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Abstract

The locus coeruleus (LC) in the pons of the brainstem provides the sole source of noradrenergic
afferent input to most brain structures including the cerebral cortex, hippocampus, cerebellum and
spinal cord. The resulting modulation of activity is important for controlling behaviors like sleep-
wake cycle, pain sensitization, memory formation or opioid (withdrawal) reactions. It is still
unclear how this small nucleus modulates activity in these brain areas in a diverse fashion. The aim
of this thesis was to study, in brain slices from neonatal rats, properties of spontaneous electrical
LC activity with emphasis on the involvement of subtypes of ionotropic glutamatergic receptors

(iGluR) in modulation of both network discharge and cellular firing patterns.

It was firstly found with single unit recording that LC neurons discharge with a jitter of 30-100 ms
at a rate of ~1 Hz single spikes that summate to a ~ 0.2 s-lasting local field potential (LFP) burst
and that each neuron preferentially discharges in a particular phase of this network response.
Elevating superfusate K* from 3 to 7 mM either increased LFP rate or transformed its pattern from
a bell-shaped signal into multi-peak bursts lasting several seconds. The latter LFP pattern was also

seen during recovery from inhibition of rhythm by p-opioid receptor activation with DAMGO.

It was next investigated with simultaneous LFP and whole-cell membrane potential (Vi) recording
whether the spontaneous jittered, yet phase-locked LC neuronal spiking and LFP pattern are altered
by bath-applied glutamate or the iGluR agonists AMPA, KA, QUI and NMDA and whether a
complex of the AMPA receptor (AMPAR) with TARP (auxiliary transmembrane AMPAR

regulatory proteins) is functional. TARP-AMPAR complex activation via bath-application of the
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partial agonist CNQX increased LFP rate via neuronal depolarization that accelerated spiking to
increase the free cytosolic Ca®>" concentration (Ca;). The Ca; rise was blocked by the L-type Ca*"
channel blocker nifedipine and the electrophysiological CNQX effects were abolished by the non-
competitive AMPAR blocker GYKI. AMPA and KA accelerated LFP rate and transformed the
pattern to faster sinusoidally-shaped oscillatory events of shorter event duration with fluctuations
of signal amplitude. Both agents also increased the regularity of LFP bursting and decreased
cellular spike jitter, but did not increase network synchronization. Glutamate made the network
rhythm more irregular and increased burst duration with decreased network synchronization
whereas NMDA caused faster oscillatory events of shorter duration with rhythmic pauses and
enhanced network synchronicity. Pattern transformation by QUI was similar to that evoked by

glutamate, but without decreasing synchronicity, and this effect was mediated by iGluR activation

as judged by the countering effect of the nonselective iGluR antagonist kynurenic acid.

This study is the first demonstration that spiking in the neonatal LC is not synchronous, but rather
jittered, yet phase-locked to the population burst and that the pattern of this bursting is transformed
by changes in network excitability evoked by K*, opioids and iGluR agonists. These findings
provide the basis for future studies aiming at understanding the causal link between LC firing

patterns and resulting modulation of activities in the targeted brain areas and thus in their functions.
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CHAPTER 1

General Introduction



1.1. Overview

The locus coeruleus (LC) in the brainstem is the major source for noradrenergic innervation of
most brain structures. It thus controls multiple behaviors like arousal, sleep-wake cycle or memory.
These behaviors are affected when the LC neuron activity pattern changes from normal
spontaneous ‘tonic’ action potential (AP) firing to phasic discharge. Altered LC signaling can also
contribute to neuropathological conditions such as Alzheimer’s disease, anxiety or drug addiction.
In the latter regard, the o noradrenaline (NA) receptor agonist Lofexidine is used for treatment of
opioid withdrawal symptoms. Despite the important role of the LC in brain control, the cellular
mechanisms are still unclear by which this small nucleus of only several thousand neurons exerts
its multiple functions. As one precondition for such ‘multitasking’, evidence is currently emerging
that the LC has a modular organization. This means that neuron clusters in specific LC aspects are
influenced by chemical neurotransmitters released from afferent axons which originate from
remote brain circuits. Conversely, NA is released from the LC into specific areas within the
neuroaxis by efferent axons from distinct neuron classes. These neurons show differences in their
synaptic (i.e. neurotransmitter-modulated) and non-synaptic (i.e. intrinsic) ion channels and, thus,
their capability to respond to afferent stimuli and generate activity patterns. For example, activation
of 1onotropic glutamate receptors (iGluR) in LC neurons is necessary to convert their tonic spiking
into bursting under the influence of morphine. Similarly, cocaine changes their spiking into
bursting by blocking NA uptake to raise its tonic background concentration in the extracellular
space where it then acts on o receptors to promote a burst-generating intracellular ‘second-
messenger’ signaling cascade. Astrocytes are capable of modulating the activity of neighboring LC
neurons as evident from the finding that release of lactate by these glial cells activates a yet
unknown receptor on LC neurons to accelerate their spiking. In neonatal rodents, spontaneous LC

neuron spiking is presumably synchronous and generates a rhythmic local field potential (LFP).
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Note that the term ‘rhythmic field potential’ (rFP) was used in the publication resulting from
project-1 (Rancic et al., 2018). In this thesis, properties of this LFP were firstly analyzed in neonatal
rat brain slices in control superfusate with an ion composition similar to that in the extracellular
space of the brain. Subsequently, LFP assessment was combined with membrane potential (Vi)
recording or multiphoton imaging of the free cytosolic Ca** concentration (Caj) to analyze distinct
LFP pattern transformations evoked by glutamate and iGluR (ant)agonists. The results show that
the LC is a complex modular neuron-glia (‘neural’) neural network that is capable of adapting its

output activity pattern, likely for the purpose of fine-tuning diverse brain functions.

1.2. Locus Coeruleus - A major guardian of brain functions

The mammalian brain can perform complex cognitive functions such as learning, memory,
attention or rewards because of its ability of processing complex electrical and chemical synaptic
activities, particularly in forebrain structures (Kandel et al., 2012). Such processing mechanisms
require a dynamic range of neuronal AP firing patterns (Abeles, 1991). These adaptive AP
discharge patterns are controlled by diverse brain nuclei which send out axons that release specific
chemical neurotransmitters and (non-synaptic) neuromodulators such as noradrenaline (NA),
dopamine, serotonin, acetylcholine or neuropeptides like substance-P or endorphines. The LC is
an example for such neuromodulatory nuclei and neuroanatomical studies have established it since
long as the most widely projecting one (Aston-Jones, 1995). Specifically, the LC supplies NA via
its efferent axons to most forebrain structures, including the neocortex, hippocampus, amygdala,
cerebellum, hypothalamus, thalamic relay nuclei, brainstem and the spinal cord. Because of this
(partly ‘diffuse’) innervation of most of the neuraxis, it controls important behaviors, and other

brain functions, like attention, arousal, sleep and wakefulness, perception, memory formation,
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anxiety, pain sensation or breathing through modulating the discharge patterns in diverse brain

areas exerting these processes (Foote et al., 1983; Berridge and Waterhouse, 2003).

In the following, examples are given for excitatory or inhibitory innervation of different efferent
LC axon target areas and resulting (behavioral) effects. Considering all these effects, it is intriguing
how a small cluster of only several thousand neurons (Swanson, 1976; Loughlin et al., 1986) can

mediate all these modulatory actions.

1.2.1. Efferent LC output

LC axons provide the sole source of noradrenergic innervation to a variety of forebrain structures
(Fig. 1-1A) (Clark and Proudfir, 1991; Sluka and Westlund, 1992; Schuerger and Balaban, 1993;
Uematsu et al., 2015). For example, LC input to the (neo)cortex can be either excitatory or
inhibitory (Pieribone et al., 1994; Domyancic and Morilak, 1997; Papay et al., 2006) and this can
be seen also in forebrain EEG activity (Berridge and Foote, 1991). The differential NA effects on
the cortex and neocortex and the fact that LC neurons exhibit increased AP firing during
wakefulness and decreased activity during sleep makes this nucleus one of the crucial regulators
of sleep-wake cycle (Foote et al., 1980). Moreover, a recent study revealed that phasic LC firing is
responsible for increasing cortical excitability and inducing gamma oscillations that are essential
for stimulating nociceptive signaling pathways (Neves et al., 2018). The LC also provides the sole
source of NA for the hippocampus (Loughlin et al., 1986; Fu et al., 1999) and bilateral LC lesions
disrupt associative olfactory memory in newborn rats by impairing B-type NA receptor-mediated

memory formation in hippocampus (Sullivan et al., 1994).



The LC also provides excitatory input to the dorsal raphe, pedunculopontine tegmental nucleus and
the laterodorsal tegmental nucleus and inhibitory input to the ventrolateral preoptic area (Samuels
and Szabadi, 2008). Moreover, electrical or pharmacological LC activation shifts neural networks
in the amygdala to a more excitable state resulting in increased anxiety in subjects (Redmond et
al., 1976; Goddard et al., 1995, McDaggal et al., 1995). Related with that, the LC is involved in
formation and retrieval of emotion-associated memory, possibly through modulation of neuronal

activity in the amygdala (Kiernan, 2005; Sterpenich et al., 2006).

In addition to affecting central nervous system (CNS) structures, the LC innervates sympathetic
and parasympathetic preganglionic neurons (Swanson and Sawchenko, 1983; Westlund et al.,
1983; Hermann et al., 1997). In sympathetic autonomic pathways, LC axons innervate the kidney
and urinary bladder (Williams and McGauff, 1993; Sly et al., 1999). A role in pain sensation is
indicated by the findings that noxious stimuli increase the electrical activity of LC neurons and,
consequently, NA release (Kimura and Nakamura, 1985; Rasmussen et al., 1986; Hirata and
Aston-Jones, 1994). Furthermore, the LC innervates pain-sensitive neurons of the trigeminal
sensory nuclei and the dorsal horn of the spinal cord (Senba et al., 1981; Fritschy and Grzanna,
1990). As a last example, electrical LC stimulation depresses inspiratory inhibition in the Botzinger
complex of the lower brainstem (Wang et al., 2004) suggesting that the LC modulates the activity
of neural networks controlling breathing. This view is substantiated by many more findings like
that the LC contains chemosensitive neurons involved in regulation of breathing in response to

inspired CO; (Biancardi et al., 2008).



Most CNS neurotransmitters are released at an axon terminal forming a chemical synapse (Kandel
et al., 2012). In contrast, LC axons release along their axon NA at multiple varicosities which
comprise bulbous enlargements of their diameter serving as presynaptic ‘boutons’ (Geffen and
Livett, 1971; Livett, 1973; Descarries et al., 1977). LC axonal varicosities facilitate ‘volume
transmission’ of NA, therefore allowing its diffusion to areas relatively remote to the release site
which are thus not directly synaptically connected (Ungerstedt et al., 1969; Fuxe and Ungerstedt,

1970; Descarries et al., 1977; Fuxe et al., 2007; Fuxe et al., 2010).

1.2.2. Afferent LC input

In summary, section 1.2.1. exemplified that LC activity has diverse effects on multiple structures
along the neuraxis. Next, it needs to be considered which afferent brain structures can change the
activity of LC neurons, which then propagate their APs to the above described target areas.
Contrary to the widespread efferent LC projections, findings from early studies indicated that LC
afferents are restricted to two brainstem nuclei, specifically the paragigantocellularis and the
prepositus hypoglossi (Aston-Jones et al., 1986; Aston-Jones et al., 1991b). However, subsequent
work demonstrated the presence of further inputs to the LC including the cortex, amygdala,
hypothalamus, nucleus of the solitary tract and the spinal cord (Fig. 1-1B) (Luppi et al., 1995; Zhu

and Aston-Jones, 1996; Van Bockstaele et al., 1999; Aston-Jones et al., 2001).

In addition to several subtypes of NA autoreceptors (i.e. a1, oo, Bi1, B2, B3), LC neurons express
various other receptors, e.g. for opioids, y-aminobutyric acid (GABA), orexin, corticotropic

releasing factor, dopamine or acetylcholine (Fig. 1-2) (Atweh and Kuhar, 1977; Rotter et al., 1979;



Young and Kuhar, 1980; Aston-Jones et al., 1995; Van Bockstaele et al., 1996; Delaville et al.,
2011; Schwarz and Luo, 2015). This indicates that LC neuron activity is under ongoing control by

neurotransmitters released from the afferent axons originating from the above structures.

Among the afferent neurotransmitters, glutamate has a particularly important effect on LC activity
(Singlewald and Philippu, 1998). Retrograde tracer and immunostaining studies have demonstrated
that the LC receives predominantly glutamatergic afferents from the paragigantocellularis nucleus
(Aston-Jones et al., 1986; Guyenet and Young, 1987; Pieribone et al., 1988; Aston-Jones et al.,
1991). Paragigantocellularis stimulation evokes an excitatory response in LC neurons which is
abolished by kynurenic acid and y-d-glutamylglycine (Ennis and Aston-Jones, 1988; Shiekhattar
and Aston-Jones, 1991). These agents are both competitive antagonists for the iGluR subtype that
is activated by the commonly used agonists a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA), kainate (KA) and quisqualate (QUI), i.e. the AMPA receptor (AMPAR) (Traynelis
et al., 2010). Contrary, 2-amino-7-phosphono-heptanoic acid (AP-7), an antagonist of the other
1GluR subtype that is activated by N-methyl-D-aspartate (NMDA), i.e. the NMDA receptor, was

not effective in the latter paragigantocellularis stimulation studies.

In addition to afferent signals, the activity of LC neurons is modulated by neurotransmitters that
are released from collaterals of their own axons which terminate within the LC. For example, it
was shown that endogenously released NA causes ‘auto-inhibition’ of LC neurons, thereby
attenuating their AP ‘spiking’ and subsequent NA release (Aghajanian et al., 1977). While the main
neurotransmitter of LC neurons is NA, they can also release other neurotransmitters like the

neuropeptides galanin, neuropeptide-Y, somatostatin or enkephalin that all may serve to fine-tune



the primary NA action on remote target structures or within the LC itself (Olpe and Steinmann,

1991; Sutin and Jacobowitz, 1991; Berridge and Waterhouse, 2003; Schwarz and Luo, 2015).

1.2.3. Modular LC organization

In summary, section 1.2.2. showed that the activity LC neurons is modulated by several afferent
structures via diverse neurotransmitters and also by their own neurotransmitters acting on
autoreceptors. While this indicates that LC output activity is under complex control, the neurons

themselves also differ in various regards to form ‘modules’ within different aspects of the nucleus.

On the one hand, it was shown with anterograde and retrograde tracing methods and antibodies
against the NA-synthesizing enzymes dopamine-beta-hydroxylase (DBH) and tyrosine
hydroxylase (TH) that all LC neurons are catecholaminergic (Fig. 1-3A) (Dahlstrum and Fuxe,
1964; Hartman, 1973; Pickel et al., 1975; Sawchenko and Swanson, 1982). On the other hand,
similar approaches revealed that LC neuron subclasses can be identified by their expression pattern
for other endogenous neurotransmitters, e.g. glutamate, GABA, opioids, orexin, corticotropic

releasing factor, dopamine or acetylcholine.

In addition, LC neurons express different sets of neurotransmitter receptors (Schwarz and Luo,
2015). The latter comprehensive review states that different approaches like viral-genetic axon
tracing unraveled that an individual LC neuron receives inputs from at least 15 brain regions
including the neocortex, amygdala, thalamus, hypothalamus or cerebellar cortex. In contrast to that
convergence of afferent inputs, particularly retrograde tracer labeling studies showed that neurons

in LC subregions innervate specific distinct targets (Fig. 1-1A) (Room et al., 1981; Fallon and
8



Loughlin, 1982; Loughlin et al.,1986a,b; Steindler and Tosko, 1989; Schwartz and Luo, 2015). For
example, LC neurons innervating the hippocampus are prominent in the dorsal part of the LC
whereas a cerebellum- and spinal cord-projecting neuronal module is located in its ventral region
(Waterhouse et al., 1983; Loughlin et al., 1986). Moreover, cortex-innervating LC neurons are
found in the caudal LC aspect whereas amygdala-innervating neurons are distributed throughout
the nucleus (Mason and Fibiger, 1979; Loughlin et al., 1986; Schwarz and Luo, 2015). Conversely,
studies using dual tracer injection revealed that the same LC neuron subclass can project to
different brain areas (Nagai et al., 1981; Room et al., 1981; Steindler et al., 1981; Simpson et al.,
1997). With 3D reconstruction of retrogradely labeled LC neurons, it was found that
morphologically distinct neurons project to different target areas, thus suggesting for the first time

a topo-morphological distribution of their efferent projections (Loughlin et al., 1986a,b).

Neurons in distinct LC regions can also differ in their biophysical properties (Fig. 1-3C1, C2). For
example, LC neurons projecting to different cortical regions show differences in their firing
frequency as well as the amplitude of their AP after-hyperpolarization (AHP) (Chandler et al.,
2014). Moreover, ventrally-located adult rat LC neurons with a shorter spike and smaller AHP than
LC core neurons act as a ‘pontospinal-projecting module’ (Li et al., 2016) whereas dorsomedially-
located small and densely packed GABAergic neurons in juvenile mice show faster spiking with

enhanced adaptation (Jin et al., 2016).

1.2.4. Maturational state of the neonatal rodent LC
The above noted differences between LC neurons in different LC subregions regarding their AP

properties were studied in brain slices (Jin et al., 2016; Li et al., 2016). This is because, e.g.,
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experimental conditions are more stable and detailed pharmacology can be performed in vitro
(Ballanyi, 1999). In fact, most pharmacological findings on LC neuron excitability and its
modulation by neurotransmitters and (recreational) drugs were obtained by electrophysiological
recordings in brain slices, initially from newborn, juvenile or adult rats and since several years also
from mice. This has, on the one hand, the disadvantage that findings using slices from animals of
different ages may differ as it is established that neuronal and network properties change during
postnatal maturation (Dreyfus, 1983; Nakamura et al., 1987; Marshall et al., 1991; Kaila, 1994;
Ballanyi, 1999; Ben-Ari et al., 2007). On the other hand, this led to the discovery that LC network
connectivity changes during the first two postnatal weeks. Specifically, spontaneous single AP
discharge of neonatal LC neurons seems to be synchronized via gap junctions whereas the extent
and or type of coupling via these ‘electrical synapses’, formed by different types of connexins,
appears to change during this time period (Christie et al., 1989; Christie, 1997; Ishimatsu and

Williams, 1996; Alvarez et al., 2002; Van Bockstaele et al., 2004).

Despite this difference, and possibly other postnatal changes of LC network excitability, the
neonatal LC is already functional. Specifically, in rats LC synaptogenesis begins at 19 days of
gestation (Lauder and Bloom, 1975). While this is two days before the birth of rats, LC neurons
and their processes containing catecholamines become visible with fluorescence staining already
at 12 to 14 days of gestation indicating that already at this early stage the LC starts to synthesize
NA and project to target areas (Olson and Seiger, 1972; Lauder and Bloom, 1974). This fact
prompted the postulation that the LC is important for brain development (Marshall et al., 1991).
For example, development in infant rats of odor-based maternal recognition and attachment

involves a large release of NA into the olfactory bulb (Moriceau et al., 2004). This olfactory
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learning ends at postnatal day 10 and at this stage the LC appears to have matured to an almost

adult-like neural circuit (Moriceau et al., 2010).

1.2.5. In vitro analyses of biophysical and second-messenger LC signaling

To study LC network properties in vivo is important, but technically very challenging. Therefore,
intrinsic and neurotransmitter-activated ion channels and also metabotropic, e.g. G protein-
modulated, signaling pathways are mainly analyzed in LC neurons of brain slices. For example, it
is established by work on LC neurons in slices that both o, NA and p-opioid receptors exert a K*
channel-mediated hyperpolarization and associated spike depression by activating the same Gijo
protein-adenosine 3°,5° cyclic monophosphate-protein kinase A-dependent signaling pathway
(Williams and North, 1984; North and Williams et al., 1985; Alreja and Aghajanian, 1993; Nestler,

1996).

The next sections (1.3. - 1.7.) are organized as follows. Firstly, a brief background is provided
about the use of brain slices. Then, an outline of techniques used to study neural network activity
1s given with emphasis on field potential recording and Ca; imaging as commonly used tools to
monitor neural circuit activities. Finally, the current knowledge on basic electrophysiological and

neuropharmacological properties of LC neurons is reviewed.
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1.3.  Brain slices as models to study neuronal activity

Despite several advantages associated with studying brain activity in vivo, like the correlation
between neuronal activities and behavior, use of isolated brain tissue is still a most effective and
commonly used approach. Since the pioneering, initially biochemical, work of Mcllwain and
colleagues (Mcllwain et al., 1951; Li and Mcllwain, 1957), brain slices are abundantly used to
study intrinsic cellular and neural network properties, neurotransmitter-mediated modulation of
ionic conductance and the role of different types of the underlying ion channels and receptors in
brain activity. In addition, brain slices offer the advantage of long-term stable recording and direct
visualization of cells which facilitates the anatomical identification and functional characterization
of specific neural circuits (Gibb and Edwards, 1994). For example, the use of slices was
instrumental in developing a detailed understanding of how the interplay between voltage-gated
fast non-inactivating Na* channels and voltage-gated low threshold (‘T-type’) Ca®" channels causes
spontaneous electrical activity in thalamic, Purkinje and inferior olive neurons (Llinas and
Sugimori, 1980a,b; Llinas and Yarom, 1981a,b). These findings were substantiated by in vivo
studies describing the involvement of T-type Ca*>* channels in regulating neural network discharges

and behaviors during vigilance (Deschenes et al., 1984; Steriade and Deschenes, 1984).

In addition, in brainstem slices spontaneous in vivo-like tonic activity was revealed in neural
circuits including the dorsal vagal nucleus, substantia nigra and LC (Jahnsen, 1986). With regards
to the LC, findings from in vivo studies about distinct neuronal firing patterns in regulation of sleep
and wake states (Aston-Jones, 1980) were further investigated in great detail using brain slices. For
example, William and colleagues (1984) recorded spontaneous spiking from LC neurons in

horizontal brainstem slices. Subsequent slice studies on LC neurons gave insight into the
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mechanisms underlying their activity. Detailed electrophysiological properties of LC neurons are

described in section 1.2.2.

Although the above mentioned LC neuronal structures and properties were mostly studied in brain
slices from juvenile or adult rodents (Andrade and Aghajanian, 1984; Jahnsen, 1986; Olpe et al.,
1989; Alvarez et al., 2002), a major thrust in using slices from young or juvenile animals came
after the development of advanced live-cell imaging techniques. This proved to be a technological
breakthrough because it allowed the study of intracellular activities, such as Ca; signaling in
populations of cells, in combination with extra- plus intracellular electrophysiological recording
(Ballanyi, 1999). Moreover, in slices from newborn or juvenile animals, particularly rats and mice,

neurons and glial cells can be easier visualized due to yet incomplete myelination.

1.4. Electrophysiological recording of neural network activity

Neurons encode and transmit information as a pattern of propagated APs. Such electrical activity
can be assessed in various ways ranging from recording of single ion channel currents in membrane
patches from individual neurons to electroencephalogram monitoring in the intact brain (Kandel et
al., 2012). In a neural network, (synchronized) electrical activity of many neurons gives often rise
to an electrical potential in the surrounding extracellular space that can be detected with
microelectrodes (Buzski et al., 2012; Einevoll et al., 2013). Monitoring the extracellular activity of
a single neuron is commonly referred to as ‘single-unit’ recording whereas the corresponding
approach for multiple neurons is termed either multi-unit activity (MUA) or local field potential
(LFP) recording (Buzséaki et al., 2012; Einevoll et al., 2013). MUA reflects the summation of

transmembrane currents generated by synaptic activity of neurons in the vicinity of the recording
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electrode whereas the term LFP is mostly used when the activity rather comprises synchronous AP
firing (Suter et al., 1999; Logothetis, 2003; Buzsaki et al., 2012). A further difference between LFP
and MUA recording is regarding the use of electrode types and signal filtering. Specifically, MUA
i1s measured with high impedance (1- 5 MQ) electrodes using ‘high pass’ filtering >500 Hz whereas
a LFP is recorded at ‘low pass’ filtering <300 Hz using low impedance (<1 MQ) electrodes
(Einevoll et al., 2013). In summary, LFP recording is particularly attractive for recording
synchronized network activity because it can typically assess a wide range of neuronal oscillations

from under 1 Hz to over 100 Hz (Buzséki et al., 2012; Destexhe and Bedard, 2013).

Traditional electrophysiological methods to measure brain activity in vivo involve the use of
electroencephalography and electrocorticography (Buzsaki et al., 2012; Obien et al., 2014).
However, over the past several years the technological advancement has enabled extracellular
neuronal recording from multiple sites using multi-electrode arrays (MEA) which contain tens to
thousands of electrodes. MEA recording has been used to assess neuronal activity in behaving
animals (Nicolelis, 2008; Viventi et al., 2011) as well as in brain slices and cultures (Taketani and
Baudry, 2006; Baker, 2010; Field et al., 2010). With regards to LFP or MUA recording from brain
slices, mostly single or multiple glass or metal electrodes are used (Llinas, 1988; Henze et al., 2000;

Buzsaki et al., 2012).

