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Abstract 

The locus coeruleus (LC) is positioned in the brainstem and one of the main sources of 

norepinephrine in the brain. With its projections throughout the whole brain, the LC 

plays an important role in regulating the general level of arousal and in motivation. 

With the present study I have identified specific anatomical and functional connectivity 

patterns between the LC and cell populations in the medial septum diagonal band 

(MSDB). The direct activation of tyrosine hydroxylase positive neurons in LC has been 

shown to induce general locomotor arousal and changes in the hippocampal theta 

activity (Carter et al. 2010). It was shown, that the MSDB is integrated into locomotor 

activity and controls hippocampal locomotion dependent theta oscillation (Fuhrmann et 

al. 2015). In this study LC afferent fibers in the MSDB get activated optogenetically in 

order to investigate if noradrenergic input modulates MSDB activity and alters running 

behavior. Histology of Th-Cre mice with EYFP Injections in the LC confirms projections 

to the MSDB area. The results of this study indicate that optogenetic stimulation of 

noradrenergic locus coeruleus afferents in MSDB leads to increased running behavior 

in terms of running duration and running initiations but not velocity. Follow-up slice 

preparations of MSDB placed on a multi electrode array can be used to monitor 

spontaneous in-vivo like network and single unit activity. 15% of these units increase 

their firing when noradrenergic afferents are stimulated. Also, 30% of all recorded 

Units are theta modulated, but no effect on theta modulation could be observed. The 

two dimensional structure of the MEA allows to further distinguish between dorsal and 

ventral distributed unit populations within the MSDB. Differences in firing frequency 

and burst probability along the coronal section of the MSDB indicate a heterogeneous 

LC input with a majority of noradrenalin sensitive cells in the dorsal MS, rather than the 

DB. 
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1 Introduction 

1.1 Arousal and behavior 

During the course of a day, all living organisms with a nervous system are confronted 

with varying situations across the spectrum of arousal. Greater degrees of generalized 

central nervous system (CNS) arousal result in greater responsiveness to sensory 

stimuli in all sensory modalities; increased motor activity; and higher emotional 

reactivity (Pfaff et al. 2008). From situations of extreme stress to phases of relaxation 

and regeneration, the brain adaptively modulates the resulting behavior in response to 

these arousal related changes. The most prominent system for modulating the level of 

arousal in the brain is the noradrenergic system  (Totah et al. 2018). It encompasses a 

variety of central nuclei located in the brainstem, including one of the smallest nuclei in 

the brain, the locus coeruleus (LC) (Purves et al. 2012). Norepinephrine (NE; also 

known as noradrenaline)-containing axons originating from the LC are widely 

distributed throughout the CNS, suggesting a prominent role of this neurotransmitter in 

CNS function and behavior (Kandel et al. 2013).  

The LC is closely connected to the ascending reticular activating system, a system of 

netlike clusters of neurons, scattered in the tegmental area of the brainstem (Purves et 

al. 2012). Its nuclei can be divided into two functional groups: those with modulatory 

functions and those with premotor functions. The LC, and serotonergic neurons of the 

raphe nuclei, form an antagonistic neuromodulatory system with long-range 

projections throughout the brain (Pudovkina et al. 2002). Its proposed purpose is to 

modulate the conscious state of the brain, including sleep and wakefulness. Also, pain 

modulation, cardiovascular control and habituation to repetitive stimuli are thought to 

be mediated by the nuclei of the reticular formation (Horn 2005).  
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Figure 1 Catecholamine Synthesis   

Biochemical pathway to produce dopamine, noradrenaline, and adrenaline. 

Experiments using pharmacological modulation showed that LC and the noradrenergic 

system are involved in the regulation of global arousal. The central administration of 

noradrenergic antagonists caused substantial sedative effects (Sarro et al. 1987; 

Berridge and Morris 2000), whereas norepinephrine injected directly in the ventricles 

promoted wakefulness (Flicker and Geyer 1982; Segal and Mandell 1970). Also, direct 

optogenetic manipulations of LC with inhibitory opsins led to significant reductions in 

wake episodes, indicating that LC is necessary for maintaining normal durations of 

wakefulness (Carter et al. 2010). A direct activation of LC neurons using ChR2 

resulted not only in an immediate sleep to wake transition, but also a significant 

increase in locomotor activity (Carter et al. 2010). Taken together, these results 
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suggest that the locus coeruleus is finely-tuned to influence wakefulness and 

behaviors such as locomotion.  

1.2 The noradrenergic system 

Discovered in the central nervous system by the swedish physiologist Ulf von Euler in 

the 1940s (Euler 1946), NE was one of the first neurotransmitters to be identified. Yet, 

only later experiments of Dahlström and Fuxe (1964) identified the LC as the main 

source of NE and one of the most extensively projecting nuclei in the brain. Although 

the nucleus is easy to identify in histological preparations by its unusual pigmentation, 

little was known about its composition until Falck and Hillarp (1959) developed an 

immunolabeling technique in 1964 that was specific to dopamine-ß-hydroxylase. 

Dopamine ß-hydroxylase is an enzyme responsible for converting dopamine to NE as 

part of the catecholamine biosynthesis. NE, in turn, gets further processed to 

epinephrine by the enzyme phenylethanolamine N-methyltransferase (Kandel et al. 

2013). Immunolabeling dopamine-ß-hydroxylase allows for the precise detection of 

monoamines, including NE+ neurons and their extensive axonal projections. The newly 

developed histological procedures by Falck and Hillarp initially supported the long-held 

assumption that the LC is a rather homogeneous structure, composed exclusively of 

NE+ neurons.  

1.2.1 Locus coeruleus 

The LC is a compact cluster of NE-containing neurons, located adjacent to the fourth 

ventricle in the pontine brainstem. It is composed of a small number of neurons: 

approximately 1600 in rodents, and 10,000–15,000 in human, which project broadly 

throughout the brain, from spinal cord to neocortex (Berridge and Waterhouse 2003). 

In contrast to early assumptions about the LC’s cellular homogeneity, recent studies 

showed that the LC is a heterogeneous structure with cells of different sizes, 

projections, electrophysiological properties, and equipped with varying sets of 

membrane proteins and neurotransmitters (Uematsu et al. 2017).  

At least two types of NE+ cells have been observed within the LC: large multipolar cells 

(~35 µm) and smaller fusiform cells (~20 µm) (Grzanna and Molliver 1980). Although 

both cell types are spread throughout the LC, their distribution is biased. Multipolar 

cells are located more ventrally within the LC, whereas the smaller fusiform cells are 

located more dorsally (Swanson 1976).  
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Physiological recordings of the locus coeruleus demonstrated that neurons fire 

tonically from 1–3 Hz during wakefulness (Aston-Jones and Bloom 1981) as well as 

phasically in short bursts (500 ms) of 8–10 Hz during the presentation of salient stimuli 

(Foote et al. 1980). In line with its heterogeneous cell composition, discharge activity 

also varied substantially among LC neurons. Studies in anesthetized rats showed that 

simultaneously recorded pairs of LC neurons did not necessarily exhibit synchronized 

activity for either “tonic” spontaneous discharge or foot shock driven “phasic” 

discharge. Instead, subsets of neurons with similar efferent forebrain projections 

showed sparse and dynamically correlated activity over short periods. Studies suggest 

that gap junctions may be responsible for such ensemble activity (Aston-Jones and 

Cohen 2005). Depending on their projection areas, these electrophysiologically 

coupled LC neurons are capable of upregulating NE concentrations in some forebrain 

regions while simultaneously downregulating NE in other regions, over a timescale of 2 

to 10 s (Totah et al. 2018). 

In addition to morphological and electrophysiological differences, LC neurons differ in 

the types of neuropeptides they release as co-transmitters along with NE. The most 

abundant examples are galanin (Gal), which is expressed by up to 80% of LC neurons,  

and Neuropeptide Y (NPY, ~20% of all LC neurons) (Holets et al. 1988). The release 

of Gal and NPY in the brain modulates many behaviors, such as wake/sleep states, 

nociception, feeding, and parental behavior (Wu et al. 2014). The functional relevance 

of norepinephrine and neuropeptide co-release from LC neurons is virtually 

uncharacterized, as are the projections of NE+/Gal+ and NE+/ NPY+ axons throughout 

the brain. However, neuropeptide co-release could in principle modify the effect of NE 

release at specific output sites (Tsuda et al. 1989). 

1.2.2 Functional properties of noradrenergic projections 

Efferent projections of the LC exit the nucleus in three bundled pathways: The dorsal 

noradrenergic bundle, the cerebellar pathway and the descending pathway (Szabadi 

2013). The dorsal bundle targets nuclei in the midbrain, thalamus and the entire limbic 

system, including the septal nuclei, the hippocampal system and the amygdala. Also, 

all cortical areas receive noradrenergic input via this ascending track (see Figure 2). 

The cerebellar pathway projects to the cerebellar cortex and the underlying nuclei. 

With a direct connection to motor nuclei in the brainstem and motor neurons in the 

spinal cord, the descending pathway provides direct noradrenergic modulation of 

locomotor behavior on an executive level (Goulding 2009).   
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Figure 2 LC projections  

Noradrenergic locus coeruleus (LC), with terminals in diverse remote brain regions, including 
the forebrain, the brainstem, the cerebellum, the entire cerebral cortex, including the frontal 
cortex and all sensory regions. The LC also sends projections to thalamic nuclei and the 
limbic system, including the amygdala, the hippocampus (HF) and the septal area (MSDB). 
The major output pathway of the MSDB region, the fornix, also carries noradrenergic 
projections towards the HF. The only major region that does not receive input from the LC is 
the area that contains the basal ganglia (modified from Sara (2009)). 

The LC projects extensively to virtually all brain regions with the exception of the 

striatum. Yet it remains unclear how the LC, a small, seemingly homogeneous 

structure, responds to diverse sensory stimuli and modulates neuronal activity in 

distinct brain regions, with a variety of behavioral consequences. Early studies 

provided evidence for an efferent topography within the LC, suggesting a spatial 

organization of LC cells with respect to their terminal field targets (Mason and Fibiger 

1979). LC neurons form small functional clusters and send axon collaterals to multiple 

targets that process the same sensory information (Schwarz et al. 2015). Because of 

their collateral projections, the discharge of LC neurons resulted in an almost 

simultaneous release of NE at two or possibly more sites along the ascending path. As 

a result of this anatomical differentiation, subsets of LC neurons could exert 

coordinating influences on distinct behavior in functionally related brain areas 

(Simpson et al. 1997).  

In line with more recent studies on functional specializations of LC neuronal subgroups 

it was shown that also anatomical, molecular and physiological properties of distinct 

LC subgroups vary according to their terminal field projection (Chandler 2016). In 

addition, LC neuron populations respond differently according to the somatosensory 

input they are receiving, e.g. firing rates of LC neurons are heterogeneous and 
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patterned, in response to discrete and moderate cues, whereas more intense and 

aversive stimuli result in a unified co-activation of distinct cell populations with specific 

anatomical connectivity (Uematsu et al. 2017). The ability of LC neurons to switch 

between a global modulatory mode versus a targeted modulation of specific brain 

regions allows the LC to flexibly mediate general arousal as well as more precise 

control in response to dynamic situations requiring adaptive behavior (Uematsu et al. 

2017). Mapping the LC neuron population with respect to their functional assignments 

revealed functionally distinct cell modules with specific anatomical connectivity. These 

functional connections can be traced back to intra-LC mechanisms such as gap 

junctions, recurrent collaterals, inhibitory feedback of released NE, or other effects. 

There could also be peri-LC interactions shown between extended LC dendrites and a 

pool of GABA neurons known to be located just outside the LC acting as an inhibitory 

interneuron population with regulatory influence on LC activity (Aston-Jones et al. 

2004). 

1.2.3 Adrenergic receptors 

Similar to other neurotransmitter systems, NE acts at multiple receptors in target 

tissues. Traditionally, three noradrenergic receptor (AR) types with three subtypes 

each have been recognized: Three α1 ARs (α1a, α1b, and α1d), three α2 ARs (α2a, α2b, 

and α2c), and three ß ARs (ß1, ß2, and ß3) (Berridge and Waterhouse 2003). α1 and ß 

receptors are thought to exist primarily at postsynaptic sites, whereas α2 receptors 

exist both pre- and postsynaptically (Schwarz and Luo 2015). ARs are G protein–

coupled receptors that signal through diverse downstream effector proteins to alter 

neurotransmission, cell excitability, and gene transcription. 
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Figure 3 Adrenergic receptors  

Protein Structure of ɑ1, ɑ2 and β adrenergic receptors and their G-protein coupling. Red 
arrows mark the most common pharmacological antagonists, while green arrows mark 
pharmacological agonists. The lower part shows the sequence of activation of ARs with 
increasing NE concentrations as a result of increased stress. (modified from Ramos and 
Arnsten (2007) and Dorn (2010)). 

α1 ARs are Gαq coupled, and their activation stimulates phospholipase C activity to 

cleave phosphatidylinositol 4,5-biphosphate (PIP2) and increase inositol triphosphate 

(IP3) and diacylglycerol (DAG), causing an increase of intracellular calcium and 

activation of protein kinase C (Schwarz and Luo 2015). ß ARs are typically Gαs-

coupled and activate protein kinase A (PKA) via stimulation of adenylate cyclase 

activity and cyclic adenosine monophosphate (cAMP) production (Schmidt and 
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Weinshenker 2014). In addition, ß ARs can switch coupling from Gαs to Gαi via PKA-

mediated phosphorylation of the receptor, leading to a protein kinase pathway 

activation (Daaka et al. 1997). Since α1 and ß receptors are located on the same cell, 

they interact through parallel actions on second messenger systems (e.g. IP3 / DAG 

vs. cAMP), influencing the membrane potential, which ultimately results in an increase 

of excitability. α2 ARs are Gαi-coupled and function as inhibitory autoreceptors on 

noradrenergic neurons, although both pre- and postsynaptic α2 AR heteroreceptors on 

NE target neurons are also abundant in the brain. Activation of these receptors 

decreases PKA activation by suppressing cAMP production by adenylate cyclase.  

Noradrenergic receptors have different affinities for NE. Noradrenergic receptor family 

α2 has the highest affinity to NE (KD ~50 nM), followed by α1 ARs (KD ~300 nM), and β 

ARs (KD ~0.7–0.8 µM). The downstream effects of LC activity are dependent on the 

amount of NE release in any given behavioral situation. In situations of stress, such as 

during fight or flight, first α1 receptors are activated, followed by β ARs (see Figure 3). 

The focus of the overall brain activity allocation moves from areas responsible for 

higher cognitive processes to increased sensory performance and motor involvement 

(Ramos and Arnsten 2007; Atzori et al. 2016). 

Table 1 Adrenergic receptor characteristics (adapted from Delaville et al. (2011)) 

Receptor subtype G protein Description Effects 

α1 Gq ● Postsynaptic 
● Throughout the brain 

(incl. cortex, thalamus, 
basal forebrain) 

● Excitability increased 

α2 Gi/o ● Presynaptic  
● On NAergic and non 

NAergic terminals 

● Spontaneous firing and 
excitability increased 

● Reduced 
neurotransmitter release 

ß Gs/Gi ● Postsynaptic in 
cerebellum, cortex, HC, 
midbrain, peripheral NS 

● AC activation increases 
cAMP production 

● LTP induction 

The distribution and second messenger coupling of the receptor subtypes vary within 

and across brain regions. ß receptors appear to be more broadly distributed across 

neocortex laminae and are coupled to the Gs/cAMP second messenger system. α1 and 

α2 receptors, on the other hand, are concentrated in the superficial layers and are 

coupled to the PIP2 and Gi/cAMP systems (Dohlman et al. 1991). Although NE is the 

most frequent neurotransmitter acting on adrenergic receptors, its processed form 

epinephrine actually activates α1 receptors with the highest affinity (Morrow and 
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Creese 1986). Yet because epinephrine levels in the brain are very low (Mefford 

1988), it is likely that NE mediates most of the effects associated with adrenergic 

receptor activation (although some evidence for epinephrine regulation of motor 

activity exists (Stone et al. 2003)). Adding to the complexity of LC action, LC-NE axons 

possess both, traditional synaptic release sites and volume / extra synaptic release 

sites that are not adjacent to postsynaptic junctions. The distance between a NE 

release site and a post-synaptic receptors likely has an impact on the response of this 

receptor to NE release (Zoli et al. 1998). Thus, variations in the spatial relationships 

between release sites and receptors may be one reason for functionally-specific, 

distinct patterns of LC discharge activity in different brain regions.  

In line with its opposing physiological roles, a1 and α2 ARs also play antagonistic roles 

in the modulation of behavior. The blockade of α1 receptors, for example, decreases 

the acute locomotor response to stimulants like amphetamines, whereas antagonizing 

α2 receptors increases it. Studies have shown that α1 adrenergic receptors antagonists 

such as prazosin, terazosin, and WB-4101 decrease drug-induced motor activity and 

behavioral sensitization, but do not impair basal activity (Snoddy and Tessel 1985; 

Alsene et al. 2010). On a single cell level the modulatory effect of NE affects 

information integration in a way that spontaneous firing rates of cells get suppressed to 

a greater extent than stimulus-evoked discharges, thus yielding a net increase in 

“signal to noise” ratio (Segal and Bloom 1976). Findings like this supported the idea 

that a prominent physiological function of central NE might be to enhance the efficacy 

of both excitatory and inhibitory synaptic transmission (Moises et al. 1983). 

1.3 Projections from LC to the basal forebrain 

Injecting radioisotopes into the LC, Pickel et al. (1974) discovered extensive 

projections to the forebrain, cerebellum, brainstem, and spinal cord. Additional studies 

indicate that noradrenergic efferents act within an extended region of the medial basal 

forebrain to modulate behavioral state (Berridge and Foote 1996; Berridge and 

Waterhouse 2003; Berridge et al. 2003). Thus, the basal forebrain (BF) belongs to an 

ascending arousal controlling system, along with the LC, the parabrachial nucleus, and 

the raphe nucleus. 

The BF encompasses the general region of the medial septal area (MSA; including the 

medial septum, the diagonal band of Broca and the nucleus basalis) and the general 

region of the medial preoptic area (MPOA; including the medial preoptic area proper 
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and the medial preoptic nucleus). España and Berridge (2006) used Fluoro-Gold to 

retrogradely label NE cells according to their efferent projections. They revealed a 

topographical organization of MSDB efferents within the LC. Retrogradely labeled cells 

targeting MSDB were observed primarily ipsilaterally within the LC (83.9 ± 1.9% 

ipsilateral vs. 16.1 ± 1.9% contralateral). In rostrocaudal orientation, retrograde 

labeling was concentrated more to the rostral (38.4 ± 4.8%) and central portions (main 

body; 41.6 ± 3.3%) of the LC, whereas dorsoventrally, the most consistent and 

densest labeling was observed within the dorsal (45.4 ± 4.9%) and central thirds (33.3 

± 3.4%) of the LC  (España and Berridge 2006). Across all NE+ neurons targeting the 

MSDB that were retrogradely labeled in these studies, approximately 50% were 

located within the LC. Other noradrenergic nuclei, like the noradrenergic cell group 

A1/C1 provide substantially less input to the MSA (23.6%) (España and Berridge 

2006).  

1.3.1 Medial septum and diagonal band of Broca 

In the center of the BF, the general region of the MSDB splits up into the medial 

septum, the vertical limb of the diagonal band of Broca, the islands of Calleja, and 

relatively small portions of the lateral preoptic area. This part of the BF receives 

extensive inputs from regions like the hypothalamus and the raphe nucleus and 

forwards integrated information to higher cognitive regions. Major output pathway is 

the dorsal fimbria fornix, targeting the hypothalamus in a feedback loop, as well as the 

habenular nuclei and, importantly, the hippocampal formation (HCF). The vertical limb 

of the diagonal band of Broca is extensively connected to the HCF and the cingulate 

cortex. Also, surrounding and ventral nuclei receive efferent projections from the 

MSDB, namely the lateral septum and the ventral tegmental area. 

The BF contains three largely non-overlapping groups of neurons which can be 

distinguished based on their neurotransmitter phenotype i.e. cholinergic, GABAergic 

and glutamatergic neurons. Although cholinergic neurons represent a minority of BF 

neurons (10–20%, depending on the subregion) (Zaborszky et al. 2012), they have 

been largely in the center of research because of their broad projections to the 

hippocampus, synapsing onto pyramidal cells, dentate granule cells, and inhibitory 

interneurons. Cholinergic neurons can be identified via their characteristic synthesis 

enzyme choline acetyltransferase (ChAT) and connect within the medial septum to 

GABAergic interneurons. GABAergic interneurons represent the numerically largest 

group of basal forebrain neurons and can be divided into several subgroups. 

Stereological estimates in rats suggest there are ~5 times more GABAergic than 
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cholinergic neurons (Gritti et al. 2006). Most are small or medium-sized (<20 μm) 

neurons but ~12% are large-sized (>20 μm) projection neurons (McKenna et al. 2013). 

Those particularly large and parvalbumin (PV)-expressing GABAergic neurons make 

up only 7% of all GABAergic neurons in the basal forebrain (McKenna et al. 2013). 

Nevertheless, they are functionally important in controlling cortical local field potential 

(LFP) oscillations. Glutamatergic neurons represent the smallest of the three major 

groups of BF neurons. Most contain the vesicular glutamate transporter, subtype 2 

(VGluT2). VGluT2+ neurons comprise ~5% of cortically projecting neurons in the BF 

(Hur and Zaborszky 2005). Tracing experiments suggest that BF VGluT2+ neurons 

have relatively weak projections to cortex but within the MS glutamatergic neurons 

provide prominent excitatory inputs to a majority of local GABAergic and a minority of 

septal cholinergic neurons (Hur and Zaborszky 2005). 

1.3.2 Afferents to hippocampus and theta modulation during movement 

The hippocampal formation is one of the central brain regions involved in memory 

processing, navigation and integrating sensory information. Consisting of the 

hippocampus proper, the adjacent subiculum and the entorhinal cortex, the 

hippocampal formation has been the focus of several studies investigating the 

pathogenesis of degenerative diseases like Alzheimer’s and Parkinson’s disease 

(Trillo et al. 2013). These diseases go along with disorientation and locomotor deficits. 

