4.4. Neuromodulation of MPP-dDG neurotransmission in young female
mice
44.1. Female mice show increased Y1-R activation during MPP-dDG
neurotransmission in a cycle stage- and age-dependent manner
NPY levels are known to be lower in young females than in young males (reviewed in
Nahvi & Sabban, 2020). Furthermore, the application of B-estradiol in ovariectomized young
female rats increases NPY+ cell number (Corvino et al., 2015; Ledoux et al., 2009; Veliskova
et al., 2015; Veliskova & Velisek, 2007). However, the investigation of Y1-R mediated
NPYergic neurotransmission in the dDG of females in a cycle-stage- and age-dependent
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manner is still missing. Thus, I investigated possible changes in Y1-R activation on the MPP-
dDG neurotransmission of female mice by applying the selective Y1-R antagonist BIBP3226
(1 uM). In low estrus stage females, MPP-dDG neurotransmission was unchanged after
BIBP3226 application compared to the control condition (F, 123=6.388 p=0.0023, two-way
ANOVA; post-hoc comparison to young low estrus control: p=0.8234 two-way ANOVA,
Fisher's LSD test, n=24 (control); n=30 (BIBP3226); Fig. 17C). In contrast, applying
BIBP3226 in high estrus females demonstrated an increased MPP-dDG neurotransmission,
underlined by the increased fEPSP slope compared to all other groups (post-hoc comparison to
young high estrus control: p<0.0001, two-way ANOVA, Fisher’s LSD test; post-hoc
comparison to low estrus control: p=0.0002, two-way ANOVA, Fisher's LSD test; post-hoc
comparison to aged anestrus control: p=0.0006, two-way ANOVA, Fisher's LSD test; post-hoc
comparison to low estrus + BIBP3226: p=0.0002, two-way ANOVA, Fisher's LSD test; post-
hoc comparison to aged anestrus + BIBP3226: p=0.0003, two-way ANOVA, Fisher's LSD test,
n=29 (high estrus control); n=26 (high estrus + BIBP3226); n=24 (low control estrus); n=30
(low estrus + BIBP3226); ); n=10 (aged anestrus females); n=10 (aged anestrus females +
BIBP3226); Fig. 17C). Additionally, Y-1R blockade under control conditions had no impact
on MPP-dDG neurotransmission in aged anestrus female mice (post-hoc comparison to aged
anestrus control: p=0.8598, two-way ANOVA, Fisher's LSD test; n=10 (aged anestrus
females); n=10 (aged anestrus females + BIBP3226); Fig. 17C).

The increased NPYergic transmission in young high estrus females raised the question of
whether this increase might be mediated by estrogen or increased cholinergic levels. High
estrogen levels mediate cholinergic release through ERs at the cholinergic terminals (Miettinen
et al., 2002; Mufson et al., 1999) and, as mentioned above, the release of NPY. Moreover, the
effect of moderate cholinergic activation on the NPYergic system in the dDG is only
investigated in young male mice (Raza et al., 2017), and whether the same mechanism does
exist in females is not resolved yet. The effect of a moderate cholinergic activation on MPP-
dDG neurotransmission in a cycle stage-dependent manner, as well as the possible interaction
with NPY-mediated Y1-R activation, was measured in the same way as in male mice. The
investigation of the cholinergic impact on Y1-R activation showed a decreased MPP-dDG
neurotransmission after PHY (2 uM) application, independent of cycle stage in young female
mice compared to control conditions (see appendix Fig. AS). Interestingly, recovery of baseline
transmission after Y1-R blockade under moderate cholinergic activation was not possible in
neither of the cycle stages or age compared to PHY condition (F, 64=0.4185, p=0.6598, two-
way ANOVA, n=12 (low estrus females PHY + BIBP3226); n=12 (low estrus females PHY);
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n=15 (young high estrus females PHY + BIBP3226); n=16 (young high estrus females PHY);
n=8 (aged anestrus females PHY + BIBP3226); n=7 (aged anestrus females PHY); Fig. 17F).
The rise in MPP-dDG neurotransmission after Y1-R blockade in high estrus females only
emphasized the hypothesis that NPY mediated Y1-R activation is altered along the estrus stage
in the dDG of naturally cycling young female mice. Additionally, increased MPP-dDG
neurotransmission mediated by Y 1-R blockade in high estrus females was not mimicked under

moderate cholinergic activation.
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Figure 17: Blockade of Y1-R increases the MPP-dDG neurotransmission of young high estrus female
mice. A: Scheme of the experimental protocol for Y1-R blockade under control conditions. The normalized
data from the last 6 min, indicated by transparent sections in the columns, were used for statistical
comparison shown in bar graphs. B: The plotted timeline of MPP-dDG neurotransmission with the average
fEPSP slopes of young low estrus females under control condition (light red), young high estrus females
under control (red), aged anestrus females control (dark red), Y1-young low estrus females + BIBP3226
(white with light red), young high estrus females with BIBP3226 (white with red), and aged anestrus females
with BIBP (white with dark red) starts with the last 10 min baseline recordings (0-10 min) and finishes with
a 20 min application of BIBP3226 or DMSO application as control (10-30 min). C: In young high estrus
female mice, the average of the last 6 min from the MPP-dDG neurotransmission reveals a significant
increase of the fEPSP slope after Y1-R blockade (red), which is not present in low estrus (light red) and aged
anestrus females (dark red). Furthermore, the Y1-R blockade in young high estrus females increases the
TEPSP slope significantly to all other groups. Below the graph, representative fEPSP traces are plotted. Scale
bar x-axis: 2 ms each and y-axis: 0.4 mV (young low estrus control/BIBP3226 and aged anestrus females
control/BIBP3226) and 0.5 mV (young high estrus control/BIBP3226): before drug application (colored)
and from the last 6 min of drug application (grey). D: Scheme of the experimental protocol for Y1-R
blockade under moderate cholinergic activation. The normalized data from the last 6 min, indicated by
transparent sections in the columns, were used for statistical comparison shown in bar graphs. E: The plotted
timeline of MPP-dDG neurotransmission with the average fEPSP slopes of young low estrus females with
PHY (light red), young high estrus females with PHY (red), aged anestrus females with PHY (purple), young
low estrus females with PHY + BIBP3226 (white with light red), young high estrus females with
PHY+BIBP3226 (white with red), and aged anestrus females with PHY + BIBP3226 (white with purple)
starts with the last 10 min baseline recordings (0-10 min) and finishes with a 60 min PHY application or 40
min PHY followed by 20 min BIBP3226 (10-70 min). F: The average of the last 6 min from the MPP-dDG
neurotransmission reveals an unaltered fEPSP slope after Y1-R is blocked under moderate cholinergic
activation in all groups (light red, red and purple). Below the graph, representative fEPSP traces are plotted:
before the drug application (colored) and from the last 6 min of drug application (grey). Scale bar x-axis: 2
ms each and y-axis: 0.4 mV (young low estrus PHY + BIBP3226 and aged anestrus females PHY/PHY +
BIBP3226) and 0.5 mV (young high estrus PHY/PHY + BIBP3226 and young low estrus females PHY).
dDG = dorsal dentate gyrus, DMSO = dimethylsufoxide, PHY = physostigmine, and Y1-R = Neuropeptide
Y 1 Receptor. Change in fEPSP slope (group comparison): ***, p < 0.001, **** p < 0.0001

4.4.2. Application of M1-R antagonist does not abolish increased MPP-dDG
neurotransmission mediated by Y1-R blockade in high estrus females

Raza and colleagues (2017) demonstrated that M1-activation drove the cholinergic-
mediated increase of NPY in young male mice (Raza et al., 2017). For this reason, | tested the
effect of the M1-R blocker pirenzepine (1uM) on Y 1-R mediated MPP-dDG neurotransmission
in high estrus females. The M1-R antagonist pirenzepine did not impact MPP-dDG
neurotransmission (see appendix, Fig. A6). It also did not prevent the increase of MPP-dDG
neurotransmission mediated by Y1-R blockade in young high estrus females (t@4=2.371,
p=0.0261, unpaired t-test, two-tailed, n=11 (pirenzepine); n=15 (pirenzepine + BIBP3226);
Fig. 18). These results demonstrate that increased MPP-dDG neurotransmission after Y1-R

blockade in high estrus female mice is independent of M1-R activation.
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Figure 18: Increased MPP-dDG neurotransmission after Y1-R blockade is not mediated by M1-R in
young high estrus females. A: Scheme of the experimental protocol for Y1-R blockade combined with M1-
R blockade. The normalized data from the last 6 min, indicated by transparent sections in the columns, were
used for statistical comparison shown in bar graphs. B: The plotted timeline of the MPP-dDG
neurotransmission with the average fEPSP slopes of young high estrus females with M1-R blockade through
pirenzepine (red) and with additional Y1-R blockade through BIBP3226 (white with dark red) starts with
the last 10 min of baseline recordings (0-10 min) and finishes with a 40 min application of pirenzepine or an
application of 20 min pirenzepine plus 20 min BIBP3226 application (10-50 min). C: The average of the
last 6 min from the MPP-dDG neurotransmission with M1-R blockade (red) and the M1-R antagonist
combined with the Y1-R blockade (dark red) plotted in the bar graph reveals an increase of the fEPSP slope
after M1-R combined with Y1-R blockade. Below the graphs, representative fEPSP traces are plotted: before
drug application (colored) and from the last 6 min of drug application (grey). Scale bar x-axis: 2 ms each
and y-axis: 1 mV each. dDG = dorsal dentate gyrus, M1-R = Muscarinic receptor 1. And Y1-R =
Neuropeptide Y 1 Receptor. fEPSP slope change (group comparison): *, p < 0.05

4.4.3. Application of - estradiol and Y1-R agonist normalizes increase of MPP-dDG
neurotransmission after Y1-R blockade in young high estrus female mice

The application of PHY combined with BIBP3226 failed to mediate the increase of MPP-
dDG neurotransmission independent of age or cycle stage. Furthermore, Y1-R blockade
mediated increase of MPP-dDG neurotransmission in young high estrus females was
independent of M1-R activation. The studies mentioned above showed a direct modulation of
NPY cell number, release, and mRNA in the DG by B-estradiol in ovariectomized rodents. To
evaluate the effect of B-estradiol on Y1-R activation in the MPP-dDG neurotransmission of
naturally cycling females, I applied B-estradiol with and without Y1-R blockade in young high
and low estrus females. Exogenous estrogen application must be higher than the internal
concentration (around 0.7 (diestrus) to 4.3 nM (proestrus) in the female brain (Hojo & Kawato,
2018) to affect synaptic transmission or plasticity, whereby the estrogen concentration