In extension of exclusive extracellular electrophysiological recording, the association between
intracellular neuronal activity and MUA or LFP signals provides information regarding the
(synaptic) connectivity, i.e. coupling strength, within a neural circuit. In vivo and in vitro studies

using a combination of (intra)cellular spike and MUA/LFP recordings on thalamus and cerebral
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cortex have provided pivotal information about the extent of synchrony in these neural networks

and thus their function (Kim et al., 1995; Steriade et al., 1996a).

As outlined above (1.3.1.), synchronous neural network activity can typically be recorded as MUA
or a LFP. However, despite the presumably synchronous single AP spiking in the neonatal LC no
study has recorded an LFP in the LC of rodent slices kept in solution with close-to-physiological
ion and glucose content except our preliminary reports using suction electrodes (Fig. 1-4) (Kantor,

2012; Kantor et al., 2012; Panaitescu, 2012).

1.5. Caijimaging in neural networks

Intracellular Ca®" is a pivotal second-messenger in living cells. In the brain, this divalent cation
plays a crucial role in a variety of processes such as neural network communication, neuronal
differentiation and synaptogenesis, neurotransmission or cell death (Yuste et al., 2006;
Grienberger and Konnerth, 2012). Active neurons and glial cells show Ca; oscillations and
population imaging of these signals can accordingly be used to analyze their interactions and
connectivity (Takahashi et al., 1999; Stosiek et al., 2003; Yuste et al., 2006; Yang and Yuste,
2017). As reviewed in the latter articles, activity-related neuronal Ca; rises are mostly due to
opening of Ca®’-permeable neurotransmitter-gated cation channels and/or the resulting
depolarization-related activation of voltage-gated Ca®" channels, both causing an influx of Ca*"
into the cytosol. In contrast, the primary mode of communication of glial cells is via Ca; rises
mediated by a neurotransmitter-evoked ‘metabotropic’ Ca®" release from the endoplasmic
reticulum (ER) (Perea and Araque, 2005; Halassa and Haydon, 2010). Such release-related

Ca; increases can propagate, sometimes in wave-like fashion, within a network of glial cells that
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are coupled via gap junctions forming electrical synapses (Newman, 2001; Scemes and Giaume,
2006). Schwann cells in the peripheral nervous system and oligodendrocytes in the CNS not only
enwrap axons for electrical insulation, but also communicate mutually with these neuronal
processes. Contrary, astrocytes in the grey matter of the CNS enwrap the area where a presynaptic
bouton of one neuron connects to the neurotransmitter-containing postsynaptic area of a target
neuron. Astrocytes possess a variety of receptors for neurotransmitters and, consequently, the
presynaptic and postsynaptic neurons communicate mutually with these glial cells at the so-called
‘tripartite synapse’ (Allen and Barres, 2009; Perea et al., 2009; Halassa and Haydon, 2010) (Fig.
1-5). For example, astrocytic Ca; rises can feedback on neuronal activity via (exocytotic) release
of a gliotransmitter, e.g. adenosine triphosphate (ATP), glutamate or D-serine (Innocenti et al.,

2000; Wang et al., 2000; Newman, 2001).

Since the milestone studies on developing multicolor fluorescent protein sensors (FPS) (Palmer
and Tsien, 2006; Tsien, 2009), these genetically-engineered tools are increasingly used for live-
cell imaging of various cellular signaling factors, e.g. Cai, membrane potential (V) or
neurotransmitters such as glutamate. As examples, in collaboration with the Campbell laboratory
at the University of Alberta, our group has studied with these FPS neural network properties in
cultured (organotypic slices of) neonatal cortex, hippocampus or hypothalamus neurons and
astrocytes (Wu et al., 2014; Zhao et al, 2014; Abdelfattah et al, 2016a,b; Shen et al, 2018). As a
major advantage of FPS imaging, Ca; signaling can now be (simultaneously) imaged with specific
‘multicolor’ sensors in the three major intracellular compartments, i.e. the cytosol, ER and
mitochondria (Lin and Schnitzer, 2016; Suzuki et al., 2016) or Ca; can be imaged simultaneously

with glutamate (Wu et al., 2014)
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Despite the increasing use of FPS, still a large number of studies uses ‘classical’ chemical
fluorescent indicator molecules for cellular signaling, in the case of Ca;imaging agents like Fura-
2, Oregon green BAPTA or Fluo-4. As examples for such Ca; imaging in isolated neonatal rodent
brain tissues, including work from our laboratory (Fig. 1-4), this approach was instrumental in
studying mechanisms of respiration (Ruangkittisakul et al., 2006; 2009; 2012; Ballanyi and
Ruangkittisakul, 2009; Bobocea et al., 2010), locomotion (O’Donovan et al., 2008) or CA3
hippocampal ‘early network oscillations’ (Ballanyi, 2012; Kantor et al., 2012; Ruangkittisakul et
al., 2015). In the (neonatal) LC, it is possible to visualize in individual neurons Ca; rises associated
with single Na" spikes at rates of ~1 Hz using a fast ‘line-scanning’ imaging approach (Sanchez-
Padilla et al., 2014). Neuron-glia interactions might be important to study (with Ca; imaging) in the
LC as indicated by the findings that astrocytes are coupled to neighboring neurons via gap junctions
(Ishimatsu and Williams, 1996) (Fig. 1-4) and that release of lactate from these glial cells excites

neighboring neurons via a novel receptor (Tang et al., 2014) (Fig. 1-5).

1.6. Mechanism of spontaneous LC neuron spiking

Intracellular LC neuron activity was recorded firstly in adult rat brain slices using current- and
voltage-clamp recording techniques (Andrade and Aghajanian, 1984; Williams et al., 1984). This
established that these neurons fire spontaneous APs at a rate of 0.5-3 Hz with a single spike duration
of about 1.3-1.9 ms, depending on the age of the animals (Williams et al., 1984; Williams and
Marshall, 1987; Alvarez et al., 2002) These APs have a tetrodotoxin (TTX) -sensitive and a TTX-
insensitive component, the latter comprising a persistent inward Ca®" current that is inhibited by
Co**. Consequently, combined TTX and Co** application blocks the spontaneous APs completely

(Williams et al., 1984). Each spike is followed by a slow AHP lasting 100-300 ms. Application of
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the unselective voltage-gated Ca’" channel blocker Cd** shortens the AHP and consequently
accelerates spontaneous spiking as indication of the presence of Ca?’dependent K™ channels
(Andrade and Aghajanian, 1984). Further slice studies on rats and mice showed that the slow AHP
of LC neuron APs is mediated by the apamin-sensitive ‘small conductance’ Ca>" activated K* (SK)
channel subtype (Osmanovic et al., 1990; Osmanovic and Shefner, 1993; Matschke et al., 2014,
2015). In summary, the following intrinsic ion channels have been identified in LC neurons: the
Ia, Ik, Ikatp and Ikir subtypes of K" channels (Forsythe et al., 1992; Osmanovi¢ and Shefner,
1993; Nieber et al., 1995; Murai and Akaike, 2005; Zhang et al., 2010), voltage-gated Na" channels
(Chieng and Bekkers, 1999) and L-, T-, N- and P/Q/R-type voltage-gated Ca>" channels (Chieng
and Bekkers, 1999; Connor et al., 1999; Sanchez-Padilla et al., 2014; Matschke et al., 2015). The
interplay between these intrinsic ion channels is believed to play a pivotal role in spontaneous
spiking (Williams et al., 1984, 1985; Osmanovic and Shefner, 1993; Matschke et al., 2015) as

outlined in the following.

In vitro brain slices studies showed that LC neurons from neonatal and adult rats exhibit different
properties (Fig. 1-6) (Williams & Marshall, 1987). Unlike in adult rat slices, Ca*>" dependent and
TTX resistant subthreshold Vi, oscillations are consistently observed in LC neurons of neonatal rat
slices (Williams et al., 1984; Williams and Marshall 1987; Christie et al., 1989). The initial
component of these subthreshold oscillations is due to progressive inactivation of SK channels
whereas the subsequent progressive depolarization involves some of the above mentioned voltage-
gated Ca’" channels. Because the transition between both these processes is continuous, LC
neurons do not have a ‘resting’ V. Importantly, the subthreshold Vi, oscillations and the associated
spontaneous spiking at their ‘threshold’ peak are independent on synaptic or other neurochemical

inputs that are present in vivo or in slices because these activities persist in LC neurons isolated by
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acute dissociation (Marshall et al., 1979). During postnatal maturation, the amplitude of the
subthreshold Vi, oscillations progressively diminishes and in adult LC neurons in situ, spontaneous
spiking at higher rates is due to different, yet unknown mechanisms (Williams et al., 1985;

Williams and Marshall, 1987; Travagli et al., 1995; Alvarez et al., 2002).

In parallel with this postnatal change in the extent of Vi, fluctuations, the expression and functional
relevance of gap junction-coupling of LC neurons diminishes during the first 24 days after birth
(Christie et al., 1989; Christie, 1999; Maubecin and Williams, 1999; Alvarez et al., 2002;
Ballantyne et al., 2004). While most of the latter work and other reports (Wang and Aghajanian,
1990; Shen and North, 1992a, b; 1993; Alreja and Aghajanian, 1993, 1994; Alvarez et al., 2000)
state that gap junction-coupling synchronizes neuron spiking, one study noted that the subthreshold
Vn oscillations are synchronous, but spiking not necessarily (Christie et al., 1989). The anatomical
substrate of gap junctions are connexins and two studies on subtypes of these ‘hemichannel’
proteins in the LC provided different results. According to a report by Alvarez-Maubecin et al.
(2002), LC neurons are coupled by connexion-26 and connexin-32 in their dendro-dendritic region
whereas another study states that LC neurons are connected exclusively by connexion-36
hemichannels in both neonatal and adult rats (Rash et al., 2007). The importance of gap junction-
coupling in (neonatal) LC network activity is indicated by the finding that the gap junction blocker
carbenoxolone abolishes synchronous spiking (Fig. 1-7) (Travagli et al., 1995; Ishimatsu and

Williams, 1996; Oyamada et al., 1998).
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1.7. Modulation of LC neuronal activity by iGluR

iGluR activation is pivotal for rhythm generation in various spontaneously active (acutely isolated)
neonatal neural circuits like locomotor (Hidgglund et al., 2010) or respiratory (Ballanyi and
Ruangkittisakul, 2009) networks, entorhinal cortex (Garaschuk et al., 2000) or hippocampus (Sipild
and Kaila, 2008). This might not be the case for LC activity as spontaneous spiking persists in LC
neurons after their dissociation and in slices after pharmacological iGluR blockade (Olpe et al.,
1989; Alvarez-Maubecin et al., 2000; Alvarez et al., 2002). Nevertheless, iGIuR are functional in
LC neurons in vitro as focal electrical stimulation of slice areas around the LC causes synaptic
potentials that are (partly) blocked by iGluR antagonists (Egan et al., 1983; Cherubini et al, 1988;
William et al., 1991). Moreover, extracellular single spike recording from LC neurons in coronal
adult rat slices showed that bath-application of glutamate, KA, QUI or NMDA accelerates their
spiking (Olpe et al., 1989). This study also revealed that these iGluR agonists have a concentration-
dependent potency of action in the following order: KA ~ QUI > NMDA > glutamate, indicating
the distinct sensitivity of LC neurons to different agonists. As one further important finding, it was
shown in that report that all four agents accelerate the discharge of single APs without inducing
spike bursts. This contrasts with in vivo findings showing that LC neurons can transform their
activity pattern from single APs to burst discharge (Aston-Jones and Bloom 1981). As explanation
for this discrepancy, the authors of the in vitro study argued that in vivo bursting may involve firing
of afferent fibers that are silent in slices (Olpe et al., 1989). However, NMDA is capable to induce
AP bursts of several seconds duration in slices of various brain circuits (Neuman et al., 1989; Zhu
et al., 2004; Sharifullina et al., 2008; Mrejeru et al., 2011). This shows that mechanisms that cause

discharge pattern transformation in neural networks can be preserved in slices.
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Activation of iGluR also seems to be necessary to transform opioid-evoked LC spiking. This is
indicated by the in vivo finding in adult rats that single AP discharge in LC neurons transforms
into AP bursts during systemic application of the p-opioid receptor agonist morphine and this effect
is blocked by injection of the the unselective iGluR antagonist kynurenic acid into the LC (Zhu and
Zhou, 2005) (Fig. 1-8A). Preliminary findings from our group indicate that such activity pattern
transformation also occurs in the LC of neonatal rat slices in response to low nanomolar doses of
the synthetic p-opioid receptor agonist [D-Ala2,N-Me-Phes,Glys-ol]-Enkephalin (DAMGO) (Fig.
1-8B) (Panaitesu, 2012). While the latter finding indicates that the mechanism of the opioid-evoked
LC discharge pattern change in the LC network is preserved in slices, it would be important to

investigate which iGIuR subtype is involved.

Another striking feature of iGluR agonist LC effects in vivo is ‘post-agonist inhibition’ or ‘post-
agonist depression’ (PAD), the term that will be used here from hereon. In rat slices, extracellular
single-unit recording revealed that bath-application of 1 mM glutamate for 30 s caused a 10-15-
fold increase in LC neuron firing rate followed by a 30-45 s period of spike silencing in the early
washout phase (Zamalloa et al., 2009) (Fig. 1-9). In that study, these glutamate-induced responses
were blocked by CNQZX, but remained unaltered upon preincubation with the NMDAR antagonist
2-APV indicating the involvement of an AMPAR receptor-mediated mechanism. Also AMPA and
QUI, but not NMDA and KA, acted like glutamate and AMPA was 30-100-fold more potent than
glutamate in inducing the PAD (Zamalloa et al., 2009). Correspondingly, in vivo PAD occurred
after sensory stimulation-evoked AP bursts (Cedarbaum and Aghajanian, 1976; Foote et al., 1980).
As one possible mechanism of PAD, SK channels might be activated during the ongoing neuronal
depolarization that likely causes a mainly voltage-activated Ca*" channel-mediated Ca; rise

(Metzger et al., 2000; Kulik et al., 2002). In line with this view, in adult rats in vivo (Aghajanian
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et al.,, 1983) and slices (Andrade and Aghajanian, 1984), the number of current-evoked spikes
correlates with the duration of a pronounced hyperpolarization that is attenuated by increased
cellular Ca?" buffering. However, in a study on LC neurons in adult rat slices rather an AMPAR-
triggered Na'-dependent K" current was proposed to cause the PAD as the SK channel blocker

apamin did not counter its occurrence during glutamate washout (Zamalloa et al., 2009).

1.7.1. Transmembrane AMPAR regulatory proteins

AMPAR-mediated ion currents are blocked in most neurons by the competitive quinoxalinedione-
type antagonists 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) or 6,7-dinitroquinoxaline-
2,3(1H,4H)-dione (DNQX) (Traynelis et al., 2010). However, CNQX and DNQX can act as partial
agonists at the AMPAR and consequently depolarize and enhance the firing rate, e.g. in principal
neurons and (inhibitory) interneurons in the hippocampus (McBain et al., 1992; Maccaferri and
Dingledine, 2002; Hashimoto, et al., 2004), thalamus (Lee et al., 2010), cerebellum (Brickley et
al., 2001; Menuz et al., 2007) or spinal cord (Sullivan et al., 2017). In these and various other
neurons, the AMPAR is coupled to a member of the family of auxiliary ‘transmembrane AMPAR
regulatory proteins’ (TARP) and the quinoxalinediones bind to that TARP-AMPAR complex
(Jackson and Nicoll, 2011; Greger et al., 2017; Mabher et al., 2017). As exemplified in Fig. 1-10,
the y-2 subunit of TARP co-expressed with the iGluR channel isoform ‘GluR1’ in ‘HEK’ cells
reduces glutamate-evoked desensitization and induces an inward current in response to CNQX
(Turestky et al., 2005; Menuz et al., 2007). Structural analysis of CNQX and DNQX binding to the
TARP-AMPAR complex was instrumental in understanding the possible mechanism of their

partial agonistic effect. For example, several studies showed that CNQX induces a partial cleft
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closure in the AMPAR ligand-binding domain in presence of TARP and that process may cause
channel opening (Menuz et al., 2007; Milstein and Nicoll, 2008; Jackson and Nicoll, 2011; McLean
and Bowie, 2011) (Fig. 1-10). In addition to using expression systems like HEK cells, TARP-
AMPAR complex-related ion currents can be analyzed in slices from control mice compared to
animals with a ‘knock-out” of TARP-coding genes like in a report pointing out the requirement of
‘Type-1 TARP y-2’ for inflammation-associated spinal AMPAR plasticity (Sullivan et al., 2017).
Moreover, ‘stargazer’ mice that lack y-2, and were therefore instrumental in TARP discovery, show

neurological deficits like ataxia, dyskinesia and seizures (Jackson and Nicoll, 2011; Maher et al.,

2017).

While TARP effects at the cellular level are established, their role in active neural networks is
currently unknown. This is due to the fact that most rhythmically active brain circuits operate via
iGluR and quinoxalinediones thus block their activity, like in locomotor (Hagglund et al., 2010) or
respiratory (Ballanyi and Ruangkittisakul, 2009) networks, entorhinal cortex (Garaschuk et al.,
2000) or hippocampus (Sipild and Kaila, 2008). The LC might be an important new model for
studying TARP-AMPAR complex roles as it innervates most brain structures and thus modulates
many behaviors as outlined above (1.2.1.). Moreover, presumably synchronous spiking in the gap
junction-coupled (neonatal) rat LC neurons does not depend on iGluR activity as it is not blocked
by quinoxalinediones (Oyamada et al., 1998; Alvarez-Maubecin et al., 2000) similar to persistence
of tonic spiking in adult rat slices (Alvarez et al., 2002). Nevertheless, at both developmental stages
LC neurons have functional AMPAR as specific agonists accelerate their spontaneous spiking

(Kogan and Aghajanian, 1995; Olpe et al., 1989; Zamalloa et al., 2009).
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1.8. Aims and Hypotheses

Preliminary studies from our group showed with suction electrode recording in the LC of newborn
rat slices that the LC neural network generates at ~1 Hz a rhythmic LFP with ~0.2 s-lasting
individual bursts (Kantor, 2012; Kantor et al., 2012; Panaitescu, 2012). The first major aim of this
thesis was to investigate whether this rhythmic LFP bursting represents summated, not fully
synchronized, neuronal spiking and if increasing the excitability of this network with raised
superfusate K or decreasing it with p-opiod receptor activation causes a change in its pattern. If
this was the case, involvement of different iGluR subtypes in such LFP pattern transformation and
possible involvement of TARP was intended to be studied in further aims using LFP recording in
combination with either whole-cell Vi, recording from single LC neurons or Ca; imaging from

populations of LC neurons and astrocytes.

1.8.1.Project 1: Suction electrode recording in LC of newborn rat brain slices reveals network
bursting comprising summated non-synchronous spiking
The LC is an established model to study mechanisms of synchronized neural network spiking. In
newborn rat slices, gap junction-coupled LC neurons show synchronous Ca*-dependent Vi,
oscillations with a single spike at their peak (Williams and Marshall, 1987; Christie et al. 1989;
Ishimatsu and Williams, 1996; Alvarez et al., 2002). If all LC neurons discharge in synchrony, this
should result in a LFP. In fact, single-unit and MUA/LFP activities have been monitored in vivo
under resting conditions or in response to sensory or electrical stimuli in both perinatal (Kimura
and Nakamura, 1985; Sakaguchi and Nakamura, 1987; Nakamura et al., 1987) and adult rats
(Cedarbaum and Aghajanian, 1976; Aston-Jones and Bloom, 1981; Aghajanian and

VanderMaelen, 1982). This contrasts with the lack of evidence for a microelectrode-recorded LFP
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in the LC of brain slices studied in superfusate with an ion content similar to that of the interstitial
brain fluid. Several reports have revealed a modular organization of neurons in different LC areas
regarding their neurotransmitter receptors, innervation and electrophysiological properties
(Schwarz and Luo, 2015; Jin et al., 2016; Li et al., 2016). Based on these findings, spiking in these
LC neuron subclasses may not be completely synchronized to cause the 0.2 s-lasting LFP. It was
the first aim of this project to unravel with simultaneous single unit and LFP recording the

organization of neonatal LC population spiking and detect novel network features.

Hypothesis for project 1: Population bursting in the neonatal LC comprises phase-locked and

jittered spike discharge that can transform its pattern during changes in network excitability.

1.8.2.Project 2: TARP mediation of accelerated and more regular LC network bursting in neonatal
rat brain slices
In neurons of various brain areas including the hippocampus, thalamus or cerebellum, the
‘classical’ AMPAR antagonists CNQX and DNQX have a partially agonistic, thus excitatory effect
(McBain et al., 1992; Brickley et al., 2001; Maccaferri, 2002; Hashimoto, 2004; Menus et al., 2007;
Lee et al., 2010). In these and related studies, it was either hypothesized or proven that the
excitatory effect of these quinoxalinedione inhibitors is mediated by their action on a TARP-
AMPAR complex leading to the hypothesis TARP play an important modulatory role in glutamate-
mediated synaptic neurotransmission (Greger et al., 2017; Jackson and Nicoll, 2011; Maher et al.,
2017). This and related work has provided important information about the molecular organization

of the TARP-AMPAR complex and its action on single neurons.
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However, how TARP affects spontaneous neural network activity is yet unknown because most of
these circuits function via ongoing AMPAR activity and the quinoxalinediones block their
rhythmic bursting (Garaschuk et al., 2000; Sipild and Kaila, 2008; Ballanyi and Ruangkittisakul,
2009; Hagglund et al., 2010). Because rhythmic, presumably synchronized LC neuron spiking
persists during CNQX application (Oyamada et al., 1998; Alvarez-Maubecin et al., 2000), the next
aim of this thesis was to investigate whether CNQX has a stimulatory action on spiking in the LC
network of newborn rat slices as indication of a functional TARP-AMPAR complex. If this was
the case based on LFP recording, it was planned to study by combining such extracellular
population recording with either Vi recording from single LC neurons or Ca; imaging from
populations of LC neurons and astrocytes to find out whether the entire neural network expresses
the TARP-AMPAR complex or rather only some local modules and how astrocytes are affected.
The eventual effect on LC network connectivity and thus synchronicity was assessed by analyzing
with a ‘cross-correlation’ approach the timing between neuronal spiking and the LFP whose

discharge regularity was also calculated.

Hypothesis for project 2: CNQX stimulates neonatal rat LC network bursting via an action on a

functional TARP-AMPAR complex.

1.8.3. Project 3: LC network bursting in newborn rat brain slices is accelerated at increased
regularity by AMPA and KA whereas QUI makes rhythm irregular

LC network activity is controlled by afferent glutamatergic inputs and the resulting output activity

patterns have a plethora of behavioral effects that are influenced by iGluR modulators (Chandley

and Ordway, 2012; Chandley et al., 2014). Electrophysiological studies on brain slices have
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established by studying effects of the specific agonists AMPA, KA and QUI that the AMPAR is
functional in neonatal and adult rat LC neurons (Olpe et al., 1989; Kogan and Aghajanian, 1995;
Zamalloa et al., 2009). The latter studies only revealed an increase in the rate of spontaneous
spiking in LC neurons during the action of the AMPAR agonists. However, LFP recording might
be needed to find out whether the agents affect the connectivity of LC neurons to eventually reveal
a transformation of the population activity pattern as shown for other neural networks (Ballanyi
and Ruangkittisakul, 2009; Buzsaki et al., 2012; Einevoll et al., 2013). Such pattern transformation
might be pivotal for modulating the behavior in brain structures innervated by the LC. Firstly, dose-
response relationships were determined for AMPA, KA and QUI. Then, their effect on LC network
connectivity and thus synchronicity was assessed by analyzing with a cross-correlation approach

the timing between neuronal spiking and LFP rhythm whose regularity was also calculated.

Hypothesis for project 3: AMPAR activation transforms the LFP population discharge pattern in

the neonatal rat LC by affecting network synchronicity and regularity.

1.8.4.Project 4: NMDA enhances and glutamate attenuates synchronization of spontaneous phase-
locked LC network bursting in newborn rat brain slices

Project 3 deals with studying effects of AMPAR agonists on neonatal rat LC network bursting.