One characteristic trait of the hippocampus are rhythmic oscillations in the LFP 

(Buzsáki 1986). EEG measurements show such activity during locomotor behavior and 

goal orientated manipulations of the environment. Theta band oscillations (4-12 Hz) 

can be observed during REM sleep. These oscillations represent a brain state 

specialized for processing navigation-related input (Buzsáki 2002). The MSDB was 

identified to serve as a pacemaker for theta rhythmicity in the hippocampus (Meibach 

and Siegel 1977; Holsheimer et al. 1982; Buzsáki et al. 1983). The pharmacological 

inactivation of the MSDB leads to an elimination of theta rhythmicity in hippocampal 

LFP (McNaughton et al. 2006). 

All three main cell types of the septal formation – GABAergic (Köhler et al. 1984), 

cholinergic (Lewis and Shute 1967), and glutamatergic neurons (Sotty et al. 2003) – 

project to the hippocampus, but recent studies have highlighted the role of 

glutamatergic neurons in particular. With only 2.6 ± 0.2% the number of MSDB 

glutamatergic neurons projecting to the hippocampus is comparatively low (Robinson 

et al. 2016). However, it was observed that optogenetic activation of MSDB VGluT2+ 

neurons was able to drive endogenous hippocampal theta rhythm (Fuhrmann et al. 
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2015), whereas stimulation of fibers projecting directly to the hippocampus through the 

fornix had no effect on hippocampal rhythmicity. These results showed that 

glutamatergic neurons can drive rhythms through intraseptal connections, activating 

both GABAergic and cholinergic neurons, which in turn modulate hippocampal network 

activity (Robinson et al. 2016). 

Fuhrmann et al. (2015) showed in experiments on voluntary movement, that the septo-

hippocampal network is involved in modulating locomotion speed. In doing so, 

interneurons in the hippocampal formation integrate speed dependent input from 

septal VGluT2+ neurons. Fulfilling both tasks, driving hippocampal theta and 

forwarding speed information, septal VGluT2+ neurons couple locomotor behavior and 

speed dependent theta modulation. Theta oscillations in the hippocampus and activity 

of VGluT2+ and PV+ neurons in MSDB can even be used to predict locomotor 

behavior (Hannes 2017). Several hundred milliseconds before onset of locomotion the 

activity of VGluT2+ and PV+ neurons in MSDB and theta oscillations in the 

hippocampal field potential increase, lending another piece of evidence for the 

functional connection between MSDB controlled theta and locomotor behavior. 

1.3.3 Modulating efferents from locus coeruleus towards the MSDB 

Noradrenergic efferents influence behavioral and EEG activity states within an 

extended region of the medial BF encompassing the MSA and the MPOA through 

actions at ß and/or α1 ARs. In the MSDB, NE released from LC axonal projections 

exerts wake-promoting actions (Berridge and Waterhouse 2003). The release of 

norepinephrine from LC terminals in the BF simultaneously activates cholinergic 

neurons that express α1 and ß ARs (Berridge et al. 2003), and inhibits GABAergic 

neurons, which express α2 ARs (Manns et al. 2003). In this way, LC activation 

modulates both cholinergic and GABAergic neurons in opposing manners, ultimately 

promoting arousal.  

1.4 Central hypothesis 

The LC is the center of a widespread modulatory network with projections into nearly 

all brain regions. These projections are capable of influencing the general activity in 

functionally connected regions as well as modulating the single unit firing properties in 

specific nuclei. With efferents to behaviorally relevant regions like the MSDB, the LC 

influences the integration of sensory information and the modulation of behavioral 

responses to given situations. However, the remaining question in the understanding 
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of the LC-NE system is how its organization, diversity of firing modes, and variety of 

projections all generate different behavioral outcomes. The MSDB and its projections 

to the HCF are a modulatory system for distinct behavioral patterns itself (Anaclet et al. 

2015; Zant et al. 2016; Herman et al. 2016). Inhibitory GABAergic and excitatory 

cholinergic neurons projecting to Cornu ammonis region 1 (CA1) hippocampal 

pyramidal neurons set the pace for oscillatory theta LFP in the HCF (Buzsáki 2002). In 

addition, glutamatergic neurons in the MS modulate HCF activity in a speed-

dependent manner (Fuhrmann et al. 2015). Activating this MSDB-HC microcircuit 

optogenetically even induces locomotion, indicating not only a modulatory, but also an 

active role in the generation of behavior (Fuhrmann et al. 2015).   

The central hypothesis of this study builds up on findings by Carter et al. (2010) who 

found that the direct optogenetic stimulation of LC results in increased locomotor 

behavior. In addition, I refer to the studies of Berridge and Waterhouse (2003), where 

pharmacological modulation of the MSDB triggers sleep to wake transition and 

movement. Together with the newly discovered role of glutamatergic neurons in MSDB 

on modulating running speed (Fuhrmann et al. 2015), this thesis is investigating the 

influence of LC on locomotor behavior, executed via long range MSDB projections. I 

hypothesize that this functional connection is sufficient to evoke locomotor behavior in 

mice. The response of the MSDB neuronal network was thus investigated on three 

levels: 

1. Intact, physiological network responses recorded in vivo.  

2. Extracellular recordings from functional networks in acute brain slice 

preparations. 

3. Single cell observations using current clamp recordings in vitro. 

On all three levels, the systems were treated with pharmacological modulatory drugs 

to investigate if the effects on locomotor behavior are caused by the local release of 

NE from LC axon terminals.    
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2 Methods 

2.1 Transgenic mouse lines 

All in vivo experiments and microelectrode array (MEA) recordings were conducted 

with the genetically modified mouse line B6.Cg-7630403G23RikTg(Th-cre)1Tmd/J (in short, 

TH1-Cre), purchased at Jackson laboratory (Stock No: 008601). TH1-Cre mice 

express the protein cre-recombinase under the tyrosine hydroxylase 1 promotor. 

Tyrosine hydroxylase is an enzyme catalyzing the conversion of the amino acid L-

tyrosine to L-DOPA in the catecholamine biosynthesis (). The TH1-Cre mouse line was 

used to target exclusively catecholaminergic neurons and study noradrenergic cell 

function.  

For patch clamp experiments, Slc17a6 tm2(cre)Lowl /J (in short, VGluT2-Cre) mice, 

purchased at Jackson laboratory (Stock No: 016963) were used. In these mice, cre 

recombinase is expressed under the promoter of the sodium-dependent inorganic 

phosphate cotransporter member 6. The VGluT2-Cre mouse line was used to label 

glutamatergic neurons in MSDB with red fluorescent tdTomato. 

Mice of both sexes aged between 8 and 15 weeks were used. All mice were group-

housed with a 12 h day-night light cycle at 21 °C, with food and water provided ad 

libitum. All experiments have been previously approved by local authorities, covered 

by the animal protocol 81-02.04.2017 A426. 

2.2 Viral vectors 

In order to express ChR2 in noradrenergic neurons the Cre-Lox recombination system 

was used (McLellan et al. 2017; Sternberg and Hamilton 1981; McLellan et al. 2017). 

This system combines the cell specificity of genetically modified mouse lines with the 

transfection system of adeno-associated virus (AAV) type 2. All AAVs are non-

pathogenic for humans. Combined with precise stereotactic injection, it is possible to 

target a specific cell population in a confined area to express a cargo protein of choice. 

In this case, channelrhodopsin 2 (ChR2) (Nagel et al. 2003) was exclusively expressed 

in noradrenergic cells of the locus coeruleus (LC). The AAV carries a single stranded 

DNA vector coding for the protein structure of ChR2 and a fluorescent tag (enhanced 

yellow fluorescent protein, EYFP) flanked by designated cleaving sites (loxP sites). 

The coding sequence for the cargo protein is inverted, preventing the vector from 
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being translated. In the target cells expressing the Cre-recombinase, the enzyme cuts 

at both loxP sites, and a second protein, the DNA ligase, rejoins the fragmented vector 

in an inverted orientation. In this way, the open reading frame is corrected, enabling 

the cargo protein to be transcribed. The expression in the target cells is driven by an 

EF1a-Promotor and a posttranscriptional protein (WPRE) to enhance and prolong 

protein expression. The virus was kindly provided by Dr. Susanne Schoch (see Figure 

4). 

 

Figure 4 Cre-Lox-P viral delivery system  

Structure of viral vector carrying ChR2-EYFP construct and Cre-dependent expression in NE-
Cre driver mouse line. Modified from Urban et al. (2012). 

2.3 Surgeries 

Mice were anesthetized by intraperitoneal injection of ketamine (0.13 mg/g body 

weight) and xylazine (0.01 mg/g body weight). In addition, buprenorphine (0.05 µg/g 

body weight), carprofen (5 µg/g body weight) and cefotaxime (0.2 µg/g body weight) 

were administered to prevent the mouse from experiencing pain or developing 

inflammations. In the case of incomplete anesthesia, additional anesthetics with up to 
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50 % dose were given. Surgeries were performed once animals turned unresponsive 

to stimuli such as tail pinch. Mice were placed on a heat pad to maintain body 

temperature, and fixed in a stereotactic frame (MA-6N, Narishige, Tokyo, Japan) 

including ear bars and a nose clamp. After the surgery, additional buprenorphine 

(0.05 µg/g body weight) was administered three times a day for three consecutive 

days. 

2.4 Stereotactic injections 

In order to express ChR2 in noradrenergic cells, an AAV was stereotactically bilaterally 

injected into LC. After anesthetizing the animal and fixing it in the stereotactic frame, 

the skin on top of the skull was opened. To adjust the injection setup, the skull was 

moved in a horizontal position with bregma and lambda on the same horizontal plane. 

The precision infusion cannula 

(34G cannula Hamilton syringe, 

World Precision instruments, Berlin, 

Germany) was zeroed on lambda 

by finding the crossing of visualized 

lines that most closely approximate 

the sutures in situ.  Following the 

stereotactic coordinates taken from 

the mouse atlas (-800 µm rostral-

caudal; ±800 µm bilateral; -

3200 µm dorsal-ventral ; Franklin & 

Paxinos “The mouse Brain in 

stereotaxic coordinates, Third 

Edition, Academic Press), the 

cannula was carefully guided to the 

injection site. 

A small hole covering the diameter of the cannula, was drilled into the skull using a 

dental drill (Drill, Foredom Electric), and the injection needle was slowly forwarded to 

its final position. Using an UltraMicroPump (World Precision Instruments, Germany), 

1 µl of virus at a rate of 0.1 µl/min were injected into the tissue, followed by a 10 min 

pause to let the virus diffuse into the tissue  before removing the needle. The 

craniotomy was sealed with dental acrylic (Cyano-Veneer fast; Heinrich Schein Dental 

Figure 5 Mouse skull sutures  

Identification of bregma and lambda by 
extending the skull sutures. 
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Depot, Munich, Germany) and the skin was sewed with absorbable sutures (Vicryl 

Plus, Johnson & Johnson Medical GmbH, Norderstedt, Germany). 

2.5 Hybrid fiber and LFP electrode placement 

After four weeks a hybrid optic and fluid cannula (OFC 400/430- 0.37 5 mm SM3 FLT 

ST166 0.1 mm, Doric Lenses, Quebec, Canada) was implanted right above the MSDB 

in a second surgery (see Figure 6). The preparations correspond to those in the 

stereotactic injection. In addition LFP electrodes were placed in the CA1 layer of the 

hippocampus bilaterally. 

 

Figure 6 Scheme of hybrid fiber placement in the MSDB  
A. Hybrid fiber consisting of a light fiber coupled to a 473nm laser and an infusion cannula 
connected to an infusion syringe. B. The hybrid fiber is placed with a 10° angle above the 

MSDB. 

Anesthesia and preparation of the mice were performed similarly to the stereotactic 

injection. In order to achieve a clean surgical field, the scalp and the periosteum were 

removed. A solid basis was created by treating the skull bone with phosphoric acid 

(Phosphoric Acid Gel Etchant 37.5%, Kerr Italia, Italy), and covering it with a volatile 

primer solution (OptiBond FL Prime, Kerr Italia, Italy) and adhesive glue (OptiBond FL 
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Adhesive, Kerr Italia, Italy). Once the glue was cured with UV light, a craniotomy was 

added above the MSDB and the hybrid fiber was pushed slowly to its final position 

above the MSDB. To prevent damage to large blood vessels, the MSDB was 

approached from a 10° medial-lateral angle (+1000 µm rostral-caudal; +750 µm lateral; 

-4400 µm dorsal-ventral). Two more craniotomies were added bilaterally above the HC 

CA1 region (+2300 µm rostral-caudal; +2000 µm lateral; -1200 µm dorsal-ventral) and 

monopolar LFP tungsten electrodes (W558511, Advent Research Materials, Oxford, 

England) were inserted. A ground and a reference electrode were added in the 

cerebellar region. The tungsten wires and a metal bar for the head fixation were fixed 

with a light-curable composite (Gradia Direct Flo, GC Corporation, Japan) onto the 

skull (see Figure 7). After the surgery, the analgesic buprenorphine (0.05 mg/kg) was 

administered three times daily for three days according to the animal protocol. 

 

Figure 7  Mouse skull with hybrid fiber, LFP electrode and head bar positioning.  

A hybrid fiber, including a light fiber and an infusion cannula, was implanted in close proximity 
to the MSDB. Two LFP electrodes were implanted in layer CA1 of the hippocampus 
bilaterally. A reference electrode was placed in the cerebellum and the grounding electrode in 
the CF. 
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2.6 Treadmill 

For in vivo experiments a custom built linear treadmill was used with a 7 cm wide and 

2 m long belt placed in a dark and noise-reduced environment built from Luigs & 

Neumann elements (Luigs & Neumann, Ratingen, Germany). The position of mice on 

the linear treadmill was tracked via an optical computer mouse, measuring the rotation 

of the treadmill cylinder. The mice were head fixed with a screw fixing the metal head 

bar with an adjustable arm above the belt. Light fiber, infusion cannula and LFP wiring 

were connected accordingly. Hippocampal field potentials were recorded at 10 kHz 

through an EXT-02F extracellular amplifier (NPI, Germany) and an ITC-18 board (NPI, 

Germany), operated with Igor Pro software (Wavemetrics, Oregon, USA). Electrical 

signals were filtered with a 3 Hz high-pass and a 500 Hz low-pass filter. Amplitudes 

were amplified 500-fold. Every mouse was habituated to physical handling by the 

experimenter and head restraining on the setup starting one week prior to 

experiments. All mice showed voluntary running behavior on the treadmill. 

2.7 Optogenetic stimulation 

Light stimulation was performed with a 473 nm diode laser (LuxX 473-80, Omicron-

Laserage, Rodgau-Dudenhofen, Germany) coupled to the implanted fiber-optic 

cannula with a fiber-optic cord (MFP 400/430/1100-0.37 1m FC-CM3(P), Doric Lenses, 

Quebec, Canada). The light intensity was adjusted to 20 mW at the tip of the light fiber. 

During experiments, a 10 min light stimulation pattern was used in 6 repetitions, 

alternating 5 min phases of 3 Hz and 3 ms Light pulses with 5 min of no stimulation 

(see Figure 8). In experiments including drug application, the light stimulation phases 

alternated with phases of drug infusion. As light stimulation control, a fiber-coupled 561 

nm laser (OBIS 561 LS, Coherent, Santa Clara, USA) was used. 
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Figure 8 Light stimulation scheme for in vivo experiments on the linear treadmill  

Light stimulation scheme with 6 consecutive trials consisting of 5 minutes baseline recording 
followed by 5 minute 3 Hz light simulation with 473nm. 

2.8 Pharmacology 

The hybrid fiber infusion cannula was used to apply noradrenergic agonists and 

antagonists as well as ACSF for sham applications (see Table 2).The basal forebrain, 

including the MSDB area, receives extensive input from the LC. NE released from 

noradrenergic axon terminals activated wakefulness-promoting cholinergic neurons, 

via the stimulation of excitatory α1 and β ARs (Berridge and Waterhouse 2003), 

whereas it suppressed the activity of sleep-promoting GABAergic neurons, via the 

stimulation of inhibitory α2 ARs (Manns et al. 2003). In order to suppress the NE input, 

prazosin and propranolol were applied to block α1 and ß AR activity. Clonidine, an α2 

receptor agonist was applied in order to achieve presynaptic inhibition via α2 action on 

presynaptic receptors. All chemicals were purchased at Tocris Bioscience, Bristol UK 

and dissolved in ACSF. 

Table 2  NE agonists and antagonists used in in vivo linear treadmill experiments 

Drug Effect Conc. Reference Vendor 

Prazosin α1 antagonist 2 µM (Pudovkina and 
Westerink 2005) 

Tocris Cat. No. 0624 

Clonidine α2 agonist 10 µM (Saad et al. 2002) Tocris Cat. No. 0690 
Propranolol ß antagonist 10 µM (Scotti et al. 2011) Tocris Cat. No. 0624 

 

In vivo infusion rate was 0.1 μl/s (0.5 μl in total), controlled by an UltraMicroPump 

(World Precision Instruments, Germany). The administration followed an alternating 

scheme with the light stimulation (see Figure 9). 
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Figure 9 Infusion scheme for in vivo treadmill experiments.  

For the experiment, a mouse was head fixed on a linear treadmill with an implanted hybrid 
fiber consisting of a light fiber and an infusion cannula. For three rounds, ACSF was 
administered as a sham control, then baseline running was recorded for 3 minutes, followed 
by a 6 minute period of light stimulation and again 3 minutes without stimulation. Prior to 
round 4, NE agonists and antagonists were administered, followed by a 2 minute incubation 
period. Then, baseline running and running with light stimulation was recorded as before. In 
total, 6 rounds of drug application were performed. Round 10 to 12 follow the initial scheme 
with ACSF sham infusion. 
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2.9 Slice preparation and storage in interface chamber 

Mice were deeply anesthetized with isoflurane to a depth at which no reaction to 

painful stimuli such as tail pinch could be observed. After decapitation, the brain was 

removed quickly and sliced in coronal slices (500 µm) containing the MSDB. For 

slicing, a Leica VT-1200S vibratome (Leica Microsystems, Wetzlar, Germany) filled 

with ice-cold sucrose solution containing (mM): 60 NaCl, 100 sucrose, 2.5 KCl, 1.25 

NaH2PO4, 26 NaHCO3, 1 CaCl2, 5 MgCl2, 20 glucose, oxygenated with 95% O2 and 

5% CO2 was used. After cutting, the slices were transferred to an interface chamber 

(Brain Slice Chamber System with Haas Top, Warner Instruments, Hamden USA; 

(Haas et al. 1979)) containing warm artificial cerebrospinal fluid (ACSF) for recovery 

(mM): 119 NaCl, 2.5 KCl, 1.3 MgCl2, 2.5 CaCl2, 10 glucose, 1.0 NaH2PO4, 26 

NaHCO3, gassed with carbogen (95% O2 / 5% CO2; pH 7.4 at 37 °C; 290–

310 mosmol/l). The interface chamber provided the slices with optimal oxygenation by 

creating a laminar flow of pre heated ACSF above and underneath the slices. 

2.10 Microelectrode array  

For extracellular in vitro slice 

recordings a MEA 2100-60-

System (MultiChannel-

Systems, Reutlingen, 

Germany) including an 

Interface Board 3.0 multiboard 

was used. The head stage 

was equipped with a perfusion 

element to be used with 

perforated MEA-chips. For the 

recordings 60pMEA100/30iR-

Ti with TiN electrodes were 

used. The 60 electrodes are 

arranged in a 6x10 grid, with 

an electrode spacing of 100 µm and an electrode diameter of 30 µm (see Figure 10). 

ACSF temperature was controlled and set to 35 °C with a PH01-inline heating element 

and the TC01 controlling unit (MultiChannel-Systems, Reutlingen, Germany). In order 

to secure the slice on the MEA, improve the connection to the electrodes, and to 

increase the vertical ACSF supply through the tissue, the lower circuit of the perfusion 

Figure 10 Multielectrode array  
Blue lines depict the isolated TiN electrodes, 
each ending in a recording site with an open 
tip. The perforation is shown in orange. 
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element was connected to a constant vacuum pump, set to a negative pressure of 

1.5 mbar. The software that was used for data acquisition was Multi Channel Suite 

(MultiChannel-Systems, Reutlingen, Germany). Data was sampled at a sampling rate 

of 20 kHz. 

 

To stimulate ChR2 in the slice optogenetically, a light fiber was placed above the slice 

in a distance of approx. 0.5 cm connected to a 473 nm diode laser (LuxX 473-80, 

Omicron-Laserage, Rodgau-Dudenhofen, Germany). The light stimulation pattern was 

controlled by a custom-written Igor script and forwarded to the MEA acquisition 

software to synchronize the slice recording and the light stimulation trigger (see Figure 

11). 

 

Figure 11 MEA light stimulation scheme  

The experiment consisted of four recording sessions, 9 min each, with 3 min baseline 
recording, 3 min light stimulation and 3 min post stimulation. In between, NE modulatory 
drugs (prazosin, clonidine and propranolol) were added to the ACSF supply. In the end a 20 
min washout phase was performed, followed by a recording session, including light 
stimulation.  

Noradrenergic agonists and antagonists were applied directly to the ACSF supply of 

the MEA-chamber. The concentrations are identical to those used in vivo (see Table 

2). After changing to a noradrenergic agonist/antagonists, all recordings were paused 

for a 20 min wash-in phase. 