decreases tremendously in slices (0.5 nM), and 1-10 nM exogenous B-estradiol should have
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effects (Ooishi et al., 2012). Thus, a concentration of 10 nM was used. B-estradiol neither
affects MPP-dDG neurotransmission in high estrus females nor low estrus females (see
appendix, Fig. A7). However, 10 nM B-estradiol in high estrus females abolished the increased
MPP-dDG neurotransmission mediated by Y 1-R blockade under control conditions (1 uM) and
did not affect the MPP-dDG neurotransmission in young low estrus females (Fgq,
30)=0.0005377, p=0.9817, two-way ANOVA, test, n=8 (young high estrus females with -
estradiol), n=10 (young high estrus females with B-estradiol + BIBP3226), n=8 (young low
estrus females with B-estradiol), n=8 (young low estrus females with -estradiol + BIBP3226);
Fig. 19C). These experiments demonstrate that the modulation of Y1-R activation by estradiol
is only possible in young high estrus stage females. The abolished increase after Y1-R blockade
in young high estrus females might be mediated by increasing NPY-mediated Y1-R activation.
This was tested in the next experiment, using the selective Y1-R agonist [Leu®!, Pro®*]-NPY
(0.4 uM) in combination with Y1-R blockade through BIBP3226 (1 uM). The Y1-R agonist
did not significantly change MPP-dDG neurotransmission in young high estrus females (see
appendix, Fig. A8). Strikingly, the combination of Y1-R agonist and antagonist abolished the
significant increase of MPP-dDG neurotransmission mediated by Y1-R blockade in young high
estrus females (t(12=0.2689, p=0.7926, unpaired t-test, two-tailed, n=7 (Y1-R agonist), n=7
(Y1-R agonist + Y1-R antagonist); Fig. 19F).
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Figure 19: Increased MPP-dDG neurotransmission after Y1-R blockade is normalized through -
estradiol and Y1-R agonist application in young high estrus females. A: Scheme of the experimental
protocol for Y1-R blockade under B-estradiol. The normalized data from the last 6 min, indicated by
transparent sections in the columns, were used for statistical comparison shown in bar graphs. B: The plotted
timeline of the MPP-dDG neurotransmission with the average fEPSP slope of young low estrus females with
B-estradiol (orange), young high estrus females with B-estradiol (brown), young low estrus with p-estradiol
+ BIBP3226 (white with orange), and young high estrus females with B-estradiol + BIBP3226 (white with
brown) starts with the last 10 min of baseline recordings (0-10 min) and finishes with a 50 min p-estradiol
application or an application of a 20 min BIBP3226 plus 30 min p-estradiol (10-60 min). C: The average of
the last 6 min from the MPP-dDG neurotransmission with B-estradiol and p-estradiol combined with the Y1-
R blockade plotted in the bar graph reveals an unchanged fEPSP slope after B-estradiol with Y1-R blockade.
Below the graphs, representative fEPSP traces are plotted. Scale bar x-axis: 2 ms each and y-axis: 1 mV
each: before drug application (colored) and from the last 6 min of drug application (grey). D: Scheme of the
experimental protocol for Y1-R blockade under exogenous Y 1-R activation. In white, the baseline recording
(20 min), colored the drug application (40 min), and transparent the time used (6 min) for the averaged
fEPSP slope. E: The plotted timeline of the MPP-dDG neurotransmission with the average FEPSP slope of
young high estrus females with the Y 1-R agonist (red) and young high estrus females with the Y 1-R agonist
combined with Y1-R blockade (white with purple) starts with the last 10 min of baseline recordings (0-10
min) and finishes with a 40 min Y1-R agonist application or 20 min Y1-R agonist plus 20 min BIBP3226
application (10-50 min). F: The average of the last 6 min from the MPP-dDG neurotransmission with the
Y1-R agonist and Y1-R agonist combined with the Y1-R blockade plotted in the bar graph reveals an
unchanged fEPSP slope after the combined treatment. Below the graphs, representative fEPSP traces are
plotted: before drug application (colored) and from the last 6 min of drug application (grey). Scale bar x-
axis: 2 ms each and y-axis 1 mV each. dDG = dorsal dentate gyrus, Y1-R = Neuropeptide Y 1 Receptor.
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4.5. Ovariectomy plus phyto-free food induces changes resembling MPP-dDG LTP
in aged female mice
One of the main changes in human females during aging is entering menopause. The standard
mouse model of menopause is OVX of young adult female mice. OV X female mice are used
to mimic treatment after menopause (Heegh-Andersen et al., 2004) and to investigate the effect
of sex-steroid therapies (e.g., Corvino et al., 2015; Koebele & Bimonte-Nelson, 2016; Ledoux
et al., 2009; Veliskova et al., 2015; Veliskova & Velisek, 2007). Regarding the enormous
impact of menopause on human females during aging, | tested the OVX mouse model in
relation to the changes observed in aged anestrus females. MPP-dDG LTP in females depended
on ER activation through de novo synthesized estrogen in the CA1 (Vierk et al., 2012). The
standard food in our animal facility contains phytoestrogens, and most phytoestrogens are
metabolized to equol, which activates ERs, especially ER-f for S-equol and ER-a for R-equol
(Muthyala et al., 2004). For this reason, | investigated two groups: one group of OV X females
with standard food and one group of OVX females after six weeks of phytoestrogen-free
(phyto-free) food, as before.
In aged anestrus female mice, MPP-dDG LTP could be induced in a Y1-R-dependent manner.
To examine if the alteration of estrogen levels is the underlying reason, MPP-dDG LTP in
young OV X female mice was investigated. The results revealed that OV X had no impact on
MPP-dDG LTP in young females, as demonstrated by increased fEPSP slope after TBS under
control conditions (t7=2.770, p=0.0139, paired t-test, one-tailed, n=8; Fig. 20C) as well as
with Y1-R blockade (BIBP3226 1 uM) (t7)=3.968, p=0.0027, paired t-test, one-tailed, n=8;
Fig. 20C). Strikingly, the combination of phyto-free food and OVX (depleting all estrogen
sources) led to a Y1-R dependence of MPP-dDG LTP in young OVX females (control:
t(7=2.209, p=0.0315, paired t-test, one-tailed, n=8; BIBP3226: t()=1.116, p=0.1507, paired t-
test, one-tailed, n=8; Fig. 20C). MPP-dDG LTP strength did not differ between the groups (F,
28)=1.868 p=0.1826, two-way ANOVA; Fig. 20C). Furthermore, the effect of PHY in OVX
mice was tested to evaluate a possibly beneficial effect on MPP-dDG LTP in OVX phyto free
female mice. MPP-dDG LTP was induced in a Y1-R independent manner in OV X female mice
under moderate cholinergic activation (PHY 2 uM) (t7)=2.487, p=0.0209, paired t-test, one-
tailed, n=8; Fig. 20F), shown by the existing MPP-dDG LTP under additional Y1-R blockade
(t)=4.536, p=0.0010, paired t-test, one-tailed, n=9; Fig. 20F). Indeed, in OV X phyto-free mice
a Y1-R independent MPP-dDG LTP was achieved under moderate cholinergic activation
(PHY: t7=5.504, p=0.0005, paired t-test, one-tailed, n=8; BIBP3226: t7=5.059, p=0.0007,
paired t-test, one-tailed, n=8; Fig. 20F). As under control conditions MPP-dDG LTP strength
~ D5~
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did also not differ between the groups (F, 20)=0.2468, p=0.6231, two-way ANOVA; Fig. 20F).
These experiments suggest that under moderate cholinergic activation, MPP-dDG LTP is also
independent of NPY mediated Y1-R activation after total estrogen depletion. Notably, Y1-R
blockade under control conditions and moderate cholinergic activation had no impact on MPP-
dDG neurotransmission in young OV X female mice or OVX young female mice on phyto-free

food (see appendix, Fig. A9). This experiment indicated that some electrophysiological MPP-

dDG properties might be maintained through exogenous estrogen-like sources.
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Figure 20: Complete depletion of estrogen source, not OVX alone, leads to Y1-R dependent MPP-dDG
LTP, which is rescued by moderate cholinergic activation. A: Scheme of the experimental protocol for
Y1-R blockade under control conditions. The normalized data from the last 10 min, indicated by transparent
sections in the columns, were used for statistical comparison shown in bar graphs. B: The plotted timeline
of MPP-dDG LTP with the average fEPSP slope of OVX female mice control (brown), OVX females on
phyto-free food control (yellow), OV X females +BIBP3226 (white with brown), and OV X females on phyto-
free food + BIBP3226 (grey with yellow) starts with the last 10 min of DMSO or selectively Y1-R blockade
recording (0-10 min), followed by 4x TBS induction at 10 min, and finishes with 40 min of LTP recording
(10-50 min). C: The average of the last 10 min from the MPP-dDG LTP recordings in the bar graph reveals
successful MPP-dDG LTP ina Y1-R independent manner in OV X young female mice (brown). OV X young
female mice on phyto-free food demonstrate a Y1-R dependent MPP-dDG LTP (yellow). Nevertheless, the
strength of the signal after TBS does not differ between the groups. Below the graphs, representative fEPSP
traces are plotted: before TBS (colored) and from the last 10 min of MPP-dDG LTP recording (grey). Scale
bar x-axis: 2 ms each and y-axis: 1 mV each. D: Scheme of the experimental protocol for Y1-R blockade
under moderate cholinergic activation. The normalized data from the last 10 min, indicated by transparent
sections in the columns, were used for statistical comparison shown in bar graphs. E: The plotted timeline
of MPP-dDG LTP with the average fEPSP slope of OV X female mice with PHY (dark purple), OVX females
on phyto-free food with PHY (pink), OVX females with PHY + BIBP3226 (white with dark purple), and
OVX females on phyto-free food with PHY + BIBP3226 (grey with pink) starts with the last 10 min of
moderate cholinergic activation or moderate cholinergic activation with selectively Y1-R blockade (0-10
min), followed by 4x TBS induction at 10 min, and finishes with 40 min of LTP recording (10-50 min). F:
The average of the last 10 min from the MPP-dDG LTP recordings in the bar graph reveals successful MPP-
dDG LTP under both conditions in OVX and OVX young females on phyto-free food. Nevertheless, the
strength of the signal after TBS does not differ between the groups. Below the graphs, representative fEPSP
traces are plotted: before TBS (colored) and from the last 10 min of MPP-dDG LTP recording (grey). Scale
bar x-axis: 2 ms each and y-axis: 1 mV each. dDG = dorsal dentate gyrus, LTP = Long-term potentiation,
OVX = ovariectomy, TBS =theta-burst stimulation, and Y1-R = Neuropeptide Y 1 Receptor. LTP induction
(in group comparison): #, p < 0.05, ##, p < 0.01, ###, p <0.001

4.6. NPY concentration shows a sex- and age-dependent decrease

The electrophysiological recordings in this thesis and the literature pointed to an altered
NPYergic system during aging. Therefore, to investigate age-mediated changes in NPY
concentration and Y1-R expression, | collaborated with Miguel M. del Angel, MSc. He
performed WB analysis and ELISA on the dDG tissue of young and aged male and female
mice in a cycle stage-dependent manner. The ELISA data demonstrated that the NPY
concentration in the dDG was lower in females than in males, as already shown (Nahvi and
Sabban, 2020). This sex difference persisted through aging and was cycle stage independent
(F,24)=0.8873, p<0.0001, ordinary one-way ANOVA; post-hoc comparison young low estrus
females vs. young males: p<0.0001, ordinary one-way ANOVA Fisher's LSD test; post-hoc
comparison young high estrus females vs. young males: p<0.0001, ordinary one-way ANOVA
Fisher's LSD test; post-hoc comparison aged anestrus females vs. young males: p<0.0001,
ordinary one-way ANOVA Fisher's LSD test; post-hoc comparison young low estrus females
vs. aged males: p=0.001, ordinary one-way ANOVA Fishers’ LSD test; post-hoc comparison
young high estrus females vs. aged males: p=0.006, ordinary one-way ANOVA Fishers” LSD

test; post-hoc comparison aged anestrus females vs. aged males: p=0.001, ordinary one-way
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ANOVA Fishers’ LSD test; n=5 (young males), n=5 (aged males); n=6 (females low estrus);
n=8 (females high estrus); n=5 (anestrus females); Fig. 21A). Strikingly, aged male mice
showed reduced NPY levels in comparison to young male mice (post-hoc comparison
p=0.0386, ordinary one-way ANOVA Fisher's LSD test, n=5 (young males); n=5 (aged males);
Fig. 21A), while NPY concentration in females remained unchanged during aging (post-hoc
comparison young low estrus vs. aged anestrus females: p=0.9612, ordinary one-way ANOVA
Fishers” LSD test, n=6 (aged anestrus females); post-hoc comparison young high estrus vs.
aged anestrus females: p=0.3971, ordinary one-way ANOVA Fishers’ LSD test, n=6 (aged
anestrus females); n=7 (young high estrus females); Fig. 21A) and between the analyzed estrus
stages (post-hoc comparison young low vs. high estrus females : p=0.454, ordinary one-way
ANOVA Fishers’ LSD test, n=6 (young low estrus females); n=7 (young high estrus females);
Fig. 21A). No age-dependent changes in Y1-R expression were evident (F4,.25=0.6889,
p=0.6535, ordinary one-way ANOVA, n=5 (young males); n=5 (aged males); n=6 (females
low estrus); n=8 (females high estrus); n=5 (anestrus females); Fig. 21B) in the dDG. To
summarize, only male mice showed reduced NPY levels in the dDG during aging.

A NPY concentration B
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Figure 21: Aged male mice showed reduced NPY concentration in the dDG. A: NPY concentration from
dDG measured by ELISA in pg/ml showed an apparent sex effect in NPY expression. Female mice expressed
low but stable NPY expression through age and cycle. In contrast, young males showed higher NPY
expression that decreased during aging. B: Y1-R expression measured by WB and normalized to tubulin
stayed stable between sexes over lifetime and cycle stage. A representative WB membrane with one example
of each sex, age, and cycle stage is presented. The symbols above the WB picture correspond to the legend
of the bar graph. dDG = dorsal dentate gyrus, NPY = Neuropeptide Y, WB = western blot, and Y1-R =
Neuropeptide Y receptor type 1. Changes in NPY concentration (group comparison): *, p < 0.05, ***, p <
0.001, **** p < 0.0001
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4.7. ERK1/2 phosphorylation increases during aging in a sex-dependent