But, also the NMDR comprising the remaining type of iGluR has substantial behavioral effects

(Chandley and Ordway, 2012; Chandley et al., 2014). For example, disruption of NMDAR

dependent glutamatergic input to the LC caused attenuation of morphine-induced sensitization and

withdrawal (Rodriguez Parkitna et al.,2012). As another example, clinical studies have

demonstrated that the NMDAR antagonist ketamine exerts antidepressant actions (Price et al.,
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2009; DiazGranados et al., 2010). Moreover, research on neurons of various brain circuits in rodent
slices has established that NMDA evokes several seconds-lasting rhythmic bursts (Neuman et al.,
1989; Zhu et al., 2004; Sharifullina et al., 2008; Mrejeru et al., 2011). In contrast, NMDA
application to LC neurons in slices only increased the rate of spontaneous spiking (Zamalloa et al.,
2009). However, as outlined in the rationale for projects 1-3, only subclasses of LC neurons might
show this activity pattern transformation, and this might be detected with LFP recording during a
dose response determination. If the LFP pattern transforms under the influence of a particular
NMDA dose, the eventual effect on LC network connectivity, and thus synchronicity, will be
assessed with cross-correlation analysis. The effects of NMDA will then be compared with those
of glutamate to investigate if activation of AMPAR and NMDAR plus diverse types of
metabotropic glutamate receptors transforms the pattern of neonatal rat LC population bursting in

different fashion.

Hypothesis for project 4: NMDAR (and AMPAR) activation as well as glutamate induce different

types of population burst pattern transformation in the neonatal rat LC as indication that behaviors

generated by target brain circuits can be fine-tuned by distinct types of rhythmic LC output.
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1.9. Figures and Legends
Fig. 1-1
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Fig. 1-1: Efferent and afferent LC projections. A, schema of the adult rat brain showing
projection-specificity of LC neurons releasing noradrenaline (NA) in diverse target areas of the
brain. Colored arrowed lines represent axon efferents originating from heterogenous LC neuron
subpopulations. Dashed arrowed lines represent LC projections to other target areas whose
projection-specific LC neuron subpopulations are not identified yet. (Abbreviations: ACC, anterior
cingulate cortex; MC, motor cortex; mPFC, medial prefrontal cortex; OFC; orbitofrontal cortex;
PT, pretectal area; RF, reticular formation; SC, spinal cord; T, tectum; TH, thalamus). B, schema
of adult rat brain fferent input to the LC. Colored traces correspond to the scale shown in the bottom
left representing the fraction of neurons sending input to LC. Neurons from PC and MRN send the
largest fractions of afferents to LC. (BNST, bed nucleus of the stria terminalis; CeA, central
amygdala; DCN, deep cerebellar nuclei; IRN, intermediate reticular nucleus; LH, lateral
hypothalamus; LRN, lateral reticular nucleus; MRN, midbrain reticular nucleus; PVH,
paraventricular hypothalamic nucleus; PGRN/GRN, paragiganto-cellular/gigantocelluar nucleus;
PAG, periaqueductal gray; PRN, pontine reticular nucleus; POA, preoptic area; PC, Purkinje cells;
SVN, spinal vestibular nucleus; SuC, superior colliculus; ZI, zona incerta). Modified with

permission from Uematsu et al. (2015) (A) plus Sara (2009) and Schwarz et al. (2015) (B).
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Fig. 1-2
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Fig. 1-2. Neurotransmitter-specific afferent projection to LC and release of NA to distinct
target brain regions. Schema shows major afferents to (in brown) and efferents from (in blue) the
LC. LC neuronal firing and NA release is under continuous control predominantly by excitatory
neurotransmitters such as glutamate, corticotrophin releasing factor (CRF), Orexin, Hypocretin,
serotonin and y-aminobutyric acid (GABA) acting on A-type (GABAA\) receptors. LC neurons also
express o adrenoceptors on their soma and axon terminals and in turn inhibit the release of NA by
negative feed-back regulation. (STN, subthalamic nucleus, VTA, ventral tagmental area, SN,

substantia nigra). Modified with permission from Delaville et al. (2011).
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Fig. 1-3: Modular LC organization and differential firing properties. A, left photo shows

dendritic projections in Cy5-filled LC neurons of horizontal adult rat brain slice. Right photo shows

catecholamine fluorescence image of LC in the same slice. The 4™ ventricle is visible on the lower

right. B, schema showing distinct organization of LC neuron subpopulations based on projection

target specificity. C1, spontaneous action potential (AP) recording reveals that OFC and mPFC-

projecting LC neurons fire at higher frequency (>1 Hz) than those projecting to the ACC and MC

regions of the brain (<1 Hz). C2, APs recorded from LC neurons projecting to mPFC and MC

revealed shorter after hyperpolarization amplitude in mPFC-projecting cells than in MC projecting

ones. Modified with permission from Ishimatsu and Williams (1996) (A), Schwarz and Luo (2015)

(B) and Chandler et al. (2014) (C).
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Fig. 1-4
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Fig. 1-4: Simultaneous extracellular local field potential (LFP) recording and imaging of the
free cytosolic Ca** concentration (Cai) in the LC of newborn rat brain slices. A, photo of a
postnatal day (P) 1 rat brain. Black frame indicates the horizontal brain sectioning plane. B, schema
of a horizontal brain slice showing the bilaterally-organized LC at the base of the 4™ ventricle (V)
in the brainstem. C, LFP recording from 400 pm thick horizontal brain slice from P2 rat in a control
superfusate with 3 mM K. D, imaging from cells in the Fluo-4-AM-stained LC shows burst-related
Cai rises at increased K* (9 mM). LC bursting in 3 mM K" occurs at rates of >1 Hz, which is beyond
the binding/unbinding kinetics of this commonly used Ca**-sensitive dye. B-D reproduced with

permission from Kantor et al. (2012).
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Fig. 1-5
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Fig. 1-5: Neuron-glia interactions. A, astrocytes modulate the electrical discharges of
neighboring neurons. The array of a pre- and post-synaptic neuron with an astrocyte is called
‘tripartite synapse’. In such ‘neural networks’ astrocytes integrate synaptic information and in turn
modulate neurotransmission. B, schema exemplifying LC neuron-glia communication.
Presumably, astrocytes in the vicinity to LC neurons release L-lactate as a gliotransmitter upon
activation by NA via o or B adrenoceptors. L-lactate has subsequently an excitatory effect on LC
neurons mediated via yet unidentified L-lactate receptor. NA and L-lactate stimulate release of
each other through positive feedback regulation. Reproduced with permission from Allen and

Barres (2009) (A) and Teschemacher and Kasparov (2017) (B).
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Fig. 1-6: Electrophysiological recording in neonatal vs. adult LC neurons. A1, simultaneous
dual recording shows spontaneous synchronized °‘subthreshold’ membrane potential (Vm)
oscillations in LC neurons from neonatal rat brain slice and these events are greatly diminished in
adult rat LC neurons. A2, paired recording from neurons from adult slices without (left panel) and
with (right panel) subthreshold Vi, oscillations - marked by *. Action potentials were synchronized
in neurons having subthreshold oscillations (right panel). B1, simultaneous recording from two
adult LC neurons shows that partially synchronized Vi oscillations develop in the presence of
tetracthylammonium (TEA) and BaCl.. B2, intracellular and extracellular recordings from LC
neurons in adult rat brain slice show rhythmic APs and an LFP bursts evoked by TEA, tetrodotoxin
(TTX) and BaCl.. Modified with permission from Alvarez et al. (2002) (A1, A2), Christie et al.
(1989) (B1) and Ishimatsu and Williams (1996) (B2).
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Fig. 1-7
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Fig. 1-7. SynchronousVm oscillations in neonatal LC neurons and glia as indication of

connectivity. A1, image under infrared illumination of the LC in a brain slice from 1-week-old rat.
Neurons and glial cells are identified based on differences in size and morphology. A2, paired
‘whole-cell’ patch-clamp recording from a neuron and an astrocyte reveals synchronous Vi
oscillations with a peak of 0.20 and a phase shift of 10 ms in the cross-correlogram A3, paired
whole-cell recording from two LC neurons showing synchronized activity with a peak of 0.94, a
phase shift of 10 ms in cross-correlogram. B, whole cell recording showing blockade of neuronal
and glial Vi, oscillations in presence of carbenoxolone (100 uM) indicating gap junction-coupling

in the neonatal LC network. Modified with permission from Alvarez-Maubecin et al. (2000).
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Fig. 1-8
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Fig. 1-8: Opioid-induced pattern transformation of LC activity. A, simultaneous single-unit
recording of spiking in two LC neurons before and after systemic administration of the p-opioid
receptor agonist morphine to an adult rat shows a pattern transformation from fast tonic spiking to
slower bursting. Cross-correlation analysis indicates the synchronicity of both neuronal activities.
B, LFP recording from the LC in a neonatal rat brain slice shows transformation of regular rhythm
to multipeak bursts evoked by 25 and 50 nM the synthetic p-opioid receptor agonist [D-Ala2,N-
Me-Phe4,Glys-ol]-Enkephalin (DAMGO) whereas rhythm was abolished at 250 nM. Theophylline
(Theo) reactivated periodic bursts at 1 mM while 2.5-10 mM Theo restored normal bursting.
Modified with permission from Zhu and Zhou (2001) (A) and Panaitescu (2012) (B).
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Fig. 1-9
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Fig. 1-9: Effects of ionotropic glutamate receptor (iGluR) activation on spontaneous spiking
in LC neurons of adult rat brain slices. A, extracellular spiking due to bath-applied glutamate is
initially accelerated and then blocked due to post-agonist depression (PAD) early during washout.
Note that PAD duration increased with increasing glutamate dose. B, PAD induced by glutamate
was blocked by the competitive a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor (AMPAR) antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) indicating a non-N-
methyl-D-aspartate receptor (NMDAR) -mediated mechanism. C, D, recording of LC neurons
showing bi-phasic response similar to glutamate mediated by the 1GluR agonists AMPA and
quisqualate, respectively. E, F, dose-dependent effect of glutamate agonists on early excitation and
PAD. As indicated in F, NMDA and kainate failed to induce PAD at any concentrations tested.
Modified with permission from Zamalloa et al. (2009).
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Fig. 1-10: TARP regulation of AMPAR activity. A1, whole-cell recording from HEK cells
expressing AMPAR shows reduced desensitization of glutamate-induced inward current in
presence of TARP. Reduction of glutamate-evoked desensitization results from an allosteric
interaction between TARP and ligand-binding domain which destabilizes the desensitized state of
the AMPA as shown in B1 and B2. A2, whole-cell recording showing a CNQX-induced inward
current in HEK cells expressing the TARP-AMPAR complex indicating CNQX acts as a partial
AMPAR agonist. B1, schema of TARP regulation of AMPAR gating. Glutamate binding to two
ligand binding domains in AMPAR induces closer of the binding cleft, converting linker domains
from a relaxed to a tensed state. The linker domain reverses back to relaxed state either by receptor
desensitization or open channel confirmation. B2, according to the ‘increased cleft closer’ model,
TARP changes the binding domain in CNQX bound state explaining the partial agonist effect of
CNQZX. B3, the ‘linker association’ model proposes a direct interaction between TARP and linker
domain resulting in channel opening in the CNQX-bound state. Modified with permission from

Turetsky et al. (2005) (A1), Menuz et al. (2007) (A2) and Milstein and Nicoll (2008) (B).
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CHAPTER 2

General Methods
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2.1. Preparation and solutions

The experiments were performed on horizontal brain slices from 0-5 days-old CD-001 (SD) rats of
unknown sex (Charles River Laboratory Inc., Wilmington, MA, USA). All procedures were
approved by the University of Alberta Animal Care and Use Committee and in compliance with
the guidelines of the Canadian Council for Animal Care and in accordance with the Society for

Neuroscience's ‘Policies on the Use of Animals and Humans in Neuroscience Research’.

Procedures for generating LC-containing brain slices are described elsewhere in detail (Kantor et
al.,2012). In brief, rats were anesthetized with 2-3 % isoflurane to a level that caused disappearance
of the paw withdrawal reflex. They were then decerebrated and the neuraxis was isolated at 18-20
°C in superfusate containing (in mM): 120 NaCl, 3 KCI, 1.2 CaClz, 2 MgSO4, 26 NaHCO3, 1.25
NaH>PO4, and 10 D-glucose (pH adjusted to 7.4 by gassing with carbogen, i.e. a mixture of 95 %
07 plus 5 % COy). The brain was glued on its ventral surface to a metal cutting plate which was
then inserted into the vise of a vibratome (Leica VT1000S; Leica Microsystems, Richmond Hill,
ON, Canada). In carbogenated superfusate, horizontal brain slices were cut at room temperature,
initially at 400-600 um steps, until the 4™ ventricle appeared. Slice thickness was then reduced to
100 um. Once the LC started to appear as a dark oval area close to the lateral border of the 4"
ventricle, a single 400 um thick slice was cut. This slice typically contained >50 % of the
dorsoventral aspect of the spindle-shaped LC which extends in newborn rodents by 300-400 um in

the horizontal plane (Ishimatsu and Williams, 1996).

As the LC is bilaterally-organized, one hemisected slice was immediately used while the

contralateral half could be stored without apparent changes in LC properties at 30 °C for up to 5 h
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in a glass beaker filled with continuously carbogenated superfusate. For recording, a slice was
mechanically fixed with a platinum ‘harp’ in an acrylic chamber (volume ~1 ml) with glass bottom
(Warner Instruments, Hamden, CT, USA). The LC and individual cells were visualized with a 20x
objective (XLUMPIlanF1, numerical aperture 1.0) of an MPE microscope (Olympus, Markham,
ON, Canada) or an IR-DIC video camera (OLY-150, Olympus). A peristaltic pump (Sci-Q
403U/VM, Watson-Marlow, Wilmington, MA, USA) was used to apply at a rate of 5 ml/min
carbogenated superfusate which was removed from the chamber with vacuum applied to a
hypodermic needle. Superfusate temperature in the chamber was kept at 28 °C via a heat control

system (Thermo-Haake DC10-V15/B, Sigma-Aldrich, Canada).

2.2. Pharmacological agents

All salts and the following agents were from Sigma Aldrich unless specified otherwise: CNQX
(10, 25 and 50 uM; stock 25 mM in H>O), kynurenic acid (0.25-2.5 mM; stock 100 mM in DMSO),
GYKI 53655 (25 uM; stock 25 mM in H>O; Tocris, Canada), nifedipine (100 uM; stock 100 mM
in DMSO), TTX (50 nM or 1 uM; stock 1 mM in 1 N NaOH; Alamone, Jerusalem, Israel), AMPA
(0.05, 0.1, 0.25, 0.5 and 1 pM; stock 1 M in H20), KA (0.05, 0.1, 0.25, 0.5, 1, 2.5, 5 and 10 pM;
stock 1 mM in H>O), QUI (0.05, 0.1, 0.25, 0.5 and 1 uM; stock 5 mM in H>0), NMDA (5, 10, 25,
50 and 100 pM; stock 25 mM in H>O), glutamate (5, 10, 25, 50, 100, 250 and 500 uM; stock 1 M
in H,0), DAMGO (1 uM; stock 1 mM in H20), mefloquine hydrochloride (100 uM; stock 100 mM

in DMSO).
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2.3. Electrophysiological recording

Patch pipettes were pulled from borosilicate glass capillaries (GC-150TF-10; 1.5 mm outer @, 1.17
mm inner @, Harvard Apparatus) to an outer tip @ of ~2 um using a vertical puller (PC-10,
Narishige International Inc., Amityville, NY, USA). They were used to record either (i) the LFP
(after breaking the tip to obtain a suction electrode), (i7) extracellular spiking from a LC neuron
pair or (iii) Vm in a single LC neuron. Electrophysiological signals were sampled at 4-20 kHz into
a digital recorder (Powerlab 8/35 + LabChart 7 software, ADI instruments, Colorado Springs, CO,

USA) connected to a personal computer.

2.3.1. Suction electrode recording

The major aim of this study was to analyze if glutamate and iGluR agonists transform the LFP
pattern. Recently, we reported that LFP recording in the LC is difficult with fine-tipped
microelectrodes contrary to using suction electrodes (Rancic et al., 2018). This type of electrodes
1s often applied to monitor nerve activities or neuronal population bursting within the isolated
breathing center of newborn rodent brainstem slices (Lieske et al., 2000; Ballanyi and
Ruangkittisakul, 2009). For suction electrode LFP recording, patch pipettes were broken and
subsequently beveled manually with sand paper (Ultra Fine 600 Grit, Norton-Saint Gobain,
Worcester, Wa, USA) at an angle of 45° to an oval-shaped tip with an inner opening of 40-60 um.
After filling with superfusate, the dc resistance of the suction electrodes was ~200 kQ2 (Rancic et
al., 2018). Following insertion into a patch electrode holder system (ESP-M15P and MHH-25,
Warner Instruments), 15-30 mmHg suction was applied to the electrode with a syringe (BD

Diagnostics, Franklin Lakes, NJ, USA) and controlled via a differential pressure sensor
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(Honeywell, SCX05DN, Fort Worth, TX, USA). A MP-285 micromanipulator (Sutter Instrument
Company, Novato, CA, USA) was used to position the suction electrode opening at a flat angle of
~30° on the slice surface followed by application of <5 mmHg negative pressure. The ‘raw’ suction
electrode signal was amplified (x10k) and band-pass-filtered (0.3-3 kHz) using a Model-1700
differential amplifier (AM-Systems, Sequim, WA, USA). In parallel, the signal was processed for
another recording channel by integration with a time constant of 50 ms using a MA-821/RSP unit
(CWE, www.cwe-inc.com). This is a convenient way to represent neuronal bursting as routinely
used, e.g., for respiratory (Ballanyi and Ruangkittisakul, 2009; Panaitescu et al., 2013) and

locomotor (Pearlstein et al., 2005; Taccola et al., 2012) network analyses.

2.3.2. Paired neuron spike recording

For extracellular single-cell spike recording, superfusate-filled unbroken patch electrodes with a
dc resistance of 4-5 MQ (Rancic et al., 2018) were inserted into the above mentioned holder and 2
MP-285 micromanipulators (Sutter) were used to position them at an angle of ~30° on the slice
surface close to a target cell. Repetitive single Na* spike discharge was recorded in >90 % of
neurons when the electrode was pushed slightly against their soma and ~20 mmHg negative
pressure was applied. Recordings were mostly stable for >5 min, in ~50 % of cases for >30 min.
Spiking was recorded in current-clamp mode at 10x amplification using a patch-clamp amplifier

(EPC-10 HEKA Lambrecht, Germany).
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2.3.3. Whole-cell recording

For neuronal Vi, recording using an EPC-10 amplifier, patch pipettes were filled with (in mM):
140 K-gluconate, 1 NaCl, 0.5 CaCl,, 1 MgCly, 1 Na,-ATP, 1 mM BAPTA and 10 Hepes (pH was
adjusted to 7.4 with KOH; dc resistance in superfusate was 5-8 MQ). When dimpling of the soma
area occurred while visually targeting a neuron using the same manipulator as for extracellular
recording, 20 mmHg positive pressure was released, and negative pressure was applied for giga
seal formation (>1 GQ). Whole-cell recording was established by abrupt suction (~100 mmHg).
Only cells were analyzed in which spike amplitude was >70 mV while Vi, was stable for a 5 min
control period during which series resistance (10-42 MQ, n= 4) was compensated and input
resistance was measured (200-250 MQ, n=4). Due to ongoing ‘subthreshold’ Vi, oscillations (Figs.
1-6, 1-7) (Christie et al., 1989), LC neurons do not have a ‘resting’ Vi, which was thus defined as

the voltage value at 50 % of the interval between spikes occurring at the oscillation peak.

2.4. Multiphoton population Caiimaging

Population Ca; imaging enables visualization of brain activity (Yang and Yuste, 2017). We have
used this approach in neonatal rat brain slices to visualize synchronous neuronal depolarizations in
the inspiratory center (Ballanyi and Ruangkittisakul, 2009; Ruangkittisakul et al., 2009) and
hippocampal CA3 area (Ruangkittisakul et al., 2015). Also in the LC, it is principally possible to
visualize in single neurons Ca; rises associated with single Na* spikes at rates of ~1 Hz using fast
‘line-scanning’ or a small region of interest (ROI) (Sanchez-Padilla et al., 2014). However, we
aimed here at analyzing the activity of multiple LC cells in the same confocal plane. As this

required xy-scanning at a rate of 1.1 frames/s, fast rhythmic Ca; rises could not be resolved.
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For population Ca; imaging, a broken patch pipette (outer diameter, 5-10 pm) was filled with the
membrane-permeant green fluorescent Ca** dye Fluo-4-AM (5 mM in 20 % DMSO + pluronic
acid, further diluted to 0.5 mM in superfusate, Invitrogen, Carlsbad, CA, USA) and then pressure-
injected (30-50 mmHg) for 10 min at 40-50 pm depth into the LC. Within 10 min, an area of 150-
300 um in diameter was stained. Fluorescence signals were typically measured 50-60 um below
the slice surface using the above specified Olympus 20x objective and MPE system emitting Ti:Sa
laser light at 810 nm. Ca; baseline changes were visualized in the somata of 15-25 cells in a single

xy-image plane at 2x digital zoom with a sampling rate of 1.1 frames/s.

2.5. Immunohistochemistry

By far most LC cells are neurons whereas the rest comprises astrocytes and some oligodendrocytes
(Alvarez-Maubecin et al., 2000). Here, we showed with double-staining using the neuronal marker
TH and the astrocyte marker S100f that ~90 % of LC cells are neurons with a soma diameter >20
um vs. ~10 % of notably smaller astrocytes. For their identification, 3 brains from 0 days-old pups
were isolated and then chemically fixed in a solution comprising 4 % paraformaldehyde in
phosphate buffer (i.e. a 1:2 mixture of 0.1 M NaH;PO4 + 0.1 M Na;HPO4 in H2O, pH 7.2). After
at least 24 h, 60 um thick horizontal sections containing the LC were sliced and incubated overnight
at 4 °C in monoclonal rabbit anti-TH (1:1000, Life Technologies, Camarillo, CA, USA) and mouse
anti-S100f3 (1:1000, Sigma Aldrich) antibodies in TBS (i.e. 0.9 % w/v NaCl plus 0.6 % w/v tris
base, sigma, pH 7.4) also containing 0.3 % Triton X-100. Subsequently, the sections were
incubated at room temperature in secondary goat anti-rabbit Alexa 594 (1:500, life technologies)

and goat anti-mouse Alexa 488 (Jackson Immunoresearch Laboratories Inc, West Grove, PA,
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USA) for 90 min. From each brain, cells in the section with the largest LC extension were analyzed

using the MPE system.

2.6. Data Analysis

Burst rates and amplitudes were quantified during 1 min recording time periods in control or at
steady-state of drug effects. LFP burst duration was defined with Clampfit software (Molecular
Devices Corporation, Chicago, I, USA) as the time interval from when the averaged signal
increased above and decreased below a threshold set at 10 % of peak amplitude, respectively. The
extent of LC network synchronicity was determined with Clampfit software by comparing over a
time period of 10 s the cross-correlation between whole-cell-recorded single neuron spiking and
the integrated LFP burst. The peaks in cross-correlograms refer to the cross-correlation function
estimate (CFE) values for the accuracy of synchronicity. The lag time quantifies the shift in the
peak between these events and thus gives a measure of spike jitter. This approach is applied to
correlate single neuron with (nerve) population bursting, e.g. in respiratory (Fietkiewitcz et al.,

2011) and locomotor networks (Pearlstein et al., 2005).

The regularity of LC network bursting was determined by quantifying the irregularity score which
is an established parameter to analyze rhythmic neural network bursting, e.g. of the inspiratory
center (Garcia et al., 2017). The formula for its determination is: Irregularity score = 100 * [Z(Pp-
Pp.1)/Pni]/N, where N is the number of bursts, Py, is the period of n'" burst and P, is the period of
the preceeding burst. Note that the score has no unit. The lower the value, the more regular is the

network rhythm.
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For analysis of spike jitter, 10-20 cycles of LFP bursts and neuronal spiking were temporally
aligned to the LFP peak using Clampfit software. Aligned traces were then overlapped and
analyzed using a numerical matrix technique (Origin 6, Microcal Software). A summated LFP was
obtained by averaging the 15-20 cycles. The average time point of neuronal spiking and its SD was

used as a measure of the jitter.

Ca; imaging analysis was done using Olympus Fluoview software (FV10-ASW, version
03.01.01.09). Relative changes in Ca; baseline were referred to a percentage change in fluorescence
intensity. Quantified was the ratio of the difference of the final value (average of the peak response)
and the initial value (average baseline values) over the initial value multiplied by 100. Ca; imaging
revealed in ~30 % of recordings a modest linear drift of baseline fluorescence intensity which was

compensated during offline analysis.