2.11 Patch clamp 

In order to investigate the influence of noradrenergic modulation on single cell 

properties, the MSDB of VGluT2-Cre transgenic mice was transduced with AAV 

carrying a floxed version of red fluorescent protein tdTomato. In addition, a second 

virus carrying the coding information for ChR2-EYFP in an unfloxed version was 

injected bilaterally into the LC. After three weeks of incubation, coronal slices (300 μm 

thickness) of the medial septum were prepared with a Leica VT-1200S vibratome 

(Leica Microsystems, Wetzlar, Germany) in ice-cold sucrose solution containing (mM): 
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60 NaCl, 100 sucrose, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 1 CaCl2, 5 MgCl2, 20 

glucose, oxygenated with 95% O2 and 5% CO2. After recovery for at least 30 min at 35 

°C,  slices were transferred into standard ACSF with the following composition (mM): 

125 NaCl, 3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 2.6 CaCl2, 1.3 MgCl2, 15 glucose) at 

room temperature. Recordings were obtained from red fluorescent neurons visualized 

by infrared DIC and fluorescence microscopy for tdTomato identification (SliceScope, 

Scientifica, East Sussex, UK; BX-RFA, Olympus, Hamburg, Germany). Whole-cell 

current-clamp recordings were performed using a Dagan BVC-700A amplifier 

(Minneapolis, USA) and digitalized at 50 kHz or higher sampling rates using an ITC-18 

interface board (HEKA) controlled by IgorPro 6.2 software (WaveMetrics, Portland, 

USA). The recording pipettes with a resistance of 4-6 MΩ were filled with standard 

intracellular solution containing (mM): 140 K-gluconate, 7 KCl, 5 HEPES-acid, 0.5 

MgCl2, 5 phosphocreatine, 0.16 EGTA. All recordings were performed at 34 °C without 

correction for liquid junction potentials. 

2.12 Analysis 

2.12.1 Analysis of locomotion 

To investigate running behavior, a linear treadmill with a 2 m belt was used. The 

movement of the belt was detected with an optical mouse measuring the rotation of the 

belt. The detected position signal was further analyzed using custom-written Matlab 

scripts (Matlab 2013b, MathWorks, Natick, USA). Before further analysis, the running 

traces were smoothed, using a boxcar filter over 40 ms. Velocities below 0.1 cm/sec 

were defined as resting. Locomotion was defined as movement faster than 4 cm/sec. 

From the running traces and the time course of the experiment, the average velocity in 

cm/sec, the average running velocity, excluding the resting phases, the average 

running duration in % of time spent running, and the number of running initiations per 

minute were calculated. Movement phases of at least 1 sec duration were considered 

running phases. These parameters were calculated for both baseline phases and 

phases with stimulation. 

2.12.2 Local field potential recordings 

Local field potentials were recorded from CA1 with implanted electrodes in both 

hippocampi. Movement artefacts above 8 standard deviations (SD) were cut from the 

recording. LFP spectra were created using a Morlet wavelet transformation algorithm 

in Matlab 2013b (MathWorks, Natick, USA). Theta oscillations were defined as 
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frequencies between 4 to 12 Hz, and separated into 1 Hz bands. From the LFP 

spectrum, the prominent frequency band in the theta range and the maximum power at 

this peak was calculated. Peak frequency and maximum theta power was compared 

between running and resting phases in stimulated and unstimulated conditions. 

2.12.3 Microelectrode array 

Extracellular recordings from whole brain slices were performed on a microelectrode 

array with 25 kHz sampling rate. In order to follow single units over several recordings, 

all raw data from consecutive recordings were translated into binary data and merged. 

The merged file was further analyzed with Matlab 2013b (MathWorks, Natick, USA) 

and an open-access unit detection and sorting algorithm (“Kilosort”, 

https://github.com/cortex-lab/KiloSort, Pachitariu et al. (2016)). For the detection, 

spikes with an amplitude of 5 SD above baseline were isolated for every electrode. By 

comparing the spike timing, localization on the MEA, and the spike waveform, spikes 

were sorted into single units. All units were validated manually, dismissing artefacts 

and units with less than 50 spikes in total. During every experiment, the placement of 

the septal slice on the MEA chip was documented. Comparing the placement of the 

electrodes with the Allen Brain Atlas (Lein et al. 2007), the precise location from which 

extracellular recordings were gathered in 14 experiments could be reconstructed. The 

mean firing frequency for every unit was calculated with and without stimulation and 

before vs. during pharmacological modulation. 

2.12.4 Patch clamp 

In order to validate noradrenergic input on a single cell level, patch clamp experiments 

were performed with spare slices of MEA experiments. For all cells, characteristic 

response patterns to −200 pA and +500 pA current injections were recorded. 

Furthermore, the response to NE release due to optogenetic fiber stimulation was 

recorded. The maximum depolarization in response to the stimulus was compared 

between control and NE modulated conditions.  

2.12.5 Statistical analysis 

Statistical analysis of the data was performed using GraphPad Prism 7 software 

(GraphPad Prism version 7.00 for Windows, GraphPad Software, La Jolla California 

USA). All data was first checked for Gaussian distribution with a Kolmogorov-Smirnov 

test. Normally distributed data was tested for significant differences with the paired or 

unpaired two-tailed Student’s t-test. Heterogeneously distributed related and 
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independent samples were tested with a non-parametric related-samples Wilcoxon 

signed rank test and Mann-Whitney U test, respectively. Significance levels were 

defined as p<0.05 = *, p<0.01 = **, p<0.001 = ***, and p<0.0001 = ****.  
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3 Results 

3.1 LC fiber stimulation in MSDB increases locomotor behavior 

3.1.1 Baseline running 

In order to evaluate baseline running properties, voluntary movement of 12 mice was 

recorded in 6 experiments per mice, 10 min each on consecutive days. The running 

behavior was measured on a linear treadmill, allowing the precise recording of linear 

movement (see Figure 12A). Immobility or resting was defined as every time point with 

a velocity slower than 0.1 cm/sec and running was defined as movement longer than 

1 sec with a speed of at least 2 cm/sec. For the setup, a belt of 2 m length was used in 

combination with an optical mouse that scans the rotation of the belt (described in 

Fuhrmann et al. (2015)). To minimize sensory distractions from external stimuli 

(acoustic or visual), the setup was covered by a closed box.  

 

Figure 12  Baseline running on a linear treadmill  
A. shows a sketch of the linear treadmill setup with a mouse head-fixed on the belt. The setup 

was built sound and light proof to reduce sensory distractions. All mice were well habituated 
to the setup and showed voluntary running behavior. In B. an example running trace of one 

mouse with three consecutive laps is shown. All mice showed characteristic phasic running 
behavior, with short bursts of movement alternating with resting phases.  

All mice were well habituated to the head fixation on the treadmill and showed 

voluntary running behavior (see example in Figure 12B) with an average velocity of 

4.79 ± 1.27 cm/sec, excluding resting phases (mean ± SD; N = 12 mice; see Figure 

13A). With resting and slow movement phases included the average velocity over the 

course of the 10 minute experiment was 0.87 ± 1.07 cm/sec (mean ± SD; N = 12 mice; 

see Figure 13B). All mice showed characteristic phasic running behavior with 22.86 ± 

13.22 running initiations per minute on average (mean ± SD; N = 12 mice; see Figure 

13D). Overall, the mice spent an average of 13.5 ± 10.25 % of the total duration of the 

experiment running (mean ± SD; N=12 mice; see Figure 13C). 
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Figure 13  Baseline running analysis.  

Running was defined as linear movement with a speed of at least 2 cm/sec. Resting was 
defined as velocities slower than 0.1 cm/sec. A. Running velocity [cm/sec] shows the running 
speed during phases of movement, excluding resting phases. B. For the overall velocity 

[cm/sec] the average speed of complete recordings, including movement and resting phases 
was taken into account. C. The running duration [% of total time] calculates from the total 
duration of running phases versus the overall duration of the experiment. D. Running 

initiations per minute depicts the phasic nature of the movement and counts all onsets of 
running phases during the experiment. (Individual mouse data are presented in gray, n=12 
mice, mean values ± SD). 

3.1.2 Effect of optogenetic LC fiber stimulation in MSDB on running behavior 

In 6 experiments 12 TH1-Cre mice were used to investigate the effects of LC-axon 

terminal excitation within the MSDB on running behavior. 4-8 weeks before the 

experiments, all mice received bilateral stereotactic AAV virus injections into LC, 

carrying floxed ChR2. In addition, LFP electrodes were placed bilaterally in 

hippocampal CA1. Furthermore, a light fiber was placed above the MSDB in order to 

stimulate ChR2 in the MSDB.  After 2 weeks of expression and habituation to the 

setup, all mice showed voluntary running behavior, while being head-fixed on the 

linear treadmill (see Figure 14A). The light fiber was coupled to a 473 nm laser with 20 

mW power, providing 3 Hz stimulation with 3 ms pulses. 
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Figure 14  Optogenetic MSDB stimulation on the treadmill and exemplary running traces.  
A. Scheme of the linear treadmill setup with a mouse head fixed and a lightfiber implanted 
above the MSDB. B. Five consecutive running traces from one exemplary experiment, 

showing increased running behavior when 3 Hz light stimulation was applied. 

For the analysis of voluntary versus stimulated running, running velocity, overall 

velocity, running duration and running initiations per minute were averaged for 6 

experiments per mice (see individual data in Appendix figure 1 and Appendix figure 2). 

The D'Agostino-Pearson normality test showed a nonparametric distribution of all 

measurements. Therefore, average values were compared using the Wilcoxon 

matched-pairs signed rank test. 

Stimulating LC axon terminals in MSDB resulted in an overall increase of locomotor 

behavior compared to unstimulated conditions (see example in Figure 14B). The 

number of running initiations per minute (see Figure 15D; n=12, µbaseline=22.8 ± 13.22 

[running initiations/min], µstimulation=30.8 ± 11.37 [running initiations/min], p=0.0068) and 

the overall duration spent running (see Figure 15C; n=12, µbaseline=13.5 ± 10.25 [% total 

time], µstimulation=17.75 ± 8.99 [% total time], p=0.0210) were significantly increased. 

Following the overall speed during the experiment, this results in an increased overall 

velocity (see Figure 15B; n=12, µbaseline=0.87 ± 1.07 [cm/sec], µstimulation=1.12 ± 1.07 

[cm/sec], p=0.0269). Although excluding all resting phases, the running velocity was 

not significantly changed (see Figure 15A; n=12, µbaseline=4.79 ± 1.26 [cm/sec], 

µstimulation=5.04 ± 1.33 [cm/sec], p=0.2036). These data show that optogenetic 

stimulation of LC->MSDB projections leads to increased running behavior, without 

influencing the speed during running. 
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Figure 15  Stimulated  running analysis.  
A. Running velocity at baseline vs. rest. For the analysis of running velocity, the running 
speed during all phases of movement without resting phases was included. B. Overall 
velocity at baseline vs. rest, including all movement and resting phases. C. Percent of running 

periods at baseline vs. rest. Running periods were calculated from the total duration of 
running phases divided by the overall duration of the experiment. D. Number of running 

initiations per minute at baseline vs. rest. Running onsets faster than 4 cm/sec and longer 
than 1 sec were considered running initiations. (All statistical comparisons were performed 
with the Wilcoxon matched-pairs signed rank test. Each gray line depicts one mouse with 6 
averaged experiments. Black line = mean values ± SD.) 
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3.1.3 Yellow laser control 

To rule out that the placement of a light fiber and the illumination of neuronal tissue 

with potential heating effects due to illumination was causing any changes to the 

physiological functionality of the systems studied, a yellow laser control was 

performed. To do so, a laser 

with the emission 

wavelength of 561 nm was 

coupled to the light fiber 

implanted and the 

stimulated running 

experiments were 

conducted as before. Light 

with a wavelength of 561 

nm exceeds the absorption 

spectrum of ChR2 and is 

therefore not functional for 

causing structural changes 

of the retinal within the ChR2-protein. The emitted light intensity was tuned to 20 mW, 

matching the light intensity of the 473 nm laser used in the experiments. 

 

Figure 17  Voluntary running analysis with 561 nm yellow control laser stimulation. 
In A., the running velocity [cm/sec] of baseline running, excluding all resting phases (> 
4 cm/sec), is compared with yellow laser (561 nm) stimulated running. B. shows the overall 
running velocity for baseline vs. stimulated running. C. sums up the share of running periods 
in % of the total time for baseline and stimulated running. In D., the running initiations per 

minute are shown for baseline vs. yellow laser stimulation. (All statistical comparisons were 
performed with the Wilcoxon matched-pairs signed rank test. Each gray line depicts one 
mouse with 6 averaged experiments. Black line = mean values ± SD.) 

Figure 16 Absorption spectrum of ChR2  
Adapted from EuroPhotonics March 2015; 
www.photonics.com 
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All measurements collected during baseline conditions matched those collected in 

experiments using the blue laser for optogenetic stimulation (see Figure 15). Unlike the 

blue laser stimulation, yellow laser light stimulation did not induce any significant 

effects on any of the four calculated running parameters (see Figure 17). 

3.1.4 LPF & theta oscillations during rest and locomotion 

Any excitable membrane — whether it is a spine, dendrite, soma, axon or axon 

terminal — and any type of transmembrane current contributes to the LFP. All 

transmembrane currents, irrespective of their origin, lead to an intracellular as well as 

an extracellular voltage deflection. The characteristics of the LFP waveform, such as 

the amplitude and frequency, depend on the proportional contribution of the multiple 

sources and various properties of the brain tissue (Buzsáki et al. 2012). During the 

transition from resting states to moving states, changes in the LFP in CA1 stratum 

pyramidale could be observed (Buzsáki 1986). This layered structure has been shown 

to typically oscillate at theta frequencies between 4-12 Hz in mice (Whishaw and 

Vanderwolf 1973). Changes in the oscillatory activity represent changes in the 

population activity and thus changes to the systems mode, e.g. transition from rest to 

run. In this study, LFP changes were measured during all in vivo linear treadmill 

experiments using electrodes placed in CA1 stratum pyramidale.  LFP oscillations, 

measured on the treadmill confirmed the presence of rhythmic slow activity during 

episodes of voluntary movements, while mice were optogenetically stimulated and 

while they were not (see example in Figure 18). In addition to the frequency shift, the 

LFP power also increased during movement (see example in Figure 18C). 
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Figure 18  Example LFP theta oscillations, with and without optogenetic stimulation of LC fibers 
in MSDB.  
A. shows exemplary local field potential recordings, derived from electrodes placed in CA1 

stratum pyramidale of the hippocampus. Below, the correspondent velocity trace with resting 
and movement phases is shown. B. shows an LFP signal from the same recording site during 
optogenetic stimulation of LC fibers in MSDB. C. Power spectrogram of the LFP in A. 
between 4 to 12 Hz. D. Power spectrogram of the LFP in B. during stimulation. E. Correlation 
of LFP Power and Frequency for rest (<0.1 cm/sec) and run (>4 cm/sec). F. Same as shown 

in E for LFP recorded during optogenetic stimulation. 

LFP oscillatory frequency in the hippocampus shifted significantly from resting to 

running states (see Figure 19A). Simultaneously, the power of the theta oscillations 

increased (see Figure 19C). The same holds true during stimulated running. The direct 

comparison revealed that there was no significant difference detectable between LFP 

frequency (see Figure 19B) and LFP power (see Figure 19D) either with or without 

stimulation during resting phases. Also during running, LFP frequency (see Figure 

19B) and LFP power (see Figure 19D) showed no significant difference. The statistical 
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two way ANOVA analysis revealed, that while optogenetic stimulation did not increase 

LFP power, there was a small interaction between the running and the stimulation 

condition, so that in running animals stimulation actually slightly depresses LFP power 

(see Appendix table 1and Appendix table 2). This effect was not significant per se, 

only as interaction. In general, the optogenetic stimulation increases running behavior 

(but not speed), but has no effect on theta. 

 

Figure 19  LFP frequency and LFP power analysis prior and during stimulation phases.  
In A. the LFP frequency shift between resting and movement states is shown for n=10 mice 

with and without stimulation. Resting phases are defined as velocities >0.1 cm/sec and 
movement as >4 cm/sec. B. shows the direct comparison of Frequency with and without 
stimulation for resting and running phases. C. shows the increase of LFP power while 
moving, with and without stimulation. In D. LFP power is compared between phases with 

stimulation and without. (All statistical comparisons were performed with two way ANOVA and 
Sidak's multiple comparisons test (see Appendix table 1 and Appendix table 2). Each gray 

line depicts one mouse with 6 averaged experiments. Mean values± SD.) 

3.2 Pharmacological NE modulation of LC axon terminals in MSDB 

alters locomotor behavior  

The LC sends noradrenergic projections to almost all regions of the brain, including 

premotor and motor areas (Aston-Jones and Waterhouse 2016; Chandler 2016). One 

aspect that always needs to be considered when using optogenetic or 

electrophysiological stimulation is antidromic impulse conduction (Tye et al. 2011; 
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Yizhar et al. 2011). Meaning, the stimulus propagates from the site of activation 

anterogradely and retrogradely along the axon, eventually reaching the soma. As a 

result, when retrogradely propagating action potentials accumulate in the LC, it is 

possible that as a consequence, other target sites of the LC get activated. To account 

for this possibility, noradrenergic modulatory drugs were applied in the following 

experiments at the site of optogenetic stimulation. Modulation of the optogenetically 

evoked behavior indicated, that the MSDB and no secondary antidromically activated 

regions were responsible for the behavioral effects observed.    

3.2.1 Effect of pharmacological NE modulation on voluntary running 

Active LC axon terminals in the MSDB release NE, which acts via different NE 

receptors on the local network (Haghdoost-Yazdi et al. 2009). By blocking these 

reactions with pharmacological NE receptor primary and secondary antagonists, the 

modulatory effect of NE release in the MSDB can be altered. To apply 

pharmacological agents while simultaneously applying optogenetic light stimulation, a 

hybrid fiber consisting of a light fiber and an infusion cannula was implanted, aimed at 

the MSDB.  

 

Figure 20  Head fixed mouse on a linear treadmill with a hybrid fiber implanted in MSDB.  
A. Head fixed mouse on a linear treadmill with an implanted hybrid fiber, consisting of a light 
fiber coupled to a 473 nm laser and an infusion cannula. B. Floxed ChR2-EYFP injected into 

LC bilaterally in TH1-Cre mice. ChR2 gets transported via axonal projections towards the 
MSDB. The hybrid fiber is used to stimulate ChR2 in the axon terminals and also to apply 
pharmacology (2 µM prazosin, 10 µM clonidine, 10 µM propranolol). 

The experiment was planned with six animals, all of which received a surgery with 

hybrid fiber placement in the MSDB and LFP recording electrodes in the HC  (+ 

grounding electrodes in the cerebellum). In order to fix the mice on the linear treadmill, 

a metal bar was fixed to the skull. Two animals needed to be excluded due to the 

detachment of the metal bar and with it a displacement of the hybrid fiber. The hybrid 

fiber placement was confirmed post hoc in histological slices of the brain. As a result, 
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two more animals had to be excluded from the analysis, due to divergent placements 

of the hybrid fiber. The remaining two animals performed well on the treadmill, but all 

LFP recordings showed unexpectedly high noise levels, and hence were unusable. 

Since a meaningful statistical evaluation with two animals was not possible, a one-way 

ANOVA was used to individually test for significant changes in behavior over the 

course of the five-day experiment for each individual animal. 

In order to target ɑ1, ɑ2 and ß receptors, and to block NE signaling in the MSDB, three 

corresponding NE receptor ligands - prazosin, clonidine and propranolol - were chosen 

(see Table 2). All three ligands were applied simultaneously via the hybrid fiber. 

Subsequently, modulatory effects on locomotor behavior were measured on the 

treadmill. During 5 experiments on two mice baseline running was observed upon drug 

administration on 5 consecutive days. Every experiment consisted of three times 3 

minutes baseline running with sham ACSF infusion. Followed by the ligand application 

and a 2 minute incubation phase. Then, six times 3 min running with pharmacological 

modulation were recorded, followed by a 20 min washout phase. Afterwards, three 

times 3 minutes baseline running with sham ACSF infusion were recorded again (see 

example in Figure 21).  

 

Figure 21  Example running traces during NE modulation.  

Running traces from four consecutive experiments are shown. After three rounds of baseline 
running, NE-modulatory drugs were administered. Six rounds of voluntary running under drug 
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influence were recorded. After a 20 min washout phase three additional rounds were 
recorded. 

Upon pharmacological NE modulation, locomotor behavior was significantly increased 

compared to baseline conditions. The duration of running periods (see Figure 22C) 

and the number of running initiations per minute (see Figure 22D) was significantly 

increased in both animals. After the 20 min washout period the mice returned to 

baseline running rates. The overall velocity increased as well, due to the increased 

running to rest ratio (see Figure 22B). Excluding the resting periods, revealed instead, 

that the running velocity did not change significantly upon pharmacological modulation 

(see Figure 22A). Mouse #2 showed a reduced running velocity after the 20 min 

washout phase.   

 

Figure 22  Analysis of unstimulated running behavior under NE modulation.  
A. Comparison of running velocity [cm/sec], excluding all resting phases, for baseline 
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conditions vs. NE modulation (Prazosin, clonidine, propranolol) and after 20 min washout. B. 
Same comparison for the overall velocity during the different phases of the experiment. C. % 
of time the mice spent running for all three phases. D. Running initiations per minute for all 

three phases. (All statistical comparisons were performed throughout all three phases with 
One-way ANOVA and Tukey's multiple comparisons test (see Appendix table 3). Each circle 

depicts average of five days. Mean values± SD.) 

3.2.2 Effect of pharmacological NE modulation on stimulated running 

Modulating the NE system in the MSDB, either by optogenetic stimulation of LC-

terminals or pharmacological manipulation of NE receptors leads to changes in 

locomotor behavior. The following experiment examined whether the effects on 

running behavior were caused by the activation of ARs in the MSDB. The experimental 

setup combines the optogenetic stimulation with a 473 nm laser at 3 Hz and the 

application of the NE modulatory drugs prazosin, clonidine and propranolol. A phase of 

baseline running was initiated alongside a sham injection of ACSF, followed by a 

phase of optogenetic stimulation. Then a post-stimulation phase followed. After 3 

repetitions of sham ACSF, the combination of NE modulatory drugs was applied. 