manner

ERK1/2, GIuA1l/GIuR1 subunit of AMPA-R, and NR2B subunit of NMDA-R are crucial
for LTP induction (Citri & Malenka, 2008; Coogan et al., 1996; Diering & Huganir, 2018;
English & David Sweatt, 1997; Rosenblum et al., 1996; Thomas & Huganir, 2004). Moreover,
age-dependent changes have been controversially shown for NR2B with either up- or down-
regulation during aging (Clayton et al., 2002; Newton et al., 2008). In collaboration with
Miguel M. del Angel, M.Sc., the phosphorylation at p42 and p44 for ERK1/2, Ser845 for
GIuAl, and Tyrl1472 (main phosphorylation side of NR2B) (Chen & Roche, 2007) for NR2B
were investigated by WB analysis in a sex and age-dependent manner. The cycle stage was left
out in this experiment since NPY concentration did not reveal cycle-dependent changes.
Preliminary data of GIuR1 (F(, 8=0.6933, p=0.4292, two-way ANOVA; N=3 (young males);
N=3 (aged males); N=3 (young females); N=3 (aged females); Fig. 23A) and GIuR1
phosphorylated at Ser845 (F(, 8=2.437, p=0.1571, two-way ANOVA,; N=3 (young males);
N=3 (aged males); N=3 (young females); N=3 (aged females); Fig. 22A) revealed an unchanged
expression independent of sex and age. In addition, the ratio for pGIuR1/GIluR1 was stable (F(,
8)=0.1042, p=0.7552, two-way ANOVA; N=3 (young males); N=3 (aged males); N=3 (young
females); N=3 (aged females); Fig. 22A). Furthermore, phosphorylation of NR2B at Tyr1472
was unchanged over sex and age (F, 20=3.296, p=0.0845, two-way ANOVA; N=6 (young
males); N=6 (aged males); n=6 (young females); N=6 (aged females); Fig. 22C). Neither NR2B
(F@, 20=0.03212, p=0.8596, two-way ANOVA; N=6 (young males); n=6 (aged males); N=6
(young females); N=6 (aged females); Fig. 22C) nor the ratio of pPNR2B/NR2B was altered
during aging or between sexes (F(1, 20=1.595, p=0.221, two-way ANOVA; N=6 (young males);
N=6 (aged males); N=6 (young females); N=6 (aged females); Fig. 22C). Remarkably, the
phosphorylation of ERK1/2 in the dDG revealed a sex- and age-dependent alteration (F,
20)=7.590, p=0.0122, two-way ANOVA, Fig. 22B). ERK1/2 phosphorylation was increased in
aged males compared to young males (post-hoc comparison: p=0.0147, two-way ANOVA
Fisher's LSD test; N=6 (young males); N=6 (aged males); Fig. 22B). Furthermore, an age-
dependent sex-difference was evident in ERK1/2 phosphorylation as pERK1/2 was lower in
aged anestrus females compared to aged males (post-hoc comparison: p=0.0262, two-way
ANOVA Fisher's LSD test; N=6 (aged males); N=6 (aged females); Fig. 22B), while ERK1/2
activation was stable between young and aged anestrus females (post-hoc comparison:
p=0.2349, two-way ANOVA Fisher's LSD test; N=6 (young females); N=6 (aged females);
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Fig. 22B). The ratio of pERK1/2 revealed a clear sex-differences independent of age and an
age effect in male mice (F(z,20=9.247, p=0.0065, two-way ANOVA,; Fig. 22B). pERK1/2 ratio
was significantly increased in aged males compared to young male mice (post-hoc comparison
p=0.0183, two-way ANOVA Fisher's LSD test; N=6 (young males); N=6 (aged males); Fig.
22B) and to aged female mice (post-hoc comparison: p=0.0499, two-way ANOVA Fisher's
LSD test; N=6 (aged males); N=6 (aged females); Fig. 22B). Moreover, pERK1/2 ratio is
significantly higher in young females than in young males (post-hoc comparison: p=0.0386,
two-way ANOVA Fisher's LSD test; N=6 (young males); N=6 (young females); Fig. 22C)
while the ratio between young and aged females in unchanged (post-hoc comparison:
p=0.0987, two-way ANOVA Fisher's LSD test; N=6 (young females); N=6 (aged females);
Fig. 22B). Total ERK1/2 levels remaind unchanged (F(1, 20)=0.007929, p=0.9299, two-way
ANOVA; N=6 (young males); N=6 (aged males); N=6 (young females); N=6 (aged females);
Fig. 22B). This study demonstrated an increased ERK1/2 phosphorylation in the dDG of aged
males but not females compared to their young counterparts. Moreover, a sex difference in the

pERK ratio could be detected, which persists in the opposite direction during aging.
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Figure 22: Aging caused increased ERK1/2 phosphorylation in male but not female mice. A: Protein
expression of GIuR1 and pGluR1(Ser845) measured by WB analysis in the dDG was unchanged for all
groups. The calculated ratio reveals no change between the groups. B: Protein expression of ERK1/2 and
pPERK1/2(Thyr202/Thyr204) measured by WB analysis in the dDG of young and aged mice from both sexes
reveals an age-dependent increase in male mice and a sex difference in pERK1/2(Thyr202/Thyr204) and
PERK1/2(Thyr202/Thyr204) ratio. C: Protein expression of NR2B and pNR2B(Tyr1472) measured by WB
analysis in the dDG demonstrated no difference between the groups. Moreover, the calculated ratio reveals
no change either. Above the graphs, a representative picture of the protein expressions is plotted from one
animal for each condition from young and aged mice of both sexes. The symbols correspond to legend in
the bar graphs, while Y and A indicate young or aged, respectively. Group comparison: *, p < 0.05
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5. Discussion

The dentate gyrus is the gate-keeper of the hippocampus, an area highly vulnerable to aging-
related processes, and is of particular interest to investigate for age-related changes. The DG is
a highly controlled area that reduces the neocortex's multi-informational signals in sparse
information for the CA3 (Leutgeb et al., 2007; Treves & Rolls, 1994). Its physiological
properties, especially excitability, transmission, and plasticity, provide relevant information on
the cellular underpinnings of memory since synaptic plasticity has been extensively proven to
be the cellular correlate of memory (Bliss & Collingridge, 1993). Any change in the excitability
or plasticity of the dDG would have tremendous effects on proper episodic and spatial memory
encoding, consolidation, or recall. Understanding aging-related changes in synaptic plasticity
are assumed to be instrumental in identifying ways of supporting cognitive decline.

In this study, by inducing LTP at the MPP-dDG synapse in slice preparations under intact
inhibition in both sexes (Fig. 11; 15), | investigated the local circuits mechanism of the dDG
involved in the maintenance of plasticity during aging. | was able to demonstrate that
cholinergic recovery of MPP-dDG LTP in aged male mice is dependent on the activation of
Y1-R (Fig. 13) and that application of exogenous NPY can recover this form of plasticity (Fig.
14). Aged females in contrast to males, maintained MPP-dDG LTP even without cholinergic
stimulation. Nevertheless, MPP-dDG LTP in aged anestrus female mice became dependent on
Y 1-R transmission (Fig. 15) — which was overcome by cholinergic stimulation (Fig. 16). These
sex-specific alterations in plasticity were accompanied by alterations in neuronal excitability
(Fig. 11; 15) as well as endogenous dDG NPY concentration (Fig. 21) and ERK1/2
phosphorylation (Fig. 22). These data demonstrate the sex-specific alteration of plasticity
mechanisms in the dDG during aging and the critical involvement of local NPYergic
transmission in the maintenance of plasticity. Moreover, my data demonstrated the potential of
a nutritional estrogen replacement strategy to treat MPP-dDG LTP impairment in anestrus
females (Fig. 20).

5.1. TBS induces MPP-dDG LTP under intact inhibition in young mice

An important technical aspect of this study is the successful LTP induction in the MPP-
dDG synapse of both sexes under intact inhibition in vitro (Fig. 11; 15). The (in vitro) rarely
used theta-burst stimulation achieved this by combining ortho- and antidromic stimulation. The
protocol was established by Lopez-Roja (Lopez-Rojas et al., 2016) and, with this study, for the
first time in our laboratory. The challenge was to establish suitable order and strength of ortho-
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and antidromic stimulation in the dDG under intact inhibition (see appendix Fig. Al). With the
established TBS protocol, this study showed successful MPP-dDG LTP induction in young
male and female mice with 4x TBS, which was marked by an increase of at least 10% in the
fEPSP slope (Fig. 11).

Historically, LTP induction in vitro has usually been performed using high-frequency
stimulation under diminished inhibitory tonus in the MPP to dDG synapses (e.g., Hanse &
Gustafsson, 1992; M. Zhang et al., 2021). However, LTP recordings under intact inhibition
have also been performed in the DG in vitro (Arima-Yoshida et al., 2011; Corvino et al., 2014;
Diana et al., 1994; Froc et al., 2003; Schreurs et al., 2017; Schurmans et al., 1997; Sha et al.,
2016; Yun & Trommer, 2011; Chen et al., 2000; Wang et al., 2015). In the mentioned studies,
the LTP induction at the PP-DG synapse has been shown to be successful, except for the
analysis performed by Arima-Yoshida and colleagues (Arima-Yoshida et al., 2011). It is worth
noting that Schreurs and colleagues (2017) mention specifically that LTP recording is
performed at the MPP synapse in the dDG while investigating plasticity along the dorsoventral
axis by performing multi-array recordings (MEA) in young and middle-aged male mice. The
work demonstrates a more prominent LTP in the ventral pole than the dorsal, which decays
during aging. Nevertheless, MPP-dDG LTP induction and maintenance has been demonstrated
to persist also in middle-aged male mice (Schreurs et al., 2017). The other studies mentioned
above do not specify if PP-DG LTP is recorded from the dorsal or ventral pole. Moreover,
Chen and colleagues (2000), Wang and colleagues (2015), Yuan and Trommer (2011),
Schreurs and colleagues (2017), as well as Arima-Yoshida and colleagues (2011) used young
male rodents (Arima-Yoshida et al., 2011; Chen et al., 2000; Schreurs et al., 2017; Wang et al.,
2016; Yun & Trommer, 2011). Corvino and colleagues (2014) reported from young female rats
(Corvino et al., 2014); the other studies used young or aged rodents without reporting the sex
or pooling the data from both sexes. Furthermore, LTP threshold differences between sexes
have been shown by PP-DG LTP recordings from anesthetized rats (Maren, 1995; Maren et
al., 1994), but this did not occur with 4x TBS. In these studies, HFS stimulation is used to
induce PP-DG LTP. It thus appears that the 4x TBS protocol is strong enough to overcome sex
differences in LTP induction in the dentate gyrus since MPP-dDG LTP can therefore be, in

general, induced under intact GABAergic inhibition.
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5.2. Deficit of MPP-dDG L TP without GABAA receptor blockade in aged

male mice

Using the established TBS protocol, | was able to show that MPP-dDG LTP under intact
inhibitory tonus in vitro is abolished in aged male mice (Fig. 11D). At the same time, increased
baseline excitability could be observed during aging (Fig. 11A). By contrast, the pre-synaptic
response was not altered compared to young males (Fig. 11B). These results are in line with
several in vivo studies, showing that LTP induction, maintenance, and decay are impaired in
the PP-DG synapse of aged male rodents (Barnes, 1979; Barnes & McNaughton, 1980, 1986;
Geinisman et al., 1992; Geinisman et al., 1995). Rarely has this been shown in vitro for LTP
induction under intact inhibition. Thus, Diana and colleagues (1994) successfully induced and
maintained LTP (measured by the population spike) with 100Hz tetanus stimulation in the DG
of aged rats from both sexes (Diana et al., 1994). On the other hand, impaired MPP-dDG LTP
maintenance at the ventral pole induced with 4x HFS has been shown for middle-aged males
in vitro (Schreurs et al., 2017). Furthermore, in aged mice (sex not mentioned), LTP can be
rendered at the LPP-dDG synapse but not maintained under intact inhibitory tonus (Froc et al.,
2003). A possible explanation for the abolished MPP-dDG LTP in aged male mice is a
disturbance of the E-I balance (signal-to-noise-ratio), probably mediated by an increase of GC
excitability resulting from interneuron loss in the dDG (Stanley & Shetty, 2004). Indeed, it has
been shown that E-1 balance is essential for spatial performance, signal-to-noise ratio,
information capacity, and sparse GC activation in the DG (Coulter & Carlson, 2007; Marder
& Buonomano, 2004; Shew et al., 2011).

Rubenstein and Merzenich described 2003 E-I as a possible cause for some forms of autism,
which Sohal and Rubenstein further updated and proposed for other neuropsychiatric
pathologies (Rubenstein & Merzenich, 2003; Sohal & Rubenstein, 2019). In aged rats,
increased E-I balance after LPP stimulation correlates with reduced cognitive performance
(Tran et al., 2019). In line, aged rat GCs displayed a higher population spike to a given PP
stimulus and showed a reduced voltage threshold (Barnes & Mcnaughton, 1980). The increased
post-synaptic excitability demonstrated in my study is in line with the mentioned observation
and indicates reduced inhibitory tonus in the aged dDG. Enhanced post-synaptic inhibitory
strength has previously also been found in cognitively unimpaired-aged rats (Tran et al., 2018).
The unchanged pre-synaptic response in my study indicates that observed MPP-dDG LTP
deficits resulted from local changes in the dDG during aging rather than alterations of baseline

excitability or a non-functional input from the EC. The latter has been proposed in an entorhinal
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lesion study (Scheff et al., 2006) in a survey of structural connectivity in elder humans (Scheff
et al., 2006), and by a reduced number of PP synapses in the mid-ML (Detoledo-Morrell et al.,
1988; Geinisman et al., 1992). The pre-synaptic response is measured in the FV, representing
action potentials from the pre-synapse arising at the fEPSPs from the EC to the GCs (Sweatt,
2008). An unaltered FV in aged tissue may indicate that remaining MPP synapses are more
efficient, which is underlined by former studies (reviewed in Geinisman et al., 1995). Besides
the impact of the EC, a higher induction threshold (reviewed in Barnes et al., 2000; Geinisman
et al., 1995) cannot be completely excluded as a possible reason for the abolished MPP-dDG
LTP in aged male mice but is unlikely as a stimulation intensity was chosen that was well above
threshold in control conditions.