Values are given as means = SD and n-values correspond to measurements in 1 slice per animal.
Significance values, 1.e., non-significant (ns): P >0.05, *P <0.05, ** P<0.01, ***P <0.001) were
assessed by paired two-tailed t test or one-way ANOVA with Dunnett’s post-test using Prism

software (GraphPad Software Inc., La Jolla, CA, USA).
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3.1. Abstract

The brainstem locus coeruleus (LC) controlling behaviors like arousal, sleep, breathing, pain or
opioid withdrawal is an established model for spontaneous action potential synchronization. Such
synchronous ‘spiking’ might produce an extracellular field potential (FP) which is a crucial tool
for neural network analyses. We found using >10 um tip diameter suction electrodes in newborn
rat brainstem slices that the LC generates at ~1 Hz a robust rhythmic FP (rFP). During distinct rFP
phases, LC neurons discharge with a jitter of £33 ms single spikes that summate to a ~200 ms-
lasting population burst. The rFP is abolished by blocking voltage-gated Na® channels with
tetrodotoxin (TTX, 50 nM) or gap junctions with mefloquine (100 pM) and activating p-opioid
receptors with [D-Ala2,N-Me-Phe4,Gly5-ol]-Enkephalin (DAMGO, 1 puM). Raising superfusate
K" from 3 to 7 mM either increases rFP rate or transforms its pattern to slower and longer multipeak
bursts similar to those during early recovery from DAMGO. The results show that electrical
coupling of neonatal LC neurons does not synchronize their spiking as previously proposed. They
also indicate that both increased excitability (by elevated K*) and recovery from inhibition (by
opioids) can enhance spike desynchronization to transform the population burst pattern. Both
observations show that this gap junction-coupled neural network has a more complex connectivity
than currently assumed. These new findings along with the inhibitory drug effects that are in line
with previous reports based on single neuron recording point out that field potential analysis is

pivotal to further the understanding of this brain circuit.
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3.2. Introduction

The locus coeruleus (LC) provides noradrenergic innervation to various brain structures and
controls multiple behaviors including the sleep-wake cycle, arousal, memory, breathing, pain
modulation and opioid withdrawal (Foote et al., 1983; Berridge and Waterhouse, 2003; Schwarz
and Luo, 2015; Llorca-Torralba et al., 2016; Ahmadi-Soleimani et al., 2017). In vitro studies mostly
using newborn rodent brain slices established the LC as a model for analyzing action potential
(‘spike’) discharge patterning in neural networks. Such research presented evidence that gap
junction-coupled neonatal LC neurons show synchronous subthreshold membrane potential
oscillations that cause discharge of a spike at their peak (Williams and Marshall, 1987; Christie et
al., 1989; Christie, 1997; Alvarez et al., 2002). If such rhythmic single spike discharge occurs
synchronously, this might generate an extracellular field potential (FP) which is a pivotal measure
to analyze neural network properties in other brain regions (Buzséki et al., 2012; Einevoll et al.,
2013). Yet, no study reported a rhythmic FP (rFP) reflecting normal repetitive neonatal LC activity.
In newborn rodent brainstem slices, a rFP in the spontaneously active breathing center is not seen
with sharp or patch microelectrodes often used for FP recording whereas a robust signal is revealed
with suction electrodes originally designed for nerve recording (Lieske et al., 2000; Ballanyi and
Ruangkittisakul, 2009). Accordingly, it was the aim of our study to identify in horizontal newborn

rat brain slices with suction electrode rFP recording novel features of the LC neural network.

3.3. Materials and methods

(see Chapter 2)
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3.4. Results

3.4.1. rFP characteristics

A rFP comprising overlapping single spike discharge was seen when a suction electrode was
positioned on the superficial LC neuron soma layer (Fig. 3-1A). The crescendo-decrescendo-type
shape of the integrated signal, its amplitude, duration and rate were stable for several hours
particularly when < 5 mmHg suction was applied. In 20 slices, burst rate ranged from 0.85 to 1.78
Hz (mean 1.13 £ 0.2 Hz or 68.15 + 13.47 bursts/min) and single burst duration ranged from 0.08
to 0.32 s (mean 0.19 + 0.06 s). As tested in 10 different slices, both LC aspects showed similar, but
non-synchronous rFP bursting (Fig. 3-1A). rFP amplitude was maximal when recorded with 200
um tip electrodes while typically used 40—60 pum electrodes detected ~80% of the signal (i.e. 937
+ 267 nwV, n= 4) that was still robust using 10 pum tip electrodes (Fig. 3-1B). Unbroken patch
electrodes did not detect a rFP when positioned without pressure application between LC neurons
(Fig. 3-1B). Contrary, a small amplitude signal was seen in 7 of 12 experiments when modest
positive pressure was applied during electrode positioning and slight suction was then applied in
the recording spot (Fig. 3-2). Single-cell spiking was seen when the electrode was removed from
the extracellular position between LC neurons and then slightly pushed against the soma membrane
of one cell (Fig. 3-2). Simultaneous rFP and cell pair recording showed that LC neurons spike
during a distinct phase within the rFP and the exact time point varies between activity cycles, on
average by 33.18 + 13.9 ms (n= 27 neurons from 3 slices) (Fig. 3-3). There was no correlation
between the time phase of this ‘jittered’ phase-locked spiking and LC neuron location.
Accordingly, in 4 slices mapped with 40—60 pum tip electrodes, rFP shape, amplitude and burst
duration were very similar in different spots within the LC whereas rFP amplitude was smaller in

the pericoerulear dendritic region (Ishimatsu and Williams, 1996).
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3.4.2. Pharmacological rFP modulation

Similar to previous reports using single LC neuron recording, the rFP was abolished in 5 slices
each by inhibiting voltage-gated Na" channels with TTX (Williams and Marshall, 1987) (Fig. 3-
4A) or gap junctions, here with mefloquine (Fig. 3-4B) (Alvarez-Maubecin et al., 2000; Connors,
2012) and by the p-opioid receptor agonist DAMGO (Williams and Marshall, 1987) (Fig. 3-4C).
The mefloquine effect was irreversible whereas the rFP recovered from TTX and DAMGO in ~30
and ~15 min, respectively. During the first 5-7 min of DAMGO recovery, the rFP pattern
transformed into slower rate (from 73.20 = 19.62 to 16.4 = 6.84 bursts/min, P< 0.05), longer
duration (from 0.27 = 0.04 to 2.64 £ 1.89 s, P< 0.05) multipeak events (Fig. 3-4C). Increasing LC
excitability in 6 slices by raising superfusate K™ from 3 mM to 7 mM increased rFP rate from 64 +
11 to 93 £+ 13 bursts/min (P< 0.05), but transformed rFP pattern in 3 other slices into slower rate
(from 90 + 6 to 11.5 £ 3.2 bursts/min, P< 0.05), longer duration (from 0.21 + 0.03 s to 2.83 £0.77

s, P<0.05) multipeak events similar to those during early DAMGO recovery (Fig. 3-4D).

3.5. Discussion

3.5.1. Conditions for rFP recording

Recording with >10 pum tip size suction electrodes revealed a robust and stable rFP whereas it was
barely detectable using unbroken patch electrodes which though picked up single LC neuron
spiking. Similarly, single-cell or multi-unit discharge, but no rFPs, were seen with microelectrodes
in the fetal and neonatal rat LC in vivo (Nakamura et al., 1987; Sakaguchi and Nakamura, 1987).
In the only slice study aiming at FP recording in the adult rat LC, a rFP was seen with ‘broken
glass electrodes’ solely when excitability was raised with Ba** and/or tetraethylammonium

(Ishimatsu and Williams, 1996). Thus, it appears that larger tip glass microelectrodes are needed
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to reliably record a spontaneous rFP in the neonatal LC as in the breathing center of newborn rodent
brainstem slices (Lieske et al., 2000; Ballanyi and Ruangkittisakul, 2009). Moreover, we found
that rFPs are very robust and stable for >10 h in the hippocampus of newborn rat brain slices
(Ruangkittisakul et al., 2015). This suggests that suction electrode recording is well suited for long-
term (pharmacological) analysis of neuronal activity also in other isolated (neonatal) brain areas

and possibly also in vivo.

3.5.2. rFP mechanism

FP analysis is a pivotal tool for neural network analysis (Buzsaki et al., 2012; Einevoll et al., 2013).
Here, rFP recording unraveled two novel features of the LC network that have not been reported
previously using extracellular or intracellular single neuron (pair) recording (Nakamura et al.,
1987; Sakaguchi and Nakamura, 1987; Williams and Marshall, 1987; Christie et al., 1989; Christie,
1997; Ishimatsu and Williams, 1996; Alvarez-Maubecin et al., 2000; Zhu and Zhou, 2001; Alvarez
etal., 2002; Ahmadi-Soleimani et al., 2017). Namely, LC neurons do not spike synchronously, but
rather in a phase-locked jittered fashion while the population burst pattern can transform during
changes of network excitability. Regarding the first point, it was unexpected that a rFP burst lasts
on average 190 ms given that presumably synchronized single spike discharge (Williams and
Marshall, 1987; Christie et al., 1989; Christie, 1997; Alvarez et al., 2002) should have caused a
summated signal of substantially shorter duration. We found that rFP duration is sustained because
LC neuron subclasses are preferentially active either during the early phase, peak or late phase of
the rFP and thus do not discharge synchronously. Moreover, spiking in each LC neuron shows a
cycle-to-cycle jitter of £33 ms. As one possible explanation for both phenomena, the slope and/or

amplitude of Ca*"-dependent subthreshold membrane potential oscillations eliciting a Na* spike at
p p p
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their peak (Williams and Marshall, 1987; Christie et al., 1989; Christie, 1997; Alvarez et al., 2002)
may be modulated by random and/or tonic excitatory or inhibitory synaptic inputs (Schwarz and
Luo, 2015). Consequently, Na" spike threshold may be reached earlier or later, respectively. In line
with our results, paired LC neuron recording in adult rat brain slices showed that spontaneous
spiking is not fully synchronous contrary to synchronous subthreshold membrane potential
oscillations (Christie et al., 1989). The authors did not analyse this finding further but noted
electrical coupling of newborn LC neurons might not be sufficient for synchronous spontaneous
spiking (Christie et al., 1989). Nevertheless, gap junctions seem to be pivotal for synchronizing
subthreshold depolarizations and rFP generation as indicated by the blocking effects on both
signals, respectively, of carbenoxolone (Alvarez et al., 2002; Alvarez-Maubecin et al., 2000) and
mefloquine (present study) (Connors, 2012). The finding that the rFP was abolished by TTX
indicates that this signal is not caused by subthreshold oscillations, but rather due to Na* spiking
that is also the source for Ba?*- and tetraethylammonium-evoked rFPs in the LC of adult rat slices

(Ishimatsu and Williams, 1996).

3.5.3. rFP pattern transformation

The rFP pattern changed from ~1 Hz bursting to a notably slower rhythm with longer multipeak
bursts during early recovery from DAMGO. Similarly, extracellular (paired) LC neuron recording
in adult rats in vivo showed that morphine transforms repetitive single spiking into oscillatory burst
discharges (Zhu and Zhou, 2001). Correspondingly, a transition from fast subthreshold membrane
potential oscillations with discharge of a single spike to slower and longer-lasting oscillations with
multiple spike discharge was detected with intracellular recording in LC neurons in slices from

young rats in response to cocaine (Williams and Marshall, 1987). The actions of opioids and
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cocaine involve different signaling pathways. It is thus possible that the rFP pattern transformation
induced in a subpopulation of slices by 7 mM K" is caused by release of an endogenous agent that
acts on one of these signaling pathways. Future pharmacological rFP analysis will likely further
the understanding of this scenario. Regarding the functional role of the rFP, we agree with the view
of the authors by the latter studies (Williams and Marshall, 1987; Zhu and Zhou, 2001) that robust
sustained rhythmic oscillations of LC neurons may facilitate release of noradrenaline in the diverse
LC-innervated brain regions. Here, we showed for the first time that the neonatal LC forms a
coupled neural network that does not generate synchronized single spikes under control conditions,
but rather shows rhythmic activity with a sustained oscillatory population burst pattern that can

transform under the influence of various neuromodulators.
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3.6. Figures and Legends
Fig. 3-1
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Fig. 3-1. Spontaneous rhythmic field potential (rFP) in locus coeruleus (LC) of newborn rat
brain slices. Ai, schema represents the horizontal slice with the bilateral LC aspects. Az, shows
both the raw and integrated signal 24 min after a superfusate-filled suction electrode was
repositioned from the superfusate in the recording chamber (‘bath’) to the surface of the left LC.
After positioning a further suction electrode on the right LC, a non-synchronous rFP of similar
amplitude and rate was seen (A3). B1, rFP recording in a different slice with (suction) electrodes of
different diameter indicated by dashed lines. B2, B3 show that rFP amplitude was maximal using a
200 um tip electrode and decreased with smaller tip sizes whereas no rFP was seen with a 2 pum tip
superfusate-filled patch electrode (but compare Fig. 3-2). V4 in A1 and B1 stands for 4" ventricle
and different symbols in B3 for individual experiments in 4 slices. Reproduced with permission

from Rancic et al. (2018).
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Fig. 3-2. Simultaneous rFP and single neuron action potential (‘spike’) recording. Image
shows a suction electrode positioned close to caudal rim of LC whose neuronal somata area is
outlined by dashed line. White circles and numbers indicate positions of a superfusate-filled patch
electrode that was placed extracellularly firstly between cells (positions 1-4) and was then slightly
pushed against 4 neuron somata (positions 5-8). In positions 1-4, a small amplitude rFP was only
seen with 20 mmHg positive pressure applied to the electrode during positioning while afterwards
20-30 mmHg negative pressure was applied at the recording spot. In positions 5-8, single neuron
spiking was seen independent on whether pressure was applied or not. Uppermost and lowermost
traces show rFP recorded simultaneously with single neuron activity shown next to trace.

Reproduced with permission from Rancic et al. (2018).
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Fig. 3-3

I L] 1 | |
*mw 0 50 100 150 200

tirne (ms)

Fig. 3-3. Jittered and phase-locked LC neuron discharge comprising the rFP. A, overlay of 20
cycles of extracellular spiking shown with corresponding averaged integrated rFP trace of a
reference neuron (Ref) and 6 of the 9 other cells recorded consecutively along with the Ref neuron
at the LC spots indicated in B. Bottom traces show the averaged integrated rFP and overlayed raw
rFP signals from all cycles. C, shows means + SD of rFP burst duration (grey bar) and the average
time point of spiking of all 10 LC neurons and its SD demonstrating a jitter’ of their discharge as
also evident from the original recordings in A. Reproduced with permission from Rancic et al.

(2018).
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Fig. 3-4
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Fig. 3-4. Effects on rFP of bath-applied modulators of neural network activity. A, the rFP was
reversibly blocked by tetrodotoxin (TTX, 50 nM). B, the gap junction blocker mefloquine (100
uM) abolished the rFP irreversibly. C, the p-opioid receptor agonist [DAla2, N-Me Phe4,Gly5-ol]-
Enkephalin (DAMGO, 1 pM) reversibly blocked the rFP. Note that rFP burst pattern was
transformed to slower and longer duration multipeak events in the early phase of DAMGO
recovery. D, in 6 of 9 slices rFP rate increased by raising superfusate K* concentration from 3 to 7
mM whereas in other 3 slices this transformed the burst pattern similar to that seen during early
recovery from DAMGO. Reproduced with permission from Rancic et al. (2018)
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4.1. Abstract

Transmembrane AMPA receptor (AMPAR) regulatory proteins (TARP) increase neuronal
excitability. However, it is unknown how TARP affect rhythmic neural network activity. Here we
studied TARP effects on local field potential (LFP) bursting, membrane potential and cytosolic
Ca?" (Caj) in locus coeruleus neurons of newborn rat brain slices. LFP bursting was not affected
by the unselective competitive ionotropic glutamate receptor antagonist kynurenic acid (2.5 mM).
TARP-AMPAR complex activation with 25 uM CNQX accelerated LFP rhythm 2.2-fold and
decreased its irregularity score from 63 to 9. Neuronal spiking was correspondingly 2.3-fold
accelerated in association with a 2-5 mV depolarization and a modest Ca; rise, whereas Ca; was
unchanged in neighboring astrocytes. After blocking rhythmic activities with tetrodotoxin (1 pM),
CNQX caused a 5-8mV depolarization and also the Ca; rise persisted. In tetrodotoxin, both
responses were abolished by the non-competitive AMPAR antagonist GYKI 53655 (25 uM) which
also reversed stimulatory CNQX effects in control solution. The CNQX-evoked Ca; rise was
blocked by the L-type voltage-activated Ca®" channel inhibitor nifedipine (100 uM). The findings
show that ionotropic glutamate receptor-independent neonatal locus coeruleus network bursting is
accelerated and becomes more regular by activating a TARP-AMPAR complex. The associated
depolarization-evoked L-type Ca?* channel-mediated neuronal Ca; rise may be pivotal to regulate
locus coeruleus activity in cooperation with SK-type K* channels. In summary, this is the first
demonstration of TARP-mediated stimulation of neural network bursting. We hypothesize that
TARP-AMPAR stimulation of rhythmic locus coeruleus output serves to fine-tune its control of

multiple brain functions thus comprising a target for drug discovery.
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4.2. Introduction

In mammalian neurons, fast excitatory neurotransmission is mostly mediated by an a-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid receptor (AMPAR) comprising one type of
ionotropic glutamate receptors (iGluR) (Traynelis et al., 2010). Molecularly diverse AMPAR
subtypes are coupled to a member of the family of auxiliary transmembrane AMPAR regulatory
proteins (TARP) (Jackson and Nicoll, 2011; Greger et al., 2017; Mabher et al., 2017). As reviewed
in the latter reports, TARP activation can modulate the excitability of certain neuron types and
competitive AMPAR antagonists, like the quinoxalinediones 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX) and 6,7- dinitroquinoxaline-2,3(1H,4H)-dione (DNQX), are pivotal tools for
studying this. Specifically, they act as partial agonists at the TARP-AMPAR complex and
consequently depolarize and enhance firing, e.g. in principal neurons and (inhibitory) interneurons
in the hippocampus (McBain et al., 1992; Maccaferri and Dingledine, 2002; Hashimoto et al.,
2004), thalamus (Lee et al., 2010), cerebellum (Brickley et al., 2001; Menuz et al., 2007) or spinal
cord (Sullivan et al., 2017). Regarding functional TARP roles, most of the above studies on acute
brain slices showed that quinoxalinedione-evoked firing augments spontaneous (inhibitory)
postsynaptic currents. Such currents can be analyzed in control mice compared to animals with a
‘knock-out’ of TARP-coding genes like in a report pointing out the requirement of ‘Type-1 TARP
v-2’ for inflammation-associated spinal AMPAR plasticity (Sullivan et al., 2017). Moreover,
‘stargazer’ mice that lack y-2, and were therefore instrumental in TARP discovery, show
neurological deficits like ataxia, dyskinesia and seizures (Jackson and Nicoll, 2011; Maher et al.,
2017). While TARP effects at the cellular level are established, their role in active neural networks
is currently unknown. This is due to the fact that most rhythmically active brain circuits operate
via iGluR and quinoxalinediones thus block their activity like in locomotor (Hiagglund et al., 2010)

or respiratory (Ballanyi and Ruangkittisakul, 2009) networks, entorhinal cortex (Garaschuk et al.,

62



2000) or hippocampus (Sipild and Kaila, 2008). The locus coeruleus (LC) in the brainstem might
be an important model for studying TARP-AMPAR complex roles for two reasons. Firstly, it
innervates most brain structures and thus modulates many behaviors including arousal, sleep-wake
cycle, memory, anxiety or opioid (withdrawal) effects (Foote et al., 1983; Berridge and
Waterhouse, 2003). Secondly, in newborn rats gap junction-coupled LC neurons generate
presumably synchronous Na" action potentials via a mechanism that may not depend on iGIuR as
such ‘spiking’ is not blocked by quinoxalinediones (Alvarez-Maubecin et al., 2000) similar to
persistence of tonic spiking in adult rats (Alvarez et al., 2002). Nevertheless, at both developmental
stages LC neurons have functional NMDA- and AMPA/Kainate-type iGluR as specific agonists
increase their spike rate (Olpe et al., 1989; Kogan and Aghajanian, 1995; Zamalloa et al., 2009).
Local field potential (LFP) recording is a potent tool to analyze neural network functions (Ballanyi
and Ruangkittisakul, 2009; Buzsaki et al., 2012; Einevoll et al., 2013; Totah et al., 2018). We
recently reported that spiking of LC neurons at ~1 Hz in newborn rat slices generates a rhythmic
~0.2 s-lasting crescendo-decrescendo-shaped LFP (Rancic et al., 2018). It was the aim of the
present study to investigate by combining LFP monitoring with either ‘whole-cell’ membrane
potential (Vi) recording or imaging of the free cytosolic Ca®" concentration (Ca;) in LC neurons
and neighboring astrocytes whether CNQX has a TARP-mediated modulatory action on rhythmic

population activity in this spontaneously active neonatal neural network.

4.3. Materials and methods

(see Chapter 2)
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4.4. Results
Initial analysis of iGIuR blocker effects on LFP recording-based network bursting was followed

by neuronal Vi, analysis and Ca; imaging in groups of Fluo-4-AM loaded neurons and astrocytes.

4.4.1. Stimulatory CNQX effect on iGluR-independent network bursting

As a precondition for testing TARP roles in LC network function, it was studied if LFP rhythm
persists during iGluR blockade (see section 4.2.). This was indeed the case as the non-selective
competitive iGluR antagonist kynurenic acid had no effect on the LFP in 4 slices (Fig. 4-1). As
exemplified in Fig. 4-2A for 1 of 12 slices, 5 min bath-application of 25 uM CNQX caused within
1-2 min a stable effect on the LFP that washed out within 5-15 min. While CNQX did not change
LFP amplitude (101.6 = 2.6% of control, P=0.07) (Fig. 4-2B), it increased its rate 2.24 + 0.5 -fold
(from 53.4 £ 10.6 to 116 = 19.1 bursts/min) (Fig. 4-2C) and decreased its single burst duration
from 268 £ 56.1 to 205 £ 29.4 ms (Fig. 4-2D). In 3 of the 12 slices, the accelerated rhythm had an
almost sinusoidal oscillatory pattern lacking an inactivity phase between bursts and could include
burst amplitude fluctuations by <15 % (Fig. 4-2A, see also Figs. 4-3A, 4-4A and 4-6A). As
exemplified in Fig. 4-3A, recording of neuronal Vi, in 7 of the 12 slices revealed a very similar
2.29 + 0.43 -fold acceleration of spike rate (from 50.4 + 9.0 to 113 + 9.2 spikes/min) (Fig. 4-2E,
F) and a concomitant depolarization by 2-5 mV (3.1 £ 0.9 mV) from a resting Vi, of —45.8 £ 3.2
mV (Tab. 4-1). These results show that neonatal LC network bursting does not depend on iGluR
and indicate that a TARP-AMPAR complex is functional. LFP and Vi, were next simultaneously
recorded after abolishing rhythmic activities with TTX to (i) better quantify the CNQX
depolarization, (ii) minimize a potentially short-circuiting Vi effect of SK-type K channel

activation due to spike-related Ca?" influx (Kulik et al., 2002) and (iii) exclude that enhanced
P
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spiking causes endogenous neurotransmitter/modulator release (Singewald and Phillipu, 1998;
Schwarz and Luo, 2015). As tested in 5 of the above 7 neurons, TTX blocked in 0.5-3 min the LFP,
Na" spikes and subthreshold oscillations with no effect on resting Vi (which stabilized at —46.6 +
3.9 mV) (Fig. 4-3B) (Tab. 4-1). Subsequent CNQX application depolarized Vi, by 5-8 mV (6.6 £
1.3 mV) with no change in input resistance (238 = 82 MQ in control vs. 234 £ 75 MQ in CNQX,

P=0.42) (Fig. 4-3C) (Tab. 4-1).

4.4.2. Reversal of stimulatory CNQX effect by non-competitive iGluR antagonist

In cerebellar neurons, the CNQX-evoked TARP-mediated depolarization was blocked by the non-
competitive AMPAR antagonist GYKI (Menuz et al., 2007). Also here, CNQX failed, after
preincubating slices in GYKI + TTX, to change Vi, in 6 neurons (-44.8 = 5.1 mV vs. -44.7 £ 5.2
mV) (Fig. 4-4A) (Tab. 4-1). In 3 different neurons, CNQX was continuously applied in control
solution. When the accelerating effect on spiking and LFP rate was stable after 1-2 min, addition

of GYKI to the CNQX-containing solution reversed the CNQX effects within ~1 min (Fig. 4-4B).