Concentration, infusion rate and incubation time were the same as in previous 

experiments. A phase of pharmacologically modulated running was followed by a 

phase of combined optogenetic and pharmacological modulation and then a post-

stimulation phase with pharmacological modulation still in effect. After 6 repetitions a 

20 minute washout phase followed without any further drug application or optogenetic 

stimulation. The mice were kept on the treadmill during washout. Finally 3 repetitions 

of baseline running with ACSF sham injections, followed by optogenetic stimulation 

and then a post-stimulation phase was carried out. The experiment was performed on 

5 consecutive days (see example in Figure 23). A two-way ANOVA was used to 

individually test for significant changes in behavior over the course of the five-day 

experiment for each individual animal. 
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Figure 23 Example running trace with light stimulation and pharmacological NE modulation. 

A mouse was head fixed on a linear treadmill with an implanted hybrid fiber consisting of a 
light fiber and an infusion cannula. For three rounds, ACSF was administered as a sham 
control, then baseline running was recorded for 3 minutes followed by a 6 minute period of 
light stimulation and again 3 minutes without stimulation. Prior to round 4, NE agonists and 
antagonists were administered, followed by a 2 minute incubation period. Then baseline 
running and running with light stimulation was recorded as before. In total, 6 rounds of drug 
application were performed. Round 10 to 12 follow the initial scheme with ACSF sham 
infusion. 

In line with my previous experiments, mice showed an increased number and duration 

of running periods when LC projections in MSDB were optogenetically activated during 

control with ACSF sham injection (see Figure 24C and D). Running speed was not 

affected (see Figure 24A). The subsequent infusion of pharmacological NE modulators 

lead to increased running behavior, also when light stimulation was not active. Turning 

on the laser stimulation did not further affect movement in terms of the duration of 

running periods (see Figure 24G) and initiations per minute (see Figure 24H). Also, 

running speed was not further altered from baseline running under drug influence (see 

Figure 24E). Both mice showed comparable responses to optogenetic as well as 

pharmacological modulation. In comparison, mouse #1 showed a less consistent 

increase in running parameters upon optogenetic stimulation than mouse #2, - 



40 
 

especially after the 20 min washout phase. Both mice are consistent in their locomotor 

increase in response to the pharmacological modulation.   

The combination of optogenetic and pharmacological modulation resulted in increased 

locomotor behavior, comparable to both treatments individually. Optogenetic 

stimulation did not result in further increased running behavior during pharmacological 

treatment. In terms of the measured running parameters, simultaneous modulation did 

not exceed the behavioral limits measured before. Since the pharmacological 

modulation was a localized application, the blockade suggested that only the MSDB 

and no other regions were stimulated by optogenetic stimulation, e.g. by antidromic 

impulse conduction. After a 20 washout period the measured running behavior without 

stimulation was back to baseline levels and optogenetic stimulation resulted in 

detectable changes of locomotor behavior again. 
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Figure 24  Analysis of running behavior during optogenetic NE fiber stimulation and 
pharmacological NE modulation for mouse #1 and mouse #2 side by side.   
The results are shown for both mice side by side for each parameter. A. Comparison of 

running velocity [cm/sec], excluding all resting phases, for baseline conditions vs. NE 
modulation and 20 min after washout. B. Same comparison for the overall velocity during the 
different phases of the experiment. C. % of time the mice spend running for all three phases. 
D. Running initiations per minute for all three phases. E., F., G. and H. Same parameters 
measured during pharmacological NE modulation with prazosin, clonidine and propranolol. I., 
J., K. and L. Same parameters 20 minutes after drug administration. Statistics see Appendix 
table 4. 

Due to the small number of animals the statistical power of the results is reduced. An 

in between group comparison was not possible. Instead all results for the two animals 

are shown side by side. The results are calculated by averaging the performance of all 

consecutive days of the experiment. In order to take the simultaneous effect of 

optogenetic and pharmacological modulation into account, a two way ANOVA was 
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used to determine significant impacts on the measured running behavior (see 

Appendix table 4).  

3.3 MSDB network activity is altered by optogenetic and 

pharmacological NE modulation 

3.3.1 Identification and distribution of MSDB network units  

Optogenetic stimulation of afferent LC long-range axons in MSDB led to increased 

running behavior (see Figure 14). Pharmacological modulation of NE receptors on 

MSDB neurons also resulted in increased locomotion (see Figure 22). During 

pharmacological NE modulation, further excitation of the MSDB network was blocked, 

suggesting that the locomotion enhancing effects were mediated by the influence of 

NE in the MSDB and no other locomotion-associated region. 

Using a MEA allowed me to further investigate how the MSDB network reacts to NE 

modulation. MEAs for extracellular single unit recordings were introduced by Thomas 

Jr. et al. (1972) and Gross et al. (1977). Current MEA chips with up to 4000 electrodes 

enable the simultaneous recording and stimulation of large populations of excitable 

cells for days without inflicting mechanical damage to the neuron’s plasma membrane, 

as it is necessary with conventional single patch techniques. Extracellular field 

potential recordings reflect the spike activity of individual neurons or the superposition 

of fast APs or synaptic potentials. 

For MEA experiments, 14 TH1-Cre mice were used with the same stereotactic 

injections like those used on the linear treadmill. Noradrenergic neurons in LC were 

transduced with an adeno-associated virus (AAV), resulting in ChR2-EYFP expression 

within the axon terminals of MSDB. Mounting a brain slice including the MSDB on the 

MEA chip, extracellular activity from all neurons in proximity to the 6x10 electrodes 

(see Figure 25A) was recorded. With a 100 µm spacing in between the electrodes and 

a 30 µm diameter the MEA covered an area of 800 µm by 1200 µm. For every 

experiment, the relative position of the MEA to the MSDB was documented and later 

aligned with the Paxinos mouse brain atlas (see Figure 25B; Franklin & Paxinos “The 

mouse brain in stereotaxic coordinates”, Third Edition, Academic Press; 0.98 cm from 

Bregma). 
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Figure 25  MEA experimental setup and relative position of the microelectrode array to the MSDB. 
A. Floxed ChR2 was bilaterally injected into the LC of TH1-Cre mice. Coronal slices of the 
MSDB were mounted on the MEA. B. Exemplary photo of a mouse brain slice, including the 

MSDB. Underlying the 6x10 MEA electrodes are visible and a MSDB scheme is 
superimposed on top.  

14 experiments covered all of the dorsal medial septum and most of the more ventral 

diagonal band of Broca (see Figure 26A). Using an offline sorting algorithm, it was 

possible to extract 1001 separate units from the extracellular recordings  (N = 14 mice 

with 71.36 ±  21.71 units in average): 741 units in the more dorsal part and 260 in the 

ventral part. Due to higher overlap towards the center of the MSDB, the number of 

units recorded in this area was higher compared to the lateral septum and the limbs of 

the diagonal band of broca (see Figure 26B).  
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Figure 26  Coverage of the MSDB with 14 MEA recordings. Distribution of sorted units.  
A. All MEA positions from 14 experiments, color coded and superimposed onto the MSDB 
0.98 mm from Bregma. B. Sum of all units, recorded at various positions within the MSDB. 

The discrimination of single units took into account several characteristic parameters. 

With a threshold filter, spikes were separated from the raw trace and grouped 

according to spike timing and the shape of the spike (see example in Figure 27). The 

spike amplitude reflects the distance to the firing neuron, whereas the width and the 

relation between peak and trough indicate whether it was a more proximal or distal 

part of the neuron the spike was recorded from (Buzsáki et al. 2012).   

 

Figure 27  Exemplary extracellular recording with sorted units.  

Exemplary raw trace from an extracellular MEA recording in the MSDB. Noise-level was 
±10 µV. Spikes were separated with a 5x standard deviation threshold and sorted to three 
units. 
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Analyzing the position of the MEA electrodes with respect to their anatomical position 

in the MSDB formation allowed me to align all units from all experiments. For each 

position in the MSDB covered by a MEA electrode the average baseline firing 

frequency was calculated. Units recorded in the MSDB showed an average firing 

frequency of 11.09 ± 12.47 [Hz] in unstimulated conditions. The activity did not differ 

from dorsal to ventral (see Figure 28). 

 

Figure 28  Baseline firing frequency recorded from 1001 units averaged per electrode.  

2D distribution of 1001 units from 14 experiments within the MSDB formation. Color code 
represents mean firing frequency of units per location. Unit population splits into 741 units 
dorsal and 260 units ventral. Mean frequency with SD is shown for both populations and 
tested with nonparametric Mann Whitney test for significant differences. 

3.3.2 Effect of optogenetic stimulation of LC fibers onto MSDB network activity 

In order to activate ChR2 in the axon terminals of LC long range projections in the 

MSDB, a light fiber was placed in close proximity, shining 473 nm light with a 

frequency of 3 Hz onto the brain slice (see example in Figure 29A). In response to light 

activation, the MSDB network activity increased the average firing frequency of MSDB 

units (see example in Figure 29C). 
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Figure 29  MEA setup with light fiber, single unit and MSDB network response to light stimulation. 
A. Coronal brain slice, including the MSDB, mounted on a MEA chip. Lightfiber aiming at the 
MSDB, emitting 473 nm light with 3 Hz frequency. B. Single unit responses to light 
stimulation. C. Exemplary MSDB network response to light stimulation with 34 units. The 

frequency is color coded from minimal to maximal firing frequency for each unit individually. 

Averaging the firing rate of all measured units, the overall activity of the MSDB network 

increased upon light stimulation (see Figure 30A; n=14, µBaseline=11.16 ± 6.21 [Hz], 

µstimulation=11.82 ± 6.22 [Hz], paired t-test: p=0.0223, t=2.593). A closer look at single 

units’ individual responses (n=14 experiments with 1001 units in total) showed that 41 

units decreased their firing rate while 204 increased their activity. The remaining units 

did not change by more than 1 Hz (see Figure 30C). Between individual experiments, 
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the percentage of units increasing their activity varied between 0 and 50%, whereas 

the number of decreasing units ranged from 0% to 15% (see Figure 30C). Looking at 

the average across experiments, 16.5 % of units increased and 3.25 % decreased 

their activity (see Figure 30D; n=14, µincrease=16.50 ± 14.55 [%], µdecrease=3.25 ± 4.00 

[%]).  

 

Figure 30  Change in firing frequency due to optogenetic LC fiber stimulation.  
A. The overall firing rate in all experiments increased upon light stimulation (n=14 
experiments). B. All units (n=1001 units) binned according to their change in firing frequency 
(1 Hz bins). C. Percentage of increasing (by >1 Hz) and decreasing (by >1 Hz) units in single 
experiments. D. Boxplot depicts mean with upper/lower bounds at the 95% confidence 

interval. 
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Anatomically, the units responding with increased activity upon stimulation were 

significantly more often located in the medial septum rather than the diagonal band of 

Broca (see Figure 31A, ndorsal=741 units, nventral=260 units; Statistics see Appendix 

table 5). Separating frequency increasing units from decreasing units showed that this 

polarization applied to the unit population with positive response (see Figure 31B, 

ndorsal=464 units µdorsal=1.36 ± 1.98 [Hz], nventral=148 units µventral=1.28 ± 3.83 [Hz]; 

Statistics see Appendix table 5), whereas decreasing units distributed equally between 

medial septum and diagonal band of Broca (see Figure 31C, ndorsal=277 units µdorsal=-

0.55 ± 1.46 [Hz], nventral=112 units µventral=-0.41 ± 0.55 [Hz]; Statistics see Appendix 

table 5). 
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Figure 31  Anatomical distribution of unit responses to LC fiber stimulation.  
A. Unit response to LC fiber stimulation. Frequency per electrode during stimulation 

normalized to baseline frequency on the same electrode. N=1001 units in total with 741 units 
dorsal and 260 units ventral. Statistics see Appendix table 5 B. Units with frequency 
increasing response (n=612 units), normalized to baseline activity. C. Units with frequency 
decreasing response (n=389 units), normalized to baseline activity. D. Histogram of 

frequency change in 1 Hz bins for dorsal and ventral MEA units. 
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3.3.3 Effects of pharmacological NE modulation on baseline MSDB network activity 

To test the effects of NE modulatory drugs on the baseline activity of the MSDB 

network, prazosin, clonidine and propranolol (see Table 2) were added to the ACSF 

supply. After a 20 min incubation phase, the activity of single units was recorded. 

Single units showed diverse responses to the NE modulating drugs. Also, the average 

response of all units, reflecting the pharmacological effect on the network, varied from 

experiment to experiment. In general, the global activity of the network was reduced 

after drug application. A 20 min washout with untreated ACSF did not restore initial 

control activity levels (see example in Figure 32). 
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Figure 32  Example MSDB unit activity under control, NE α1+2-modulation, full NE modulation, 
and after washout conditions.  

80 units from one sample experiment, with baseline activity (no light stimulation) under 
different pharmacological conditions: control (no drug applied), 2 µM prazosin + 10 µM 
clonidine (NE α1+2-modulation), 2 µM prazosin + 10 µM clonidine + 10 µM propranolol (NE 
α1+2 + ß-modulation), 20 min after washout (no drug applied). For each condition 3 times 3 
consecutive minutes are shown. The frequency is color coded from minimal to maximal firing 
frequency for each unit individually. 

Analysis of the anatomical distribution of units throughout the MSDB formation 

suggests a homogeneous network response to the NE modulation. Only under the 
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influence of all three ligands there was a slight but significant difference between the 

dorsal and the ventral mean rate of firing (Statistics see Appendix table 6). α1 and α2 

receptor modulators prazosin and clonidine did not alter baseline network activity, 

whereas the additional application of the NE ß receptor modulating drug propranolol 

led to an overall decrease of network activity throughout the whole MSDB formation. 

This effect continued even after a 20 min washout phase (see Figure 33). 

 

Figure 33  2D distribution of units, adapting their baseline activity to various levels of 
pharmacological NE-modulation.  

Mean firing rate of units throughout the MSDB formation in control conditions, with 
pharmacological NE- α1+2-modulation, NE- α1+2 + ß-modulation and after 20 minutes 
washout (n=1001 units). Statistics see Appendix table 6.  

Recordings from different brain slices showed varying responses to the NE modulating 

drug application. On average, the mean firing rate of all experiments did not change 

with the addition of prazosin and clonidine (see Figure 34B), although single 

experiments showed substantial changes between control conditions and NE α1+2 

modulation. With propranolol added, the overall activity in nearly all experiments 

dropped, and significantly changed compared to control conditions (see Figure 34B; 

Statistics see Appendix table 7). This effect was not restored after a 20 minute 

washout phase (see Figure 34B). 
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Figure 34  MSDB network response to various phases of NE-modulation.  
A. global firing rate of n=14 MSDB network-recordings in control condition, with 

pharmacological NE- α1+2-modulation, NE- α1+2 + ß-modulation and after 20 minutes 
washout. B. Mean plus SD of firing rate change for all experiments. Statistics see Appendix 
table 7. 

3.3.4 Effect of LC fiber stimulation during pharmacological NE modulation on MSDB 

network activity 

ChR2 in the terminals of long-range LC axons allowed me to optogenetically modulate 

MSDB network activity. In 14 experiments, extracellular unit activity was recorded from 

coronal brain slices including the MSDB formation. In addition, a light fiber was placed 

in close proximity to the brain slice shining 473 nm light with 20 mW and 3 Hz 

stimulation frequency on the recorded area (see Figure 29A). The response of the unit 

network to optogenetic stimulation was recorded in different pharmacological NE 

modulated conditions (see example in Figure 35).  
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Figure 35  Exemplary unit recording with LC fiber stimulation during control, during NE  α1+2 
modulation, during NE α1+2 + ß modulation, and after 20 minutes washout.  

Exemplary unit recording with 3 min 473nm 3 Hz light stimulation in control conditions (no 
drug applied), 2 µM prazosin + 10 µM clonidine (NE α1+2-modulation), 2 µM prazosin + 
10 µM clonidine + 10 µM propranolol (NE α1+2 + ß modulation) and 20 min after washout (no 
drug applied). In the top row the mean frequency of all units is depicted. The frequency is 
color coded from minimal to maximal firing frequency for each unit individually. 
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After a set of control recordings with untreated ACSF, prazosin and clonidine were 

added to the ACSF supply (see Table 2). Under control conditions, the network activity 

increased in response to light stimulation (see Figure 36). Prazosin and clonidine 

treatment cancel this effect (see Figure 36). For the next set of recordings, in addition 

to prazosin and clonidine, propranolol was added to the ACSF supply (see Table 2). In 

these conditions the mean network activity was significantly reduced (see Figure 36; 

Statistics see Appendix table 8). Also, the activation of ChR2 did not increase network 

activity. After a 20 min washout phase with standard ASCF, the mean firing rate was 

still significantly reduced, compared to control conditions. The statistical analysis with a 

two way ANOVA reveals that there is a strong interaction between optogenetic 

stimulation and pharmacological modulation (see Appendix table 8A). This means that 

the effects of optogenetic stimulation were dependent on the pharmacological 

environment within the experiment. 

 

 

Figure 36  Frequency change in response to LC fiber stimulation in different NE-modulatory 
conditions.  

Firing rate of n = 14 experiments in response to LC fiber stimulation in different NE modulated 
conditions. Boxplots show median firing rate with SD for all experiments. Statistics see 
Appendix table 8. 

The two-dimensional structure of the MEA chips allowed me to anatomically locate 

units responding to the LC fiber stimulation. Under control conditions with untreated 
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ACSF, most of the firing frequency increasing units were located towards the center of 

the medial septum, rather than the limbs of the diagonal band of Broca. Under NE 

modulated conditions with prazosin, clonidine (and eventually propranolol), this 

heterogeneous distribution was not observed anymore. After washout, there was no 

difference between dorsal and ventral unit populations within the MSDB (see Figure 

37, nControl-dorsal = 741, µControl-dorsal = 0.65 ± 2.03, nControl-ventral = 260, µControl-ventral = 0.55 ± 

3.03, pControl dorsal vs ventral = 0.0296).  

 

Figure 37  Anatomical distribution of unit responses to LC fiber stimulation under different NE 
modulated conditions normalized to baseline activity.  

Color codes for firing frequency normalized to baseline activity [Hz]. Unit population (n = 
1001) splits into 741 units dorsal and 260 units ventral. Differences between dorsal and 
ventral activity changes were tested with nonparametric Mann Whitney test. 

3.3.5 Theta modulated units in MEA recordings 

When recording extracellular activity of units in the MSDB, the identity of the recorded 

neurons remains largely unanswered. However, some characteristic features can be 

extracted. Next to firing frequencies and responses to optogenetic and 

pharmacological modulation, it was possible to sort the detected units according to 

their frequency modulation. The medial septum is crucial for the generation of LFP 

theta oscillations in the hippocampal formation (Buzsáki 2002). To assess theta 

modulation of individual units in the MSDB, the action potential (AP) timing was 

correlated to the phase of theta oscillation. By individually determining whether a MS 

unit was linked to the theta cycle, 225 out of a total of 1001 cells could be identified as 

preferentially active at distinct phases of theta (see example in Figure 38). Studies 

combining the histochemical identification of MSDB cells with patch clamp recordings 

have identified GABAergic cells as the predominantly theta-modulated cell population 

in the MSDB (Brazhnik and Fox 1999; Simon et al. 2006). 
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Figure 38  Example Units from MEA recordings with and without theta modulation.  
A. Autocorrelation of an example theta modulated unit recorded in the MSDB formation. B. 
FFT of the autocorrelation displaying a peak at ~9 Hz. C. Autocorrelation of an example unit 
with no theta modulation, recorded in the MSDB formation. D. FFT of the autocorrelation 

displaying no peak between 4-12 Hz. 

In 14 experiments, the mean proportion of theta units was 20.82 ± 8.78 % (mean ± SD; 

N = 14; see Figure 39A). 5 out of 14 experiments needed to be excluded from this 

analysis, because the MEA positioning did not cover the ventral diagonal band of 

broca. In the remaining 9 experiments, there were significantly more theta modulated 

units in the dorsal medial septum rather than the more ventral diagonal band of broca 

(see Figure 39C; N = 9; µdorsal=25.72 ± 8.97 [% of total units in dorsal], µventral=20.88 ± 

9.482 [% of total units in ventral], paired t-test, p=0.0140, t=3,132). Within the theta 

range from 4 to 12 Hz, the units detected spread equally throughout the frequency 

range (see Figure 39B). 
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Figure 39  Analysis of theta modulated units in MEA recordings . 
A. Proportion and mean+SD of theta units in n=14 experiments. B. Distribution of n=225 theta 
units across the theta frequency range. C. Proportion of theta units for dorsal and ventral 

units compared to total population across all experiments. Statistical analysis with paired t 
test.  

The optogenetic activation of LC fibers in the MSDB led to an overall increase of 

activity during light stimulation (see Figure 30A). Units with theta modulated firing 

maintained their frequency tuning upon light stimulation but increased the amplitude, 

as seen in the FFT of the autocorrelation (see example in Figure 40). 
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Figure 40  Examples of unit theta-modulation with LC fiber stimulation in MSDB.  
A. Autocorrelation of an example theta modulated unit in baseline conditions without 
stimulation. B. FFT of the autocorrelation displaying a peak at ~9 Hz with an amplitude of 
~70. C. Autocorrelation of the same unit during LC fiber stimulation in MSDB. D. FFT of the 

autocorrelation displaying a peak at ~9 Hz with an increased amplitude of ~150. 

Although the optogenetic NE modulation of the MSDB network increased its general 

activity, the proportion of theta units per experiment remained stable (see Figure 41A). 

Also, the mean theta frequency of these units did not change (see Figure 41B). Only 

the amplitude of the autocorrelation FFT increased significantly (see Figure 41C; 

Statistics see Appendix table 9). 
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Figure 41  Analysis of unit theta modulation upon LC-fiber stimulation in MSDB.  
A. Change of proportion of theta units with optogenetic NE modulation compared to baseline 
without stimulation. B. Mean theta frequency with and without stimulation. C. Mean theta 

amplitude with and without stimulation. Statistical analysis with Wilcoxon matched-pairs 
signed rank test (see Appendix table 9). 