In summary, the literature and my data strengthen a disrupted E-I balance as the possible
reason for the abolished MPP-dDG LTP in aged male mice. A likely explanation for the
increased E-l1 balance is the reduction of inhibitory interneurons. A possible candidate is
NPYergic-containing HIPP cells since non-fast spiking interneurons (such as HIPP cells) are
strongly recruited after strong PP activation to maintain the quiescence of GC (Liuetal., 2014).
Furthermore, hilar interneurons containing NPY and NPYergic mRNA levels have been shown
to decline during aging in males (Gavilan et al., 2007; Matsuoka et al., 1995; Vela et al., 2003).
NPY is known to reduce glutamatergic transmission and the release of Ca?* in GCs, leading to
an inhibition (Sperk et al., 2007a), so a reduction of NPYergic cells and NPY release can be
expected to lead to higher excitability. In fact, increased Ca2* influx has been shown for the
CAL1 region and increased glutamate release for the DG in aged rodents (EI-Hayek et al., 2013;
Saransaari, 1995; Stephens et al., 2011). In contrast to this hypothesis, antagonizing the Y1-R
had no impact on MPP-dDG LTP independent of age in the current study, leaving MPP-dDG
LTP unaltered in young male mice and not affecting its abolition in the aged. Therefore,
additional factors need to be considered. The cholinergic system is the major neuromodulatory
system declining during aging, with a tremendous effect on plasticity. A decline of the
projections from the MS to the DG has been described during aging (Ballinger et al., 2016;
Lukoyanov etal., 1999; Schliebs & Arendt, 2011). In fact, cholinergic lesions are used to model
aging-related changes in the hippocampus (Berger-Sweeney et al., 2001; Kesner et al., 1986;
Nicolle et al., 1997), and acetylcholine esterase inhibitors are commonly used as a
pharmacological treatment in AD (Yiannopoulou & Papageorgiou, 2020). Cholinergic
projections from the MS targeting also inhibitory interneurons, including NPY-containing
HIPP cells. These cells are especially vulnerable to a cholinergic decline (Matsuoka et al.,
1995) and are involved in Y1-R activation through ACh during contextual fear learning (Raza
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et al.,, 2017). On the other hand, the cholinergic decline could lead to a reduction of GC
excitability since ACh mildly excites GC, reduces the spike threshold, and increases the
propensity of action potential generation (Martinello et al., 2015; Prince et al., 2016; Raza et
al., 2017). Nevertheless, a loss of excitability is in contrast to the increased post-synaptic
excitability.

Therefore, two open questions were addressed in the following step: 1) Does moderate
cholinergic activation induce Y1-R activation in aged male mice, as in young male mice? and

2) Does Y1-R inactivation impact MPP-dDG LTP under moderate cholinergic activation?

5.3. Increasing NPYergic MPP-dDG neurotransmission recovers deficit
in MPP-dDG LTP in aged male mice

Y1-R blockade alone did not affect MPP-dDG neurotransmission or plasticity either in
young or aged mice (Fig. 12C). However, it reversed the effect of moderate cholinergic
activation (with PHY), which decreased MPP-dDG neurotransmission in the young (Fig. A2;
12F). Also, the recovery of MPP-dDG plasticity under moderate cholinergic activation could
be blocked through the additional application of the Y1-R antagonist in aged but not young
male mice (Fig. 13). Furthermore, NPYergic activity was not only necessary for the cholinergic
stimulation of plasticity but sufficient to recover MPP-dDG LTP independently of it, as
demonstrated by exogenous application of NPY in the perfusion solution (Fig. 14).

Previously we described with a pharmacological and chemogenetic approach that Y1-R
stimulation in the dDG can be induced via cholinergic stimulation of HIPP cells (Raza et al.,
2017). The current study proved in young male mice that moderate cholinergic activation
(through PHY) mediates Y1-R activation (Fig. 12C/F). Similar to young males, aged mice
depicted unchanged MPP-dDG neurotransmission after Y1-R blockade (Fig. 12C). In contrast
to the young mice, reduced MPP-dDG neurotransmission upon moderate cholinergic activation
was not reversed by Y1-R activation in the aged (Fig. 12F). The decrease of the fEPSP slope
at the MPP-DG synapse through PHY has been previously shown to be mediated by the
depression of glutamate release in young male rodents and proposed the involvement of
endocannabinoids, specifically the endocannabinoid receptor 1 (Colgin et al., 2003). In this
light, the reduced MPP-dDG neurotransmission in aged male mice can be interpreted as 1) an
inability to mediate the effective difference in Y1-R activation due to a reduced NPYergic
contribution mediated by a reduced NPY concentration (Fig. 21) and the loss of NPY

containing interneurons in the dDG of aged males (Cadiacio et al., 2003; Hattiangady et al.,
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2005; Stanley & Shetty, 2004) or 2) the involvement of endocannabinoids and not NPY-
mediated Y1-R blockade, which is unlikely since endocannabinoids are not affecting the post-
synapse (Castillo et al., 2011; Kirby et al., 1995). The impact of the reduced excitability in the
dDG to enable MPP-dDG LTP recovery has been evaluated in the next step.

MPP-dDG LTP was successfully induced under moderate cholinergic activation and
moderate cholinergic activation combined with Y1-R blockade in young male mice. (Fig. 12C).
Previous studies show the facilitation of MPP-DG LTP through muscarinic agonists under a
low tetanus protocol in anesthetized rats. Furthermore, muscarinic agonists facilitate GC
response to MPP stimulation and increase the probability of eliciting MPP-DG LTP through
disinhibition of PV+ interneurons via increased SST+ interneuron activation in young male
mice. In both studies, PP-DG LTP was found to be facilitated by cholinergic activation but not
dependent on it (Abe et al., 1994; Ogando et al., 2021).

The beneficial effect of acetylcholine esterase inhibitors, M-R agonists, and nicotine
administration on CA1 LTP in aged rodents have been demonstrated (Fujii & Sumikawa, 2001;
Hornick et al., 2011; Si et al., 2010). In line with these studies, in the current study, moderate
cholinergic activation through PHY rescued the deficit of LTP at the MPP-dDG synapse in
aged male mice (Fig. 13).

Strikingly, the beneficial effect of moderate cholinergic activation in this study was
mediated by Y1-R activation, as indicated by re-occurring MPP-dDG LTP deficit after the
combination of moderate cholinergic activation and Y1-R blockade (Fig. 13). These results
suggest an important role of NPY-mediated Y1-R activation in the reduction of MPP-dDG
neurotransmission and plasticity recovery in aged male mice. This interaction of ACh and NPY
may be a more general feature relevant to aging, as indicated by the beneficial effect of nicotine
treatment on MWM memory performance in a rat model of AD being Y1-R dependent
(Rangani et al., 2012).

Besides this, the literature indicates a crucial role of NPY in spatial task learning, shown
by impaired spatial learning in an NPY overexpressing rat model (Thorsell et al., 2000) that is
reversed by age (Carvajal et al., 2004) and the beneficial effect of intracerebral NPY infusion
prior to amyloid B peptides on some anxiety tasks and spatial memory in young mice (dos
Santos et al., 2013). Moreover, intranasal co-administration of a Y1-R agonist and the
neuropeptide Galanin 1 enhances spatial memory performance in young male mice, and
intracerebroventricular injection of NPY or Y1-R agonist enhances spatial memory in an AD
rat model (Borroto-Escuela et al., 2022; Rangani et al., 2012). Nevertheless, the only indication
from the literature that NPY might benefit MPP-dDG LTP is given by Corvino and colleagues,
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reporting a beneficial effect of exogenous NPY application on newly born neurons in the DG,
which increases MPP-DG LTP in a TMT female rat model for hippocampal degeneration
(Corvino et al., 2014). Notably, the TMT administration does not abolish MPP-dDG LTP. In
line with the importance of NPY for plasticity, my data demonstrate that acute NPY application
rescued the MPP-dDG LTP deficit in aged male mice in vitro (Fig. 14) without changing MPP-
dDG neurotransmission (Fig. A4). The unchanged MPP-dDG neurotransmission has been
demonstrated in previous studies showing no or minor effects of NPY on PP-evoked EPSPs in
the ML (Sperk et al., 2007b).

At a cellular level, the Y1-R dependent MPP-dDG LTP rescue under moderate cholinergic
activation might be explained by a reduction of GCs excitability through moderate cholinergic
activation, possibly through mobilizing remaining NPY and mediating Y1-R activation. This
is also indicated by the MPP-dDG neurotransmission reduction (Fig. 12, A3). Y1-R activation
could reduce glutamate release and Ca?* influx and, with that, reduce GC excitability (Sperk et
al., 2007a). In young male mice, Y1-R blockade did not mediate MPP-dDG neurotransmission
increase in the absence of cholinergic stimulation. Therefore, a Y1-R-dependent increase of
MPP-dDG neurotransmission under moderate cholinergic activation in aged male mice would
not be expected if GC excitability was reduced to normal excitability. An increase in Y1-R
activation could increase the inhibitory strength on the GCs and reduce the heightened
excitation in aged animals (Liu et al., 2014; Raza et al., 2017; Yuan et al., 2017). By that, E-I
would be normalized and allows successful MPP-dDG LTP induction. This view is supported
by the reported importance of E-I balance for spatial performance and proper DG output (Lee
et al.,, 2016; Madar et al., 2019). Our laboratory findings have shown that, indeed, ACh-
mediated Y1-R activation is incessant for proper contextual fear memory learning in young
male mice (Razaetal., 2017). Moreover, the beneficial effects of nicotine treatment on memory
performance in a rat model of AD have been shown to be Y1-R dependent (Rangani et al.,
2012). As mentioned before, in young male mice, the disinhibition of PV+ interneurons
facilitates MPP-DG LTP (Ogando et al., 2021). One could argue, therefore, that the effect in
aged male mice may be mediated through a disinhibitory mechanism stimulated by increased
NPYergic neurotransmission onto other interneurons. This study did not investigate the
GABAergic tonus and PV+ interneurons. Nevertheless, due to the reported decline of
GABAergic inhibition in the DG during aging and AD (Patrylo et al., 2007; Wu et al., 2014),
the absence of LPP-DG LTP facilitation after GABAA blockade in aged mice, as well as the
decline of PV+ interneurons during aging (Dugan et al., 2009; Froc et al., 2003; Shetty &
Turner, 1999) an MPP-dDG LTP deficit due to the loss of disinhibition seems unlikely.



Katharina Klinger Discussion

Together, my data reveal the importance of increasing NPYergic MPP-dDG
neurotransmission in aged male mice to rescue the LTP deficit at the MPP-dDG synapse

elicited by normalized E-I balance through increased Y1-R mediated inhibition.

5.4. TBS induces MPP-dDG LTP without GABAA receptor blockade in

aged female mice

Using the same TBS protocol as in males, this study also demonstrates a Y1-R dependent
MPP-dDG LTP in aged anestrus female mice (Fig. 15) - overcome by moderate cholinergic
activation (Fig. 16). At the same time, postsynaptic excitability was increased in a cycle-
dependent manner (Fig. 15A). The pre-synaptic excitability, by contrast, was only increased in
aged anestrus female mice compared to young high estrus females, but not compared to young
low estrus females (Fig. 15B).

MPP-dDG neurotransmission and plasticity are underinvestigated in natural cycling and
aged females but have gained more interest over the last few years. Distinct changes in
hippocampal plasticity, like a higher induction threshold of PP-DG LTP with HFS in vivo, have
been shown (Maren, 1995; Maren et al., 1994). Furthermore, sex differences are known to
appear in the NPYergic system, such as lower level of NPY in the hippocampus of young
female mice compared to young male mice (reviewed in Nahvi & Sabban, 2020), and also in
the cholinergic system, including lower spontaneous ACh release in young females (Masuda
et al., 2005; Mitsushima et al., 2003, 2009a). The impact of estrogen on synaptic plasticity has
been mostly studied in the CA1 subregion (reviewed in Hajszan et al., 2007). Furthermore, the
known sex differences in neurodegenerative diseases, like steeper memory decline and
controversial results of pharmacological treatment (Canevelli et al., 2017; Giacobini & Pepeu,
2018; Irvine et al., 2012; Mielke et al., 2014) the lower reduction of cholinergic projections
from the MS to the DG in aged females compared to aged males (Lukoyanov et al., 1999) and
the missing knowledge about LTP at the MPP-dDG synapse in aged anestrus females make it
crucial to investigate the impact of aging in females.

The data from this study reveal increased post-synaptic excitability at the MPP-dDG
synapse of young low estrus compared to high estrus females (Fig. 15A). This is contrary to
the results of Maguire and colleagues, demonstrating reduced tonic inhibition and higher
seizure susceptibility in estrus compared to young late diestrus females. Nevertheless, their
study does not mention the pole of the DG recording and measured inhibitory currents by patch-

clamp recordings (Maguire et al., 2005). Furthermore, in the current study, the high estrus
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group contains young female mice of proestrus and estrus, while the low estrus groups contain
diestrus and metestrus females. Progesterone levels start increasing in the late diestrus phase
and are high in estrus, while estrogen is high in proestrus (Inoue, 2022). Progesterone is known
to enhance tonic inhibition in cycling females, males, and OVX females (Maguire & Mody,
2007), while estradiol mediates NPY release and gene expression in the DG of ovariectomized
rats and mice trough Era and ERB (Hilke et al., 2009; Ledoux et al., 2009; Veliskova et al.,
2015; Veliskova & Velisek, 2007). The NPYergic and GABAergic (tonic) inhibition might
cause reduced post-synaptic excitability in young high estrus females compared to low estrus
females. In contrast, low estrus females lack the increased NPY release and gene expression
due to low estrogen levels. Notably, the low estrus group of the current study contained more
females in metestrus than in the diestrus stage. Interestingly, post-synaptic excitability was not
different between young low estrus and aged anestrus females, even though a tendency for an
increase could be observed (Fig. 15A). Zhu and colleagues (2019) demonstrate that GC
excitability is reduced in middle-aged (14-15-month-old) female Kumming mice, using patch-
clamp recordings (Zhu et al., 2020). The pooled anestrus and permanent estrus females in the
study may explain the contrary results. Anestrus females display low estradiol levels, while
permanent estrus females show high levels of estrogen (Huang et al., 1978), which might lead
to a higher inhibitory tonus, as explained above.