4.4.3. Uniform L-type Ca?' channel-mediated CNQX-evoked Cai rise in LC neurons

The finding that CNQX depolarized all neurons to a similar (modest) extent indicates that the
entire nucleus may show a uniform response. To test this, population Ca; imaging was done to
determine (i) whether the depolarization and the associated accelerated spiking raises Ca;, (i1) how
many LC neurons in the same optical plan show such a response and (iii) whether CNQX also
affects Ca;i in neighboring astrocytes that show in control solution depolarizations which are

synchronous with subthreshold neuronal Vi, oscillations (Alvarez-Maubecin et al., 2000).
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Fig. 4-5A illustrates that TH-immunostained LC neurons with a soma diameter >20 pm comprise
~90 % of LC cells and notably smaller S100B-immunostained astrocytes the remaining ~10 %.
Fig. 4-5B shows Fluo-4-AM loaded neurons and astrocytes in one image plane during the steady-
state effect of CNQX. Fig. 4-5C exemplifies for 4 of these neurons that CNQX caused a very
similar modest Ca; increase whereas 4 astrocytes did not respond. Corresponding findings were
obtained in a total of 174 neurons and 44 astrocytes of 8 slices (Fig. 4-5D). Two of the 4 astrocytes
in Fig. 4-5C, and 23 % in total, showed spontaneous Ca; ‘spikes’ unrelated to CNQX application.
Similar modest Ca; rises were seen during CNQX in control solution (30.14 + 0.08 %) and in TTX
(27.83 £ 0.07 %) which itself lowered Ca; baseline by 28.13 + 0.03 % (Fig. 4-5C, D). After
recovery from CNQX in TTX and preincubation of 4 of the above 8 slices in TTX plus either the
L-type voltage-activated Ca?" channel blocker nifedipine or GYKI, CNQX did not change

neuronal Ca; (Fig. 4-5D).

4.4.4. CNQX effect on network synchronicity and regularity of bursting

The above finding that CNQX shortened the LFP burst suggests that CNQX enhances LC network
synchronization. This was studied by correlating cellular spiking with LFP events at steady-state,
typically 90 s after start of application as exemplified in Fig. 4-6A for the neuron shown in Fig. 4-
3. The correlograms in Fig. 4-6B did not reveal a CNQX-induced change of the CFE value for this
neuron whereas the lag time was shortened. For all 7 neurons in which CNQX effects have been
analyzed above, the scatter plots did not indicate a change in the CFE value (0.33 + 0.04 in control
vs. 0.33 + 0.04 in CNQX) while there was a trend for a decrease in lag time (87.8 £ 26.1 ms in

control vs. 59.3 + 23.5 ms in CNQX) (Fig. 4-6C). But, as analyzed in the 12 slices analyzed above,
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CNQX made the LFP rhythm more regular as evident from a decrease of the irregularity score from

63.1 + 19.7 to 8.8 + 4.2 (Fig. 4-6D).

4.5. Discussion

This study reports for the first time TARP effects on spontaneous neural network activity,
specifically in the LC of newborn rat brain slices. This network was chosen because it comprises a
small nucleus in which coordinated discharge of a single spike in each neuron causes a robust
rhythmic LFP that can be analyzed pharmacologically (Rancic et al., 2018). LFP recording in
combination with either whole-cell Vi, recording or Ca; imaging unraveled, in summary, (i) non-
synchronous, yet phase-locked, spiking does not rely on iGluR, (ii) CNQX causes in all neurons a
modest depolarization and Ca; rise, (iii) CNQX-evoked depolarization more than doubles cellular
and network discharge rates with a concomitant decrease in jitter and increased regularity of

network bursting. Underlying mechanisms and the potential physiological relevance are discussed.

4.5.1. LFP analysis of CNQX stimulation of iGluR-independent network bursting

Spontaneous neonatal LC neuron spiking is presumably synchronous (Christie, 1997). But, one of
the reports establishing this view stated that subthreshold Vi, oscillations are synchronous whereas
Na" spikes at their peak not necessarily (Christie et al., 1989). In our recent study (Rancic et al.,
2018), we showed that spiking is not synchronous, but rather jittered, yet phase-locked, to the LFP
burst. We also found in that report that increasing LC excitability with raised extracellular K*
transforms the LFP pattern from ~0.2 s-lasting crescendo-decrescendo-shaped bursts to ~3 s-

lasting multipeak events. Here, we show firstly that LFP properties are not changed by the broad
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spectrum competitive iGluR antagonist kynurenic acid (Traynelis et al., 2010). It was already
reported that single LC neuron spiking in newborn and adult rat brain slices persists in presence of
diverse iGluR antagonists (Olpe et al., 1989; Alvarez- Maubecin et al., 2000; Alvarez et al., 2002).
The lack a blocking effect by these antagonists is not due to absence of functional iGluR in LC
neurons. In fact, both NMDA-type and AMPA/Kainate-type iGluR agonists evoke inward currents
that depolarize these neurons to accelerate their spontaneous spiking (Olpe et al., 1989; Williams
etal., 1991; Kogan and Aghajanian, 1995; Zamalloa et al., 2009). Our results point out, in addition,
that blocking all iGIuR subtypes with kynurenic acid does not abolish LC network bursting. This
contrasts with findings in other spontaneously active (neonatal) rodent neural networks showing
that iGluR antagonists block rhythm generation. Specifically, these networks are the locomotor
central pattern generator (Héigglund et al., 2010), the breathing center (Ballanyi and
Ruangkittisakul, 2009), the inferior olive (Placantonakis and Welsh, 2001; Devor and Yarom,
2002), the entorrhinal cortex (Garaschuk et al., 2000) and the hippocampal CA3 area (Sipild and
Kaila, 2008). A study on LC neurons in newborn rat brainstem-spinal cords anecdotally mentioned
that CNQX caused a small depolarization and accelerated their tonic spiking (Oyamada et al.,
1998). Also here, CNQX accelerated neuronal spiking (and LFP rate as well). Already these

findings prove that pharmacological LFP analysis is a powerful tool to analyze this neural network.

4.5.2. TARP mediation of a uniform excitatory CNQX effect

Like in LC neurons of newborn rat brainstem-spinal cords (Oyamada et al., 1998), CNQX caused
here a modest (~5 mV) depolarization that nevertheless more than doubled LFP and spike rates.
The lack of a CNQX-evoked decrease in input resistance indicates that (synaptic) ion channels

causing the depolarization might be located primarily on the pericoerulear dendrites and space-
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clamp might thus not be sufficient to reveal their activation with somatic injection of current pulses
(Ishimatsu and Williams, 1996). Accordingly, the depolarization and concomitant Ca; rise might
be more pronounced in distal dendrites. The inhibitory TTX effects on both Na® spikes and
subthreshold Vi oscillations were similar to those in the latter report (Oyamada et al., 1998).
Contrary, others noted that Vi, oscillations are TTX-resistant in (most) LC neurons of slices from
juvenile rats (Christie et al., 1989) or mice (Sanchez-Padilla et al., 2014). The fact that TTX did
not attenuate the CNQX depolarization indicates that accelerated spiking in CNQX does not cause
neurotransmitter/modulator release which might potentially contribute to this response (Singewald
and Phillipu, 1998; Schwarz and Luo, 2015). The observation that CNQX raised Ca; in all neurons
within the same optical plane indicates that the agent causes a depolarization of similar amplitude
in the entire network. However, this does not mean that all LC neurons respond directly to the drug
as they are coupled by gap junctions which act as a ‘low-pass filter’ (Christie et al., 1989; Ishimatsu
and Williams, 1996; Christie, 1997). LC neurons do not comprise a homogeneous class of brain
cells. For example, ventrally-located adult rat LC neurons with shorter spikes and smaller
afterhyperpolarizations than LC core neurons act as a ‘pontospinal- projecting module’ (Li et al.,
2016). Moreover, dorsomedially located small and densely packed GABAergic neurons in juvenile
mice show faster spiking with enhanced adaptation (Jin et al., 2016). Finally, topographically
distinct LC modules exist also regarding both afferent synaptic inputs and efferent projections
(Schwarz and Luo, 2015) and their in vivo activity (Totah et al., 2018). Consequently, future studies
may determine whether a TARP-AMPAR complex is functional in all (neonatal) LC neurons or
rather only in a cluster that transmits TARP enhanced activity via the gap junction-coupling to
neighboring cells. In any case, a sustained activity burst from afferent glutamatergic neurons,
particularly in the nucleus paragigantocellularis, the lateral habenula or prefrontal cortex

(Herkenham and Nauta, 1979; Aston-Jones et al., 1986; Jodo and Aston-Jones, 1997; Singewald
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and Phillipu, 1998) may depolarize these neurons more effectively than those lacking that TARP-
AMPAR complex. But, the outcome may be similar as the additional excitation plus the resulting
Ca; rise can potentially spread via the gap junctions throughout the nucleus. Contrary to the uniform
CNQX-evoked neuronal Ca; rises, there was no effect on neighboring astrocytes. This is somehow
surprising as LC neurons and astrocytes are gap junction-coupled as evidenced by their
synchronous spontaneous Vi, oscillations and dye diffusion between them (Alvarez-Maubecin et

al., 2000).

Our finding of an excitatory neuronal CNQX action is in line with results from previous slice
studies. Early reports showed that both excitatory and inhibitory neurons are depolarized by CNQX
and (mostly) DNQX, but not NBQX (McBain et al., 1992; Brickley et al., 2001; Maccaferri and
Dingledine, 2002; Hashimoto et al., 2004). The authors noted that the effect indicates a novel type
of excitatory action of these quinoxalinedione-type iGluR antagonists. In more recent work on
neurons in slices or after dissociation, it was hypothesized (Lee et al., 2010) or proven (Menuz et
al., 2007; Rigby et al., 2015; Sullivan et al., 2017) that CNQX activates a TARP-AMPAR complex.
Since their discovery a decade ago, TARP-AMPAR complex structures and functions have been
analyzed thoroughly, often in expression systems or genetically-engineered (e.g. ‘stargazer’) mice
as reviewed comprehensively (Jackson and Nicoll, 2011; Greger et al., 2017; Maher et al., 2017).
This work also established that TARP-AMPAR complex activation by the ‘partial agonist” CNQX
is prevented by non-competitive antagonists (including ‘GYKI’-type agents) which, by themselves,
exert no partial agonist action on this structure (Brickley et al., 2001; Menuz et al., 2007).
Accordingly, we found that preincubation with GYKI in TTX blocked both the CNQX-evoked

depolarization plus Ca; rise and reversed its stimulatory action in control solution. Based on the
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above arguments, our results strongly suggest that the excitatory CNQX action on the LC network

is due to activation of a TARP-AMPAR complex.

4.5.3. Functional TARP role

Regarding possible functions of the AMPAR-TARP complex, augmentation of a glutamate-
mediated Ca; rise might regulate the excitability of LC neurons which seem to be very sensitive to
this pivotal second-messenger and vice versa. This assumption is based on our finding that
nifedipine (in TTX) abolished the likely modest somatic CNQX-evoked Ca; rise indicating that L-
type voltage-activated Ca®* channels are activated by the ~5 mV depolarization from a resting Vim
of about =50 mV. Likely, these channels are also responsible for the TTX-sensitive spike-related
tonic increase in Ca; baseline also seen, for example, in dorsal vagal neurons that spike
spontaneously at a similar rate (Kulik et al., 2002). As one explanation for the latter findings, these,
and possibly also other voltage-activated Ca®" channel subtypes, may interact closely with SK-type
Ca’"-activated K* channels in the neonatal rat LC. In fact, in adult rats in vivo (Aghajanian et al.,
1983) and slices (Andrade and Aghajanian, 1984), the number of current-evoked spikes correlates
with the duration of a pronounced hyperpolarization that is attenuated by increased cellular Ca**
buffering. Moreover, the rate of spontaneous spiking in LC neurons of adult mouse slices is
regulated by cooperation of L- and T-type Ca?" channels with SK2 channels (Matschke et al., 2015,
2018). If this is the case also in the neonatal rat LC, even the modest TARP-dependent
depolarization, that might though be more pronounced in the dendrites (see above), may serve to
fine-tune network activity while an excessive increase in such activity may be a crucial factor in
neurodegenerative diseases. In that regard, findings from combined whole-cell-recording and Ca;

imaging in LC neurons of juvenile mouse slices indicate that activity-related L-type channel-
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mediated Ca’" entry and resulting mitochondrial stress may contribute to the etiology of

Parkinson's or Alzheimer's disease (Sanchez-Padilla et al., 2014).

Regarding physiological TARP roles, the neural network in the inferior olive shares properties with
that in the LC, including subthreshold Vi, oscillations that are synchronized by gap junction-
coupling (Placantonakis and Welsh, 2001; Devor and Yarom, 2002). A more recent modeling study
on the inferior olive network concluded that ‘subthreshold oscillations of the individual neurons
and the electrical gap junctions make this system a powerful encoder and generator of
spatiotemporal patterns with different, but coordinated oscillatory rhythms' (Latorre et al., 2013).
Similarly, recent findings from our lab (Rancic et al., 2018) and other groups, both in vivo and in
vitro, indicate that the LC transforms its activity pattern under the influence of (glutamatergic)
inputs or neuromodulators like noradrenaline, cocaine or opioids (Zhu and Zhou, 2005; Chandley
and Ordway, 2012; Safaai et al., 2015; Totah et al., 2018). In addition to our previous observation
that opioids and high K™ transform the LFP pattern (Rancic et al., 2018), we found here that TARP
makes the rhythm more regular while, at the same time, more than doubling its output population
burst rate. These dynamic properties may serve to fine-tune the LC control of multiple brain circuits
and thus of behaviors including arousal, sleep-wake cycle, breathing, memory, pain sensation,
anxiety and opioid (withdrawal) effects (Foote et al., 1983; Berridge and Waterhouse, 2003).
Consequently, regarding various diseases in these systems, TARP within the LC might be a potent
target to improve drug efficacy while mitigating adverse effects (Jackson and Nicoll, 2011; Maher

et al., 2017).
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Tab. 4-1

Effect of bath-application of CNQX (25 pnM) on membrane potential (Vm) in locus coeruleus
(LC) neurons of newborn rat brain slices. CNQX was either applied in drug-free superfusate
(control) or after preincubation in TTX (1 uM) and/or GYKI (25 uM). Reproduced with permission
from Rawal et al. (2019).

Vi (mV)
Control -45.8£3.2 (n=7) -46.4 £ 3.5 (n=15) -44.5 £4.6 (n= 6)
TTX -46.6 £3.9
(P=0.37,n=15)

CNQX -42.4+3.7

(P<0.001, n="7)

AVm=3.1%0.9
TTX + CNQX 40.0+4.5
(P<0.001, n=5)
AVm=6.6+13
TTX + GYKI 448+5.1
(P=0.17,n=6)
TTX + GYKI 44.6+5.1
+CNQX
(P=0.36, n= 6)
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4.6. Figures and Legends Fig. 4-1
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Fig. 4-1. Lack of ionotropic glutamate receptor (iGluR) involvement in neonatal locus
coeruleus (LC) neural network bursting. A, B, extracellular local field potential (LFP) recording
was done from the surface of a newborn rat brain slice in the LC neuron soma area, A, rhythmic
crescendo-decrescendo-shaped LC neuron population bursting occurred at ~1 Hz as particularly
evident in the integrated ‘[” trace vs. the differentially amplified and band-pass filtered ‘raw’ signal.
Bath-application of 2.5 mM of the broad-spectrum competitive iGIuR blocker kynurenic acid for
5 min did neither affect LFP rate, single burst duration nor amplitude as quantified for 4 slices in
B. Lines indicate means (broken) + SD (solid), significance was determined with paired two tailed

t-test (ns, non-significant, P> 0.05). Reproduced with permission from Rawal et al. (2019).
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Fig. 4-2
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Fig. 4-2. Accelerating effect of the ‘classical’ competitive ‘non-NMDA’-type iGluR antagonist
6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX) on LFP and neuronal discharge. A, LFP rate
more than doubled during 5 min bath-application of 25 uM CNQX, a blocker of the a-amino-3-
hydroxy-5-methyl-4- isoxazole propionic acid (AMPA)/Kainate iGluR subtype. B-D, in 12 slices
CNQX did not change single burst amplitude (B), but accelerated LFP bursting (2.24 + 0.47 -fold)
(C) and decreased burst duration (D). E, recording membrane potential (Vi) in 7 LC neurons
simultaneously with LFP in 7 of the above slices (indicated by identical symbols) revealed a 2.29
+ 0.43 -fold acceleration of the rate of LFP-associated single Na* action potentials (‘spikes’) as
exemplified in the traces on the right (F). Significance was determined with paired two-tailed t-test
(ns, non-significant, *P< (.05, **P<0.01, ***P<0.001). Reproduced with permission from Rawal

et al. (2019).
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Fig. 4-3
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Fig. 4-3. Association of stimulatory CNQX effect with tetrodotoxin (TTX) -resistant

depolarization. A, the continuous recording shows that acceleration of both LFP and cellular
spiking by CNQX is accompanied by a modest depolarization. B, shows in the same neuron, after
20 min of CNQX washout, that 1 uM of the voltage-activated Na* channel blocker TTX abolishes
the LFP and spiking plus subthreshold Vi, oscillations within <1 min with no change in resting Vi
or input resistance measured by injection of hyperpolarizing d.c. current pulses (-60 pA, 500 ms
duration) at a regular interval. C, the continuation of the recording in B shows that CNQX in TTX
depolarizes Vi by 8 mV (see magnified inset in dotted box) with no change in resistance (also
when Vi, was brought back to its resting value by d.c. current injection). The interruption in the
traces indicates a 5 min time period during which Vi, recovered from CNQX in TTX. Reproduced

with permission from Rawal et al. (2019).
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Fig. 4-4
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Fig. 4-4. Blockade of CNQX depolarization and related stimulatory effects by the non-
competitive AMPA/Kainate-type iGluR antagonist GYKI. A, in presence of TTX, CNQX
depolarized Vi with unchanged input resistance. Bath-application of 25 uM GYKI blocked the
CNQX-evoked depolarization. B, in a different neuron all stimulatory CNQX effects were reversed
within 2 min after addition of 25 pM GYKI to the CNQX-containing solution. Reproduced with

permission from Rawal et al. (2019).
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Fig. 4-5

A. Immuno-histochemistry B CNOX-evoked Ca, rise peak

30 pm

MNeurons

TTX

CNQX
Meurons  — PR
- e i e,

100 W‘mﬁm

1 min

Astrocytes
D Percentage Ca; changes
5{]‘ = +
= *+ _ Nifedipi
Nifedipine
= GYKI
25 —m mﬁ} —
CNQX CNOX ns ns
Z HAVE— R
{} T I !{f 1
CNQX CNQX
Hei ik
. AL
TTX

=50 -

78



Fig. 4-5. CNQX-evoked increase of the free cytosolic Ca?* concentration (Caj) in LC neurons,
but not astrocytes. A, exemplifies in a chemically fixed slice with double immuno-histochemical
staining that the LC comprises ~90 % of densely packed tyrosine hydroxylase (TH) -positive
neurons with a >20 pm soma size while the remaining smaller cells are glial cells, mostly S1003-
positive astrocytes. B, is a fluorescence image (at the peak of the CNQX response) of LC cells in
a living slice bulk-loaded via focal pressure-injection with the membrane-permeant green
fluorescent Ca** dye Fluo-4-AM. The numbered colored shapes are regions of interest (ROIs)
drawn offline via Fluoview software around 4 neurons (# 1-4) and 4 presumptive astrocytes (# 5—
8). C, shows in the left panels that CNQX-evoked Ca; rises, indicated by an increase in Fluo-4
fluorescence intensity (FI), are similar in all 4 ROI-identified neurons in B whereas the 4 astrocytes
labeled in B didn't respond, but 2 cells showed spontaneous Ca; rises. The traces in the right panels
show for 4 neurons of a different slice that the CNQX-evoked Ca; rise persists after preincubation
in TTX which decreases Ca; baseline. D, shows for 174 neurons in 8 slices (including the ones in
B and C) the percentage change in FI in response to CNQX (left group of symbols), TTX in control
solution (2nd group from left), CNQX in TTX with baseline value in TTX set to 0 (middle group)
and for 4 of the 8 slices each during CNQX in TTX plus either nifedipine (88 neurons, 2nd group
from right) or GYKI (86 neurons, right group). Each symbol/color in D represents the same slice.
Significance was determined with one-way ANOV A with Dunnett's test (F (1, 5) = 13.91) (ns, non-
significant, **P<0.01, ***P<0.001). Reproduced with permission from Rawal et al. (2019).
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Fig. 4-6
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Fig. 4-6. CNQX does not increase LC network synchronicity, but makes LFP rhythm more
regular. A, excerpt at higher time resolution from the recording in Fig. 4-3A showing in the right
panel at steady-state in CNQX acceleration of LFP rhythm and cellular spiking accompanied by
Vm depolarization. B, cross-correlogram between neuronal spikes and LFP during control (left
panel) and CNQX (right panel) shows no change in the correlation function estimate (CFE) value,
indicating a lack of increased synchronicity, but a decrease of the time lag. C, scatter plots from
the neurons shown in Fig. 4-2E, F indicate no CNQX effect on synchronicity (CFE value with no
unit; Lag period in ms). D, scatter plot for the LFP indicates a decrease in the irregularity score (no
unit) after CNQX application in the 12 slices used for the above analyses (Fig. 4-2A-D).
Significance was determined with paired two-tailed t-test (ns, non-significant, ***P< 0.001).

Reproduced with permission from Rawal et al. (2019)
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CHAPTER 5

Locus coeruleus network bursting in newborn rat brain slices is accelerated at
increased regularity by AMPA and kainate whereas quisqualate makes rhythm

irregular

Bijal Rawal and Klaus Ballanyi

Department of Physiology, Faculty of Medicine & Dentistry, 750 MSB, University of Alberta,

Edmonton, T6G2H7 Canada
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5.1. Abstract

Locus coeruleus (LC) neurons are controled by glutamatergic inputs. Here, we studied in neonatal
rat brain slices effects of the ionotropic glutamate receptor (iGluR) agonists AMPA, kainate and
quisqualate on phase-locked non-synchronous LC neuron spiking at ~1Hz summating to ~0.2s-
lasting bursts. At 0.25/0.5uM, AMPA merged bursts into 4.5/5-fold faster and 32/45% shorter
oscillatory events. Several minutes into 0.5uM and earlier into 1uM, oscillation amplitude declined
and tonic activity appeared before rhythm stopped. Kainate had similar effects starting at 0.25uM
whereas 0.5/2.5uM caused 2.7/5.8-fold faster and 26/40% shorter oscillations. At 5/10uM, initial
oscillations progressively declined during tonic activity before rhythm stopped. During stable
oscillations, that were more regular than control LFP, 0.25/2.5uM AMPA/kainate depolarized
neurons by 4.0/4.2mV, accelerated their spiking 3.0/5.3-fold and shortened spike jitter to 64/42%
of control, respectively. Quisqualate, at 0.1-0.25uM, made bursts more irregular with 1.6-fold
increased duration and decreased their amplitude with eventual occurrence of tonic discharge while
neurons depolarized by 3.4mV with 1.8-fold accelerated spiking. At 0.5/2.5uM quisqualate, the
latter effects on LFP were initially more pronounced before rhythm stopped. LFP pattern
transformations by all agonists were reversed by the unspecific iGluR antagonist kynurenic acid
(0.5-2.5mM). Our findings show that AMPA/kainate-evoked neuronal spike acceleration with
enhanced phase-lock causes faster and more regular LC network bursting whereas less accelerated
spiking accompanies more irregular network bursting during quisqualate. This is the first
demonstration that iGluR activation by AMPA and kainate vs. quisqualate has different effects on

neural network activity. The potential functional impact for LC function is discussed.
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5.2. Introduction

Multiple brain functions including arousal, sleep-wake cycle, memory, anxiety and opioid
(withdrawal) effects are under afferent noradrenergic control by the locus coeruleus (LC) in the
dorsal pons (Berridge and Waterhouse, 2003; Aston-Jones and Cohen, 2005). In vivo, LC neurons
show spontaneous pacemaker-like (‘tonic’) single action potential ‘spiking’ or they discharge
phasically during synaptic inputs involving various neurotransmitters including glutamate (Jodo
and Aston-Jones, 1997; Singewald and Phillipu, 1998; Berridge and Waterhouse, 2003; Schwarz
and Luo, 2015). The important functional role of afferent glutamatergic control of the LC is
indicated by notable behavioral effects of systemic or focal LC application of ionotropic glutamate
receptor (iGluR) modulators (Chandley and Ordway, 2012; Chandley et al., 2014). For example,
iGluR activation is involved in transformation of tonic LC neuron spiking into oscillatory (‘burst’)
discharge during systemic morphine application in adult rats (Zhu and Zhou, 2005). As stated in
the latter report, dose-response studies are needed to elucidate the contribution of iGluR subtypes
to this transformation. Regarding iGluR subtypes, fast excitatory neurotransmission is typically
mediated by o-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) binding to a
receptor (AMPAR) that is also activated by kainate (KA) or quisqualate (QUI) (Traynelis et al.,
2010). The other iGluR subtype is activated by NMDA and this NMDR plays important roles in
modulating AMPAR-mediated synaptic responses, €.g. in memory processing (Traynelis et al.,
2010). Electrophysiological studies on brain slices have established that both iGluR subtypes are
functional in LC neurons as the above agonists accelerate their spontaneous spiking (Olpe et al.,

1989; Kogan and Aghajanian, 1995; Zamalloa et al., 2009).