In order to investigate the modulatory influence of NE on the MSDB network activity, 

prazosin, clonidine and propranolol were added to the ACSF supply. In contrast to 

changes in the general network activity, units showing theta modulation did not change 

their internal properties. In comparison to control conditions, the proportion of theta 

modulated units and their frequency, as well as amplitude remained the same under 

different NE modulated conditions (see Figure 42A+B; Statistics see Appendix table 

10). 
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Figure 42  Analysis of theta unit modulation in different NE-modulatory conditions.  
A. Proportion of theta units in single experiments (n=14) in different NE-modulatory 
conditions. B. Mean proportion of theta units in all experiments (Statistics see Appendix 
table 10). C. Frequency for theta modulated units in single experiments in different NE-
modulatory conditions. D. Mean frequency of theta modulated units in all experiments  
(Statistics see Appendix table 10). E. Theta amplitude for theta modulated units in single 
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experiments in different NE-modulatory conditions. F. Mean  amplitude of theta modulated 
units in all experiments (Statistics see Appendix table 10). 

A closer look at the anatomical distribution of theta modulated units within the MSDB 

shows that the mean proportion of theta units in the dorsal medial septum was higher 

compared to the ventral diagonal band (see Figure 43B+D; Statistics see Appendix 

table 11). This distribution did not change with prazosin and clonidine modulating NE- 

α1+2-receptor activity (see Figure 43D). With propranolol added to the ACSF supply, 

the variation between experiments increased, some showed a substantial loss of theta 

modulated units, some showed even an increase (see Figure 42A). On average, this 

led to a balancing of theta units between dorsal and ventral (see Figure 43B+D; 

Statistics see Appendix table 11). Even though the overall activity in the MSDB slices 

failed to recover after the 20 min washout period (see Figure 34B), the heterogeneous 

distribution of theta units between dorsal and ventral MSDB restored (see Figure 43D; 

Statistics see Appendix table 11). With a two way ANOVA the statistical analysis takes 

both factors, the anatomy (dorsal, ventral) and the pharmacological modulation into 

account (see Appendix table 11). It showed, that there is a significant difference 

between the proportion of theta modulated units in dorsal and ventral MSDB. The 

ANOVA also shows, that over the course of the experiment the pharmacological 

modulation was not a significant source for variation. Yet, the Sidak’s multiple 

comparisons test of the different pharmacological treatments confirms, that the ratio 

between dorsal and ventral theta units changes (see Appendix table 11). 
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Figure 43  Proportion of dorsal and ventral theta modulated units in different NE modulated 
conditions. 
A. Proportion of theta modulated units in % for all experiments (n=7) under control and 

pharmacological NE modulation conditions. Dorsal theta units are marked with open symbols 
and ventral theta units with solid symbols. B. Difference of dorsal and ventral theta modulated 
units in % of all units for all conditions. C. Direct comparison of dorsal vs. ventral theta 
modulated units in % for all experiments (n=7) in all conditions. D. Mean dorsal and ventral 

theta units in % of all units in different control and pharmacological modulation conditions. 
Statistical test were performed with a two-way ANOVA and Sidak's multiple comparisons test 
(see Appendix table 11).  

The MEA experiments with optogenetic LC fiber stimulation and drug application show 

that the mean frequency increase of the MSDB network depends on intact NE input 

(see Figure 36). The number of theta modulated units did not change with LC fiber 

stimulation, regardless of the pharmacological conditions (see 
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Figure 44A). Also, their frequency and amplitude did not change upon light stimulation 

(see  

 

Figure 44C and E). The two way ANOVA analysis showed that indeed the optogenetic 

stimulation did not change the attributes of theta modulated units (see Appendix table 

12). Instead, the pharmacological modulation resulted in significant differences in the 

number of theta modulated units and their amplitude, but not their frequencies (see 

Appendix table 12). 
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Figure 44  Theta modulated units with LC fiber stimulation under different NE modulated 

conditions. 
A. Theta unit proportion in n=14 experiments before and during LC fiber stimulation under 
different pharmacological NE modulated conditions. B. Mean proportion of theta units during 

optogenetic modulation in different pharmacological conditions. Statistical test: Two way 
ANOVA (see Appendix table 12A). C. Frequency of theta modulated units in baseline 
conditions vs. optogenetic stimulation. D. Mean frequency in different pharmacological 
conditions. Statistical test: Two way ANOVA (see Appendix table 12B). E. Theta amplitude 
during baseline and optogenetic stimulation with pharmacological modulation. F. Mean 

amplitude of theta modulated units before and during optogenetic stimulation in different 
pharmacological conditions.  Statistical test: Two way ANOVA (see Appendix table 12C). 

The investigation of network dynamics with the MEA has shown that the activity of 

units in the MSDB was modulated by NE release. Most of them increase their firing 

rate in response to the optogenetic stimulation of LC axon terminals. The 

pharmacological modulation confirms that these effects are mediated by ARs. How the 

drugs work individually cannot be said due to the simultaneous application. In addition, 

a general rundown of the brain-section viability must be taken into account when 

interpreting the effects. The analysis of the unit firing revealed theta modulated units in 

the MSDB. These were not affected by LC fiber stimulation, though. 

3.4 Response of glutamatergic cells in MSDB to optogenetic LC fiber 

activation and pharmacological NE modulation 

My in vivo experiments have shown, that the optogenetic stimulation of ChR2 in LC 

axonal projections in the MSDB region lead to changes in locomotor behavior. The 

MEA experiments further confirmed that the MSDB network is modulated by 

noradrenergic innervation. Fuhrmann et al. (2015) have identified the functional link 

between VGluT2 + cells in the MSDB and A / O interneurons in the hippocampus as 

the basis for speed modulation. To find out if VGluT2 + cells are modulated by the 

noradrenergic system, patch clamp experiments in MSDB slice preparations were 

performed. The experimental setup resembles the MEA experiments conducted 

before. For patch clamp experiments, 8 VGluT2-Cre transgenic mice were used. In 

order to label glutamatergic cells in the MSDB, a virus carrying the floxed coding 

information for tdTomato was stereotactically injected into the MSDB (see Figure 45A). 

The patched cells showed characteristic response patterns of VGluT2+ cells to −200 

pA and +500 pA current injections (see Figure 45B). In addition, unfloxed ChR2-EYFP 

was injected bilaterally into the LC (see Figure 45A). As a result, mice showed green 

labeled NE fibers in the MSDB descending from the LC and red labeled glutamatergic 

cells in the MSDB (see Figure 50). For optogenetic stimulation, a light fiber was placed 
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in close proximity to the recording site. Also the wash in of the NE ligands prazosin, 

clonidine and propranolol was prepared like before with the same concentration.  

The optogenetic stimulation pattern was 3 Hz for 3min with 20 mW, analogous to 

previous experiments. Cells that responded to light stimulation showed an immediate 

and closely coupled depolarization response to the light stimulus, followed by a slow 

decay back to resting potential (see example in Figure 45C). With faster stimulation, 

this effect summed up to a lasting depolarization plateau with triggered AP (see 

example in Figure 45D). After light stimulation, the membrane potential went back to 

resting levels.  
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Figure 45  Example units from patch clamp experiments in MSDB.  
A. Injection scheme for patch clamp experiments. With unfloxed ChR2 injected in the LC 

bilaterally, transfecting all afferents from the LC. In addition floxed tdTomato was expressed 
in VGluT2+ MSDB cells.  B. Characteristic response pattern of VGluT2+ MSDB cell to −200 
pA and +500 pA current injections. C. Example patch clamp recording from a VGluT2+ 

identified unit in MSDB showing depolarization responses upon 3 Hz light stimulation of LC 
fibers. Recording under control conditions is shown in black. Pharmacological NE modulated 
conditions with prazosin, clonidine and propranolol are shown in red. D. Same unit as in A 

with 30 Hz stimulation. 

Analogous to the in vivo experiments and the MEA recordings, ChR2 in LC axon 

terminals was optogenetically activated with a light fiber emitting 473 nm light onto the 

MSDB region of the brain slice. In total, 28 red labeled putative glutamatergic cells 

were recorded, from which 10 showed an electrophysiological response to the LC fiber 

stimulation. The majority of those cells (n=8) was located in the dorsal MS region 

rather than the ventral DB region (see Figure 46A; Statistics in Appendix table 13). The 
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mean depolarization of all cells upon light stimulation under control conditions was 

9.38 ± 8.80 mV. Under the influence of prazosin, clonidine and propranolol, this effect 

changed to 7.82 ± 4.90 mV in average (see Figure 46C). This change turns out to be 

insignificant in the test, although the statistical starting point is probably underpowered 

(see Appendix table 14).  

 

Figure 46  Analysis of patch clamp recordings of VGluT2 identified units in MSDB.  
A. Spatial distribution of n=28 red labeled recorded cells. Cells responding to the optogenetic 

LC fiber stimulation are marked in red. Unresponsive cells are marked in grey. Statistical test: 
Contingency, Fisher's exact test (see Appendix table 13). B. Proportions of responsive and 
unresponsive glutamatergic cell in the dorsal and ventral MSDB C. Mean depolarization 

response upon LC fiber stimulation of n=10 cells under control conditions and n=4 cells under 
pharmacological NE modulated conditions. Statistical test: Wilcoxon matched-pairs signed 
rank t-test (see Appendix table 14).  

Glutamatergic cells patched in MSDB slice preparations showed clear responses to 

the optogenetic stimulation of long range LC projections. The proportion of responsive 

cells was significantly higher in the dorsal MS then the ventral DB. Upon phasic light 

stimulation they show clear sharp depolarization events with short decay times. With 

high-frequency stimulation, this depolarization adds up to a plateau in which even 
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action potentials are triggered. The pharmacological modulation with NE ligands 

showed only mild non-significant effects. 

3.5 Histology: Stereotactic LC injection and hybrid fiber placement 

3.5.1 Expression in LC 

Floxed ChR2, green labeled with EYFP, was selectively expressed in NE cells in the 

LC in both hemispheres (see Figure 47). After completion of each experiment, each 

animal’s brain was removed and stored in PFA. To validate ChR2-EYFP expression, 

all brains were sliced at 50 µm thickness using a Leica VT-1200S vibratome (Leica 

Microsystems, Wetzlar, Germany). The green fluorescence of the EYFP tag was 

enhanced with an anti-GFP immunostaining (abcam ab5449, goat polyclonal), 

resulting in brightly green labeled NE cells and projecting fibers in the region of the LC. 

 

Figure 47  Location of the LC in the brainstem, bilaterally. See Franklin & Paxinos “The mouse 
brain in stereotactic coordinates”.  

Schematic atlas drawing of the anatomical position of LC, 5.4 mm caudal of Bregma, in the 
brainstem.  



71 
 

Histological sections show locally confined expression of ChR2-EYFP in the LC area. 

Green labeled fibers indicate that projecting neurons carry ChR2 along the fibers 

towards the targeted presynapse (see example in Figure 48A). A more detailed view at 

higher magnification also reveals green labeled somata of ChR2-EYFP expressing NE 

cells (see example in Figure 48B). 

 

Figure 48  ChR2-EYFP expression in LC, bilaterally.  
In A. both LC nuclei with widespread green fluorescent projecting fibers can be seen. 
B. shows a detail including labeled NE cell bodies. 

3.5.2 LC axon fibers in MSDB and hybrid fiber placement 

Injecting floxed ChR2 with an EYFP fluorescence tag in both LC nuclei resulted in 

green labeling of the noradrenergic system’s extensively descending projections. 

Green fibers in the MSDB area confirmed that also the basal forebrain is targeted by 

the LC (see example in Figure 49B). For each mouse tested in in vivo experiments, the 

existence of such green projecting fibers was confirmed in histological slices of 50 µm 
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thickness. Additionally, the positioning of the hybrid fiber used for light and drug 

delivery was confirmed and compared to the Paxinos mouse atlas for each animal 

(see example in Figure 49A). 

 

Figure 49  Hybrid fiber positioning in a coronal brain section including MSDB.  
A. shows a coronal brain section including the MS and VDB area. B. Detail, with green 
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fluorescent axonal projections from LC in the MSDB area. C. The position of the hybrid fiber 

is indicated in white and compared to the Paxinos mouse brain atlas. 

3.5.3 Red labeled cells and green fibers from LC in patch clamp experiments 

For single cell recordings, VGluT2-Cre mice were injected with floxed tdTomato in the 

MSDB. In addition, unfloxed ChR2 labeled with green fluorescent EYFP was 

stereotactically injected into LC bilaterally. For all patch clamp experiments, red 

labeled cells were patched  and green fluorescent descending LC fibers were 

confirmed (see Figure 50A). 

 

Figure 50  MSDB sagittal VGluT2-Cre brain slice with red labeled glutamatergic cells and green 
labeled descending fibers from LC.  

VGluT2-Cre mice were injected with floxed tdTomato to label glutamatergic cells in the MSDB 
(arrow #). In addition, unfloxed ChR2 tagged with green fluorescent EYFP was injected in LC 
bilaterally in order to label descending NE fibers in the MSDB (arrow *). 
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4 Discussion 

It is not fully understood how different levels of arousal modulate the integration of 

environmental information and locomotor behavior (Devilbiss et al. 2006). Many 

previous studies addressed the role of the noradrenergic system in regulating neuronal 

activity in virtually all brain regions (Berridge and Waterhouse 2003; Carter et al. 2010; 

Stone et al. 2003; Chandler 2016). The LC in particular has largely been studied for its 

influence on sleep to wake transition (Berridge et al. 2012; Rho et al. 2018). The 

present study investigated the physiological processes that are involved regulating 

locomotor behavior. It was shown that NE enhances motor neuron responsiveness to 

alerting stimuli (Nam and Kerman 2016; White et al. 1996; White and Neuman 1980). 

The central structure for declarative memory consolidation, including navigational 

purposes, is the hippocampus (Morris et al. 1982). Fuhrmann et al. (2015) showed, 

that in addition to environmental attributes such as location and heading direction, 

running speed is also integrated in the CA1 region of the hippocampus. A structure 

that integrates sensory information and forwards them to the hippocampus is the 

MSDB, located in the basal forebrain (Wallenstein and Hasselmo 1997). The present 

study confirmed existing models on the noradrenergic innervation of the MSDB and 

adds significant insights on both MSDB network regulation and single cell modulation. 

By stimulating glutamatergic cells in the medial septum Fuhrmann et al. were able to 

demonstrate a modulation of locomotor behavior. Direct modulatory, bidirectional 

connections between the hippocampus and the LC have been described before 

(Takeuchi et al. 2016; Smith and Greene 2012). In contrast, this thesis investigates the 

modulatory influence of the LC on locomotor behavior via the path of MSDB and HC. It 

extends previous approaches by investigating the influence of noradrenergic 

modulation on MSDB network activity on three experimental levels: Running behavior 

on the linear treadmill, MSDB population activity on the MEA, and single cell patch 

clamp recordings.   

The main findings of this study are:  

(1) The optogenetic stimulation of LC-MSDB projections in vivo lead to increased 

running behavior, in terms of running initiations and the total time spent running, 

but not running speed. Pharmacological modulation confirmed that the changes in 

behavior were dependent on ARs in the MSDB. At the same time hippocampal 

LFP was not changed.  

(2) In vitro stimulations of LC-MSDB projections increases the firing rate of single 

units recorded on the MEA.  Reactive units are located mostly in the dorsal MS. 
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Pharmacological modulation confirms that changes in MSDB network activity are 

mediated by ARs. Theta modulated units are located in the dorsal MS and are 

modulated by NE pharmacology. 

(3) Patch clamp experiments of VGluT2+ cells in MSDB slice preparations show 

responses to optogenetic activation of LC afferents. Reactive cells are mostly 

located in the dorsal MS. Pharmacological modulation barely affects VGluT2+ 

cells. 

4.1 Baseline running 

Mice have relatively high activity levels per day. When given access to running wheels, 

mice run for a total distance of ∼4 to 20 km per day and a total activity time of ∼3 to 7 

hours a day (Manzanares et al. 2018). Remarkably, this behavior is also observed in 

feral wild mice when running wheels are placed in nature (Meijer and Robbers 2014). 

Motor pathways in vertebrates are largely consistent across classes and share similar 

neuroanatomical structures. Local control of muscle movements is regulated by pools 

of motor neurons in the spinal cord that are part of a dispersed locomotor central 

pattern generator network (Goulding 2009). Descending reticulospinal, rubrospinal and 

vestibulospinal pathways control the locomotor network in the spinal cord (Berridge 

and Waterhouse 2003). The reticulospinal pathway, including the LC, is the primary 

pathway for initiating locomotion (VanderHorst and Ulfhake 2006; Mogenson et al. 

1980). Motor actions are also initiated by the motor cortex, via descending projections 

to the motor neurons in the spinal cord. The cerebellum serves as a feedback and 

control center, which integrates sensory and internal feedback (Goulding 2009). In this 

way it optimizes motor pattern and coordinates motor behaviors. 

To understand the influence of the LC and the noradrenergic system on behavior, this 

study has focused on locomotor behavior measured on a linear treadmill. The treadmill 

reduces behavioral flexibility but allows a precise readout of the different running 

modalities like, velocity, initiations and duration. However further studies with freely 

moving animals will be needed to investigate the influence of the NE system on 

behavior in a broader context. The mice used in this study were carefully handled and 

well trained to the experimental setup. Head fixed and centered on a freely circulating 

belt, the mice were able to show voluntary running movement following their natural 

habit. The movement on the belt can be reduced to a chronological sequence of 

resting and running phases. Typically, this movement occurs in short bursts of running, 

lasting between 5-20 s. This pattern resembles the behavior of a mouse in a novel 
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environment, exploring or food seeking (Loos et al. 2014; Navarro-Castilla et al. 2018). 

The amount of running periods reflects the level of arousal the mouse is experiencing, 

with comparatively less running behavior in phases of calm exploration, compared to 

many running phases during stress or excitement (Zimprich et al. 2014).  

 

4.2 Optogenetic LC fiber stimulation in MSDB increases locomotor 

behavior 

In order to simulate increased LC activity, noradrenergic fibers in the MSDB were 

stimulated optogenetically using blue laser activation of ChR2. Stimulating NE fibers in 

the MSDB activates one aspect of an elaborate system that in its entirety is suited to 

deal with positive stimuli (food, social interaction) as well as threats (predator). 

Stimulating all NE fibers in the MSDB is comparable to a state of high arousal, how it 

can be observed in situations of increased arousal, e.g. social interactions, alertness, 

food seeking. In response, the mouse shows physiological signs of arousal, such as 

increased skin conductance, higher grooming rates, changes in pupil diameter and 

more movement (DiNuzzo et al. 2019; Joshi et al. 2016; Naegeli et al. 2018). In this 

study, I was able to show functionally and in histological preparations, that the MSDB 

receives long-range NE input from LC by injecting ChR2-EYFP bilaterally in LC. This 

study confirms the anatomical connection between the basal forebrain and the LC via 

the dorsal noradrenergic bundle with long-range green fluorescent fibers, visible in the 

histological MSDB preparations, as it was first described by Pickel et al. (1974). The 

stimulation of the descending LC fibers results in an increase in running behavior, in 

terms of running initiations and the total time spent running (see Figure 12 C and D), 

but not running speed (see Figure 12 A). Fuhrmann et al. (2015) describe the role of 

the MSDB and its connection to the HC on locomotor initiation as well as running 

speed. They found that glutamatergic neurons projecting to HC alveus/oriens 

interneurons not only communicate running speed but also predict movement onsets. 

Doing so, the running speed of the mice increased with the stimulation frequency 

(Fuhrmann et al. 2015). The running behavior in these experiments was not self-

determined and, especially with higher stimulation rates, exceeded the running speed 

the mice were showing during voluntary running. The observations made in the 

present study also suggest a direct involvement of the MSDB in the initiation and 

control of locomotor behavior, but in contrast to the direct optogenetic stimulation of 

glutamatergic neurons, the global activation of NE afferents in the MSDB does not 
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seem to address the same speed controlling mechanisms that were described by 

Fuhrman et al., or at least not to the same extent. In contrast, it has been shown that 

all cell types in the MSDB receive noradrenergic input, with GABAergic cells being the 

major target (Kitchigina et al. 2003). This functional link provides the basis for a 

working model that combines the results of this study with the current knowledge about 

the functioning of the MSDB and its role in the modulation of locomotor behavior (see 

Figure 51). 

 

Figure 51 Scheme of the modulatory influence of the LC on the MSDB network and the 
downstream effects on behavior controlled by the hippocampus.   

The Locus coeruleus is the central nucleus of the noradrenergic system, controlling sleep to 
wake transition, excitation state, navigational behavior and cognitive functions. All cell types 
in the MSDB receive direct input, with GABAergic cells being the main target. In response to 
noradrenergic stimulation, the MEA experiments show a focus of excitement in the dorsal 
region of the MSDB, the region with the highest proportion of GABAergic cells. Patch clamp 
experiments show that only a fraction of VGluT2 + cells respond to noradrenergic stimulation. 
Pharmacological modulation suggests that the response of glutamatergic cells is 
characterized by the input of GABAergic and cholinergic cells. This way, LC might influence 
the vigor of locomotion, but not directly the speed. 

Building up on the findings of Fuhrmann et al. (2015), this thesis extends the role of 

the MSDB as an integrational hub for running related information to a dedicated site of 

action for the NE-system to modulate locomotor involved behavior in general. In 

contrast to the direct stimulation of glutamatergic neurons in MSDB like it was done 

from Fuhrmann et al. the optogenetic stimulation of LC afferent fibers in MSDB did not 

result in an immediate onset of running. The mice kept their natural pattern of 

movement, consisting of alternating short phases of rest and running. The running 

speed never exceeded the natural behavior the mice showed during baseline running. 

The direct stimulation of glutamatergic neurons compared to the indirect modulation 

via stimulated NE afferents resulted in an alternative activation of the MSDB network.  

Locus coeruleus neurons fire tonically from 1–3 Hz during awake states, decrease 

firing during NREM sleep, and are virtually silent during REM sleep (Aston-Jones and 



78 
 

Bloom 1981; Berridge et al. 2012). During the presentation of salient stimuli cells of the 

LC show phasic short bursts (500ms) of 8-10 Hz (Sara 1998). Discharge activity varies 

substantially among LC neurons. Yet, cells ensembles with similar efferent forebrain 

projections show correlated activity (Totah et al. 2018). Studies suggest that several 

functional properties of LC neurons vary according to their terminal field projection 

(Chandler et al. 2014). LC cells also change their firing rate in response to the 

presented stimuli. Discrete and moderately aversive stimuli result in a heterogeneous 

and patterned activation of LC neurons. However, the same populations were robustly 

co-activated in response to more intense aversive experiences (Uematsu et al. 2017). 