In the current study, pre-synaptic excitability was increased in aged anestrus females
compared to young high estrus but not to young low estrus females and not between the cycle
stages (Fig. 15B). This 1) indicates a local change in the excitability of GCs for young females
during different cycle stages but 2) leaves the possibility of a non-local mediated increase of
GC excitability in aged anestrus females. However, my data also demonstrate a Y1-R
dependence of MPP-dDG LTP in aged anestrus female mice but not in the young ones (Fig.
15D), indicating an increased involvement of local NPYergic circuitry. Several reasons for the
maintained but Y1-R-sensitive MPP-dDG LTP might apply in aged anestrus females. Female
mice do not undergo the exact hormonal change during aging as humans do during menopause.
Even though the estradiol levels are low in aged anestrus mice (Huang et al., 1978), they remain
at detectable levels, which is not the case in humans. The remaining estradiol might protect
against MPP-dDG LTP deficit, as it has been shown for estradiol application in a female-aged
AD mouse model (22-24 months old) of MPP-DG LTP under GABAA blockade and in OV X-
aged rats (15-18-month-old) for CA1 LTP (Inagaki et al., 2012; Sung et al., 2007). It has been
shown that estradiol increases NPY release and gene expression in the DG of ovariectomized
rodents directly through ERa and ER (Corvino et al., 2015; Ledoux et al., 2009; Veliskova et

~ 7]~
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al., 2015; Veliskova & Velisek, 2007). Moreover, estradiol also modulates the cholinergic
system, mainly through ERo (Gibbs, 2000, 2010; Luine, 1985), and thereby might also
indirectly activate the Y1-R, as shown in young males (Raza et al., 2017). The current study
confirmed ACh-mediated Y1-R activation also for aged males. Additionally, the smaller
decline in cholinergic fibers in aged females compared to aged males could preserve the
function of hilar interneurons, which are vulnerable to cholinergic decline, if the same
mechanism as in males applies (Lukoyanov et al., 1999; Matsuoka et al., 1995). All these
factors would increase inhibition in the dDG of aged anestrus female mice and might affect
MPP-dDG LTP beneficial if retardation of the NPYergic system has already started. On the
other hand, estradiol and ER modulators increase NMDA binding and phosphorylation of
NR2B, which could induce higher excitability and facilitates LTP (Cyr et al., 2001; Nebieridze
et al., 2012; Smith & McMahon, 2006) if a reduction of excitability occurs due to the loss of
cycling hormones, as it has been shown for middle-aged female Kumming mice (cycle not
investigated) (Zhu et al., 2020). Anyway, my data showed a tendentially increased and not
reduced post-synaptic excitability of aged anestrus females compared to young females. This
is also in line with the reported increase of post-synaptic excitability at the MPP-dDG pathway
in ML of middle-aged female AD mice (Hazra et al., 2013).

Acetylcholine esterase treatment is widely used to treat cognitive decline, but its beneficial
effect on women with AD has been discussed controversially (Canevelli et al., 2017; Giacobini
& Pepeu, 2018; Irvine et al., 2012; Mielke et al., 2014). In the current study, moderate
cholinergic activation led to a Y1-R independent MPP-dDG LTP. At the same time, the
magnitude of LTP was unaffected (Fig. 16). Due to the lower decline of cholinergic projection
to the dDG, moderate cholinergic activation might abolish the need for compensation by Y1-
R activation. Another possibility might be if the same mechanism as in males applies, a less
retarded NPYergic system. The Y1-R thus appears to be efficiently activated upon moderate
cholinergic activation, leading to an MPP-dDG LTP as in young female mice (Fig. 15D, 16).
In sum, this indicates an essential role of Y1-R activation in MPP-dDG LTP maintenance
during aging, per se. In contrast, the E-I balance seems less severely disrupted compared to
aged male mice. This might be due to successful compensatory recruitment of the NPYergic
system, which is unaltered during aging, as shown in the current study (Fig. 21A). This
preservation may happen to a mildly declining cholinergic system (Ludovenkey, 1999) as
indicated by the loss of this compensatory need upon moderate cholinergic stimulation. In this

case, cholinergic activation might increase Y1-R activation, as it has been shown in young
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males (Raza et al., 2017). Analog to the male dDG neurotransmission recording with Y1-R
blockade under control conditions and moderate cholinergic activation should reveal the impact

of the cholinergic system on Y1-R activation in females.

5.5. Y1-R activation possibly compensates for increased excitability

Young female mice displayed a measurable difference in Y1-R mediated MPP-dDG
neurotransmission in a cycle-dependent manner (Fig. 17C). Further investigations revealed that
Y1-R dependence was not mediated by acute stimulation of M1-R, which is known to be
expressed on local NPYergic interneurons (Fig. 17F, 18). Still, the dependence of MPP-dDG
neurotransmission on Y1-R was abolished by p-estradiol, Y1-R agonist application, and
moderate cholinergic activation in high estrus females (Fig. 19). In contrast, B-estradiol
combined or moderate cholinergic activation with Y1-R blockade had no impact on MPP-dDG
neurotransmission in low estrus females (Fig. 19).
The current study provides evidence of Y1-R involvement in MPP-dDG neurotransmission,
which was increased after Y1-R blockade in young high estrus females but not in young low
estrus or aged anestrus females (Fig. 17C). The effect was not observed under moderate
cholinergic stimulation and could not be blocked by application of an M1-R antagonist (Fig.
17F, 18). ACh mediates HIPP cell activation through M1-R in young male mice (Raza et al.,
2017), but it cannot be excluded that nicotinic receptors influence Y1-R activation in the dDG
of young high estrus females (Fraizer et al., 2003; Gahring and Rogers, 2008) since the
beneficial effect of nicotine was Y1-R dependent in a male rat model of AD (Rangani et al.,
2012).
The experiment of B-estradiol combined with the Y1-R antagonist application in high estrus
female mice indicates a -estradiol-mediated increase of Y1-R activation. Several studies have
demonstrated the increase of NPY release through estrogen (Corvino et al., 2015; Ledoux et
al., 2009; Veliskova et al., 2015; Veliskova & Velisek, 2007). Smith and colleagues proposed
a non-genomic mediation through membrane Era in NPY/Agouit-related peptide neurons
(Smith, 2013), while Titolo and colleagues (2008) presented a combination of genomic and
non-genomic activation by showing that membrane ERo mediates phosphorylation of the
ERK1/2 pathways in 5-30 min in the CA1, but also that estrogen acts on the promoter of NPY.
They postulated that membrane ERa activation (non-genomic) is critical to induce long-lasting

(genomic) changes in NPY gene expression in clonal immortalized neurons (Titolo et al.,
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2008). However, | did not observe a significant difference in NPY concentration or Y1-R
expression levels in the dDG between high estrus and low estrus females.

It needs to be considered that Y1-R dependence of MPP-dDG neurotransmission might result
from a general change in the control of E-I balance in the dDG. Estrogen is known to stimulate
the activity of the gad2 promoter (Hudgens et al., 2009), thus increasing GABA synthesis.
Moreover, it also increases excitatory neurotransmission as estrogen activates metabotropic
glutamate receptor (mGIUR) group 1 and increases NMDA binding and NR2B
phosphorylation. This facilitates LTP but does not impact neurotransmission at the MPP-DG
synapse under GABAAa blockade in young female rats (Cyr et al., 2001; Nebieridze et al., 2012).
It is thus plausible that cycle stages differ in the network activity maintaining local E-I balance,
and Y1-R dependent transmission gains importance when both excitation and inhibition are
high. This effect might not be achieved in young low estrus stage females by application of [3-
estradiol due to the need for genomic changes, as Veliskova and colleagues (2015) report that
repetitive estrogen injections but not a single dose lead to increased NPY immunoreactivity in
the DG of OV X females (Veliskova et al., 2015).

Aged anestrus females did not show a change in NPY or Y1-R levels but (tendentially)
increased post-synaptic excitability and sensitivity of LTP to Y1-R blockage. In analogy to the
above explanation and the observations made in aging males, a change in network
configuration and the need of NPYergic transmission for compensation might explain this. This
apparently is relieved by moderate cholinergic activation, which also reduces baseline MPP-
dDG neurotransmission to comparable levels in all female groups. Cholinergic projections co-
transmitting ACh and GABA mediated by M2-R activation in the DG of male rodents (Goral
et al., 2022; Granger et al., 2016; Takacs et al., 2018), due to the retardation of the cholinergic
projections also GABA co-transmission is declining during aging which might lead to the
compensatory increased recruitment of Y1-R activation. Thus, an increase of moderate
cholinergic activation would also facilitate GABA co-transmission, decreasing MPP-dDG
neurotransmission and abolishing the need to compensate for increased excitability by Y1-R
activation. Adding to this activation of cholinergic projections leads to the activation of non-
cholinergic projections from the MS, meditating together with cholinergic projections
inhibition of neurotransmission in the CA3 of male rodents (Dannenberg et al., 2015).

In analogy to the explanation in aged male mice, the possibility of reduced disinhibition
can be excluded. Nevertheless, the beneficial effect of PHY on MPP-dDG LTP in aged anestrus
female mice needs to be further investigated. In sum, Y1-R is recruited in young females to
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maintain MPP-dDG neurotransmission under physiological-like conditions while it

compensates in aged anestrus females for slightly reduced inhibition.

5.6. Nutritional estrogen replacement as a possible treatment to preserve

MPP-dDG LTP
The observed interaction of cycle stage, B-estradiol, and Y1-R on MPP-dDG LTP inspired

me to investigate plasticity in a mouse model of chronic estrogen depletion, OVX, and the
impact of nutritional estrogen supplementation. My data show that OV X females display Y1-
R insensitive MPP-dDG LTP independent of moderate cholinergic activation (Fig. 20), thus
resembling young low estrus females. Remarkably, OV X females kept on phyto-free food for
six weeks (treatment, as described in Caliskan et al., 2021), expressed a Y1-R sensitivity of
MPP-dDG LTP (Fig. 20) that was overcome by moderate cholinergic activation (Fig. 20),
hence resembling the observations in aged anestrus mice. In both groups, Y1-R blockade did
not affect MPP-dDG neurotransmission with or without moderate cholinergic activation (see
appendix, Fig. A9).

As discussed above, aged female mice do not resemble precisely the changes during
menopause in humans, as they show follicular degradation instead of depletion and low but
still measurable estrogen levels. By contrast, OV X, which has been used for decades as a model
for menopause, causes the ablation of fluctuating estrogens. OV X female rodents show the first
signs of retardation in step-through passive avoidance after four weeks of hormone deprivation.
After eight weeks of OV X, hippocampus-dependent memory is impaired, depicted by deficits
in the MWM and novel object recognition task (Tao et al., 2020). Accordingly, long-term OV X
(19 months) but not short-term OVX (1 month) of rats of the same age has been shown to
reduce CA1 LTP (Smith et al., 2010).

Until now, however, the effect of OVX on MPP-dDG LTP has not been investigated in
vitro under intact inhibitory tonus. Strikingly, OV X for at least eight weeks could not mimic
the age-related changes in MPP-dDG plasticity unless estrogen analogs were additionally
depleted from the animal food. Standard housing food in our animal facility contains significant
amounts of the phytoestrogens genistein and daidzein, as well as low levels of coumestrol, all
derived from soy components. In mice, these phytoestrogens are almost entirely metabolized
to equol, which activates ERs, especially ER-f for S-equol and ER-a for R-equol (Muthyala et

al., 2004) and may thus substitute for the operationally induced ablation.
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In fact, it has been demonstrated that soy-milk treatment directly after OV X can increase
serum B- estradiol levels of neonatal OV X rats (serum levels measured at day 60) to levels
observed in young gonadally intact rats of the same age (Abbasabadi et al., 2016). The recovery
of CA1 LTP after B-estradiol treatment has been shown in OVX rats treated with aromatase
inhibition (Vierk et al., 2012). Moreover, soy extract given i.p. prevented CA1 LTP decrease
in anesthetized OV X females after seizure induction with kainic acid (Khodamoradi et al.,
2017) and phytoestrogen applied orally to recover spatial working memory and dendritic spines
in the CA1 of OVX females (Konuri et al., 2020). Furthermore, our laboratory showed that
depletion of phytoestrogen leads to impaired ventral CA1 LTP, which can be rescued by equol,
but not dorsal CA1 LTP accompanied by reduced stability of contextual fear memory but not
novelty and spatial memory as well as a reduction of NR2B phosphorylation in the ventral and
a tendentially decrease in the dorsal hippocampus of young male mice (Caligskan et al., 2019).
Moreover, low-phyto food decreases the mMRNA of GAD67 and 65 as well as NPY mRNA in
the amygdala of young male mice (Sandhu et al., 2015). At a cellular level, several possible
mechanisms might account for the beneficial effect of nutritional estrogen replacement in the
dDG. Estrogen derivates could increase NMDA binding in the DG, which is reduced in OVX
females (Cyr et al., 2001). Furthermore, the recovery of adult neurogenesis through p-estradiol
and soy extract in drinking water has been shown for 22-month-old rats (OVX at 12 months of
age) (Perez-Martin et al., 2005). This has been proposed to benefit MPP-DG LTP ina TMT
female rat model for hippocampal degeneration (Corvino et al., 2014). Moreover, a
neuroprotective effect of phytoestrogens on neuronal loss in the hilus of the DG after kainic
acid application in adult OVX females has been demonstrated (Azcoitia et al., 2006).
Furthermore, the estrogen-mediated increase of the cholinergic release and maintenance of
projections in the hippocampus (Gibbs, 2010; Gibbs & Aggarwal, 1998) could prevent an
MPP-dDG LTP deficit due to ACh and GABA co-transmission (Goral et al., 2022; Granger et
al., 2016; Takacs et al., 2018b) or to a neuroprotective effect on NPYergic interneurons
(Matsuoka et al., 1995). Moreover, repetitive estrogen injections lead to increased NPY
immunoreactivity in the DG of OVX females (Veliskova et al., 2015), which might be
resembled by continuous nutritional estrogen replacement.