The ability of opioids to transform LC network spiking into bursting is preserved in brain slices

that are devoid of intact glutamatergic innervation, e.g. from the nucleus paragigantocellularis, the
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lateral habenula and the prefrontal cortex (Herkenham and Nauta, 1979; Aston-Jones et al., 1986;
Jodo and Aston-Jones, 1997; Singewald and Phillipu, 1998). This view is based on findings in our
previous study on newborn rat slices establishing that non-synchronous, yet phase-locked LC
neuron spiking at ~1 Hz summates to ~0.2 s-lasting bursts representing a rhythmic local field
potential (LFP) (Rancic et al., 2018). Regarding LC discharge pattern transformation, this report
revealed that the crescendo-decrescendo-shaped (‘bell-shaped’) LFP pattern changes to rhythmic,
several seconds-lasting multipeak bursts during recovery from opioid inhibition and also during
enhanced network excitation caused by raising extracellular K. We hypothesized in that study for
the latter effect that high K" may cause glutamate release into the LC which then acts on iGluR to
transform the LFP pattern. In fact, our recent study on the LC in neonatal rat slices indicated that
activation of auxiliary transmembrane AMPAR regulatory proteins (TARP) by the partial agonist
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) can transform the LFP pattern, though in this case
into fast oscillations (Rawal et al., 2019). Here, we firstly analyzed with dose-response
relationships how exactly iGIuR activation by AMPA, KA or QUI may transform the LFP pattern
and at which high dose coordinated network bursting collapses, likely due to inactivation blockade
of single neuron spiking. We then combined LFP assessment with whole-cell membrane potential
(Vm) recording at intermediate agonist doses to analyze a potential change in the phase-lock of

cellular spiking as indication of a change in the extent of network synchronization.

5.3. Materials and methods

(see Chapter 2)
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5.4. Results
Initial analysis of LFP properties and dose-dependent LFP pattern changes during NMDA or

glutamate application was followed by cellular analyses with combined LFP and Vi, recording.

5.4.1. AMPA-evoked LFP oscillations

Firstly, effects of 5 min bath-applied AMPA were studied on the suction electrode-recorded LFP.
AMPA effects on a single slice are exemplified in Fig. 5-1 while statistical analysis in 5 slices is
presented in Fig. 5-2. As particularly evident from the integrated traces, AMPA had no effect at
0.05 uM whereas 0.1 pM accelerated LFP rate about 1.5-fold (Fig. 5-1A). LFP acceleration was
notably more pronounced at 0.25 uM and bell-shaped single bursts merged into sinusoidally-
shaped events showing with a period time of 2-3 s rhythmic amplitude fluctuations by 10-40 %
(Fig. 5-1B). Similar effects were seen at 0.5 uM AMPA, but burst amplitude decreased
progressively, even into the early phase of washout (Fig. 5-1C1). The LFP amplitude fluctuations
during AMPA-evoked oscillations were due to the occurrence of spontaneous non-phase-locked
‘tonic’ discharge that was evident in the raw traces and could increase the baseline of the integrated
LFP trace (Fig. 5-1C2,D). At 1 uM, AMPA evoked the same oscillations and amplitude

fluctuations, but rhythm was blocked at the end of application (Fig. 5-1D).

The summarized findings from 6 slices in Fig. 5-2 show that AMPA accelerated LFP rate from
53.6 £20.9 bursts/min (i.e. 0.89 + 0.34 Hz) in control to 225 + 54.2 bursts/min (i.e. 4.5 = 1.6 -fold)
at 0.25 puM and to 305 + 80.7 bursts/min (i.e. 5.1 £ 0.8 -fold) at 0.5 uM (Fig. 5-2A1).
Correspondingly, single event duration was shortened from 157 £+ 16.0 ms in control to 106 + 22.8

ms (i.e. 68.2 = 17.6 % of control) at 0.25 uM and to 81.8 = 18.0 ms (i.e. 54.6 = 16.6 % of control)
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at 0.5 uM (Fig. 5-2Az). Single event amplitude decreased to 73.0 + 4.0 % of control at 0.25 uM
and to 58.0 = 13.0 % of control at 0.25 uM (Fig. 5-2A3). The inset in Fig. 5-2A3 shows that the
bell-shape of the LFP burst was retained during AMPA application. Effects of 1| uM AMPA were
not quantified as rhythm was depressed too quickly. Within 11.0 + 4.0 min after start of washout,
the LFP recovered after depression or blockade which occurred in 4 slices at 1.0 pM. At
intermediate concentrations not causing a major depression or blockade of rhythm during
application, no ‘post-agonist depression’ occurred as seen in rat slices with extracellular spike

analysis (Kogan and Aghajanian, 1995; Zamalloa et al., 2009).

The original recordings indicated that 0.25 and 0.5 uM AMPA made LFP rhythm more regular. As
quantified in the above 6 slices for 0.25 pM, the irregularity score value decreased from 60.1 £9.7

in control to 9.2 £ 5.2 in AMPA (Fig. 5-2A3) confirming that LFP bursting became more regular.

5.4.2. KA-evoked LFP oscillations

Next, effects of 5 min bath-applied KA were studied. Findings on a single slice are exemplified in
Fig. 5-3 while statistical analysis in 5 slices is shown in Fig. 5-4. KA effects were very similar to
those of AMPA, except for a shift to slightly higher doses. Specifically, 0.05 and 0.1 uM KA had
no effect while 0.25 pM accelerated the still separate LFP bursts which merged at 0.5 uM (Fig. 5-
3A,B). At 1 uM KA, effects were similar to 0.5 pM with appearance of amplitude fluctuations
indicating rhythmically occurring tonic discharge. At 2.5 uM similar effects were seen plus the
integrated signal trace baseline increased slightly indicating tonic discharge (Fig. 5-3C). At5 uM,

KA caused initially prominent LFP oscillations with amplitude fluctuations and an integrated
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signal baseline increase. Subsequently, oscillations were then progressively depressed until rhythm

was blocked at 4.5 min of application and bursting recovered after 15 min of washout (Fig. 5-3D).

The summarized findings from 5 slices in Fig. 5-4 show that KA accelerated LFP rate from 50.7 +
12.7 bursts/min (i.e. 0.84 £ 0.21 Hz) in control to 134 + 32.4 bursts/min (i.e. 2.7 + 0.6 -fold) at 0.5
uM, to 181 + 36.3 bursts/min (i.e. 3.6 £ 0.6 -fold) at 1 uM and to 282 + 88.8 bursts/min (i.e. 5.8 £
2.5 -fold) at 2.5 uM (Fig. 5-4A1). Correspondingly, single event duration was shortened from 186
+ 48.8 ms in control to 133 = 18.9 ms (i.e. 74.2 + 16.3 % of control) at 0.5 uM, to 127 £ 15.4 ms
(i.e. 70.9 £ 13.5 % of control) at 1.0 uM and 107 + 24.8 ms (i.e. 60.2 = 17.6 % of control) at 2.5
uM (Fig. 5-4A:). Single event amplitude decreased only at 1.0 uM (77.9 £ 11.8 % of control) and
2.5 uM (66.3 £ 14.2 % of control) (Fig. 5-4A3). The inset in Fig. 5-4A1 shows that the bell-shape
of the LFP burst was retained during KA. Effects of 5 uM AMPA were not quantified as rhythm
was depressed and then blocked too quickly in all 5 slices. Within 4.5 = 0.9 min after start of
washout, the LFP recovered after such blockade. At intermediate concentrations not causing a
major depression or blockade of rhythm during application, no post-agonist depression occurred.
As analyzed in all 5 slices at 2.5uM, KA decreased the irregularity score value from 56.4 +25.6 in

control to 7.8 + 3.6 thus making LFP bursting more regular (Fig. 5-4B).

5.4.3. QUI-evoked LFP irregularity

The above results showed that both AMPA and KA, the most commonly used AMPAR agonists
cause very similar fast oscillations and increase the regularity of LC network bursting. While QUI
is a further agonist for this iGluR subtype, it can potentially also activate metabotropic glutamate

receptors (Traynelis et al., 2010).
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Indeed, QUI effects on LFP differed notably from those induced by AMPA and KA as exemplifed
for 1 slice in Fig. 5-5 and analyzed for 7 slices in Fig. 5-6. Specifically, 0.05 uM had no effect
whereas 0.1 uM decreased burst amplitude and increased their duration slightly (Fig. 5-5A) with
occasional appearance of (ramp-shaped) multipeak discharges (Fig. 5-7). At 0.25 uM, LFP bursts
decreased further in amplitude and became more frequent, but individual events could not be
discriminated anymore (Fig. 5-5B). At 0.5 uM, bursts became initially faster at similarly reduced
amplitude before rhythm was blocked close to the end of application and rhythm recovered after

15 min (Fig. 5-5C).

As quantified in 4 of 7 slices, 0.05 uM QUI had no effect on burst rate, duration or amplitude (Fig.
5-6A1-3). As analyzed in all 7 slices, 0.1 uM QUI did not change LFP rate (48.8 &= 17.5 bursts/min
(i.e. 0.81 £ 0.29 Hz) in control vs. 56.3 & 20.3 bursts/min in QUI) (Fig. 5-6A1), but increased burst
duration from 241 + 61.6 ms in control to 404 = 138 ms (i.e. 1.6 £ 0.2 -fold (Fig. 5-6A2) while its
amplitude decreased to 75.0 £ 7.9 % of control (Fig. 5-6A3). The inset in Fig. 5-6A3 shows that the
bell-shape of the LFP burst was changed during QUI. The fact that the irregularity score value was
not changed in the 7 slices (43.7 = 7.5 vs. 40.5 + 6.9) (Fig. 5-6C) indicates that burst rate did not
become more irregular at that dose. Effects of 0.25 uM QUI could not be quantified as rhythm
became too irregular while 0.5-1 pM blocked the rhythm too quickly. Within 13.7 + 10.9 min after
start of washout, the LFP recovered after such blockade. At intermediate concentrations not causing

a major depression or blockade of rhythm during application, no post-agonist depression occurred.
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5.4.4. Receptor-specificity of agonist effects

As shown above, AMPA and KA evoked regular fast oscillations with shortened event duration
whereas QUI made rhythm irregular. The latter effect might be due to a QUI action on metabotropic
receptors. To test this, the unselective iGluR antagonist kynurenic acid was applied during QUI-
evoked LFP transformation (Fig. 5-5D). As studied in 3 slices, the effect was significant as
kynurenic acid reversed both the QUI-evoked prolongation of the LFP burst (Fig. 5-6A2) and the
decrease of its amplitude (Fig. 5-6A3). Corresponding results were obtained with combined LFP
and neuronal Vi, recording. The example in Fig. 5-7 shows that 0.1 uM QUI prolonged LFP bursts
and reduced their amplitude while it slightly depolarized the neuron to increase its AP rate and the
effects were reversed by kynurenic acid. In 3 neurons, 0.1 uM QUI depolarized Vi, from -46.6 +
1.5mV by 3.3+ 1.1 mV (P<0.05) and showed a trend to increase AP rate from 53.6 = 15.3 to 85.3
+ 29.4 spikes/min (Fig. 5-6A4) whereas addition of kynurenic acid to the QUI-containing solution
restored both Vi, and AP rate to control values, i.e. -48.1 = 1.0 mV (P= 0.27) and 42.6 £ 11.0

spikes/min (P= 0.37).

Correspondingly, kynurenic acid countered AMPA and KA effects. In 7 neurons, 0.25 uM AMPA
depolarized Vi from -44.0 £ 2.3 mV by 4.0 £ 1.0 mV (P< 0.01) and increased AP rate from 56.1
+12.5to 175.1 + 68.0 spikes/min (P< 0.01). Kynurenic acid restored Vi, from -41.2 + 1.1 mV to -
452 £ 1.2 mV and AP rate from 192.5 + 82.2 to 50.2 + 19.5 spikes/min as tested in 4 of these
neurons (Fig. 5-8). Similarly, 2.5 uM KA depolarized Vi, of 7 neurons from -47.14 £2.1 by 4.5 £
1.5 mV (P<0.01) and increased AP rate from 63.57 + 22.6 to 272.5 £+ 78.8 spikes/min (P< 0.01)
(Fig. 5-9). Kynurenic acid restored Vi, in 4 of these neurons from -42.25 £ 2.5 to -46.75 £ 2.6 mV
and AP rate from 290 + 87 to 85 + 28 spikes/min (not shown). The correspondingly antagonizing

kynurenic effect on LFP tested in 5 slices is exemplified in Fig. 5-3D.
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5.4.5. Combined LFP and Vm analysis of AMPAR agonist effects on network synchronicity
Our recent study showed that the ~0.2 s-lasting LFP bursts comprise overlapping single spikes
from individual LC neurons that are not synchronous, but rather locked to a particular phase of the
population signal and show each a £33 ms jitter (Rancic et al., 2018). The finding of a shortened
burst duration by AMPA and KA indicates that the agents reduce single spike jitter and might thus
increase network synchronicity while the opposite QUI effects suggest it decreases synchronicity
further. To test this, firstly the effect of the agonists on AP jitter was determined. In 5 neurons
during LFP pattern transformation by 0.25 uM AMPA, the jitter was reduced from +89.3 +24.2 to
+61.4+26.3 ms (i.e. 66.5 = 12.0 % of control) (Fig. 5-10A). Corresponding values for 2.5 uM KA
were £71.5 £34.5 vs. £24.2 + 11.1 ms (i.e. 37.9 = 19.1 % of control) (Fig. 5-10B) whereas QUI
increased jitter in 2 neurons from £75.7 + 18.0 to £228 £ 45.2 ms (i.e. 302 £ 12.0 % of control, or
3.0 £ 0.1-fold) (Fig. 5-10C). These results indicate that AMPA and KA increase phase-lock of LC

network bursting whereas QUI has the opposite effect.

Finally, cross-correlation analysis was done by comparing the integrated LFP signal with
intracellularly recorded spiking. In the above 7 neurons in which AMPA was tested, mean control
values for CFE and lag time were, respectively, 0.31 + 0.08 and 112.8 + 28.1 ms (Fig. 5-11A,D).
Corresponding control values for the 7 neurons recorded during KA were, respectively, 0.36 = 0.05
and 109.3 + 21.6 ms (Fig. 5-11B,D). For 2 neurons tested during QUI, control values were,
respectively, 0.31 £ 0.09 and 105 + 21.02 ms (Fig. 5-11,D). It was not possible to determine for

any of these neurons the CFE or lag time values during the agonist effect (Fig. 5-11).
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5.5. Discussion

It was found here that LFP rhythm in the neonatal rat LC transforms its burst pattern during
AMPAR activation. Specifically, AMPA and KA cause bell-shaped bursts to merge into faster,
more regular and shorter oscillations, the latter reflected by decreased cellular spike jitter. Contrary,
QUI makes rhythm more irregular and, if still recognizable, smaller amplitude bursts have an
increased duration due to enhanced spike jitter. All LFP pattern transformations were reversed by
the non-selective iGIuR blocker kynurenic acid. In summary, this is the first demonstration that the
AMPAR agonist QUI has a different action on neural network bursting than the more commonly

used AMPA and KA. Possible mechanisms and consequences for LC functions are discussed.

5.5.1. AMPAR-mediated effects on LFP

We showed previously that spontaneous LC neuron spiking is jittered, yet phase-locked to generate
rhythmic ~0.2-lasting LFP bursts (Rancic et al., 2018). Here, we found that LFP bursts are bell-
shaped in control and also during AMPAR stimulation indicating that spike jitter in the neurons
generating this signal distributes equally around the LFP peak. In our above report, the LFP pattern
changed to ~3 s-lasting multipeak plateaus upon increasing LC excitability with raised extracellular
K" or during recovery from opioid inhibition (Rancic et al., 2018). Here, neither agonist
transformed the LFP pattern to such prolonged bursting. Specifically, AMPA and KA merged
separate LFP bursts into faster and shorter oscillatory events showing amplitude fluctuations that
reflect increased tonic activity during the smaller amplitude phase. Contrary, low QUI doses caused
smaller and prolonged LFP bursts. All changes were caused by AMPAR activation as they were
countered by the unselective iGluR antagonist kynurenic acid. It is not clear why AMPA- and KA-

evoked pattern transformation was opposite to that induced by QUI. Properties of AMPA-, KA- or
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QUI-evoked currents differ mainly in their AMPAR affinity, amplitude or activation vs.
desensitization characteristics (Traynelis et al., 2010; Reiner and Levitz, 2018). However, a recent
study revealed different binding sites in the TARP-AMPAR complex for QUI vs. KA (Chen et al.,
2017). It remains to be elucidated whether this might result in a basically different

electrophysiological response to these agents in situ.

At high AMPA and KA doses, tonic LC network spiking was more pronounced as indicated by an
increased integrated LFP trace baseline. A similar effect was seen during (enhanced seizure-like)
rhythmic LFP discharge in the neonatal rat inspiratory center (Panaitescu et al., 2009, 2013) and
the lumbar spinal locomotor network (Taccola et al., 2012). Spiking in single LC neurons of
juvenile and adult rat slices persisted at increased rate at 10 uM AMPA, KA or QUI (Kogan and
Aghajanian, 1995; Zamalloa et al., 2009) whereas here the LFP was abolished by 1 uM AMPA, 5
uM KA and 0.5 uM QUI. Vp, recording at these doses is needed to determine if LC neurons under
the present experimental conditions (or at that earlier developmental stage) are more sensitive to
spike inactivation by the agents or network connectivity collapses already at lower doses. However,
if the latter would be the case, tonic LFP discharge should have been observed here whereas all
activities were blocked. As a further discrepancy with previous studies, no iGIluR desensitization-
related post-agonist depression occurred early during washout of the agents as detected previously

with single spike recording (Kogan and Aghajanian, 1995; Zamalloa et al., 2009).

In summary, suction electrode-based LFP recording revealed here novel features of neonatal LC

network organization as in our recent studies (Rancic et al., 2018; Rawal et al., 2019).
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5.5.2. LC synchronicity analysis with combined LFP and neuronal Vm recording

AMPA- or KA-evoked LFP oscillations were faster and shorter than control bursts whereas QUI
increased the duration of separate bursts if still present. However, the hypothesis that AMPA and
KA enhance neonatal LC synchronicity, whereas QUI weakens it, was not substantiated by cross-
correlation analysis of neuronal spiking and LFP although both agonists reduced intracellular spike
jitter (Fig. 5-11). As possible explanation, neonatal LC neurons are coupled via gap junctions.
Specifically, in neonatal rat slices Vi recording in LC neuron pairs and use of the blocker
carbenoxolone established that gap junctions synchronize intrinsic thythmic Ca®"-dependent Vi
oscillations with a spike at their peak (Williams and Marshall, 1987; Christie et al., 1989; Ishimatsu
and Williams, 1996; Christie, 1997). Moreover, the LFP persists during iGIuR blockade with
kynurenic acid, shown recently (Rawal et al., 2019) and here, and also during combined blockade
of GABA 4 and glycine receptors (Kantor et al., 2012). Correspondingly, single LC neuron spiking
in slices persisted in the presence of these inhibitors of the most common excitatory and inhibitory
synaptic transmission (Alvarez et al., 2002; Olpe et al., 1988, 1989; Zamalloa et al., 2009). If gap
junctions are mainly important for neonatal LC network connectivity, then AMPA and KA might
increase and QUI decrease such coupling like in the inferior olive neural network (Turecek et al.
2014). Contrary, in the adult rat LC neuromodulators do presumably not directly counteract the
postnatal decrease of gap junction coupling and instead neuromodulator-evoked spike slowing
itself reverses this decrease (Alvarez et al., 2002). While that study did not reveal a correlation in
neonatal rats between spike rate and gap junction-coupling, we found that faster spiking increases
(for AMPA and KA) or decreases (for QUI) the regularity of rhythm. We hypothesized recently
that incomplete neonatal LC synchronicity reflects neuronal differences regarding spontaneous
neuromodulator release which changes Vi close to the oscillation peaks thus altering spike

threshold (Rancic et al., 2018). Therefore, a QUI-evoked decrease in the regularity of LFP rhythm
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may also occur if LC neuron subclasses express different types and/or numbers of AMPAR and
are thus depolarized to different extent and reach spike threshold at diverging times. This is

discussed in detail below.

5.5.3. Mechanism of AMPA- and KA-evoked LFP amplitude fluctuations

The observation that during both AMPA and KA larger amplitude faster oscillatory bursts
alternated rhythmically with periods of smaller amplitude bursts might be explained as follows.
The increased spike rate during AMPA and KA here and in previous slice studies (Olpe et al.,
1989; Alvarez et al., 2002; Zamalloa et al., 2009) likely causes an enhanced Ca?" influx (Metzger
et al., 2000; Kulik et al., 2002). This might activate SK-type Ca*"-activated K" channels that
presumably cooperate with L-type and T-type Ca®" channels to regulate pacemaker-like spike
discharge in LC neurons of mouse slices (Matschke et al., 2015, 2018). The number of these
channel types, their distribution between soma and the ‘pericoerulear’ dendrites (Ishimatsu and
Williams, 1996) or the distance between them might differ between LC neuron subtypes.
Accordingly, similarly accelerated spiking might cause SK channel-mediated after-
hyperpolarizations of different amplitude to delay by a different extent the next spike discharge to
result in decreased phase-lock. The number of neurons recorded here was too small to analyze a
correlation between the tonic activity periods and irregularities between cellular spiking. This
analysis can be done in future studies with either multi-electrode array recording (Ferrea et al.,
2012) or (fluorescent protein) voltage sensor imaging (Abdelfattah et al., 2016; Quicke et al.,

2017).
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5.5.4. LFP transformation due to modular LC organization

Our findings that an already complex LC population burst can transform into different patterns
during AMPA, KA vs. QUI (here), CNQX-evoked TARP activation (Rawal et al., 2019) and, in
different fashion during high K* or opioids (Rancic et al., 2018), indicates that neuron-astrocyte
modules cooperate within the LC. There seems to be a causal link between LC discharge pattern
transformation, opioids and iGluR. Specifically, transformation of tonic spiking into oscillatory
(‘burst’) discharge during systemic p-opioid receptor activation in adult rats was reversed by
injecting NMDAR or AMPAR blockers into the LC (Zhu and Zhou, 2015). The authors
hypothesized in this study that iGluR-dependent LC bursting is important for opioid tolerance and
dependence. In fact, modulation of iGluR activity in LC neurons has a plethora of behavioral
effects (Price et al., 2009; DiazGranados et al., 2010; Chandley and Ordway, 2012; Chandley et
al., 2014) that might critically depend on burst patterns. Similarly, pulse trains (but not single
pulses) applied to the adult rat LC in vivo elicit changes in medial prefrontal cortex activity
resembling those in LC noradrenaline input-dependent memory tasks (Marzo et al., 2014). A
related study from that group proposed that the temporal structure of [ LC-mediated] noradrenergic
modulation may dynamically enhance or attenuate cortical responses to stimuli (Safaai et al., 2015).
Their recent multi-unit recording in adult rats LC in vivo revealed only synchronicity in few neuron
assemblies while they discovered a novel infra-slow (0.01-1 Hz) fluctuations of LC unit spiking
(Totah et al., 2018). They concluded that ‘the [adult] LC is a complex and differentiated
neuromodulatory system’. Our in vitro findings extend this view to the neonatal rat LC and future
studies will likely unravel novel neuropharmacological interactions in the neuron-astrocyte

modules.
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5.6. Figures and Legends
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Fig. 5-1: Pattern transformation of local field potential (LFP) in one newborn rat locus
coeruleus (LC) slice by a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA).
The LFP was recorded with a 40-60 um tip size superfusate-filled suction electrode positioned on
the slice surface in LC neuron soma area. The differentially-amplified (10 k) and bandpass-filtered
(0.3-3 kHz) ‘raw’ signal was also recorded after integration (J, time-constant 50 ms). 5 min bath-
application of the ionotropic glutamate receptor (iGluR) agonist AMPA slightly accelerated LFP
rate at 0.1 uM (A) whereas 0.25 uM merged separate bursts into faster sinusoidally-shaped
oscillations showing every 2-3 s periodic amplitude fluctuations by 10-40 % (B). C1, C2 Within
the first 3 min into 0.5 uM AMPA, similar oscillations occurred which then showed a progressive
decrease in amplitude that continued into the early phase of washout. D, After initially similar

effects, 1 uM AMPA abolished rhythm which recovered within 25 min after start of washout.
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Fig. 5-2. Quantification of AMPA effects on LFP and single neuron spiking. A, analysis in 5
slices indicated by each symbol revealed that LFP burst rate (A1) increased and single event
duration (A2) and amplitude (A3) decreased at 0.25 and 0.5 uM (As). B, in 6 different slices
simultaneous LFP monitoring and whole-cell membrane potential (Vm) recording in a single
neuron unraveled a similar increase in LFP burst rate and cellular spiking at 0.25 uM AMPA. C,
in 6 different slices determination of the irregularity score showed that 0.25 uM AMPA made LFP
rhythm more regular. D, overlay and subsequent averaging of 5 subsequent bursts from 4 slices
revealed a bell-shaped LFP envelope during both control and AMPA 0.25 uM AMPA with a
Gaussian fit of R?>= 0.98 and R*= 0.97, respectively. Lines indicate mean values (dotted line) + SD
(solid line), significance was determined with one-way ANOVA with Dunnett’s post test in A1
(F(1,5)=29.64, P<0.0001), Az (F(1, 5) =20.42, P<0.0001) and A3 (F(1, 5) =20.58, P<0.0001)
and two-tailed paired t test in B and C **P< 0.01, *** P<(0.001).
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Fig. 5-3: Effects on LFP of 5 min bath-application of the iGluR agonist kainate (KA). A, B,
0.1 and 0.25 pM KA accelerated LFP bursts which merged at 0.5 uM into faster sinusoidally-
shaped events with 10-40 % amplitude fluctuations every 2-3 s. C, at 1 uM KA, oscillation rate
increased further and amplitude fluctuations were more pronounced like at 1 uM which also
increased the baseline of the integrated signal trace as indication of tonic discharge (C1). The traces
in C2 from the dotted line box in Ci1 show at higher time resolution that smaller amplitude
oscillatory events on the integrated trace at 2.5 uM KA are due to appearance of tonic discharge in
the raw trace. D, at 5 uM KA initially oscillatory events with amplitude fluctuations turned within

4.5 min after start of application into blockade of rhythm which recovered after 15 min of washout.
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Fig. 5-4: Quantification of KA effects on LFP and single neuron spiking. A, analysis in 5 slices
revealed that LFP burst rate (A1) increased and single event duration (Az) decreased at 0.5 1.0 and
2.5 uM KA whereas its amplitude decreased only at 1.0 and 2.5 uM (As). B, in 5 different slices
simultaneous recording of LFP and Vi, in a single neuron revealed a similar increase in LFP burst
rate and cellular spiking at 2.5 uM KA. C, in 5 different slices the irregularity score shows that 2.5
uM KA made LFP rhythm more regular. D, overlay and subsequent averaging of 5 subsequent
bursts from 4 slices revealed a bell-shaped LFP envelope during both control and 2.5 uM KA with
a Gaussian fit of R?= 0.91 and R?= 0.99, respectively. Lines indicate mean values (dotted line) +
SD (solid line), significance was determined with one-way ANOVA with Dunnett’s post test in
A1 (F(1,7)=20.98, P<0.0001), A2 (F(1,7) =4.55, P<0.05) and A3 (F(1, 7) =7.90, P<0.01) and
two-tailed paired t test in B and C **P< 0.01, *** P<0.001).
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Fig. 5-5
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Fig. 5-5: Effects on LFP of 5 min bath-application of the AMPAR-type iGluR agonist
quisqualate (QUI). A, 0.05 uM QUI had no effect whereas 0.1 uM decreased burst amplitude and
increased its duration. B, following recovery of LFP within 8§ min of wash 0.25 uM QUI turned
rhythm into small amplitude irregular events. C, at 0.5 uM QUI rhythm became initially irregular
with tonic discharge causing an increase of integrated signal baseline before it was blocked 0.5 min
before the end of application. D, in a different slice LFP pattern transformation by 0.1 uM QUI
was reversed in the continuous presence of QUI after 2 min preincubation of the unselective iGluR

antagonist kynurenic acid (2.5 mM).