Results such as these suggest that the MSDB is also innervated with varying 

frequency. Future experiments could further investigate the precise release rates of 

NE within the MSDB. New tools, like a genetically encoded fluorescent NE sensor, 

enables tracking of the intensity and timing of NE release in LC terminal fields on a 

millisecond time scale in behaving animals (Feng et al. 2019). In this way, it is possible 

to identify stimulation frequencies that are based on the natural input of LC. 

4.3 Yellow-laser control 

The control experiment with a long wavelength laser confirms that the effects on 

running behavior due to the optogenetic stimulation of LC fibers in the MSDB is 

caused by the specific activation of ChR2 with blue light. All other aspects of the light 

stimulation, such as the light fiber placement, the energy emission or light emission in 

general does not change the spontaneous running behavior the mouse is showing on 

the treadmill (see Figure 17). For future experiments, an additional control group 

expressing only EYFP could rule out potential stimulatory effects blue light might have 

on the mouse's visual system. Comparable control experiments in similar studies have 

shown that stimulation with 473 nm light does not lead to behavioral changes (Carter 

et al. 2010). 

4.4 Optogenetic LC fiber stimulation does not alter hippocampal LFP 

When moving through an environment, EEG measurements of the hippocampus show 

rhythmic activity in the theta range (Buzsáki 2002). This sign of arousal is considered 

key for processing sensory information and integration with memory within the 

hippocampus (Sugisaki et al. 2011; Vertes and Kocsis 1997). One relay station for 

passing sensory information towards the hippocampus is the septal formation, 
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including the medial septum and the diagonal band of Broca (Tsanov 2015). It is 

connecting the hippocampus with other limbic and cortical regions, involved in memory 

processing (Rolls 2015). With a large percentage of MSDB neurons showing rhythmic 

activity in the theta range, the MSDB is known as the central pacemaker for the 

hippocampus (Robinson et al. 2016; Hangya et al. 2009). Consequently, hippocampal 

theta is disturbed when fimbria fornix, the connection between MSDB and HC, is 

destroyed (Hagan et al. 1988).  

LFP recordings during running in stimulated versus control conditions reveal further 

differences between direct stimulation of MS glutamatergic neurons as it was 

performed by Fuhrmann et al. (2015) and the indirect modulation of the MSDB network 

by LC fibers. When driving glutamatergic cells in the MS and also their afferents in the 

HC formation, the oscillations within CA1 adapted to the frequency of the light 

stimulation. This effect held true for different frequencies accompanied by the 

respective speeds of the evoked running behavior. In this study, the stimulation of LC 

efferents in MSDB, also resulted in altered running behavior but simultaneously 

recorded LFP in CA1 showed no significant changes, in terms of frequency and power, 

compared to unstimulated conditions. This holds true for resting and running phases 

(see Figure 19B + D).  

The results of this study underline the role of the MSDB as an integrating hub for 

incoming sensory information (McBurney-Lin et al. 2019). The LC modulates the 

activity of the MSDB network and its output to downstream structures. As a result of 

the artificial activation of LC afferents in the MSDB, the mice spent more time running. 

However, the integrating function of the MSDB ensures that this behavior remains in 

the natural limits. With the increased running, the theta oscillations in the hippocampus 

increased as well, also within the natural limits.  

4.5 Pharmacological NE modulation in MSDB affects locomotor 

behavior 

The optogenetic stimulation of LC axons in MSDB resulted in increased locomotor 

behavior (see Figure 15). In order to confirm the involvement of AR in these effects, 

pharmacological ligands for all three AR were administered locally into the MSDB. The 

modulatory effects on baseline and stimulated running behavior were recorded on the 

linear treadmill. Upon administration of these ligands, locomotor behavior increased, 

independently of the optogenetic stimulation (see Figure 22). In fact, no further 
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changes in running behavior could be observed by optogenetic stimulation (see Figure 

24). 

This experiment initially started with six animals, but difficulties during surgery and 

post-hoc controls left only two animals to analyze. The results of two animals do not 

allow a comparative statistical analysis, let alone a conclusive statement on the 

investigated processes. Nevertheless, the results can be considered as an indication 

that must be confirmed in future experiments with more animals. 

4.5.1 Antidromic impulse conduction towards LC as a consequence of local axon 

stimulation in MSDB 

The idea of activating ChR2 in axon terminals is to depolarize the presynaptic 

membrane, and ultimately to release neurotransmitter vesicles. Even if the exact 

process has yet to be confirmed in future experiments, the results of this study suggest 

a modulating effect through optogenetic stimulation. As with all artificial stimulations, 

antidromic impulse conduction originating in the stimulated fiber terminals towards the 

LC needs to be considered (McCall et al. 2017). The LC is connected to a variety of 

movement related areas, including the motor cortex (Aston-Jones and Waterhouse 

2016; Chandler 2016). The activation of ChR2 in LC axon terminals in the MSDB 

region might lead to an antidromic activation of LC and therefore secondary 

recruitment of downstream motor related areas (Tye et al. 2011; Yizhar et al. 2011). To 

show that the behavioral changes induced by optogenetic stimulation are mediated by 

activities in the MSDB, a pharmacological intervention at the site of activation was 

chosen. When prazosin, clonidine and propranolol were administered there was an 

immediate effect on the behavior observed (see Figure 22). These results indicate that 

α1, α2, and / or ß ARs are key elements in the regulation of motion behavior in the 

MSDB. At the same time, complete blockade of optogenetic stimulation confirms that 

within the MSDB, a1, a2, and ß receptors are the major targets for noradrenergic 

projections from the LC (see Figure 24). For the experiment it can also be ruled out 

that the observed increase in running is caused by antidromic impulse conduction. 

This way, the local application of modulating drugs confirms that the behavioral effects 

observed are due to ARs in MSDB, and the release of NE from LC-MSDB projections.  

4.5.2 Pharmacological properties of adrenergic receptors 

Besides the natural transmitter noradrenaline and its derivative epinephrine, ARs can 

be activated by a broad variety of artificial compounds (Broese et al. 2012). They vary 

in their selectivity for different ARs and subtypes, and show varying effectivity rates (T. 
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C. Westfall 2009). In this study, the α1 antagonist prazosin, the α2 agonist clonidine 

and the ß receptor antagonist propranolol were used. The activation of α1 ARs is 

associated with a generalized increase in motor activity (Villégier et al. 2003), 

accompanied by a reduced fine motor control (Aono et al. 2015). In amphetamine and 

cocaine experiments, the blockade of α1 ARs antagonized the locomotor stimulation. 

Prazosin is the prototypic antagonist for α1 ARs, with an equal affinity for all three α1 

subtypes. It was patented in 1965 and came into medical use in 1974. Prazosin is 

often used for the treatment of post-traumatic stress disorder (Sara 2009). 

Since α1 and α2 work in an antagonistic manner, α2 antagonists like yohimbine 

facilitate NE function by blocking autoreceptor function resulting in increased 

locomotor behavior (Villégier et al. 2003; Jiménez-Rivera et al. 2006). To 

simultaneously block NE from activating the postsynapse while also blocking new NE 

release from the presynapse, we chose an α2 agonist like clonidine. Clonidine came 

into medical use in 1966 and is used to relax arteries and treat high blood pressure, 

attention deficit, hyperactivity or drug withdrawal (Stähle 2000).  

In 1964, James Black synthesized the first ß blocker for clinical use – propranolol. 

ß blockers find the greatest use in the treatment of high blood pressure and the 

prevention of heart attacks (T. C. Westfall 2009). It blocks the action of noradrenaline 

and epinephrine on cells of the heart muscles, airways, arteries and kidneys. For this 

study, it was chosen because of its selectivity for all three ß subtypes. The activation of 

ß ARs at LC presynapses increases excitatory input onto Purkinje cells in the 

cerebellum and improves motor function (Di Mauro et al. 2013; Lippiello et al. 2015). In 

turn, propranolol blocks locomotor behavior induced by amphetamine (Snoddy and 

Tessel 1985). 

4.5.3 Effects of pharmacological modulation on running behavior 

The simultaneous application of all three drugs makes it hard to interpret which drug 

causes which effect and to what extent. Yet, we reasoned that by blocking all ARs in 

the MSDB area pharmacologically, the movement-modulating effects of optogenetic 

stimulation-induced NE release should be blocked. Surprisingly, the combined 

application of all three NE modulatory drugs led to a change in baseline running 

behavior in the absence of any optogenetic stimulation. Upon combined administration 

of prazosin, propranolol, and clonidine, baseline running was increased (see Figure 

22), similar to stimulated running under no drug conditions, in terms of both running 

duration and running initiations (see Figure 15). This change in behavior was 



82 
 

independent of any mechanical artifacts caused by the injection of a sample volume, 

as suggested by sham injection experiments (see Figure 21). Kitchigina et al. (2005) 

reported increased theta activity upon the systemic administration of clonidine in the 

lateral ventricles. Clonidine is known for acting in a dose-dependent manner on α2 

receptors in the MSDB (Arnsten 2000). The presence of high density of a2-ARs has 

been well documented in the hippocampus and the septal complex (Rosin 2000; 

Milner et al. 1998), suggesting their important role in the regulation of septo-

hippocampal activity. Clonidine modulates theta oscillations in the septo-hippocampal 

system depending on the concentration. Low doses of clonidine (0.5 µg in 5 µl; 4 µM) 

lead to reduced theta activity, whereas high concentrations (5 µg in 5 µl; 40 µM) 

potentiate hippocampal oscillations (Kitchigina et al. 2005). The concentration of 

clonidine used in the present study was comparably lower (10 µM), but administered 

directly into the tissue, in contrast to the systemic administration performed by 

Kitchigina et al. (2005). So in comparison to the administration into the lateral 

ventricles, the concentration of clonidine in this study could have been high enough to 

trigger comparable results as described for high dosages by Kitchigina et al. (2005). 

Although the authors could not report any effects on movement as the animals were 

immobilized, higher oscillatory activity in the hippocampus might be accompanied by 

increased movement rates (Geisler et al. 2007; Bender et al. 2015),  as they were 

observed in the present study.  

Kitchigina et al. (2005) suggest that the different effects induced by different 

concentrations of clonidine might derive from differences in the sensitivities of pre- and 

postsynaptic α2 ARs to clonidine. Presynaptic α2 receptors have a 10 times higher 

sensitivity and become activated in behavioral situations like quiet wakefulness and 

relaxed interaction with the environment (Maura et al. 1985). They already respond to 

low LC activity and therefore low NE release rates (Carter et al. 2010). By becoming 

activated first, they further decrease NE release presynaptically. Postsynaptically, α2 

ARs decrease adenylate cyclase activity and therefore decrease intracellular cAMP 

release (Schmidt and Weinshenker 2014). In an activity state like this, the brain is best 

suited for flexible allocation of energy throughout different functional neuronal systems, 

for example fine motor control. Also learning and long-term plasticity is promoted 

(Coull 1994). With more intense behavioral situations, and thus increased NE release 

rates, postsynaptic α2 ARs change their signaling mechanisms and change from 

decreasing effects to excitatory mechanisms. High clonidine doses may affect 

postsynaptic AR in the same way as pure NA. It induces significant increases in the 
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frequency and regularity of the theta rhythm in the septo-hippocampal system and 

supports the selective filtering of signals (Kitchigina et al. 2003).  

Prazosin, acting on α1 receptors, and the ß blocker propranolol proved to be effective 

drugs for suppressing both NE transmission and evoked locomotor behavior in 

response to amphetamine or cocaine administration (Snoddy and Tessel 1985; 

Schmidt and Weinshenker 2014). In the present study, prazosin and propranolol were 

administered together with clonidine. Under baseline conditions, without any 

optogenetic stimulation, high clonidine doses led to activating effects on postsynaptic 

α2 receptors (see Figure 17). Nevertheless, during stimulation conditions, with NE 

release from LC terminals, prazosin and propranolol blocked all α1 and ß receptors 

and prevented further stimulation of the downstream septo-hippocampal network and 

therefore increased running behavior (see Figure 19). Thus, the results indicate that 

regardless of the dose-dependent excitatory effects of clonidine, the blockade of a1 

and β receptors causes isolation of the MSDB from NE modulating effects. 

For future experiments, the effects of pharmacological modulation on the different AR 

types should be investigated separately with consecutive administration of the 

respective modulatory drug. In this way, it would be easier to estimate to what degree 

the individual ARs are involved in the modulation of running behavior. Also, the 

administered concentration could be staggered, giving insights into the dose-response 

relationship of the drugs used.  

The limited readout of the treadmill setup does not allow to deduce the results of this 

study to free and complex movement behavior. Comparative studies of global 

modulation vs. localized intervention in specific core areas have shown that 

interventions in the entire noradrenergic system affect several behaviorally relevant 

centers (Warden et al. 2012). Some of these cell populations have antagonistic 

functions. Their modulation results in more modest behavioral effects, while more-

targeted inhibition of specific cell populations produces more robust behavioral 

consequences (Uematsu et al. 2015). Also, the direct stimulation of ARs in the MSDB 

can lead to different results if at the same time the connection to the HC is modulated. 

To understand the role of the NA system in the modulation of locomotion, the results of 

the present study must be placed in the context of further experiments in other 

associated brain regions (Chandler et al. 2014).    
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4.6 Histology confirms LC – medial septal area projections 

In this study, genetically modified mice expressing the protein Cre-recombinase are 

used. By making this expression dependent on the tyrosine hydroxylase 1 promoter, 

the Cre-protein expression is confined to neurons in which catecholamine biosynthesis 

takes place (Savitt et al. 2005). Together with locally confined stereotactic injections 

into the LC, noradrenergic neurons could be exclusively labeled. In the histological 

preparation, the transfected area is labeled with the green fluorescent protein EYFP 

that is coupled to the light activatable ion channel ChR2 (see Figure 48). The labeled 

area is congruent with former anatomical studies by España and Berridge (2006) 

defining the boundaries of the LC nucleus by immunohistochemical visualization of 

dopamine ß hydroxylase (DBH), the NE synthesizing enzyme.   

In the same study, direct monosynaptic projections between the medial septal area 

and the LC nucleus were shown using fluoro-gold retrograde tracing. In the present 

study, such monosynaptic projections are visible as green fluorescent EYFP labeled 

fibers in medial septal histological slices (see Figure 49B). The green fibers are spread 

throughout the whole septal structure, providing no indication for locally confined 

targeting of MS subpopulations. Previous tracing studies suggest that LC projections 

to the basal forebrain are distributed uniformly within the LC, indicating that all 

structures of the basal forebrain, including the MSA are modulated uniformly (España 

and Berridge 2006). As a result, the LC is capable of modulating anatomically distinct 

yet functionally related structures of the basal forebrain simultaneously in a concerted 

manner. On the one hand, the distribution of LC fibers visible in the histological 

preparations of this study support these findings, on the other hand the response to 

optogenetic activation of LC fibers in MSDB shows a clear dorso-ventral gradient in the 

MEA experiments.  

The efferent projections of LC organize along three major pathways: the dorsal 

noradrenergic bundle, the cerebellar pathway, and the descending pathway down the 

spinal cord. España and Berridge (2006) show that the LC is a heterogeneous 

structure with functionally distinct subpopulations. Noradrenergic fibers in the MSA 

originate from neurons rather dorsal within the LC nucleus traversing along the anterior 

NE bundle, while cerebellum- and spinal cord-projecting LC neurons are located more 

ventrally. In this study, Cre-dependent EYFP expression labels all noradrenergic 

neurons in the LC area. However, the methods used in this study do not allow to 

distinguish where exactly the MSA-projecting neurons are located within the LC 

nucleus. Also, the experimental setup gives no information on the nature (ChAT+, PV+ 
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or VGluT2+) of the LC targeted cells within the MSA. The patch clamp experiments in 

this study suggest that VGluT + cells in the MSDB are not the primary target when it 

comes to modulating running behavior (see 4.8). Although optogenetic stimulation 

leads to the depolarization of glutamatergic cells, this is probably due to the excitation 

of GABAergic and Chat + cells in the MSDB network (Fuhrmann et al. 2015; Yang et 

al. 2017). 

Transsynaptic viral tracers (Lo and Anderson 2011) can label only those neurons in 

MSDB receiving direct monosynaptic input from LC. In future experiments, co-labeling 

of LC axons and noradrenergic receptors in MSDB could further investigate specific 

noradrenergic projections to different cells in the MSDB. Because these different 

MSDB cell types have individual projection areas and are embedded in different 

functional networks (Yang et al. 2017), experiments like these could help to gain 

deeper insights into the way the LC modulates behavior via the MSDB.   

4.7 In vitro MEA recordings of MSDB network activity with and without 

optogenetic LC fiber stimulation 

The 1.2 mm by 0.68 mm rectangular microelectrode array (MEA) I used allowed me to 

capture the electrophysiological activity of the MSDB network across a 2D plane. 

Extracellular recordings, as obtained from a MEA, do not allow unambiguous 

identification of a cell’s neurochemical identity or its precise location (Buzsáki et al. 

2012). Yet, the characteristics of individual spiking events allow separation from 

background noise and assignment to individual units (Weir et al. 2014; Becchetti et al. 

2012). A frequency analysis of the recorded unit activity showed that 20.82 ± 8.78% of 

the measured MSDB units exhibit theta modulated firing (see Figure 39A). Studies 

combining the histochemical identification of MSDB cells with patch clamp recordings 

have identified GABAergic cells as the predominantly theta-modulated cell population 

in the MSDB (Brazhnik and Fox 1999; Simon et al. 2006). Cholinergic cells in the 

MSDB display long lasting afterhyperpolarization and slow firing rates, which limits 

their capacity for rhythmic bursting. Such characteristics suggest that the burst-firing 

neurons recorded in MSDB cannot be cholinergic. A widely accepted concept is that 

theta modulating units in MSDB comprise GABAergic cells, which pace the theta 

activity, while cholinergic ones, contribute to the theta amplitude (Brazhnik and Fox 

1999; Apartis et al. 1998). 
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The geometry of the MEA covers all of the medial septum and the central parts of the 

diagonal band, excluding the lateral limbs. During the experiment on the MEA, it was 

not possible to accurately distinguish anatomically between MS and DBB. Since 70% 

of cells in the DBB are Chat+, the diagonal band can be visualized using 

acetylcholinesterase (AChE) and choline acetyltransferase (ChAT) sensitive 

immunostainings in histological preparations. In histological preparations of future 

experiments, it would be possible to differentiate between MS and DBB with the 

counting of Chat+ cells. Stereotactic probabilistic maps, such as those made by 

Zaborszky et al. (2008) for the basal forebrain, could aid in the orientation and post-

hoc assignment of MEA electrodes. This technique uses a small sample of serially and 

histologically stained, post‐mortem brain samples mapped on to a reference brain with 

magnetic resonance imaging (MRI) images, creating a probabilistic map, showing the 

likelihood for a certain structure found to be within a reference space in brain imaging. 

Another direct approach uses MEA electrodes coated with silver. After the 

measurements, the silver is then deposited with short current surges and remains as a 

marker in the examined tissue (Streeter et al. 2017).  

During unstimulated baseline conditions, the unit activity recorded in the more dorsal 

part of the MSA preparation did not differ from units from the more ventral diagonal 

band (see Figure 28). However, the dorsal parts of the MSDB and the more ventral DB 

showed different responses to optogenetic and NE modulation. Optogenetic activation 

of LC afferent fibers resulted in a change of activity in a fraction of the recorded units. 

On average 16.5 % of units increased and 3.25 % decreased their activity (see Figure 

30D). The remaining units (80,25 %) appeared not to change their activity in response 

to photo-stimulation (see Figure 30D). The distribution of the responding units across 

the MSDB structure reveals that the frequency increasing units are located more 

dorsally towards the medial septum, whereas the frequency decreasing units spread 

equally throughout the MSDB area (see Figure 31A). In an in vitro study, Alreja and Liu 

(1996) showed that especially septo-hippocampal projecting GABAergic neurons 

receive excitatory LC input. Immunolabeling studies also showed that glutamatergic 

neurons are located towards the more ventral part of the MSDB structure, indicating, 

that the responding units in this study are more likely to be cholinergic or GABAergic 

(Colom et al. 2005). Regarding the extent of NE input to VGluT MSDB neurons, the 

results of this study indicate, that VGluT neurons might be modulated by LC activity, as 

part of their roles within the MSDB network. However, including the observations made 

in the in vivo experiments, LC does not seem to address the speed controlling 

mechanisms described in Fuhrmann et al. (2015). 
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4.7.1 Pharmacological modulation of MSDB network activity 

Upon application of the α1 noradrenergic agonist prazosin and the α2 receptor 

modulating clonidine, the mean firing rate of 14 MSDB preparations showed divergent 

results. In eight experiments, the overall firing rate increased, sometimes considerably. 

In six experiments the firing rate dropped below baseline (see Figure 34B). This 

inconsistent result could be the result of variations in baseline conditions, either in the 

experimental setup or the MSDB preparation used, leading to varying responsiveness 

of the neuronal network. The network activity in the slice preparation depends largely 

on the continuous supply of oxygen and stable temperatures (Ivanov and Zilberter 

2011; Haas et al. 1979). A constant negative pressure within the recording chamber 

used helped to optimize the saturation of the preparation, by perfusing oxygenated 

ACSF through the slice and the perforated MEA. Differences in the thickness of the 

measured brain slices, due to flattening processes during the incubation, might 

influence the perfusion rate and result in variations of neuronal activity.  

Contrary to what was expected, the activity of the brain slices in the MEA experiments 

decreases after washing out the noradrenergic ligands (see Figure 34A + B). This 

constant decrease in the mean firing rate is consistent in almost all experiments. With 

repeated optogenetic stimulation experiments in four consecutive phases, the 

measurements on the individual brain slices extended over up to three hours. As the 

duration progresses, the quality of the brain slices decreases, the faster the older the 

animal is at the time point of tissue removal (Humpel 2015). It seems likely that this 

limitation is due, in part, to a developmental shift from anaerobic- to aerobic-based 

tissue metabolism, due to decreasing ATP availability in the cells (Dailey 2002). 