OVX as an aging model should be further investigated, and data from aged OV X rodents
must be handled with care regarding age-related changes.

Altogether these data indicate that nutritional estrogen replacement may be a suitable
approach to slow down the estrogen deprivation-mediated decrease of MPP-dDG LTP.
However, in aged anestrus females fed with standard housing food, it did not prevent age-
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dependent alterations such as the Y1-R-dependent MPP-dDG. Aging-related changes might
thus not be entirely counteracted by phytoestrogens. Similarly, it has been shown that short-
term but not long-term estradiol treatment of long-term OV X rats is sufficient to prevent the
loss of spine density of GCs (Miranda et al., 1999). It has been shown that the timepoint to start
with estrogen therapy is crucial, as its beneficial effect on CAL plasticity and spine density
after OV X was observed for up to 15 months but not at OVX for 19 months in rats (Smith et
al., 2010). In my experiments, therefore, OV X females and aged anestrus females were fed our
standard housing food from their arrival (2 weeks after OV X), respectively, birth.

A possible explanation for the observed effects is that higher equol concentrations are
needed to maintain MPP-dDG LTP fully due to aging and protracted hormone deprivation.
Vedder and colleagues (2014) reported maintained responsiveness to acute estradiol treatment
after OVX of 19 months when low estradiol doses are given from OVX on, displayed in
maintained novel object recognition learning but not in the plasticity of the CA1 subregion
(Vedder et al., 2014). Moreover, higher doses of phytoestrogens are able to restore reduced
spine density in middle-aged and OV X females in the CAL subregion, spatial memory in the
OVX females, and adult hippocampal neurogenesis in middle-aged female mice (Luine et al.,
2006; T. J. Wang et al., 2014; Yamada et al., 2016).

5.7. Age and sex-dependent decrease of NPY concentration in the dDG

This study proved that NPY concentration displayed substantial sex differences, with
females having lower NPY levels which were stable over the cycle and lifespan in this study.
Strikingly, NPY concentrations in the dDG declined in aged male mice but not aged female
mice (Fig. 21A). Y-1R expression was unaltered during aging, independent of sex (Fig. 21B).
The decline of NPY concentration during aging in males may be related to the loss of SST+
cells (Matsuoka et al., 1995; Stanley & Shetty, 2004) and mRNA loss starting at middle age in
the DG (Hattiangady et al., 2005). Furthermore, the increased post-synaptic excitability can be
explained due to a loss of NPYergic inhibition, which might increase Ca®" and glutamate
release. Moreover, the reduced NPY concentration strengthens the view that maintained
(peptidergic) inhibition is necessary for successful MPP-dDG LTP induction.

The lower levels of NPY expression in young female mice compared to young male mice
in the hippocampus have been shown previously (Nahvi & Sabban, 2020; Rugarn et al., 1999).
Rugarn and colleagues (1999) showed stable NPY concentration in prepubertal and adult
female rats, whereby NPY concentration was found to be lower in both cases than in
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prepubertal and adult males in the hippocampus (Rugarn et al., 1999). Aged anestrus females,
in my experiments, did not display a change in NPY concentration or Y1-R expression in the
dDG compared to young females, independent of the cycle stage (Fig. 21A/ B). At the same
time, they stayed lower compared to young and aged males. This is in line with the unchanged
post-synaptic excitability compared to young, low estrus female mice and with the possibility
to induce MPP-dDG LTP under control conditions. Nevertheless, since young high and low
estrus females did not display alterations in NPY concentration either, altered NPY
concentrations might hardly be the reason for cycle differences in young female mice. The Y1-
R activity-dependent MPP-dDG LTP might occur from starting hyperexcitability of the dDG,
which requires more inhibition and thus involves more Y1-R activation.

To my knowledge, no studies have yet investigated NPY+ cell number, protein, or mMRNA
in aged anestrus females. Results from human studies indicate an increase in NPY plasma level
and plasma NPY-like immunoreactivity during aging (Khoury & Mathé, 2004; Kluess et al.,
2019). Furthermore, Hilke and colleagues (2009) showed a non-significant trend to higher
NPY-like immunoreactivity in the hippocampus of OVX mice which is reduced after -
estradiol treatment, but an increase in NPY mRNA after ovariectomy plus  — estradiol in
mice (Hilke et al., 2009). By contrast, Seo and colleagues (2018) depicted reduced NPY
expression in the CAL after ovariectomy (Seo et al., 2018). The outcomes of the OV X studies
might result from different time windows of OV X duration until NPY measurements or from
the measured area, CA1 (Seo et al., 2018), compared to the total hippocampal formation (Hilke
et al., 2009). Importantly, the results of the rodent studies are contained in OVX animals and
not in aged anestrus females, as in the current study.

The aged anestrus females of this study were fed with standard housing food containing
phytoestrogen, as the aforementioned nutritional estrogen application leads to the preservation
of MPP-dDG LTP properties; it also might lead to NPY concentration and Y1-R expression
preservation.

In summary, a decay of NPY concentration in aging male mice may be involved in the
observed changes in excitability and MPP-dDG plasticity, while the maintenance, albeit at low

levels, in females may help to uphold a normal level of plasticity in aged anestrus females.
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5.8. Aging in males mediates an increase in the phosphorylation of

ERK1/2
This study showed increased pERK1/2 and pERK1/2 ratios in aged male mice compared to
young male mice (Fig. 22B). In contrast, total ERK1/2, GIuR1, pGluR1, NR2B, pNR2B, and
their ratios were unchanged in comparison to young male mice (Fig. 22). Aged anestrus female
mice, compared with young females, did not show any alteration in the investigated proteins
and their phosphorylation (Fig. 22).

Increased free intracellular Ca®* concentrations can mediate the activation of pERK through
NMDA activation (Rosenblum et al., 2000b), and cytosolic Ca?* has been shown to be high
during aging in the hippocampus (Das & Ghosh, 1996; Satistegui et al., 1996). The observed
increase of pERK1/2 in aged male mice thus is in line with the increased baseline excitability
of aged animals in this study. The relationship between ERK phosphorylation and excitability
may be bidirectional: on the one hand, increased activation of NMDAR mediates higher
intracellular Ca?*, which mediates ERK1/2 activation (Rosenblum et al., 2000). On the other
hand, increased ERK1/2 activation leads to an increase of glutamate, shown by a MEK
inhibitor, and might promote increased post-synaptic excitability (Mcgahon et al., 1999). Both
explanations align with an E-I balance shifting towards higher excitation, which cannot or only
partially be counterbalanced by available NPY. Zhang and colleagues (2015), as well as
Ibrahim and colleagues (2020), state that the increase of ERK phosphorylation enhances
cognition in models of AD (Ibrahim et al., 2020; Zhang et al., 2015), while defective LTP and
impaired memory formation have been related to ERK1/2 inhibition (English & David Sweatt,
1997; Winder et al., 1999; Ying et al., 2002). Furthermore, the phosphorylation of ERK has
been disrupted after intra-hippocampal injections of oligomeric amyloid p-peptide in the dDG
of young male mice (Faucher et al., 2016) and was reduced in the DG of 22-month-old rats
(Gooney et al., 2004). The contrary results of the current study to this literature might arise
from different models, age or pole of the DG respectively undefined pole of the DG of the
animals used in the aforementioned studies. In fact, inhibition of the ERK pathway leads to the
recovery of Abeta-induced cellular changes and memory deficits in a mouse model of AD
(Chang et al., 2020; Feld et al., 2014; Lee et al., 2009; Wang et al., 2019). Accordingly, a high
basal ERK1/2 activation in aged male mice might prevent a further ERK1/2 activation through
TBS and thus be involved in the observed MPP-dDG LTP deficit. Similarly, BDNF-induced
LTP in the DG has been shown to promote pERK1/2 in young but not aged male rats (Gooney
et al., 2004). Y1-R activation has been shown to activate ERK1/2 (Benarroch, 2009; Colmers
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et al., 1988). As Y1-R activation became significant for LTP in aged males under moderate
cholinergic activation, it may be speculated that in these animals, it compensates for the loss
of other, e.g., BDNF-mediated, plasticity mechanisms. Moreover, NPY may inhibit Ca?* influx
through Y1-R activation to counterbalance the hyperactivity and reduce basal pPERK1/2 before
LTP induction, as it has been shown that Ca?* blockade abolished NMDAR-dependent ERK1/2
activation in the PP-DG synapse (Rosenblum et al., 2000).

In aged anestrus females, these mechanisms do not seem to apply, in line with the MPP-
dDG neurotransmission data and the maintained MPP-dDG LTP of aged anestrus females.
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6. Conclusion
In this study, | demonstrated, by inducing LTP at the MPP-dDG synapse in slice

preparations under intact inhibition, sex-specific alterations of MPP-dDG plasticity during
healthy aging. | could show that MPP-dDG LTP maintenance, in both sexes, and recovery, in
aged male mice, depends on the activation of the NPYergic system. These sex-specific
alterations in plasticity were accompanied by sex-specific alterations in neuronal excitability
as well as endogenous dDG NPY concentration and ERK1/2 phosphorylation. Nutritional
estrogen replacement might play a crucial role in the observed sex differences. Moreover, |
revealed sex-specific modulation of the NPYergic system by moderate cholinergic activation.

Episodic memory is impaired chiefly during healthy aging, and preserved hippocampal
activity is correlated with maintaining episodic memory. Moreover, a common
pharmacological treatment for AD is the application of an acetylcholine esterase inhibitor
(Canevelli et al., 2017; Giacobini & Pepeu, 2018c; Light, 1991; Nyberg & Tulving, 1996;
Tulving & Markowitsch, 1998). This doctoral thesis demonstrated that increased E-I balance
mediated by increased basal ERK1/2 activation leads to MPP-dDG plasticity deficits. This
plasticity deficit is rescued by increasing NPYergic transmission leading to normalization of
the E-I balance through increased Y1-R mediated inhibition. These results open the door to a
new therapeutical approach to cognitive decline: the application of NPY. NPY nose spray has
been tested in post-traumatic stress disorder patients (Sayed et al., 2018) and could now be
tested in healthy aged patients with cognitive decline. Since the beneficial effect of
acetylcholine esterase inhibitor PHY is mediated by NPY, a direct therapeutical approach with
NPY might gain more efficiency and less sight effect. Moreover, NPY has been demonstrated
to increase longevity in animal aging models. This treatment might improve cognition, lifespan,
and even more important live quality.

Different life expectancies, effects of pharmacological treatment, prevalence, and steepness
in neurodegenerative diseases point to sex-specific aging processes. Indeed, | displayed a
slower cognitive decline in aged anestrus females, accompanied by unchanged NPY
concentration, Y1-R expression, NR2B, GIuAl, and ERK. Nevertheless, MPP-dDG plasticity
also depended on the activation of NPY without moderate cholinergic activation-overcome by
moderate cholinergic activation. This strengthens, on the one hand, NPY as an essential factor
during healthy aging and, on the other hand, sex-specific mechanistic changes during aging. In

contrast to the reported higher prevalence of dementia in females, is has been proposed that the
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decline of memory is steeper in AD females if affected (Irvine et al., 2012; Mielke et al., 2014;
Nichols et al., 2019), indicating higher preservation of function until pathological changes
occurring. The results of this thesis can also be interpreted in the light of the same mechanisms
that are less retarded in aged anestrus females than in aged males. The cholinergic projections
are less retarded in aged female rodents than in males (Lukoyanov et al., 1999). Moreover, this
study depicted declining NPY concentrations in aged males but not females. In this case, NPY
activation accounts as a compensatory mechanism for the declining cholinergic projections,
which are co-transmitting GABA (Goral et al., 2022; Granger et al., 2016; Takacs et al., 2018),
until a certain grade of degradation of the cholinergic system (as seen in the aged anestrus
females). When the retardation continues (as in aged males), a subpopulation of NPY cells is
also declining, which is sensitive to cholinergic decline (Matsuoka et al., 1995). The additional
decline of the NPYergic systems makes it impossible to counterbalance the increased excitation
during aging, possibly occurring due to the reduction of co-transmitted GABA. This leads to a
plasticity deficit in the dDG under physiological conditions. That can still be recovered by
external activation or supplementation of NPY. A highly likely candidate to preserve
cholinergic function are sex-steroids.