106



Fig. 5-6
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Fig. 5-6: Quantification of QUI effects on LFP and single neuron spiking. A, analysis in 6
slices showing still separate bursts during LFP pattern transformation in QUI revealed that burst
rate (A1) changed neither during 0.05 or 0.1 uM QUI nor 0.1 pM QUI in 2.5 mM kynurenic acid.
Contrary, 0.1 uM QUI increased burst duration (A2) plus decreased its amplitude (A3) and both
effects were reversed in 3 of these slices tested by kynurenic acid (Az, A3z). B, in 5 different slices
simultaneous recording of LFP and Vi, in a single neuron showed no change in LFP or cellular
spike rate at either 0.1 or 0.15 uM QUI. C, in 7 different slices the irregularity score value was not
changed indicating no effect on regularity of LFP rhythm. D, overlay and subsequent averaging of
5 subsequent bursts from 4 slices revealed a bell-shaped LFP envelope during both control and 100
uM QUI with a Gaussian fit of R>= 0.96 and R?= 0.94, respectively. Lines indicate mean values
(dotted line) + SD (solid line), significance was determined with one-way ANOVA with Dunnett’s
post test in A1 (F(1, 5) =0.24, P=0.93), Az (F(1, 7) =4.03, P< 0.05) and A3 (F(1, 7) =24.90, P<
0.0001) and two-tailed paired t test in B and C **P<0.01, *** P<(0.001.
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Fig. 5-7
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Fig. 5-7: Effects of QUI and kynurenic acid on LFP and neuronal Vm. A, the continous traces
show that QUI transformed the LFP pattern with a concomitant increase of neuronal spike rate and
that kynurenic acid reversed these effects. B, the traces on an expanded time scale taken at the time
period indicated by the grey boxes show that LFP burst shape was transformed by QUI into
prolonged ramp-shaped events while neuronal spiking was accelerated although resting Vi, only
depolarized by 2.5 mV (B1) and that kynurenic acid restored a control LFP burst shape and

decreased spike rate in association with 2 mV repolarization of Vi, (B2).
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Fig. 5-8: AMPA and kynurenic acid effects on LFP and neuronal Vm. A, the continous traces
show that AMPA transformed the LFP pattern into fast oscillations with concomitant acceleration
of neuronal spiking and that kynurenic acid reversed these effects. B, the traces on an expanded
time scale taken at the time indicated by the grey boxes shows AMPA-evoked fast LFP oscillations
associated with accelerated neuronal spiking due to Vi depolarization by 5 mV (Bi1) while
kynurenic acid restored a control LFP pattern and decreased spike rate in association with a 5 mV

repolarization of Vi, (B2).
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Fig. 5-9: Effects of KA on LFP and neuronal Vm and reversal of LFP pattern transformation
by kynurenic acid. A, the continous traces show that KA transformed the LFP pattern into fast
oscillations with a concomitant increase of neuronal spike rate. B, the traces on an expanded time
scale taken at the time indicated by the grey boxes show that LFP burst shape was transformed by
AMPA into fast oscillations with accelerated neuronal spiking due to Vi depolarization by 5 mV.
B, in a different slice kynurenic acid restored the KA-evoked LFP oscillations to a normal burst

pattern.
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Fig. 5-10
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Fig. 5-10: AMPA- and KA-evoked reduction and QUI-evoked increase in neuronal spike
jitter. A, simultaneous recording of LFP and Vi, revealed in 3 different neurons (A1-As3) that 0.25
uM AMPA shortened LFP duration (average from 11-15 consecutive bursts) with a concomitant
reduction of spike jitter (overlay of Vi, traces for the corresponding LFP bursts). Note that the
neurons differed regarding the phase-lock of spiking, e.g., the neuron in A1 discharged primarily
between the first third and the peak of the LFP, whereas the neuron in A3 discharged either very
early or around the LFP peak. B, C, example for a corresponding reduction in spike jitter in a
neuron during 2.5 uM KA (B) and, in a different cell, an increase in jitter during 0.1 uM QUI (C).
D, averages for the percentage reduction in LFP duration (upper traces) and spike jitter (lower
traces) in 4 neurons during 0.25 uM AMPA and 2.5 uM KA. Statistics could not be calculated for
the QUI-evoked increase in spike jitter as only 2 neurons were tested (in which jitter increased 3.10
and 2.93 -fold compared to control. Lines indicate mean values (dotted line) + SD (solid line),

significance was determined with two-tailed paired t-test with **P< (.01, *** P<(0.001).
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Fig. 5-11: Cross-correlation analysis between neuronal spiking and LFP peak during AMPA,
KA and QUI. A, left panel illustrates for the neuron shown in Fig. 4-8A that the cross-correlation
function estimate (CFE) value and the lag time were 0.47 and 90 ms, respectively, indicating a
certain extent of synchronicity. In contrast, no values could be determined during AMPA. B, C,
corresponding results were obtained for a neuron in 2.5 pM KA (B) and 100 uM QUI (C). D,
shows statistical data for CFE and lag time values in control for 6 neurons tested subsequently for
AMPA and 5 different cells analyzed for KA. Lines indicate mean values (dotted line) = SD (solid

line), significance was determined with two-tailed paired t-test with non-significan (ns) P> 0.06.
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CHAPTER 6

NMDA enhances and glutamate attenuates synchronization of spontaneous

phase-locked locus coeruleus network bursting in newborn rat brain slices

Bijal Rawal, Vladimir Rancic & Klaus Ballanyi

Department of Physiology, Faculty of Medicine & Dentistry, 750 MSB, University of Alberta,

Edmonton, T6G2H7 Canada
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6.1. Abstract

Locus coeruleus (LC) neurons are controled by glutamatergic inputs. Here, we studied in brain
slices of neonatal rats NMDA and glutamate effects on phase-locked LC neuron spiking at ~1Hz
summating to ~0.2s-lasting bell-shaped bursts. NMDA: 10uM accelerated this local field potential
(LFP) 1.7-fold whereas 25 and 50uM, respectively, increased LFP rate 3.2- and 4.6-fold while
merging bursts into 43 and 56% shorter oscillations. After 4-6 min, LFP oscillations stopped every
6s for 1s resulting in ‘oscillation trains’ progressively decreasing in amplitude and duration. 100uM
abolished rhythm. 32uM depolarized neurons by 8.4mV to cause 7.2-fold accelerated spiking at
reduced jitter (=14ms vs. £104ms in control) and enhanced synchronization with the LFP as evident
from cross-correlation. Glutamate: 25-50uM made rhythm more irregular and LFP pattern
transformed in 60% of cases into 2.7-fold longer-lasting multipeak bursts. 100uM initially
enhanced these effects before LFP amplitude and duration declined. 250-500uM blocked rhythm.
25-50uM depolarized neurons by SmV to cause 3.7-fold acceleration of spiking that was less
synchronized with LFP as evident from cross-correlation. Both agents: evoked ‘post-agonist
depression’ of LFP that correlated with the amplitude and kinetics of Vi hyperpolarization. A
similar depression was seen initially during countering glutamate effects with kynurenic acid (0.25-
2.5mM). The findings show that accelerated spiking during both NMDA and glutamate is
associated, respectively, with enhanced or attenuated LC synchronization causing distinct LFP
pattern transformations. Consequently, ionotropic glutamate receptors differentially shape LC
population burst dynamics to potentially enable this ‘modular’ network to fine-tune its influence

on multiple brain functions.
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6.2. Introduction

The locus coeruleus (LC) in the dorsal pons is the source for noradrenergic innervation of most
brain structures and consequently controls multiple behaviors including arousal, sleep-wake cycle,
breathing, memory, pain sensation, anxiety and opioid (withdrawal) effects (Foote et al., 1983;
Berridge and Waterhouse, 2003; Aston-Jones and Cohen, 2005). LC neurons show In vivo
spontaneous pacemaker-like (‘tonic’) single action potential firing or they discharge phasically
during afferent synaptic inputs involving various neurotransmitters including glutamate (Jodo and
Aston-Jones, 1997; Singewald and Phillipu, 1998; Berridge and Waterhouse, 2003; Aston-Jones
and Cohen, 2005; Schwarz and Luo, 2015). The important role of glutamate for LC functions is
evident from the fact that application of modulators of ionotropic glutamate receptors (iGluR)
notably affects brain activities (Chandley and Ordway, 2012; Chandley et al., 2014). For example,
the NMDA-type iGIuR antagonist ketamine has an acute antidepressant action that can reduce
suicide ideation (Price et al., 2009; DiazGranados et al., 2010). Moreover, iGluR activation is
involved in transformation of tonic LC neuron spiking into oscillatory (‘burst’) discharge during
systemic morphine application in adult rats (Zhu and Zhou, 2005). According to that study, dose-
response analyses are needed to determine whether both NMDA-type receptors (NMDAR) and
non-NMDA-type (i.e. AMPAR-type) iGluR are involved in this opioid-evoked discharge pattern
transformation. The authors also noted it is unknown whether systemic morphine primarily affects
brain areas outside the LC. In that regard, particularly the nucleus paragigantocellularis, the lateral
habenula and the prefrontal cortex send glutamatergic axons to the LC (Herkenham and Nauta,
1979; Aston-Jones et al., 1986; Jodo and Aston-Jones, 1997; Singewald and Phillipu, 1998).
Electrophysiological recording in brain slices that are devoid of these and other afferent
glutamatergic structures has established though that activation of either type of iGluR accelerates

tonic LC neuron spiking (Olpe et al., 1989; Kogan and Aghajanian, 1995; Zamalloa et al., 2009).
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The lack of occurrence of NMDAR- and AMPAR-dependent LC bursting in vitro might be due to
the fact that responses of single neurons were monitored in the latter studies. Instead, local field
potential (LFP) recording might have revealed a more complex LC network response as seen in
various brain structures, both in vivo and in vitro (Ballanyi and Ruangkittisakul, 2009; Buzsaki et
al., 2012; Einevoll et al., 2013; Totah et al., 2018). In that regard, we found with suction electrode
recording that the LC in newborn rat brain slices generates a spontaneous ~0.2 s-lasting LFP at a
rate of ~1 Hz (Rancic et al., 2018). As one major new finding, we reported in that study that this
LFP pattern can transform to rhythmic several seconds-lasting multipeak bursts during either
increased LC network excitability evoked by raised extracellular K* or recovery from opioid
inhibition. Such transformed bursting resembles NMDA-evoked rhythmic neuronal activities in
slices of various brain circuits (Neuman et al., 1989; Zhu et al., 2004; Sharifullina et al., 2008;

Mrejeru et al., 2011).

Here, we firstly analyzed with dose-response relationships whether iGluR activation by NMDA or
glutamate mimics the K*- or opioid-evoked LFP pattern transformation. Secondly, we combined
LFP assessment with membrane potential (Vm) recording to analyze whether NMDA and glutamate
effects on network bursting are more complex than the above mentioned dose-dependent

acceleration of single neuron spiking and at which dose activity pattern transformation might occur.

6.3. Materials and methods

(see Chapter 2)
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6.4. Results
Initial analysis of LFP properties and dose-dependent LFP pattern changes during NMDA or

glutamate application was followed by cellular analyses using combined LFP and Vi, recording.

6.4.1. LFP shape and signal analysis

Recently, we reported that the neonatal rat LC generates in a brain slice at 1 Hz rhythmic ~0.2 s-
lasting LFP bursts comprising non-synchronous, yet phase-locked single spikes from individual
LC neurons (Rancic et al., 2018). Here, we studied these bursts in more detail to enable a
comparison with potential LFP pattern transformations during NMDA or glutamate. The LFP was
immediately seen when the suction electrode touched the slice surface in the LC neuron somata
area. Its amplitude increased progressively until steady-state was reached after 0.5-1 h. The signal
was stable, often for >5 h, particularly when up to 5 mmHg negative pressure was applied to the
electrode (and sometimes needed to be re-applied when signal amplitude decreased
spontaneously). Using the same 40-60 um tip diameter electrode in a given slice, LFP amplitude
and shape did not vary at different positions within the LC. In >70 % of 29 slices in total, LFP burst
rate, duration and amplitude was regular (Fig. 6-1A1-A3). In the other cases, the rhythm was more

irregular and LFP bursts could show several peaks evident in the integrated signal (Fig. 6-1A4).

In 5 slices with regular rhythm and typical burst shape, LFP rate ranged from 0.80 to 1.40 Hz (mean
1.09 £ 0.22 Hz, i.e. 65 = 14 bursts/min). Burst duration ranged from 0.13 to 0.2 s (mean 0.16 +
0.02 s) and integrated LFP amplitude was 0.65 to 0.97 mV (mean 0.82 + 0.13 mV). Fig. 6-1B
shows overlayed traces of 5 consecutive LFP bursts from each of these 5 slices. The mean of the

integrated trace was fitted well with a bell-shaped Gauss function (R? value: 0.98) (Fig. 6-1B).
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The typically sparse irregularity of LFP bursts between slices and also between cycles in the same
slice (Fig. 6-1) is due to the fact that not every neuron spikes during each cycle and phase-lock of
their spiking, related to that of other neurons and the LFP, shows a jitter (Rancic et al., 2018). This
was also seen here in LFP plus extracellular spike recording from 5 neuron pairs (Fig. 6-2). The
suction electrode was positioned at the rim of the LC close to the 4™ ventricle while the spike-
detecting patch electrodes were positioned in randomly chosen spots within the LC (Fig. 6-2A).
There was no correlation between spike pattern and the patch electrode position. Due to the
variability of spiking that overlaps to form the LFP, it was not possible to determine exact numbers
of contributing neurons. However, typically each LC neuron discharges only 1 AP per cycle or
shows a spike failure (Fig. 6-2B). Thus, based on an estimate of the number of partially overlapping
spikes in the raw signal, the LFP typically represents summated discharge in 5-15 cells. In some
cases, the LFP contained large amplitude spikes from 1-3 neurons whose somata were likely

located closer to the electrode than those from cells with smaller amplitude signals (Fig. 6-1A).

6.4.2. NMDA and glutamate-evoked LFP pattern transformation

The above findings indicate that the LFP burst is bell-shaped due to a normal distribution of the
occurrence of single spikes that jitter similarly around the LFP peak. Next, dose-response
relationships were studied for effects of bath-applied NMDA and glutamate to determine the
thresholds for putative LFP pattern transformation and elucidate whether high concentrations

perturb network bursting as previously reported for single neuron spiking (Olpe et al., 1989).

NMDA effects on LFP: Examples for NMDA effects are given in Fig. 6-3 while statistical analysis

from very similar findings in 4 slices is summarized in Fig. 6-4. At 10 uM, 5 min NMDA
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application slightly increased the rate of LFP bursts and shortened their duration (Fig. 6-3A). 25-
50 uM NMDA enhanced these effects in the early phase when separate bursts merged to sinusoidal,
still bell-shaped, oscillations with <15 % amplitude fluctuations. As discussed before (Rawal et al.,
2019), the low amplitude LFP occurs during a time when the network shows decreased phase-lock
resulting in more random ‘tonic’ activity (Fig. 6-3B1, B2, C1, C2). In the later phase of 25-50 uM
NMDA, LFP oscillations were rhythmically depressed for ~1 s (Fig. 6-3B1, B2, Ci1). During
resulting LFP ‘oscillation trains’, the rate of individual oscillations increased slightly further, but
single event duration did not decrease more. After 2-5 stable cycles, oscillation trains became
shorter with a decline of both oscillation amplitude and regularity toward their end (Fig. 6-3B2, C1,
C3). The onset of oscillation trains and also their progressive amplitude decrease was less delayed
at 50 and 100 uM NMDA than at 25 pM, transforming rhythm later during the application into
‘spikes’ before the LFP was blocked (in 3 of 4 cases at 100 uM and in the other case at the end of
at 50 uM) (Fig. 6-3C3). The modest stimulatory NMDA effects at 10 uM, and initially at 25 pM,
were consistent for the 4 slices. Contrary, transition of accelerated LFPs into LFP trains occurred

at 25 uM in 2 of these slices and at increasing the dose from 25 to 50 uM in the other 2 cases.

In the 4 slices, LFP duration (in ms) decreased from 183 £38 to 133 + 18 at 10 uM, 105 + 19 early
at 25 uM, 78 + 23 late (i.e. during oscillation trains) at 25 uM and 81 + 5 early at 50 uM (Fig. 6-
4A, B). Conversely, the rate of the still bell-shaped LFP (see inset in Fig. 6-4) increased (in
bursts/min) from 77 £+ 25 in control to 126 £ 19 (1.7-fold) at 10 uM, 250 £ 30 (3.2-fold) ‘early’ at
25 uM, 356 + 46 (4.6-fold) ‘late’ at 25 and 347 + 48 (4.5-fold) ‘early’ at 50 uM (Fig. 6-4A, C).
LFP amplitude did not change at any NMDA dose (Fig. 6-4A, D). While for the determination of
mean amplitudes, their fluctuations were averaged out, the extent of the periodic amplitude change

of early LFP oscillations tended to increase from <15 % at 25 uM to 40-50 % at 50 uM. When LFP
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oscillation trains at 50 uM (n= 4) were stable in their early phase for 3 cycles, their duration was

6.06 = 2.64 s and rhythmic LFP blockade lasted 0.94 + 0.34 s.

Glutamate-effects on LFP: An example for glutamate effects is given in Fig. 6-5 for 1 of 6 slices

tested. In 4 slices at 25 uM, and the other 2 upon changing from 25 to 50 uM, glutamate made the
rhythm more irregular with appearance of variable amplitude and duration events that included in
4 of these cases ramp-shaped multipeak bursts (Fig. 6-5A, B). Applying glutamate to these slices
at one dose above the pattern-transforming one (i.e. at 50 or 100 uM) firstly had the same effect.
After 1-2 min though, tonic discharge developed and activity decreased 1-2 min later (Fig. 6-5C).
100, 250 and 500 uM glutamate caused initially similar tonic discharge which then progressively
declined until rhythm stopped at 250 uM in 4 of the 6 slices and in 1 case each at 100 or 500 uM
(Fig. 6-5D). In 2 of the 4 slices, irregular small amplitude ~0.05 s-lasting LFP spikes persisted

during blockade of rhythm at 250 uM (not shown).

As glutamate made rhythm irregular, effects could only be quantified in the 4 slices (2 at 25 and 2
at 50 uM) showing separate ramp-shaped multipeak bursts. In these cases, burst duration increased
from 232 £ 27.7 ms in control to 624 £ 150 ms (P= 0.002) (i.e. 2.7-fold) while LFP rate showed a

trend to rise from 42.3 £ 7.2 /min to 57.3 £ 15.6 bursts/min (P=0.13).

6.4.3. NMDA and glutamate effects on network synchrony and irregularity
The above findings showed firstly that (during the later phase of) 50-100 uM NMDA and 100-500
uM glutamate the LFP was blocked. Whereas these values are similar to those causing inactivation

of single LC neuron spiking in adult rat brain slices in 1 study (Olpe et al., 1989), spiking persisted
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at substantially increased rate in 2 similar reports (Kogan and Aghajanian, 1995; Zamalloa et al.,
2009). While 10-50 uM NMDA notably accelerated the LFP, glutamate did not increase burst rate,
but transformed regular LFP bursting into an irregular thythm. Contrary, 25-50 uM NMDA
changed the LFP pattern to higher frequency, shorter duration oscillations initially, until the
oscillations became rhythmically interrupted later during the application. The NMDA-evoked
shortening of burst duration indicates an increase in network synchronization whereas the observed
increased burst duration and irregularity of rhythm indicates the opposite for glutamate. To
substantiate this assumption, cross-correlation analysis was done between LFP peaks and the

associated intracellular spikes.

Glutamate-evoked attenuated synchronization: Cross-correlation analysis of glutamate effects was

done in 6 slices. In 3 of these cases, 25 uM glutamate transformed the LFP pattern within 2-3 min.
In the other 3 cases, the glutamate dose was increased after 5 min from 25 uM to 50 uM which
transformed the pattern within further 2-3 min. An example for the latter approach is shown in Fig.
6-6A. In this neuron, LFP pattern transformation by 50 uM glutamate was accompanied by a 7 mV
depolarization of Vi, from its ‘resting’ value of -45 mV. Concomitant with this depolarization,
cellular discharge was accelerated from 48 to 228 spikes/min. The cross-correlogram in Fig. 6-6A
for the recording from this neuron showed a shallower peak in glutamate vs. control indicating
decreased synchronization and, correspondingly, the CFE value decreased from 0.5 to 0.35 while
time lag increased from 90 to 150 ms (Fig. 6-6B). The scatter plots for 5 neurons show that the
effects were significant (Fig. 6-6C). Spiking in 1 apparently similarly responding neuron did not
cross-correlate with the LFP could thus not be analyzed. For the 6 neurons, mean values were -

47.3 +£2.9 mV for resting Vi, 5.0 £ 1.1 mV (P< 0.001) for the glutamate-evoked depolarization
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and 52.1 £ 4.6 vs. 194 + 61.0 spikes/min (P< 0.001) (i.e. a 3.7-fold acceleration) for control vs.

glutamate.