Moreover, the brain tissues suffer from stress under the hypoxic and hypoglycemic 

conditions that may occur during the tissue isolation procedures (Ivanov and Zilberter 

2011). The results of this study, in particular the blocking effect of the noradrenergic 

antagonists, might be overestimated and should be interpreted in the light of this 

effect. Future experiments should include a control experiment, investigating the long-

term viability of slice preparations on the MEA. The results could be used to correct the 

measured network activity for a general rundown of neuronal activity. 

 

Also, within the MSDB structure, the proportion of glutamatergic, cholinergic and 

GABAergic neurons changes from caudal to rostral (Kiss et al. 1997). With 500 µm 

thick slices the composition of the neuronal network could vary, depending on the 

exact anatomical slice of the MSDB structure that was recorded from. Differences in 
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the response between individual slices might indicate that the MSDB receives 

anatomically distinct modulatory NE input depending on specific neuronal 

subpopulations.  

Another possible explanation for the divergent responses observed during 

pharmacological modulation lies in the dual mode of action of clonidine, the α2 AR 

modulating drug, also used in the in vivo experiments. The presence of a high density 

of α2 ARs has been well documented in the hippocampus and the septal complex 

(Milner et al. 1998), suggesting their important role in the regulation of septo-

hippocampal activity. As discussed for the in vivo experiments, clonidine has a dual 

mode of action. The dose-dependent effect of clonidine is in good agreement with 

earlier studies, which have shown, that presynaptic α2 receptors have a 10 times 

higher affinity to endogenous NE or its correspondent agonists, e.g. clonidine, 

compared to postsynaptic α2 receptors. Pre- and postsynaptic α2 ARs differ in their 

stereochemical structure and are assigned to separate subtypes (Rosin 2000). Low 

concentrations of clonidine bind to the presynaptic α2 receptors and block the release 

of NE vesicles. In addition, clonidine - at a low dose - may also reduce the terminal 

release of other excitatory transmitters, in particular glutamate and acetylcholine, 

which would further inhibit neuronal excitation (Boehm 1999). High concentrations, on 

the other side, lead to an alternative activation of postsynaptic α2 AR and altered 

intracellular mechanisms, resulting in an increased network activity. In the study 

describing the concentration depending action of clonidine 4 µM is used as a low 

concentration and 40 µM is used for high concentration experiments (Kitchigina et al. 

2003). In the present study 10 µM was used, settling in between those two 

concentrations. This could either lead to effects resembling the results for low 

concentrations or show excitatory effects comparable to the results described for high 

concentrations like it was described by Kitchigina et al. (2003). Consequently, 

Kitchigina et al. (2003) also describe mixed effects for an intermediate dose of 

clonidine injected into the MSDB. Clonidine in high concentrations increased the 

number of theta modulated units in MSDB. In the present study, the number of units 

was increased as well, although not in significant numbers relative to the whole 

recorded unit population. Also, the power of the unit theta modulation is increased due 

to high clonidine concentrations, comparable to Kitchiginas findings. The broad 

spectrum of reactivity in response to the activation of noradrenergic fibers in the MSDB 

and to the pharmacological modulation of AR provides possible explanations, how the 

noradrenergic system is involved in the regulation of behavior, reaching from sleep 

and low arousal to situations of stress and high alert. The activation of either 
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presynaptic or postsynaptic α2 ARs depends on different levels of arousal in the brain. 

In calm and safe situations the processing of sensory information is reduced. Locus 

coeruleus is releasing small amounts of NA. Therefore only high affinity presynaptic α2 

ARs get activated, reducing the release of NA at the axon terminals and consequently 

the activity in structures like the MSDB and the Hippocampus. Sudden situations of 

high alert induce an immediate activation of the LC and the release of large amounts 

of NE. High NE concentrations activate postsynaptic α2 ARs, resulting in a 

depolarization of the postsynapse and prevailing over the presynaptic inhibitor effects. 

In a concerted fashion MSDB and Hippocampus enhance their theta rhythm enabling 

the system for higher information processing rates.   

To block NE modulation completely, propranolol was added to the infusion chamber, 

and, as a result, the activity in all slice preparations decreased substantially. Under 

normal conditions, ß receptors get activated upon high LC activity in situations of 

increased stress (fight or flight). Both α2 and β ARs are G-protein coupled receptors, 

each affecting adenylyl cyclase in opposite directions, namely by decreasing (α2 ARs) 

or increasing (β ARs) the intracellular concentrations of cAMP. Since α2 and ß 

receptors share the same downstream signaling cascade, high LC activity and 

therefore ß ARs activation contradict α2 mediated signaling. The effects set in motion 

by activating postsynaptic ß receptors overrules a1 and α2 activity and therefore the 

blockade of all ß receptors by its antagonist propranolol shut down all excitatory effects 

by possible high clonidine concentrations. Due to the already long experimental 

sequence, the time period for drug washout was limited to 20 min. In comparable 

studies, the duration of NE modulating effects lasted for 22 to 36 min (Kitchigina et al. 

2003). The use of beta-blockers as a heart medication is always associated with side 

effects on the CNS due to their strong lipophilic character and the associated high 

permeability of the blood-brain barrier (McAinsh and Cruickshank 1990). Especially 

propranolol is very lipophilic, which can make the complete washout difficult (Fumagalli 

et al. 2019). In future experiments with shorter run-times, the problem of general 

activity rundown would be minimized and longer wash-out periods could be realized. 

Ideally, the individual pharmacological ligands are first administered individually and in 

staggered concentrations to determine the individual pharmacokinetics.   
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4.8 Modulation of  VGluT2+ neuron activity in MSDB by optogenetic LC 

fiber activation  

By performing intracellular current clamp experiments on MSDB slice preparations, the 

modulatory effects of optogenetic LC afferent activation was investigated on a third 

level. In addition to the response of a functional organism, investigated in the in vivo 

experiments and the complete network response pictured by the MEA experiments, 

patch clamp experiments give insights to the physiology of single neurons affected by 

NE release. Regarding the findings of Fuhrmann et al. (2015) on the speed modulating 

nature of MSDB VGluT neurons, the patch clamp experiments aimed to investigate the 

degree of direct modulation of glutamatergic neurons by NE LC afferents. 

Glutamatergic neurons were labeled in red with a VGluT2-Cre transgenic mouse that 

was injected with an adeno associated virus carrying floxed genes for tdTomato 

expression. Analogous to the in vivo and MEA experiments, LC afferent fibers were 

labeled in green with ChR2 coupled to the green fluorescent protein EYFP. As a result, 

the slice preparations used for patch clamp experiments showed green descending LC 

fibers within the MSDB structure in addition to red labeled glutamatergic neurons. Due 

to the low concentration of the virus used, the labeling of glutamatergic neurons was 

sparse, making it easier to target single cells for patch clamp experiments. On the 

other side, it wasn’t possible to confirm findings about the overall anatomical 

distribution of glutamatergic neurons in the MSDB structure as they were made by Kiss 

et al. (1997). However, the histological slice preparations confirmed the anatomical 

proximity of green labeled LC afferents to the red labeled glutamatergic neurons. Upon 

optogenetic stimulation of the ChR2 in the LC fibers, the number of glutamatergic 

neurons showing excitatory responses (see Figure 46B) are in line with the rather 

small amount of NE reactive VGluT2 neurons within the MSDB presented by previous 

studies (Alreja and Liu 1996). With GABAergic neurons being the major target for LC 

afferents, only a small number of neurons patched was modulated by the optogenetic 

induced NE release. Also, the cells patched tended to spike spontaneously under the 

light stimulus (see Figure 45D). This means, that in addition to providing an increased 

baseline depolarization and therefore increasing the general excitability, the NE 

released was sufficient to depolarize the cells enough for immediate spontaneous 

activity. Even if glutamatergic neurons in the MSDB were not the main target for LC 

projections, they were still being modulated and contributed with excitatory synaptic 

transmission to the excitation of GABAergic and cholinergic neurons within the MSDB 

network. A combination of NE modulatory drugs (prazosin, clonidine and propranolol) 
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reduced the depolarizing effects, but due to the small number of successfully treated 

cells (N = 4) no significant effect could be determined. In those cases where the 

patched cells were treated with prazosin, clonidine and propranolol the effect of 

optogenetic NE release was still visible in the cells’ membrane potential. However, the 

depolarization was reduced and with higher stimulation rates (30 Hz) no spontaneous 

AP could be observed anymore. These observations indicate, that glutamatergic cells 

in the MSDB possess noradrenergic a1, α2 or ß receptors, and that those receptors 

are affected by noradrenergic modulatory drugs. On the other hand, the incomplete 

block indicates that VGluT2+ neurons receive some other NE modulated input, 

presumably from the surrounding network. In future patch clamp experiments, various 

concentrations should be applied to illuminate the pharmacodynamics of the receptor 

proteins in detail. Another factor that needs to be considered are neuropeptides like 

vasopressin, somatostatin and neuropeptide Y who are co-released with NE and are 

able to affect the postsynaptic membrane potential in various ways (reviewed in Aston-

Jones et al. (2004) (Aston-Jones et al. 2004)). Studies in the dorsal hippocampus 

confirm that LC axonal projections also corelease dopamine, activating the dopamine 

D1/D5 receptor (Kempadoo et al. 2016). Doing so, they promote selective attention 

and spatial learning. 

5 Conclusion 

To investigate the role of the LC and the entire noradrenergic system on the 

modulation of behavior, one needs to distinguish between global manipulations and 

region specific circuits and mechanisms. As an example for effects of global 

manipulations of the noradrenergic system, unspecific LC stimulations led to mixed 

results in fear conditioning experiments in terms of excitation/inhibition and 

performance (Uematsu et al. 2017). The underlying mechanisms for this are not 

entirely clear, but research on the heterogeneity and composition of the LC reveals 

functionally distinct cell populations with overlapping but confined projecting fields 

(Uematsu et al. 2017). Similarly, the targeted regions interconnect in feedback 

mechanisms, integrating the noradrenergic input into adaptive behavior. Studies 

targeting specific cell populations resulted in more robust behavioral consequences 

(Warden et al. 2012). As a consequence, the present study isolated one specific 

noradrenergic projection and very restricted readout parameters to address the 

question if and how LC modulates running behavior. The running behavior observed 

on the linear track limits behavioral quantification to the measurable aspects of 
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locomotion. On the one hand, this approach allowed me to clearly observe an increase 

in running behavior due to LC fiber stimulation in MSDB. On the other hand, it gives no 

answer to which behavioral context this mechanism comes into play. However, this 

study shows directly that the stimulation of molecularly defined Th+ fibers in the MSDB 

alters behavior. Previous studies have demonstrated that noradrenergic tonic cell firing 

in the LC increases following stressful stimuli  (McCall et al. 2015; Aston-Jones et al. 

1999). This study demonstrates that selective activation of Th+ LC terminals from these 

neurons modulates MSDB neuronal activity in vivo and in vitro. 

Furthermore, the pharmacological modulation of ARs in MSDB, specifically the 

concentration specific dual mode of action of clonidine revealed, that the noradrenergic 

influence of LC is an adaptive system, not only in the interplay of brain regions, but 

also on the scale of a single system like the MSDB. Findings like this might be relevant 

for the understanding of single AR function in distinct brain regions and their 

modulation with specific drugs. Clonidine and prazosin are used in treating anxiety 

disorders like PTSD which are highly resistant to psychotherapeutic 

intervention   (Berardis et al. 2015). Basal levels of noradrenaline are abnormally high 

in the cerebrospinal fluid of these patients, indicating dysfunction in the central 

noradrenergic system (Strawn and Geracioti 2008). 

One central goal of this study was to address whether LC afferents affect the VGluT2+ 

neuron-mediated speed modulation via septo-hippocampal projections (Fuhrmann et 

al. 2015). Although locomotor behavior was indeed increased by LC fiber stimulation in 

MSDB, speed was not affected. Also, in contrast to the direct stimulation of 

glutamatergic neurons, as it was performed by Fuhrmann et al. (2015), hippocampal 

theta oscillations never exceeded the boundaries visible during unstimulated running. 

The MEA experiments allowed narrowing down excitatory influence mainly to the 

dorsal parts of the MS rather than the DB. Together with immunolabeling studies, 

showing glutamatergic neurons being located more towards the ventral part of the 

MSDB (Colom et al. 2005), these findings indicate a rather indirect influence of the NE 

system on septal glutamatergic neurons. However, direct patch experiments confirmed 

NE input on VGluT2+ neurons, suggesting them to be an active part of the NE-

modulated network within the MSDB.  

Further work will be necessary to further corroborate the results of this study, 

especially the pharmacological modulation of ARs in vivo and in vitro. Additional 

experiments with single drug treatment can thus expand the understanding of ARs in 

the MSDB. Using specific genetically modified mouse lines and immunostaining 
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methods, it is also possible to investigate which cell types in the MSDB get targeted 

from noradrenergic projections. They will help to understand the cell-type and 

projection-specific relationship between LC-NE modulation of MSDB activity and its 

ability to drive locomotor behavior through downstream circuits and motor systems.
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6 Appendix 

6.1 Additional figures and tables 
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Appendix figure 1 Individual effects of optogenetic LC fiber stimulation in MSDB on running behavior 
A. Mean running velocity for all 12 mice individually for each day. Full symbols show unstimulated baseline running. Open symbols show running under 
optogenetic stimulation. B. Same as A. for the velocity including all resting phases. C. Same as A. for the % of running periods of the total time.  

D. Same as A. for the running initiations per minute. 
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Appendix figure 2  Individual difference of stimulated vs. baseline running behavior 
A. Difference of running velocity upon optogenetic stimulation for all 12 mice individually for each day. B. Same as A. for the velocity including all 
resting phases. C. Same as A. for the % of running periods of the total time. D. Same as A. for the running initiations per minute. 
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Appendix table 1 LFP frequency analysis prior and during stimulation phases 

LFP Frequency with the two conditions run vs. rest and pre vs. during stimulation was analyzed with a two way ANOVA and Sidak’s multi comparison test  
 

LFP Frequency 
        Two-way ANOVA;  

Matching: Both factors 
       

Source of Variation     
% of total 
variation P value P value summary Significant? 

  
Movement phase 

  
56,65 <0,0001 **** Yes 

  
Optogenetic stimulation 

  
0,05835 0,5305 ns No 

  Interaction: Movement phase x Optogenetic stimulation 0,01826 0,7155 ns No 

  Interaction: Movement phase x Subjects 3,579 

     
Interaction: Optogenetic stimulation x Subjects 1,234 

     
Subjects 

   
37,3 

     

          
Sidak's multiple comparisons test 

      
  Mean [Hz]     Mean [Hz] Mean Diff, 95,00% CI of diff, Significant? Summary 

Adjusted P 
Value 

Rest:Pre 5,445 vs. Rest:Stim 5,457 -0,01172 -0,1991 to 0,1756 No ns >0,9999 

Rest:Pre 5,445 vs. Run:Pre 6,258 -0,8136 -1,001 to -0,6263 Yes **** <0,0001 

Rest:Pre 5,445 vs. Run:Stim 6,3 -0,8551 -1,042 to -0,6677 Yes **** <0,0001 

Rest:Stim 5,457 vs. Run:Pre 6,258 -0,8019 -0,9892 to -0,6146 Yes **** <0,0001 

Rest:Stim 5,457 vs. Run:Stim 6,3 -0,8434 -1,031 to -0,656 Yes **** <0,0001 

Run:Pre 6,258 vs. Run:Stim 6,3 -0,04146 -0,2288 to 0,1459 No ns 0,9796 
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Appendix table 2 LFP power analysis prior and during stimulation phases 

LFP power with the two conditions run vs. rest and pre vs. during stimulation was analyzed with a two way ANOVA and Sidak’s multi comparison 
 

LFP Power 
         

Two-way ANOVA; Matching: Both factors 
       

Source of Variation       
% of total 
variation P value P value summary Significant? 

  
Movement Phase 

   
20,89 0,0013 ** Yes 

  
Optogenetic Stimulation 

   
0,02195 0,348 ns No 

  
Interaction: Movement Phase x Optogenetic Stimulation 0,05707 0,0399 * Yes 

  
Interaction: Movement Phase x Subjects 

 
8,926 

     
Interaction: Optogenetic Stimulation x Subjects 0,2015 

     
Subjects 

   
69,82 

     

          
Sidak's multiple comparisons test 

      
  Mean [Hz]     Mean [Hz] Mean Diff, 95,00% CI of diff, Significant? Summary 

Adjusted P 
Value 

Rest:Pre 2,32E-06 vs. Rest:Stim 2,38E-06 -5,52E-08 -3,225e-007 to 2,121e-007 No ns 0,9148 

Rest:Pre 2,32E-06 vs. Run:Pre 5,25E-06 -2,93E-06 -3,192e-006 to -2,658e-006 Yes **** <0,0001 

Rest:Pre 2,32E-06 vs. Run:Stim 5,01E-06 -2,69E-06 -2,957e-006 to -2,422e-006 Yes **** <0,0001 

Rest:Stim 2,38E-06 vs. Run:Pre 5,25E-06 -2,87E-06 -3,137e-006 to -2,603e-006 Yes **** <0,0001 

Rest:Stim 2,38E-06 vs. Run:Stim 5,01E-06 -2,63E-06 -2,902e-006 to -2,367e-006 Yes **** <0,0001 

Run:Pre 5,25E-06 vs. Run:Stim 5,01E-06 2,35E-07 -3,187e-008 to 5,027e-007 No ns 0,0874 
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Appendix table 3  One way ANOVA analysis of running behavior upon pharmacological modulation 
A. Running velocity, B. overall velocity, C. running periods and D. running initiations were analyzed for significant (Sig.) changes with and without 

pharmacological modulation for two mice (mouse #1 and #2) individually. All running parameters were tested during baseline conditions with sham 
ACSF injections, pharmacological modulation and after a 20 min washout period. 

A 
       

B 
       

 
Running velocity [cm/sec] 

Mouse #1 Mouse #2 
 

Velocity [cm/sec] 
Mouse #1 Mouse #2 

 

Sig. P value Sig. P value 
 

Sig. P value Sig. P value 

 

Sham 
ACSF 

injection 
vs. 

Prazosin, 
clonidine, 

propranolol 
ns 0,86 ns 0,3403 

 

Sham 
ACSF 

injection 
vs. 

Prazosin, 
clonidine, 

propranolol 
** 0,0015 * 0,0195 

 

Sham 
ACSF 

injection 
vs. 

After washout 
sham ACSF 

injection 
ns 0,1466 * 0,0189 

 

Sham 
ACSF 

injection 
vs. 

After 
washout 

sham ACSF 
injection 

ns 0,6108 ns 0,7186 

 

Prazosin, 
clonidine, 

propranolol 
vs. 

After washout 
sham ACSF 

injection 
ns 0,2066 ns 0,0926 

 

Prazosin, 
clonidine, 

propranolol 
vs. 

After 
washout 

sham ACSF 
injection 

*** 0,0003 ** 0,0057 

C 
       

D 
       

 
Running periods [% of total time] 

Mouse #1 Mouse #2 
 

Running initiations per minute 
Mouse #1 Mouse #2 

 
Sig. P value Sig. P value 

 
Sig. P value Sig. P value 

 

Sham 
ACSF 

injection 
vs. 

Prazosin, 
clonidine, 

propranolol 
**** <0,0001 ** 0,0039 

 

Sham 
ACSF 

injection 
vs. 

Prazosin, 
clonidine, 

propranolol 
**** <0,0001 * 0,0179 

 

Sham 
ACSF 

injection 
vs. 

After washout 
sham ACSF 

injection 
ns 0,6363 ns 0,7246 

 

Sham 
ACSF 

injection 
vs. 

After 
washout 

sham ACSF 
injection 

ns 0,9996 ns 0,9405 

 

Prazosin, 
clonidine, 

propranolol 
vs. 

After washout 
sham ACSF 

injection 
**** <0,0001 ** 0,0013 

 

Prazosin, 
clonidine, 

propranolol 
vs. 

After 
washout 

sham ACSF 
injection 

*** 0,0002 * 0,02 
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Appendix table 4 Two way ANOVA analysis of running behavior upon optogenetic and pharmacological modulation 

Running velocity, overall velocity, running periods and running initiations were analyzed for significant (Sig.) changes with and without optogenetic 
stimulation for two mice (mouse #1 A. – D. and #2 E. – H.) individually. All running parameters were tested during baseline conditions with sham ACSF 

injections, pharmacological modulation and after a 20 min washout period. 