Testosterone declines in male rodents from 12 months, while estrogen declines in female
mice from 16-20 months of age (Miller & Riegle, 1982; Nelson et al., 1981). The cholinergic
system is sex-dependent mediated. In castrated males, the cholinergic function is restored by
applying testosterone, while in OVX females, estrogen is needed (Mitsushima et al., 2009;
Veng et al., 2003). In this view, starting retardation of the cholinergic system would be a marker
for declining cognitive function, which advances with a declining NPYergic system. In this
light, one could also argue for using a sex-steroid treatment as early as possible. Indeed, for
aged females, the protective effect of estrogen has been shown in the literature, but severe side
effects are also discussed (Lobo, 1995; Mehta et al., 2021). The current thesis depicted
nutritional estrogen replacement as a possible treatment. This replacement could be performed
in humans with a certain diet when the first sign of menopause occurs. Timepoint and
concentrations could be easily adapted to the start and duration of menopause. This treatment
might also have beneficial effects in males, as indicated by studies from our laboratory in young
male mice (Caliskan et al., 2019).

This study highlighted possible new treatment targets, possibly sex- or time-dependent.
NPY can treat cognitive deficits in males or possibly deficits later in healthy aging, whereby
nutritional estrogen replacement can treat cognitive deficits in females or possibly be used as
an early intervention with the possibility as a medication slowing the cognitive decline.
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Moreover, | proved that the natural estrus cycle impacts the NPYergic system and baseline
excitability. Furthermore, the NPYergic system depicts sex-specific activation, and a common

model for human menopause has to be handled with care using it for aging studies.

With this doctoral thesis a | added a puzzle piece to the understanding of healthy aging in a
sex-dependent-manner. | highlighted that NPYergic inhibition is indispensable to maintain
dDG plasticity in both sexes during healthy aging, even though this seems counterintuitive.
Moreover, investigating mechanistic properties in both sexes separately is highly important.
Even though the behavior or physiology is similar in both sexes, different mechanisms might
account for the same outcome. Adding on the latter natural cycling impact the NPYergic system
and might also impact other neuromodulatory systems as such it should be included as a
biological variable when investigating females.
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7. Future directions

This study gives a new insight into the mechanism of the beneficial effect of moderate
cholinergic activation on MPP-dDG LTP in aged mice and the modulation of the NPYergic
system in young female mice in a cycle-stage-dependent manner. Since the study reveals loss
of NPY concentration in aged males but not females, fiber photometry could be used to
investigate the NPY release in both sexes in object placement and location tasks, as these tasks
are affected after chronic inactivation of SST+ hilar interneurons and intranasal delivery of Y1-
agonist (Borroto-Escuela et al., 2022; Lyu et al., 2022). The measurement of NPY release could
give insights into if and how much the release of NPY is reduced. The release probabilities
could be correlated with behavioral performance. Adding MPP-dDG LTP measurements after
the behavioral investigation would raise the possibility of relating MPP-dDG LTP to behavioral
performance level. Furthermore, behavioral performance and NPY release could be measured
after cholinergic treatment or intranasal delivery of NPY. This could allow for adjusting the
NPY or cholinergic treatment in vivo and should be done for both sexes. Moreover, the
beneficial effect of PHY on MPP-dDG LTP in aged anestrus females should be further
investigated by altering the GABAergic tonus in combination with moderate cholinergic
activation.

Regarding the MPP-dDG plasticity of aged male mice, testing the application of f-
estradiol, equol or testosterone would give insights into the beneficial effect in hormone
therapy and, in combination with a selective Y1-R antagonist, the possibility of estrogen to
activate the NPYergic system in aged mice. Especially for aged anestrus females, a treatment
with B-estradiol could be conducted in a food and time-dependent manner to test if the estrogen-
window hypothesis (Bean et al., 2015) also accounts for aged anestrus females under defined
food conditions. The electrophysiological properties at the MPP-dDG synapse would also be
tested under phyto-free food. Additionally, comparing electrophysiological properties at the
MPP-dDG synapse of the follicular depletion (VCD) model to OVX, OVX with phyto-free
food and natural aging with phyto-free food, and natural aging would be fascinating since this
study showed that OVX under phyto-free food but not OVX alone expresses the same
electrophysiological properties as naturally aging females. The VCD model has been shown to
develop sex-steroid levels similar to women after menopause. Investigating this model could
give further insight into the effects of nutritional estrogen replacement on MPP-dDG plasticity
and possible alterations due to low estrus levels in aged anestrus females. These experiments
would further elucidate the shown sex differences in MPP-dDG plasticity and
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neurotransmission of young and aged mice and give further insights into the possible protective

effects of nutritional estrogen.
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8. Appendix
8.1. Additional results
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Figure Al: Orthodromic stimulation of the MPP pathway combined with antidromic stimulation in
the hilus of the dDG induces reliable LTP at the MPP-dDG pathway. A: Scheme of the experimental
protocol for MPP-dDG LTP. The normalized data from the last 10 min, indicated by transparent sections in
the columns, were used for statistical comparison shown in bar graphs. B: Plotted timeline of the average
fEPSP slope of different tests of TBS. Antidromic stimulation (activated during TBS) before orthodromic
stimulation (dark red), orthodromic stimulation before antidromic stimulation (during TBS) with 25% of the
max. GL fEPSP amplitude (purple), orthodromic stimulation before antidromic stimulation (during TBS)
with 70% of the max. GL population spike amplitude (lilac) and orthodromic stimulation before antidromic
stimulation (during TBS) with 70% of the max. ML fEPSP amplitude (light lilac) starts with the last 10 min
of baseline recording (0-10 min), followed by TBS induction at 10 min, and finishes with 40 min of MPP-
dDG LTP recording (10-50 min). C: The average of the last 10 min from the MPP-dDG LTP recordings in
the bar graph reveals no change in fEPSP slope after TBS for antidromic stimulation with 25% of the
population spike amplitude before orthodromic stimulation with 50% of ML fEPSP amplitude (tz=2.705,
p=0.0648, paired t-test, one-tailed, n=4; dark red), for orthodromic stimulation with 50% of ML fESPS
amplitude followed by the antidromic stimulation with 25% of population spike amplitude (t)=0.4817,
p=0.3276, paired t-test, one-tailed, n=6; purple), and for orthodromic stimulation with 50% of ML fESPS
amplitude followed by the antidromic stimulation with 70% of population spike amplitude (t)=0.1582,
p=0.4394, paired t-test, one-tailed, n=8; lilac). Nevertheless, a significant increase of fEPSP slope after TBS
for orthodromic stimulation with 50% of the ML fEPSP amplitude before antidromic stimulation with 70%
of ML fEPSP amplitude (during TBS) is demonstrated (t11y=0.1958, p=0.0380, paired t-test, one-tailed,
n=12; light lilac). Below the graph, representative fEPSP traces are plotted. Scale bar x-axis: 2 ms each and
y-axis: 1 mV each: before TBS (colored) and from the last 10 min of MPP-dDG LTP recording (grey). LTP
= long-term potentiation, dDG = dorsal dentate gyrus, GL = granule layer, ML = molecular layer, MPP =
medial perforant path, and TBS = theta-burst stimulation. LTP induction (in slice comparison): #, p < 0.05
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Figure A2: PHY (2 uM) is the lowest concentration to induce a reduction of MPP-dDG
neurotransmission. A: Scheme of the experimental protocol of PHY application. The averaged raw data
from the last 10 min, indicated by transparent sections in the columns, were used for statistical comparison
shown in the line graphs. B: Plotted timeline of the average fEPSP slope of 1 uM PHY (blue) and 2 uM
PHY (light blue) starts with the last 10 min of baseline recording with aCSF (0-10 min), followed by 60 min
PHY application (10-70 min). C: The averaged raw data of the fEPSP slope from the MPP-dDG
neurotransmission recording reveal a not significant decrease with one 1 uM PHY (t)=0.01505, p=0.9884,
paired t-test, two-tailed, n=9; blue). D: The averaged raw data of the fEPSP slope from the MPP-dDG
neurotransmission recording reveal a significant decrease of the raw fEPSP slope with 2 uM PHY
(tes)=2.877, p=0.0127, paired t-test, two-tailed, n=14; light blue). Below the graphs, representative signals
are plotted. Scale bar x-axis: 2 ms each and y-axis: 0.4 mV each: before drug application (colored) and from
the last 6 min of the drug application (grey). dDG = dorsal dentate gyrus, MPP = medial perforant path, and
PHY = physostigmine. fEPSP slope change (in slice comparison): #, p < 0.05
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Figure A3: PHY (2 uM) reduces MPP-dDG neurotransmission in aged male mice. A: Scheme of the
experimental protocol of PHY application. The averaged raw data from the last 10 min, indicated by
transparent sections in the columns, were used for statistical comparison shown in the line graphs. B: Plotted
timeline of the average fEPSP slope of aged male mice with PHY (green) starts with the last 10 min of
baseline recording with aCSF (0-10 min), followed by 60 min PHY application (10-70 min). C: The
averaged raw data of the fEPSP from the MPP-dDG neurotransmission recording reveals a significant
decrease of the fEPSP slope with 2 uM PHY (t12)=5.732, p<0.0001, paired t-test, two-tailed, n=13; green).
Below the graph, representative signals are plotted. Scale bar x-axis: 2 ms and y-axis: 0.4 mV each: before
drug application (colored) and from the last 6 min of the drug application (grey). dDG = dorsal dentate gyrus,
MPP = medial perforant path, and PHY = physostigmine. fEPSP slope change (in slice comparison): ####,
p < 0.0001
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Figure A4: Exogenous NPY application has no impact on synaptic transmission of aged male mice. A:
Scheme of the experimental protocol of NPY application. The averaged raw data from the last 10 min,
indicated by transparent sections in the columns, were used for statistical comparison shown in the line
graphs. B: Plotted timeline of the averaged fEPSP slope of NPY application in aged male mice starts with
the last 10 min of baseline recording with aCSF (0-10 min), followed by 40 min NPY application (10-50
min). C: The averaged raw fEPSP slopes reveal unaltered MPP-dDG neurotransmission after NPY
application (t(10=0.4604, p=0.6551, paired t-test, two-tailed, n=11). Below the graph, representative fEPSP
traces are plotted. Scale bar x-axis: 2 ms and y-axis: 1 mV: before drug application (colored) and from the
last 6 min of drug application (grey). dDG = dorsal dentet gyrus, MPP = medial perfornat path, and NPY =
Neuropeptide Y.
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Figure A5: PHY (2 uM) reduces MPP-dDG neurotransmission in aged female mice. A: Scheme of the
experimental protocol of PHY application. The averaged raw data from the last 6 min, indicated by
transparent sections in the columns, were used for statistical comparison shown in the line graphs. B: Plotted
timeline of the averaged fEPSP slope of 2 uM PHY in young low estrus females (light red), young high
estrus females (red), and aged anestrus females (purple) start with the last 10 min of baseline recording with
aCSF (0-10 min), followed by 60 min PHY application (10-70 min). C: The averaged raw data of the fEPSP
from the MPP-dDG neurotransmission recording reveals a significant decrease of the fEPSP slope for low
estrus females (t11=3.041, p=0.012, paired t-test, two-tailed, n=12; light red), high estrus females
(tes5=3.892, p=0.0014, paired t-test, two-tailed, n=16; red) and aged anestrus females (t)=4.183, p=0.0058,
paired t-test, two-tailed, n=7; purple). Below the graph, representative signals are plotted. Scale bar x-axis:
2 ms each and y-axis: 1 mV (for young low), 0.5 MV (for high estrus females), and 0.4 mV each (for aged
anestrus females): before drug application (colored) and from the last 6 min of the drug application (grey).
dDG = dorsal dentate gyrus, MPP = medial perforant path, and PHY = physostigmine. fEPSP slope change
(in slice comparison): #, p < 0.05, ##, p < 0.01
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Figure A6: M1-R blockade does not change MPP-dDG neurotransmission. A: Scheme of the
experimental protocol of M1-R blockade. The averaged raw data from the last 10 min, indicated by
transparent sections in the columns, were used for statistical comparison shown in the line graphs. B: Plotted
timeline of the averaged fEPSP slope of M1-R blockade in young high estrus females (red) starts with the
last 10 min of baseline recording with aCSF (0-10 min), followed by 40 min pirenzepine application (10-50
min). C: The averaged raw fEPSP slopes reveal unaltered MPP-dDG neurotransmission after M1-R
blockade (t(10=0.2235, p=0.8276, paired t-test, two-tailed, n=11). Below the graph, representative fEPSP
traces are plotted. Scale bar x-axis: 2 ms and y-axis: 1 mV: before drug application (colored) and from the
last 6 min of drug application (grey). dDG = dorsal dentet gyrus, M1-R = muscarinic receptor 1, and MPP =
medial perfornat path.
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Figure A7: p-estradiol does not change dDG transmission in young females independent of the cycle
stage. A: Scheme of the experimental protocol of B-estradiol application. The averaged raw data from the
last 10 min, indicated by transparent sections in the columns, were used for statistical comparison shown in
the line graphs. B: Plotted timeline of the averaged fEPSP slope of B-estradiol application in young low
estrus females (red) and in young high estrus females (dark red) starts with the last 10 min of baseline
recording with aCSF (0-10 min), followed by 50 min B-estradiol application (10-50 min). C: The averaged
raw fEPSP slopes reveal unaltered MPP-dDG neurotransmission after B-estradiol application in young low
estrus females (t=0.4164, p=0.6881, paired t-test, two-tailed, n=9) and young high estrus females
(t7=0.3522, p=0.7351, paired t-test, two-tailed, n=8). Below the graph, representative fEPSP traces are
plotted. Scale bar x-axis: 2 ms each and y-axis: 1 mV each: before drug application (colored) and from the
last 6 min of drug application (grey). dDG = dorsal dentet gyrus, and MPP = medial perfornat path.
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Figure A8: MPP-dDG neurotransmission with Y1-R agonist female. A: Scheme of the experimental
protocol of Y1-R agonist application. The averaged raw data from the last 10 min, indicated by transparent
sections in the columns, were used for statistical comparison shown in the line graphs. B: Plotted timeline
of the averaged fEPSP slope of Y1-R agonist application in young high estrus females (purple) starts with
the last 10 min of baseline recording with aCSF (0-10 min), followed by 40 min Y1-R agonist application
(10-50 min). C: The averaged raw fEPSP slopes reveal unaltered MPP-dDG neurotransmission after Y1-R
agonist application in young high estrus females (t=0.8068, p=0.4506, paired t-test, two-tailed, n=7).
Below the graph, representative fEPSP traces are plotted. Scale bar x-axis: 2 ms and y-axis: 1 mV: before
drug application (colored) and from the last 6 min of drug application (grey). dDG = dorsal dentet gyrus,
MPP = medial perfornat path, and Y1-R = Neuropeptide receptor type 1.
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Figure A9: Blockade of Y1-R does not affect MPP-dDG neurotransmission under control conditions
nor under moderate cholinergic activation in young OVX females, independent of food. A: Scheme of
the experimental protocol for Y1-R blockade under control conditions. The averaged raw data from the last
6 min, indicated by transparent sections in the columns, were used for statistical comparison shown in the
line graphs. B: The plotted timeline of MPP-dDG L TP with the average values of OV X female mice control
(brown), OV X females on phyto-free food control (yellow), OV X females +BIBP3226 (white with brown),
and OV X females on phyto-free food + BIBP3226 (white with yellow) starts with the last 10 min of baseline
recording (0-10 min) and finishes with 20 min drug application (10-30 min). C: The average of the last 6
min from the MPP-dDG neurotransmission recordings in the bar graph reveals no change of fEPSP slope in
OVX females control (brown), OVX females with BIBP3226 (white with brown), OV X phyto-free food
(yellow), OVX phyto-free food with BIBP (white with yellow) (F(, 30=0.2264, p=0.6377, two-way
ANOVA, n=8 (OVX control); n=8 (OVX with BIBP3226); n=8 (OVX phyto-free food control); n=10 (OVX
phyto-free food with BIBP3226). Below the graphs, representative fEPSP traces are plotted. Scale bar x-
axis: 2 ms each and y-axis: 1 mV each: before drug application (colored) and from the last 6 min of MPP-
dDG neurotransmission recording (grey). D: Scheme of the experimental protocol for Y1-R blockade under
moderate cholinergic activation. In white, the baseline recording (20 min), colored the drug application (60
min), and transparent the time used for the averaged fEPSP slope (6 min). E: The plotted timeline of MPP-
dDG neurotransmission with the average values of OV X female mice with PHY (dark purple), OVX females
on phyto-free food with PHY (pink), OVX females with PHY + BIBP3226 (white with dark purple), and
OVX females on phyto-free food with PHY + BIBP3226 (white with pink) starts with the last 10 min of
baseline recording (0-10 min) and finishes with 60 min of drug application (10-70 min). C: The average of
the last 6 min from the MPP-dDG neurotransmission recordings reveals an unchanged MPP-dDG
neurotransmission after Y1-R blockade under moderate cholinergic activation in OVX females with PHY +
BIBP3226 (white with dark purple) and OV X on phyto-free food with PHY+BIBP3226 (white with pink)
(Fa, 29=2.220, p=0.1470, two-way ANOVA, n=8 (OVX PHY); n=9 (OVX PHY + BIBP3226); n=8 (OVX
phyto-free food PHY); n=8 (OVX phyto-free food PHY + BIBP3226). Below the graphs, representative
fEPSP traces are plotted. Scale bar x-axis: 2 ms each and y-axis: 1 mV each: before TBS (colored) and from
the last 6 min of drug application (grey). dDG = dorsal dentate gyrus, LTP = Long-term potentiation, OVX
= ovariectomy, TBS =theta-burst stimulation, and Y1-R = Neuropeptide Y 1 Receptor.
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ANOVA
aCSF
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AMPA-R

BDNF
BM
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CA
CaMKII
cAMP
CCK
CNS
CREB
DG
dDG
dH
DMSO
EC
EEG
E-1
ELISA
e-LTP
EPSP
ER
ERK
ERP
fEPSP
GABA
GABAA-R

adenylyl cyclase

acetylcholine

analysis of variance

artificial cerebrospinal fluid
Alzheimer’s disease
a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid receptor

brain-derived neurotrophic factor
Barnes Maze
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early long-term potentiation
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GL
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MAPK
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MF
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NaH2PO4 x H20

NasVVO4

Neuropeptide Y
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Poly-L-Lysine 1%

Protease & phosphatase inhibitor

13393126

Protein Assay 5000001

PVDF membranes IPFL000010
Sucrose

0.3% Triton-X, X100
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1x Running buffer

10x Phosphatebuffered saline (PBS)

4 % Paraformaldehyde
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25mM Tris

25 M glycine

1% SDS

solve 11.5 g Na2HPO x H20

2.0 g KH2PO4

80.0 g NaCl

2.0 g KCI

in ca. 900 ml double-destilled water

adjust pH to 7.4

solve 40 g PFA in ca. 700 ml double-destilled

water,

stir on a heating plate at 70 °C until solution is

clear
add 500 pl NaOH (5 M)
for better solving

let cool down on ice (ca. 1 h)

filtrate cooled PFA
add 100 ml 10x PBS
adjust pH to 7.4

fill up volume to 1 1 with double-destilled water
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LM Buffer

30 % Sucrose

50x TAEBuffer

1x TEBuffer

1% Laurymaltoside

1% NP-40

1 mM NazVOq

2mM EDTA

50 mM Tris-HCI pH 8.0

150 mM NacCl

0.5% DOC

1 mM AEBSF

1 UM Pepstatin A

1 mM NaF

1 Tablet of Pierce protease inhibitor

solve 30 g sucrose in in 100ml 1xPBS

242 g Tris base

57.1 ml acetic acid

100 ml 0.5 M EDTA pH 8

1 mMEDTAPpH 8

10 mM Tris/HCI pH 7.4
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Transfern buffer

DNA length standard
GeneRulerTM 1kb DNA ladder

GeneRulerTM 100bp DNA ladder

ELISA Kit

ELISA kit NPY

(PCEA879Hu; UOM: 96T)

Instruments and consumables
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25 mM Tris

0.192 M glycine

20% methanol

10% SDS

Thermo Scientific, St. Leon-Rot, Germany

Thermo Scientific, St. Leon-Rot, Germany

Cloude-Clone Corp., Texas, USA

Generally used instruments and consumables

animal care

Macrolon standard cages

Ssniff R/M-H V-1534

ssniff R/M-H-V1554

Lignocel BK 8/15

Ebeco, Castrop-Rauxel, Germany

Ssniff Spezialdiaten, Soest, Germany

Ssniff Spezialdiaten, Soest, Germany

J. Rettenmaier & S6hne, Rosenberg, Germany
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Plastic ware

Safe lock tubes (1.5 ml)

Falcon tube 50 mi

Glassware

glass bottles

Erlenmeyer flasks

Beaker

graduated cylinders

Pipettes

Pipettes

Pipette tipps

Pipette tips with filter

Freezers & Fridges

Liebherr KU 2407

Liebherr GU 4506
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Greiner Bio-one, Frickenhausen, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Brand, Wertheim, Germany

Brand, Wertheim, Germany

Brand, Wertheim, Germany

Liebherr Hausgerate, Ochsenhausen,

Germany

Liebherr Hausgerate, Ochsenhausen,

Germany
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Sanyo Ultra Low

Scales

Sartorius TE 1535

Sartorius TE 212

Sartorius TE 2101

Centrifuges

Centrifuge 5424

Centrifuge 5430

VWR Galaxy Mini

pH meter

inoLab pH720

Magnetic Stirrer

IKA RET basic

magnetic stir bar

Rockers & vortexer
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Ewald Innovationstechnik, Bad Nenndorf,

Germany

Sartorius AG, Gattingen, Germany

Sartorius AG, Gottingen, Germany

Sartorius AG, Gattingen, Germany

Eppendorf, Hamburg, Germany

Eppendorf, Hamburg, Germany

VWR International, Darmstadt, Germany

WTW, Weilheim, Germany

IKA-Werke, Staufen, Germany

Brand, Wertheim, Germany

~ 141~



Katharina Klinger

ProBlot 25 Economy Rocker

IKA HS 260 basic

VWR Lab dancer S40

Rotor incubator

Hybrid 2000

Pumps

REGLO peristaltic pump

Autoclave

Systec DB-23

Oven

Binder FP53

Others

Lab clock

Aluminum foil

Dewar transport flask Typ B
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Labnet, Woodbridge, NJ, USA

KA-Werke, Staufen, Germany

VWR International, Darmstadt, Germany

H. Saur Laborbedarf, Reutlingen, Germany

ISMATEC, Wertheim-Mondfeld, Germany

Systec Labortechnik, Wettenberg, Germany

Binder, Tuttlingen, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

KGW lIsotherm, Karlsruhe, Germany
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Plastic ware
MicroAmp Fast Reaction Tubes Applied Biosystems, Darmstadt, Germany
MicroAmp 8-cap strip Applied Biosystems, Darmstadt, Germany

MicroAmp Fast Optical 96-Well plate Applied Biosystems, Darmstadt, Germany

MicroAmp Optical Adhesive Film Applied Biosystems, Darmstadt, Germany

Thermocycler

Veriti Thermal Cycler Applied Biosystems, Darmstadt, Germany
Microwave
Clatronic MWG 746 H Clatronic International, Kempen, Germany

Gel electrophoresis system

AGT3 & Maxi-VG VWR International, Darmstadt, Germany

Gel documentation system

InGenius LHR Syngene, Cambridge, UK
ELISA
Tecan Infinit M200 Pro Tecan Group, Ménnedorf, Schweiz
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Glassware

Slice holder

Menzel Glaser Superfrost

Microscopes
Lieca DMi8

Nicon Eclipse E200

Zoom-Stereomicroscope SMZ168

Stereomicroscope Stemi2000

Material for electrophysiology
Amplifier EXT-20F npi

Blades 752/1/SS

Glass pipettesGB150F-8P

Glass pipettes puller P-87

Interface chamber

Stimulator
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Gerhard Menzel GmbH, Braunschweig,

Germany

Leica Microsystems, Wetzlar, Germany
Nicon Instruments Europe, Amsterdam,
Netherlands

MoticEurope, S.L.U., Barcelona, Spain

Zeiss, Oberkochen, Germany

npi electronic GmbH, Tamm, Germany

Campden Instruments Ltd, Loughborough, UK

Science Products, Hofheim am Taunus, Germany

Sutter instruments, California, USA

built by the workshop

Digitimer Ltd., Welweyn Garden City, UK

~ 144~



Katharina Klinger

Surgical instruments

Tungston stimulation electrode

Vibratom Campden HA752-201

Waterbath

Stimulation electrode Tungsten

Stereotrods WE3ST30.1B3

Vibration table 9211-02-12

Lens cleaning paper

CED 1401

Light source KL1500LCD

Micromanipulators 00-42-101-0000

Power supply BT-305

Software

Microsoft Office Excel

GraphPad prism

Matlab

Mendeley Ltd.

CED Spike2
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VWR, Darmstadt, Germany

World precision instruments, Berlin, Germany

Campden Instruments Ltd, Loughborough, UK

VWR, Darmstadt, Germany

WPI, Florida, USA

Kinetic Systems, California, USA

Tiffen, New York, USA

Cambridge Electronic Design, Cambridge, UK

Schott, Mainz, Germany

Marzhduser Wetzlar GmbH, Wetzlar, Germany

BASETech, Gleichen, Germany

Microsoft, Washington, USA

Dotmatics, Bishops Stortford, UK

MathWorks, Inc., Massachusetts, USA

Elsevier, Amsterdam, Netherlands

Cambridge Electronic Design Limited,

Cambridge, UK
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Original provider of mouse lines used
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Mouse line Strain name Provider

C57BL/6 C57BL/6BomTac M&B  Taconic, Berlin,
Germany

C57BL/6 C57BL/6JR] Janvier Labs, Le Genest-
Saint-Isle, France

C57BL/6 C57BL/6J Charles River, Wilmington,

Massachusetts, USA
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