A       

Mouse #1 Running velocity [cm/sec] 
     

 

Sidak's multiple comparisons test Mean Baseline Mean Stim Significant? Summary Adjusted P Value 

 

Sham ACSF injection 7,356 7,642 No ns 0,9858 

 

NE modulation 6,952 6,653 No ns 0,9816 

 

After washout 5,431 7,665 No ns 0,1083 
       
 

Source of Variation % of total variation P value P value summary Significant? F (DFn, DFd) 

 

Interaction 11,69 0,1572 ns No F (2, 26) = 1,988 

 

Optogenetic modulation 5,468 0,1843 ns No F (1, 26) = 1,861 

 

Pharmacological modulation 6,436 0,3495 ns No F (2, 26) = 1,095 

B       
Mouse #1 Overall velocity [cm/sec] 

     
 

Sidak's multiple comparisons test Mean Baseline Mean Stim Significant? Summary Adjusted P Value 

 

Sham ACSF injection 0,5208 1,767 Yes ** 0,008 

 

NE modulation 1,397 1,453 No ns 0,9984 

 

After washout 0,32 1,02 No ns 0,2763 
       
 

Source of Variation % of total variation P value P value summary Significant? F (DFn, DFd) 

 

Interaction 9,49 0,1162 ns No F (2, 28) = 2,326 

 

Optogenetic modulation 17,85 0,0062 ** Yes F (1, 28) = 8,751 

 

Pharmacological modulation 15,56 0,0343 * Yes F (2, 28) = 3,813 

C       Mouse #1 Running periods [% of 
total time] 

     
 

Sidak's multiple comparisons test Mean Baseline Mean Stim Significant? Summary Adjusted P Value 

 

Sham ACSF injection 6,745 23,52 Yes * 0,0269 

 

NE modulation 19,92 22,47 No ns 0,9651 

 

After washout 4,373 15,65 No ns 0,2615 
       
 

Source of Variation % of total variation P value P value summary Significant? F (DFn, DFd) 

 

Interaction 5,937 0,2757 ns No F (2, 28) = 1,349 

 

Optogenetic modulation 18,01 0,0079 ** Yes F (1, 28) = 8,186 

 

Pharmacological modulation 14,45 0,0523 ns No F (2, 28) = 3,285 

D       
Mouse #1 Running Initiations per minute 

   
 

Sidak's multiple comparisons test Mean Baseline Mean Stim Significant? Summary Adjusted P Value 

 

Sham ACSF injection 1,267 3,567 No ns 0,1442 

 

NE modulation 3,1 3,606 No ns 0,9596 

 

After washout 1,147 3,347 No ns 0,2347 
       
 

Source of Variation % of total variation P value P value summary Significant? F (DFn, DFd) 

 

Interaction 3,981 0,4807 ns No F (2, 28) = 0,752 

 

Optogenetic modulation 16,35 0,0192 * Yes F (1, 28) = 6,176 

 

Pharmacological modulation 5,556 0,3635 ns No F (2, 28) = 1,049 
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E       Mouse #2 Running velocity [cm/sec] 
     

 
Sidak's multiple comparisons test Mean Baseline Mean Stim Significant? Summary Adjusted P Value 

 
Sham ACSF injection 8,245 9,528 No ns 0,6055 

 
NE modulation 7,661 7,57 No ns 0,9997 

 
After washout 5,289 8,956 Yes * 0,0396 

 
      

 
Source of Variation % of total variation P value P value summary Significant? F (DFn, DFd) 

 
Interaction 13,81 0,1079 ns No F (2, 21) = 2,481 

 
Optogenetic modulation 15,04 0,0302 * Yes F (1, 21) = 5,402 

 
Pharmacological modulation 12,67 0,1276 ns No F (2, 21) = 2,274 

F       Mouse #2  Overall velocity [cm/sec] 
     

 
Sidak's multiple comparisons test Mean Baseline Mean Stim Significant? Summary Adjusted P Value 

 
Sham ACSF injection 0,6271 2,896 Yes ** 0,0019 

 
NE modulation 1,742 2,027 No ns 0,946 

 
After washout 0,2643 2,053 Yes * 0,0306 

 
      

 
Source of Variation % of total variation P value P value summary Significant? F (DFn, DFd) 

 
Interaction 12,32 0,0683 ns No F (2, 22) = 3,04 

 
Optogenetic modulation 36,15 0,0003 *** Yes F (1, 22) = 17,84 

 
Pharmacological modulation 6,945 0,2034 ns No F (2, 22) = 1,714 

G       Mouse #2  Running periods [% of total time] 
    

 
Sidak's multiple comparisons test Mean Baseline Mean Stim Significant? Summary Adjusted P Value 

 
Sham ACSF injection 6,205 29,92 Yes *** 0,0004 

 
NE modulation 19,88 23,73 No ns 0,8473 

 
After washout 3,082 22,04 Yes * 0,0105 

 
      

 
Source of Variation % of total variation P value P value summary Significant? F (DFn, DFd) 

 
Interaction 12,29 0,0414 * Yes F (2, 22) = 3,693 

 
Optogenetic modulation 41,22 <0,0001 **** Yes F (1, 22) = 24,77 

 
Pharmacological modulation 9,884 0,0721 ns No F (2, 22) = 2,97 

H       Mouse #2  Running Initiations per minute 
    

 
Sidak's multiple comparisons test Mean Baseline Mean Stim Significant? Summary Adjusted P Value 

 
Sham ACSF injection 0,9067 3,967 Yes ** 0,0014 

 
NE modulation 3,723 3,867 No ns 0,9966 

 
After washout 1,083 2,908 No ns 0,1154 

 
      

 
Source of Variation % of total variation P value P value summary Significant? F (DFn, DFd) 

 
Interaction 12,96 0,0466 * Yes F (2, 22) = 3,537 

 
Optogenetic modulation 25,48 0,0012 ** Yes F (1, 22) = 13,91 

 
Pharmacological modulation 21,27 0,0095 ** Yes F (2, 22) = 5,804 
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Appendix table 5  Chi-square analysis of the unit response, distributed to the dorsal MS and the ventral DB 
A. Number of dorsal and ventral units sorted according to their frequency increasing or decreasing response to the optogenetic stimulation.  
B. Contingency table, testing MSDB units in a cross-sectional study of the link between anatomical position within the MSDB and the frequency 

increasing or decreasing response to optogenetic stimulation. 

A 
    

 
Number of units dorsal ventral Total 

 
increase by >1Hz 167 37 204 

 

decrease by >1Hz 27 14 41 

 

Total 194 51 245 

     

 

No change > 1 Hz 545 211 756 

     

B 
    

 

Percentage of 
grand total dorsal ventral 

 

 
increase by >1Hz 68,16% 15,10% 

 

 
decrease by >1Hz 11,02% 5,71% 

 

     

 
Test Chi-square and Fisher's exact test 

 

P value 0,0332 
  

 

One- or two-sided 
Two-
sided 

  

 

Statistically 
significant? Yes 

   

  



 

103 
 

Appendix table 6 Dorsal vs. ventral MSDB network response to various phases of NE-modulation 

Mean unit activity, divided in dorsal and ventral MSDB. Mann Whitney test was used to compare the dorsal and ventral mean act ivity in different 
pharmacological conditions. 

  
Baseline 

 
Prazosin, clonidine 

 

Prazosin, clonidine, 
propranolol 

 
After washout 

  
dorsal ventral 

 
dorsal ventral 

 
dorsal ventral 

 
dorsal ventral 

Number of values 
 

741 260 
 

741 260 
 

706 206 
 

642 206 

Mean   11,37 10,23   11,85 12,03   7,512 8,18   5,346 6,238 

Std. Deviation 
 

12,43 12,53 
 

12,33 12,47 
 

8,375 8,174 
 

5,936 6,885 

Std. Error of Mean   0,4568 0,777   0,4531 0,7734   0,3152 0,5695   0,2343 0,4797 

             Mann Whitney test 
            P value 
 

0,3397 
 

0,3551 
 

0,0311 
 

0,0628 

Exact or approximate P value?   Approximate   Approximate   Approximate   Approximate 

P value summary 
 

ns 
 

ns 
 

* 
 

ns 

Significantly different (P < 0.05)?   No   No   Yes   No 

One- or two-tailed P value? 
 

Two-tailed 
 

Two-tailed 
 

Two-tailed 
 

Two-tailed 

Sum of ranks in column A,B   375071 , 126430   367532 , 133970   315119 , 101209   266838 , 93139 

Mann-Whitney U 
 

92500 
 

92621 
 

65548 
 

60435 
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Appendix table 7  MSDB network response to various phases of NE-modulation 

Mean activity of all MSDB units measured with the MEA. A one way ANOVA and Holm-Sidak's multiple comparisons test was used to compare the 
activity with different pharmacological treatment.   

 

  
Mean 
[Hz]     

Mean 
[Hz]   

Mean 
Diff. 
[Hz] Significant? Summary 

Adjusted 
P Value 

Baseline 11,16 vs. 
NE-α1+2-
modulation 

11,34 
 

-
0,181 

No ns 0,9192 

Baseline 11,16 vs. 
NE-
α1+2+ß-
modulation 

7,161   4,000 No ns 0,0968 

Baseline 11,16 vs. 
After 
washout 

5,36 
 

5,801 Yes * 0,0143 

NE-α1+2-
modulation 

11,34 vs. 
NE-
α1+2+ß-
modulation 

7,161   4,182 No ns 0,0968 

NE-α1+2-
modulation 

11,34 vs. 
After 
washout 

5,36 
 

5,982 Yes * 0,013 

NE-
α1+2+ß-
modulation 

7,161 vs. 
After 
washout 

5,36   1,801 No ns 0,5686 
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Appendix table 8  Two way ANOVA multi comparison analysis of network activity changes in response to optogenetic stimulation during different 
pharmacological modulations 
A. Sidak's multiple comparisons test of the MSDB network activity pre vs. during optogenetic stimulation with different pharmacological treatment.  
B. Tukey's multiple comparisons test of network activity during different pharmacological modulations with and without optogenetic stimulation. 

A       Pre vs. Stim Median 1 Median 2 Significant? Summary Adjusted P Value 

 
Control 10,06 10,30 Yes **** <0,0001 

 

NE a1+2 modulation 12,33 12,51 No ns 0,8662 

 
NE a1+2 + ß modulation 6,97 6,72 No ns 0,2337 

 
After washout 5,51 5,55 No ns 0,9999 

 

            

       

 

Source of Variation % of total variation P value Significant? Summary F (DFn, DFd) 

 
Optogenetic stimulation 0,02257 0,1473 No ns F (1, 11) = 2,431 

 

Pharmacological modulation 35,74 <0,0001 Yes **** F (3, 33) = 14,61 

 
Interaction: Optogenetic stim. x Pharmacological mod. 0,1313 0,0002 Yes *** F (3, 33) = 9,055 

 
Interaction: Optogenetic stim. x Subjects 0,1021         

 

Interaction: Pharmacological mod. x Subjects 26,91 
    

 
Subjects 36,93         

B       Pre Median 1 Median 2 Significant? Summary Adjusted P Value 

 
Control vs. NE a1+2 modulation 10,06 12,33 No ns 0,9997 

 

Control vs. NE a1+2 + ß modulation 10,06 6,97 Yes **** <0,0001 

 
Control vs. After washout 10,06 5,51 Yes **** <0,0001 

 
NE a1+2 modulation vs. NE a1+2 + ß modulation 12,33 6,97 Yes **** <0,0001 

 

NE a1+2 modulation vs. After washout 12,33 5,51 Yes **** <0,0001 

 
NE a1+2 + ß modulation vs. After washout 6,97 5,51 Yes **** <0,0001 

       

 
Stim Median 1 Median 2 Significant? Summary Adjusted P Value 

 

Control vs. NE a1+2 modulation 10,30 12,51 Yes *** 0,0008 

 
Control vs. NE a1+2 + ß modulation 10,30 6,72 Yes **** <0,0001 

 

Control vs. After washout 10,30 5,55 Yes **** <0,0001 

 
NE a1+2 modulation vs. NE a1+2 + ß modulation 12,51 6,72 Yes **** <0,0001 

 
NE a1+2 modulation vs. After washout 12,51 5,55 Yes **** <0,0001 

 

NE a1+2 + ß modulation vs. After washout 6,72 5,55 Yes **** <0,0001 
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Appendix table 9  Statistical analysis of theta modulation upon LC-fiber stimulation in MSDB 
A. Wilcoxon matched-pairs signed rank test of the proportion of theta modulated units upon LC fiber stimulation compared to baseline conditions.  
B. Wilcoxon matched-pairs signed rank test of the mean theta frequency with and without stimulation.  
C. Wilcoxon matched-pairs signed rank test of the mean theta amplitude with and without stimulation. 

 

A 
Proportion of theta modulated units upon LC fiber stimulation 

   

  Minimum Maximum Mean Std. Deviation 
 

  
Adjusted P 

value Summary Significant? 

 

Pre 20,59 44,94 35,1 8,773 
 

Wilcoxon 
matched-pairs 
signed rank test 

0,2734 ns No 

 

Stim 11,76 71,15 38,8 13,86 
 

           

B 
Mean theta frequency with and without stimulation 

 
  Minimum Maximum Mean Std. Deviation 

 
  

Adjusted P 
value Summary Significant? 

 

Pre 6,803 9,349 7,87 0,7173 
 

Wilcoxon 
matched-pairs 
signed rank test 

0,1272 ns No 

 

Stim 7,09 9,483 8,02 0,6589 
 

           

C 
Mean theta amplitude with and without stimulation 

 
  Minimum Maximum Mean Std. Deviation 

 
  

Adjusted P 
value Summary Significant? 

 

Pre 11,46 386,8 139 104,8 
 

Wilcoxon 
matched-pairs 
signed rank test 

0,0015 ** Yes 

 

Stim 30,38 380,5 169 110,2 
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Appendix table 10  Analysis of theta unit modulation in different NE-modulatory conditions  
A. Summary of One way ANOVA analysis of mean percentage of theta units, mean frequency and mean amplitude of theta modulated units.  
B. - D. All data were analyzed with repeated measurements and multi comparison against control conditions. 

A        

Repeated measures ANOVA summary 
Mean theta units in 

% of all units Mean theta frequency 
Mean theta 
amplitude 

 

F 3,39 0,7121 3,648 

 

P value 0,0616 0,5034 0,0563 

 

P value summary ns ns ns 

 

Statistically significant (P < 0.05)? No No No 

 

Geisser-Greenhouse's epsilon 0,5402 0,6637 0,5692 

 

R square 0,2069 0,07332 0,2885 

B        Mean theta units in % of all units 

      

 
Dunnett's multiple comparisons test Mean 1 Mean 2 Significant? Summary Adjusted P Value 

 
Control vs. NE-a1,2-modulation 20,82 25,64 No ns 0,0511 

 
Control vs. NE-a1,2+ß-modulation 20,82 21,15 No ns 0,9994 

 
Control vs. After washout 20,82 17,39 No ns 0,4957 

C        
Mean theta frequency 

      

 
Dunnett's multiple comparisons test Mean 1 Mean 2 Significant? Summary Adjusted P Value 

 
Control vs. NE-a1,2-modulation 7,694 7,394 No ns 0,7903 

 
Control vs. NE-a1,2+ß-modulation 7,694 7,373 No ns 0,55 

 
Control vs. After washout 7,694 7,266 No ns 0,2287 

D        
Mean theta amplitude 

      

 
Dunnett's multiple comparisons test Mean 1 Mean 2 Significant? Summary Adjusted P Value 

 

Control vs. NE-a1,2-modulation 47,76 48,36 No ns >0,9999 

 

Control vs. NE-a1,2+ß-modulation 47,76 20,31 No ns 0,2867 

 

Control vs. After washout 47,76 7,295 No ns 0,0947 
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Appendix table 11  Two way ANOVA analysis of dorsal and ventral theta modulated units in different NE modulated conditions 

Two-way ANOVA and Sidak's multiple comparisons test of theta modulated units in % for all experiments (n=7) under control and pharmacological NE 
modulation conditions. 

 

Two-way RM ANOVA Matching: Across row 
      

        Source of Variation % of total variation P value P value summary Significant? F (DFn, DFd) 
  

Interaction 0,8363 0,0489 * Yes F (3, 42) = 5,7 
  Anatomical distribution 8,617 0,0477 * Yes F (1, 14) = 4,9 
  Pharmacological modulation 4,051 0,0696 ns No F (3, 42) = 2,5 
  

Subjects (matching) 64,13 <0,0001 **** Yes 
F (14, 42) = 

8,6 
  

        Sidak's multiple comparisons test 
       percent dorsal - percent ventral Mean % dorsal Mean % ventral Mean Diff, 95,00% CI of diff, Significant? Summary Adjusted P Value 

Control 30,77 26,28 4,484 -13,71 to 22,67 Yes * 0,0456 

NE-a1,2-modulation 38,02 26,22 11,8 -6,389 to 29,99 Yes ** 0,0085 

NE-a1,2+ß-modulation 34,85 26,53 8,318 -9,872 to 26,51 No ns 0,6738 

After washout 28,93 20,14 8,786 -9,404 to 26,98 Yes * 0,0423 
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Appendix table 12  Two way ANOVA analysis of theta modulated units with LC fiber stimulation under different NE modulated conditions 

A. Two way ANOVA analysis of percent of theta units of all units before and during optogenetic stimulation during different pharmacological conditions. 
Repeated measurements and Sidak's multiple comparisons test of all 14 experiments. B. See A with frequency of theta modulated units. C. See A with 

amplitude of theta modulated units. 
 

A        Proportion of theta modulated units, before vs. during optogenetic stimulation 
   

       

 

Source of Variation % of total variation P value P value summary Significant? 
  

 
Optogenetic modulation 0,03149 0,4973 ns No 

  

 

Pharmacological modulation 6,823 0,0099 ** Yes 
  

 

Interaction: Optog. mod. x Pharma. mod. 0,2034 0,0823 ns No 
  

        

 
Sidak's multiple comparisons test 

     

 
Baseline - Stim Mean Diff, 95,00% CI of diff, Significant? Summary Adjusted P Value 

 

Control -1,761 -3,889 to 0,3681 No ns 0,14 

 
NE-a1,2-modulation -0,1929 -2,322 to 1,936 No ns 0,9988 

 

NE-a1,2+ß-modulation -0,9721 -3,101 to 1,157 No ns 0,6669 

 

After washout 1,204 -0,9252 to 3,332 No ns 0,4728 

        

B 
       Frequency of theta modulated units, before vs. during optogenetic stimulation 

   

       

 
Source of Variation % of total variation P value P value summary Significant? 

  

 
Optogenetic modulation 0,8758 0,2202 ns No 

  

 

Pharmacological modulation 5,984 0,4392 ns No 
  

 

Interaction: Optog. mod. x Pharma. mod. 0,7836 0,4331 ns No 
  

        

 
Sidak's multiple comparisons test 

     

 
Baseline - Stim Mean Diff, 95,00% CI of diff, Significant? Summary Adjusted P Value 

 
Control -0,2667 -0,7287 to 0,1953 No ns 0,4404 

 
NE-a1,2-modulation -0,2843 -0,7463 to 0,1777 No ns 0,3789 

 

NE-a1,2+ß-modulation 0,08092 -0,3811 to 0,5429 No ns 0,9839 

 

After washout -0,1461 -0,6081 to 0,3159 No ns 0,8757 

        



 

110 
 

C 
       Amplitude of theta modulated units, before vs. during optogenetic stimulation 

   

       

 

Source of Variation % of total variation P value P value summary Significant? 
  

 

Optogenetic modulation 0,7676 0,2323 ns No 
  

 

Pharmacological modulation 19,57 0,0238 * Yes 
  

 
Interaction: Optog. mod. x Pharma. mod. 0,7438 0,526 ns No 

  

        

 
Sidak's multiple comparisons test 

     

 
Baseline - Stim Mean Diff, 95,00% CI of diff, Significant? Summary Adjusted P Value 

 
Control 15,15 -4,866 to 35,17 No ns 0,1973 

 

NE-a1,2-modulation 5,229 -14,79 to 25,25 No ns 0,9333 

 

NE-a1,2+ß-modulation 1,862 -18,15 to 21,88 No ns 0,9986 

 
After washout 0,7833 -19,23 to 20,8 No ns >0,9999 
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Appendix table 13  Statistical analysis of patch clamp recordings of VGluT2 identified units in MSDB 

To test the distribution of responsive glutamatergic cells between dorsal and ventral MSDB, Fisher’s exact test was used. 
 

  

Test  Fisher's exact test 

P value  0,0163 

P value summary  * 

One- or two-sided  Two-sided 

Statistically significant (P < 0.05)? Yes 

    

Data analyzed unresponsive responsive Total 

dorsal 5 8 13 

ventral 13 2 15 

Total 18 10 28 
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Appendix table 14 Mean depolarization response upon LC fiber stimulation in baseline vs. NE-modulated conditions 

Statistical comparison using a Wilcoxon matched-pairs signed rank t-test.  N = 10 cells. 

  
Baseline NE-modulation 

Number of values 
 

8 4 

Mean 
 

9,387 7,818 

Std. Deviation 
 

8,796 4,909 

Std. Error of Mean 
 

3,11 2,454 

    

    Wilcoxon matched-pairs signed rank test 

P value 
 

  0,125 

Exact or approximate P value? Exact 

P value summary 
 

  ns 

Significantly different (P < 0.05)? No 

One- or two-tailed P value? Two-tailed 

Sum of positive, negative ranks 0 , -10 

Sum of signed ranks (W)   -10 

Number of pairs 
 

  4 
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6.2 Abbreviations 

µ     Mean 

µg   Microgram 

µl    Microliter 

µm   Micrometer 

µM   Micromolar 

AAV   Adeno-associated virus type 2 

ACSF    Artificial cerebrospinal fluid 

AR   Adrenergic receptor 

BF   Basal forebrain 

CA1    Cornu ammonis region 1 

CA2    Cornu ammonis region 2 

CA3    Cornu ammonis region 3 

cAMP   Cyclic adenosine monophosphate 

ChAT   Choline acetyltransferase 

ChR2   Channel Rhodopsin 2 

cm   Centimeter 

CNS   Central nervous system 

cre     Creates-recombination protein 

DAG   Diacylglycerol  

DNA     Deoxyribonucleic acid 

EYFP   Enhanced yellow fluorescent protein 

g    Gramm 

GABA   γ-aminobutyric-acid 

Gal   Galanin 

HCF   Hippocampal formation 

Hz   Hertz 

IP3   Inositol triphosphate  

LC   Locus coeruleus 

LFP   Local field potential 

loxP sites   Designated cleaving sites 

MEA   Microelectrode array 

mg    Milligram 
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min   Minute 

mm   Millimeter 

MPOA   Medial preoptic area 

ms   Millisecond 

MSA   Medial septal area 

MSDB   Medial septum and the diagonal band of Broca 

mW   Milliwatt 

NE   Norepinephrine 

nm   Nanometer 

nM   Nanomolar 

NPY   Neuropeptide Y 

pA     Picoamperes 

PIP2   Phosphatidylinositol 4,5-biphosphate  

PKA   Protein kinase A  

PV   Parvalbumin 

SD   Standard Deviations 

TH1-Cre Genetically modified mouse line  
B6.Cg-7630403G23Rik

Tg(Th-cre)1Tmd
/J 

TiN Titanium nitride 

VGluT2    Vesicular glutamate transporter isoform 2 

VGluT2-Cre  Genetically modified mouse line Slc17a6 tm2(cre)Lowl /J 

WPRE  Woodchuck hepatitis virus posttranscriptional regulatory element 
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