NMDA-evoked enhanced network synchronization: Based on the above results from the dose-

response relationships, 32 uM NMDA was applied to 7 neurons for cross-correlation analysis as
this dose should rapidly transform the LFP pattern while not evoking oscillation trains too quickly.
In the neuron of Fig. 6-7A, 32 uM NMDA caused from -50 mV a 10 mV depolarization early
during pattern transformation and its discharge rate increased at the same time from 39 to 336
spikes/min. The cross-correlogram for this recording revealed enhanced synchronization in NMDA
as the CFE value increased from 0.32 to 0.73 with a concomitant decrease of time lag from 110 to
3 ms (Fig. 6-7B). The scatter plots for 5 neurons show that the effects were significant (Fig. 6-7C).
Spiking in the other 2 apparently similarly responding neurons did not cross-correlate with LFP
and could thus not be analyzed. For the 7 neurons, mean values were -48.6 = 2.4 mV for resting
Vi, 8.4+ 2.3 mV (P<0.001) for the NMDA-evoked depolarization and 49.4 £ 6.1 vs. 355 £ 35.6
spikes/min (P< 0.001) (i.e. a 7.2-fold acceleration) for control vs. NMDA. In line with the
assumption based on these findings that network synchronization was enhanced, the jitter of the
time point of spiking in these neurons related to the LFP decreased from +103.8 + 34.4 ms in

control to £13.9 + 2.25 ms in NMDA (i.e. to 15.2 £ 7.2 % of control) (Fig. 6-7D).

6.4.4. Vm changes during NMDA-evoked oscillation trains
Next, it was studied how NMDA-evoked LFP oscillation trains correlate with the changes of
neuronal V. 32 uM NMDA was used again as oscillation trains in 25 pM tended to start only after

several minutes whereas 50 uM depressed them too quickly. Fig. 6-8 exemplifies this for the
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neuron shown in Fig. 5-6A, B, D. During rhythmic LFP inhibition starting 4 min into NMDA, Vi,
repolarized for ~0.5 s close to its resting value of -48 mV with concomitant spiking arrest. Then, a
ramp-like depolarization developed that caused after ~0.5 s spike onset when also LFP oscillations
recurred (Fig. 6-8A). Between the onset and the end of a ramp depolarization by 18 mV, spiking
accelerated from a value slightly lower than at steady-state before start of the trains to a value
slighty higher with a corresponding amplitude decline. Over the next 30 s, LFP oscillation trains
and ramp depolarizations shortened, the latter with a steeper slope and more depolarized peak (to
a Vm value between -28 and -30 mV), a similar change in spike rate, but more pronounced
amplitude decrease (Fig. 6-8B). To test if bursting is network-dependent, this neuron was
hyperpolarized 30 s later to -68 mV by injection of -100 pA dc current (Fig. 6-8B). Bursting
persisted (as also in other 5 cells tested), but at shorter duration with overlaying repetitive spiking,
along with LFP transformation into small amplitude descrescendo-shaped bursts. At 6 min into
NMDA, LFP was blocked while some random spiking persisted, and the neuron was depolarized
further, now showing steep offset rhythmic hyperpolarizations with an initial ‘rebound’ spike. All

effects reversed within 12 min after start of washout.

For 6 neurons, several parameters were analyzed for the most stable and longest oscillation train
early during their appearance. Specifically, the train lasted for 7.1 + 0.9 s, NMDA caused at the
end of the train a 20.0 + 6.3 mV depolarization from -48.3 + 2.5 mV (P= 0.0006) and spike rate
during the last second was 462 + 45.7 spikes/min compared to 49.3 + 6.7 spikes/min in control (P<
0.001) (thus 9.3-fold faster). Vim repolarized after the end of the train to -46.8 £ 2.9 mV (P= 0.06)

and the pause until the next train started was 1.0 £ 0.1 s.
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6.4.5. Post-agonist depression of LFP
Apart from their opposite action on LC synchronicity, both agents exerted a similar inhibitory
effect. Specifically, 0.5-2 min after start of washout of NMDA (Fig. 6-9A) or glutamate (Fig. 6-

9B), Vi hyperpolarized and at the same time cellular spiking and LFP were blocked.

In 4 neurons, NMDA depolarized Vi, at the start of such ‘post-agonist depression’ (PAD) from a
resting value -48.7 £2.5 mV by 22.5 £ 6.4 mV (P=0.006). Subsequently, Vi, hyperpolarized during
the inhibition maximally to -65.7 = 5.0 mV (P= 0.005) and the effect reversed after 9.0 £ 1.4 min.
In 4 different neurons, glutamate had depolarized Vi, before the start of PAD from -48.5 + 3 mV
by 5.2 £3.2 mV (P=0.04). During glutamate washout, the maximal hyperpolarization was to -52.0

+ 1.6 mV (P=0.03) and the effect reversed after 1.5 = 0.4 min.

6.4.6. Receptor-specificity of glutamate effects

Whereas NMDA binds selectively to NMDA-type iGluR, glutamate can act on NMDAR,AMPAR
plus metabotropic glutamate receptors. To study if metabotropic receptors contribute to the
observed glutamate effects, the unselective ionotropic glutamate receptor antagonist kynurenic acid

was used.

In the neuron of Fig. 6-10A, kynurenic acid (500 uM) was applied during LFP pattern
transformation due to 50 uM glutamate. After 20 s into kynurenic acid, LFP was blocked along
with a 15 mV hyperpolarization and spike arrest. Several seconds later, Vi, started to repolarize.

Spikes and LFP bursts recurred after 80 s and control-like LFPs and spike rates were seen in the
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presence of glutamate and kynurenic acid after 3 min (Fig. 6-10A). Subsequent washout of the
blocker in glutamate re-established the initial glutamate effects within 3-5 min (not shown).
Specifically, in 4 neurons glutamate had depolarized Vi, at the start of the kynurenic acid-evoked
hyperpolarization from a resting Vi of -44.7 = 0.5 mV by 3.5 + 0.5 mV (P=0.001). Early during
kynurenic acid application in glutamate, the maximal hyperpolarization was to -52.5 £ 2.8 mV (P=
0.009) and the effect reversed after 2.3 + 0.4 min. The late countering kynurenic acid effect shows
that glutamate effects are mediated by iGluR. Kynurenic acid does not exert a novel inhibitory
effect as our recent study (Rawal et al., 2019) showed that bath-application of 2.5 mM of the agent
has no effect on the LFP and this was confirmed by 4 additional experiments of that type here (Fig.

6-10B).

6.4.7. Persistence of single neuron spiking during network inhibition

NMDA- and glutamate-evoked blockade of intracellular spiking correlated well with inactivation
of most of the 5-15 neurons typically comprising the LFP. However, early during kynurenic acid
application in glutamate small amplitude random LFP spiking was seen when normal LFP bursts
and neuronal spikes were blocked (Fig. 6-10A). Similarly, mostly small amplitude LFP activity
generated by few neurons persisted during either inhibition between NMDA-evoked oscillation
trains, blockade of rhythm by the agents at high dose or the PAD (Figs. 6-3C1, 6-8, 6-9A, B). This

indicates that some neurons are resistant to inhibitory NMDA and glutamate effects.
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6.5. Discussion

We found that LFP bursting generated by non-synchronous phase-locked and jittered spiking of
LC neurons changes during NMDA to fast oscillations due to enhanced synchronization whereas
glutamate makes rhythm irregular by weakening synchronization. This is the first demonstration
of opposing neural network burst pattern transformations by iGluR. We also found that NMDA

and glutamate evoke PAD. Mechanisms and consequences for LC organization are discussed.

6.5.1. LFP recording of LC burst transformation

In our recent study, we have unraveled with suction electrode recording that LC neurons show
jittered spiking that is yet phase-locked to generate rhythmic ~0.2-lasting LFP bursts (Rancic et al.,
2018). Here, we found LFP bursts have a bell-shaped integrated signal envelope during both control
and NMDA stimulation. This indicates that the jitter of spiking in estimated 5-15 neurons
comprising this signal distributes equally around a center of activity comprising the LFP peak in
both conditions. In the latter report, we also found that the LFP pattern changes to ~3 s-lasting
multipeak plateaus by either increasing LC excitability with raised extracellular K™ or during
recovery from opioid inhibition (Rancic et al., 2018). Here, glutamate and NMDA elicited different
LFP pattern transformations indicating that these changes in LC excitability do not eventually
cause release of glutamate (Singewald and Philippu, 1998; Pal, 2018) which might then act on
burst-generating NMDA receptors (for details, see below). Glutamate elicited pattern
transformation at 25-50 uM. This can be functionally relevant as extracellular glutamate rises in
vivo from a 1-10 pM baseline to >20 uM, e.g. during treatment with p-opioid (ant) agonists (Feng

et al., 1995; Singewald and Philippu, 1998; Pal, 2018).
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The finding that kynurenic acid reversed the glutamate-evoked LFP pattern transformation shows
a lack of involvement of metabotropic glutamate receptors in this effect. Contrary to our
observation of distinct LFP transformations, single neuron recording here and previously (Olpe et
al., 1989; Williams et al., 1991; Kogan and Aghajanian, 1995; Zamalloa et al., 2009) showed that
glutamate and iGIuR agonists only accelerate tonic spiking. As evident from this and the following
discussion, LFP recording is a powerful tool to study the obviously complex organization of the

neonatal LC.

6.5.2. LC synchronicity analysis with combined LFP and single neuron recording

NMDA-evoked LFP oscillations were more regular, faster and shorter than control bursts whereas
glutamate made the rhythm irregular and more than doubled the duration of separate bursts, if still
present. The conclusion that NMDA enhances and glutamate weakens neonatal LC synchronicity
was proven by cross-correlating neuronal spikes with LFP peaks (Figs. 6-6, 6-7). Besides, NMDA
notably reduced intracellular spike jitter. Regarding mechanisms for these transformations, rhythm
generation does not involve glutamatergic, GABAergic or glycinergic neurotransmission instead
of coupling via gap junctions (Williams and Marshall, 1987; Christie et al., 1989; Christie, 1997;
Ishimatsu and Williams, 1996). Consequently, NMDA and glutamate may enhance and weaken
electrical coupling, respectively. In that regard, NMDA stabilizes synchronized LFP oscillations in
gap junction-coupled inferior olive neurons of rat slices involving Ca®*/calmodulin-dependent
protein-kinase-I activation which enhances weak coupling of non-neighboring neurons (Turecek
et al. 2014). Contrary, in the adult rat LC neuromodulators do presumably not directly counteract
the postnatal decrease of gap junction coupling and instead neuromodulator-evoked spike slowing

itself reverses this decrease (Alvarez et al., 2002). While that study did not reveal a correlation in
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neonatal rats between spike rate and gap junction-coupling, we found here that faster spiking either
increases (NMDA) or decreases (glutamate) synchronicity. We hypothesized recently that
incomplete neonatal LC synchronicity reflects neuronal differences regarding spontaneous
neuromodulator release which changes the Vi, value shortly before the oscillation peaks, thus
altering spike threshold (Rancic et al., 2018). Therefore, glutamate-evoked LC network
desynchronization may also occur if neuron subclasses express different types and/or numbers of
AMPAR and are consequently depolarized to different extent thus reaching spike threshold at

diverging times. This is discussed in detail below.

6.5.3. PAD and periodic NMDA-evoked inhibition

While both types of LFP pattern transformation were associated with increased spiking, NMDA
and glutamate also acted inhibitory. Specifically, during washout of both agents neuronal
hyperpolarization was associated with a PAD-type spike and concomitant LFP depression whereas
periodic inhibition of oscillations developed later during NMDA application. In vivo, PAD occurs
after sensory stimulation-evoked bursting (Cedarbaum and Aghajanian, 1976; Foote et al., 1980).
Regarding the mechanism, it was shown in adult rat slices that a AMPAR-triggered Na“-dependent
K" current causes PAD after glutamate, but not NMDA (Zamalloa et al., 2009). As both agents
were effective here, we rather hypothesize that SK-type Ca**-activated K* channels are involved
as ongoing neuronal depolarization likely causes a cytosolic Ca?* rise mainly mediated by voltage-
activated Ca®* channels (Metzger et al., 2000). In fact, in adult rats in vivo (Aghajanian et al., 1983)
and slices (Andrade and Aghajanian, 1984), numbers of current-evoked spikes correlate with the
duration of a pronounced hyperpolarization that is attenuated by increased cytosolic Ca®* buffering.

Moreover, the pacemaker rate in LC neurons of mouse slices is regulated by cooperation of L- and
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T-type Ca>" channels with SK2 channels (Matschke et al., 2015, 2018). Enhanced cooperation of
these channels may also contribute to the NMDA-related periodic interruption of LFP oscillations.
As explanation, the cellular correlate of oscillation trains is rhythmic ramp-like LC neuron
depolarization and concomitant spiking followed by spike-depressing hyperpolarization, possibly
when Ca’" rises reach the threshold for SK channel activation. Our finding that NMDA-evoked
neuronal bursting persists during current-evoked hyperpolarization indicates that these events are
voltage-clamped by gap junction-coupled neighboring neurons like in juvenile rat CA3
hippocampus (Neuman et al., 1989). Pharmacological analysis beyond the scope of this study is
required to analyze underlying cellular mechanisms that can differ notably between neuron types
showing similar NMDA-evoked bursting (Neuman et al., 1989; Zhu et al., 2004; Sharifullina et al.,

2008; Mrejeru et al., 2011).

6.5.4. Burst transformation potentially due to modular LC organization

We hypothesized above and recently (Rawal et al., 2019) that iGluR effects on LC population burst
patterns may be caused by ‘modular’ differences in neuronal properties. Specifically, ventrally-
located adult rat LC neurons with shorter spikes and smaller afterhyperpolarizations than LC core
neurons act as a ‘pontospinal-projecting module’ (Li et al., 2016) whereas dorsomedially-located
small and densely packed GABAergic neurons in juvenile mice show faster spiking with enhanced
adaptation (Jin et al., 2016). Topographically distinct LC modules exist also regarding afferent
synaptic inputs and efferent projections (Schwarz and Luo, 2015). Two findings here support the
concept of functional LC modules. Firstly, 3 of 10 neurons were uncoupled from network bursting
as revealed with cross-correlation analysis and, secondly, spiking of some LC neurons persisted

during oscillation train inhibition, NMDA- orglutamate-evoked blockade of rhythm at high doses,
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PAD or kynurenic acid depression (Figs. 6-3C1, 6-8, 6-9, 6-10A). If some LC neurons are more
sensitive to iGluR activation than others, these cells may release noradrenaline within their module
to change the activities of neighboring neurons and astrocytes. E.g., if astrocytes are then activated
via their o1 receptor, they may release lactate to excite LC neurons in positive feedback via a novel
receptor (Tang et al., 2014). While our bath-application approach for NMDA and glutamate was
adequate for the aim of this study, in future work the agents should also be applied focally (or
glutamatergic synapses activated optogenetically) to study whether LC modules differ in their

sensitivity to iGluR agonists.

There seems to be a causal link between pattern transformations, opioids and iGluR. Specifically,
transformation of tonic spiking into oscillatory (‘burst’) discharge during systemic p-opioid
receptor activation in adult rats was reversed by injecting NMDAR or AMPAR blockers into the
LC (Zhu and Zhou, 2015). The authors hypothesized in this study that iGluR-dependent LC
bursting is important for opioid tolerance and dependence. Reports from our laboratory showed
that a similar LFP pattern transformation also occurs in the LC of neonatal rat slices during
application of low doses (Panaitescu, 2012) and recovery from high doses (Rancic et al., 2018) of
the p-opioid receptor agonist DAMGO. Next, it could be studied, whether this in vitro LC burst
pattern transformation (and also the similarly transformed pattern in raised extracellular K) can

be antagonized by iGluR receptor antagonists.
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6.6. Figures and Legends
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Fig. 6-1: Spontaneous local field potential (LFP) in newborn rat locus coeruleus (LC) slices.
A, LFP was recorded with 40-60 um tip size superfusate-filled suction electrodes positioned on
slice surface in the LC neuron soma area. The differentially-amplified (10 k) and bandpass-filtered
(0.3-3 kHz) ‘raw’ signal was also recorded after integration ([, time-constant 50 ms). LEP examples
in A1-A3 from 3 different slices show that the integrated signal has a similar shape and occurs at
quite regular rate and amplitude. However, displaying individual bursts at higher time resolution
indicates in raw traces that active neuron numbers, their distance from the electrode (indicated by
spike amplitude) and time points of their discharge differ notably. In ~30 % of slices, the LFP
pattern is less regular and smaller amplitude bursts typically show a more dispersed pattern (A4).
B, traces on the left are overlaid from 5 consecutive bursts of the 3 slices shown in Ai-A3 plus 2
further slices with similarly regular LFP pattern. Traces on the right represent the average of

integrated traces in the left plus Gaussian fit for its kinetics revealing a bell-shaped LFP envelope.
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Fig. 6-2: LC neuron spike jitter and failure. A, shows a photograph of the LC with the suction
electrode positioned close to the rim of the LC neuron somata area next to the 4" ventricle (not
shown) while two patch electrodes were positioned onto the soma of LC neurons for recording
their spiking. B, shows such recording in 2 slices (B1, B2). In both examples, with Bi corresponding
to the photo in A, 1 neuron fires a single spike during each LFP burst whereas the other cell shows
spike failures (see asterisks). The LFP comprises likely mostly discharge from 5-15 neurons (see
Results). Thus, random spike failures cause differences in LFP amplitude while jitter regarding the
time point of discharge during the LFP (see distance between solid and dotted lines and compare

Fig. 6-7D) explains LFP duration and shape variability.

139



Fig. 6-3
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Fig. 6-3: NMDA effects on LFP. A, 10 uM NMDA increased LFP rate and shortened burst
duration. Bi, at 2 min 25 uM NMDA evoked fast ‘oscillations’ lacking an interevent inactivity
phase like in control LFP rhythm (compare left and middle panels). At 5 min, LFP oscillations
were transiently depressed (right pannels). B2, shows several cycles of resulting ‘oscillation trains’
at lower time resolution (train in Bi indicated by dashed-line box). Initially, early oscillation and
oscillation train rates and durations were similar. However, over several train cycles oscillation
amplitude diminished and rhythm became irregular toward the end of each event. Ci, at 1 min 50
uM NMDA caused oscillations similar to those in 25 uM, though this time amplitude fluctuation
occurred (middle panels). Dashed-line box indicates time period for which oscillations are
displayed at higher time resolution in C2 showing on the raw trace that smaller amplitude integrated
signals were due to tonic activity. Right panels in Ci show augmented decline of amplitude,
duration and regularity of oscillation trains at 2 min compared to effects in 25 uM NMDA at ~5
min. C3, at 3 min in NMDA oscillation trains were notably attenuated (left) whereas only a spike-

shaped rhythm remained at 4 min and no activity was seen at 5 min.
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Fig. 6-4: Quantification of NMDA effects on LFP pattern. A, summary of LFP pattern
transformation parameters exemplified in Fig. 6-2. ‘Early’ oscillations occurred during the first 1-
3 minin 25 and 50 uM NMDA. In ‘late’ phase between 3-5 min (or at the start of wash), oscillation
trains developed in 25 and 50 uM NMDA. B-D, analysis in 4 slices indicated by each symbol
revealed that single event duration (B) and rate (C) decreased progressively at all doses whereas
amplitude (D) did not change. The inset shows for averaged integrated traces from 5 consecutive
bursts in 3 of the 4 slices that the LFP has a Gaussian shape in both control LFP and NMDA. Lines
indicate mean values (dotted line) +£ SD (solid line), significance was determined with one-way

ANOVA with Dunnett’s post test (F(1,5)=13.91, P<0.0001, ANOVA). *P<0.05, *** P<0.001).
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Fig. 6-5
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Fig. 6-5: Glutamate effects on LFP pattern. Recording is from a single slice. A, 10 uM glutamate
had no effect whereas 25 uM changed LFP pattern to longer-lasting, smaller amplitude bursts at
similar rate as in control. B, after wash 50 uM evoked almost merged ramp-like multi-peak bursts.
C, 100 uM glutamate at 1 min raised integrated trace baseline as indication of tonic activity evident
on raw trace, but still showed groups of multipeak bursts before rhythm declined at 4 min. Recovery
resulted in same number of bursts as in control, but they appeared as doublets. D, 250 uM glutamate
caused initially massive tonic activity before rhythm ceased at 3 min. Recovery after 21 min re-
established bursting at a rate similar to control. This time LFP doublets were intermingled with

single bursts and all events had ramp-like shape similar to those in 25 and 50 uM glutamate.

145



A Control

Fig. 6-6

Glutamate (50 uM)

. | J JMMU. MJ\J* MJ‘J\JJJ'JU'MW\JN\N\U\I\JMN}w.

LFP

S T

Vin ls
(mV)
-10
> i
A (‘ H
-50 f’»ﬂ/—)ﬂ#w’ﬁ—"w’r Mﬂﬁﬂ
B Control Glutamate
| — | CFE 0.5 1 — | CFE 0.35
i1 Lag 90 ms i Lag 150 ms
[}
\/\J&/\/‘ |
m m
[, — -
&0 | &0 "f\/\}:\./\/‘v
I 1
] 1
I 1
] 1
-1 : 1 -1 } 1
-4 0 4 -4 0 4
Lag Period (s) Lag Period (s)
C ; CFE [
0.6 — - 250 — ag (ms) .
_31_;5_ 0k 200 v[O
04 - 150 — “°
0 - T -
50 —
0 T I 0 T |
Control Glutamate Control Glutamate

146



Fig. 6-6: Cross-correlation of desynchronizing glutamate effects. A, left panel shows that a
whole-cell-recorded LC neuron ‘spiked’ at the peak of membrane potential (V) oscillations that
were in phase with the simultaneously recorded LFP. Right panel shows that 50 uM glutamate, 2
min after start of application, transformed LFP pattern to irregular bursting accompanied by a
neuronal depolarization of 7 mV and accelerated spiking with concomitant ~20 % amplitude
decrease that was reversible as evident from the continuous recording from that neuron shown in
Fig. 6-10A. B, cross-correlogram between neuronal spike and LFP during control (left panel) and
glutamate (right panel) shows desynchronizing effect on LC network indicated by a decreased
correlation function estimate (CFE) value and increased lag time. CFE is the measure of the peak
value on Y axis and lag time indicates the shift of peak from 0 time on the X-axis. C, scatter plots
from neuron in A (filled symbol) and 4 other neurons reveal a difference in CFE values (left) and
lag times (right) for control vs. glutamate as determined with two-tailed paired t-test. *P= 0.034,

**P=10.0072.
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Fig. 6-7: Cross-correlation of NMDA effects. A, shows the LFP pattern transformation to faster
oscillations at steady-state in 32 uM NMDA accompanied by Vi depolarization of 10 mV and
accelerated spiking with a concomitant ~20 % amplitude decrease that was reversible as evident
from the continuous recording from that neuron shown in Fig. 6-8A. B, cross-correlogram between
neuronal spike and LFP during control (left panel) and NMDA (right panel) shows synchronizing
effect on LC network indicated by higher CFE value and lower lag time. C, scatter plots from
neuron in A (filled symbol) and 4 other cells reveal significant difference in CFE values (left) and
lag time (right) for control vs. NMDA as determined with two-tailed paired t-test **P=0.0059 and
**P=0.009 respectively. D, overlaid traces (also averaged for LFP signal) from 20 consecutive
events in control (upper traces) and NMDA (lower traces) in neuron of A reveals a notably reduced
jitter of cellular spiking in NMDA, plotted as a percentage change from control in lower right
scatter plot for this neuron (filled symbol) and the other 4 cells. Upper scatter plot represents the
percentage change in integrated LFP duration for the same experiments. Significance for both plots

was determined with two-tailed paired t-test (**P = 0.0059 and **P = 0.009, respectively).

149



Fig. 6-8
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Fig. 6-8: Cellular NMDA effects. A, in continuation of the recording from the neuron shown in

Fig. 6-7A (left and middle panels), NMDA-evoked Vi, oscillations started to become interrupted
by ~1 s-lasting rhythmic hyperpolarizations causing spike blockade. The resulting LFP oscillation
trains started after the inactivity phase with concomitant progressive neuronal depolarization
leading to accelerated spiking at decreased amplitude (right panels). B, at 4.5 min into NMDA LFP
oscillation trains became shorter in synchrony with Vi, burst time periods (left panels). 30 s later,
rhythmic bursting persisted during hyperpolarization to -68 mV due to d.c. current injection via the
patch electrode. 30 s after cessation of current injection LFP was blocked at 6 min NMDA, but
tonic spiking from some neurons was still evident in raw signal. The neuron showed at a more
depolarized level Vi, hyperpolarizations with sharp offset evoking a small ‘rebound’ spike. Both

Vm and LFP recovered 12 min after start of wash.

150



A NMDA (32 uM) PAD

dc current

B Glutamate (50 uM)

int. ‘
LFP 20s
raw

Vi

(mV)

-30

_50:| A

Fig. 6-9: Post-agonist depression (PAD). A, shows the continuous recording from the neuron of
Figs. 6-6 and 6-7 on a condensed time scale. The emphasis here is on showing that immediately
upon start of NMDA washout, the neuron starts to hyperpolarize concomitantly with partial
recovery of blocked LFP bursting. However, after 2 min, in synchrony with pronounced neuronal
hyperpolarization, cellular spikes and also LFP were blocked again by PAD. Neuronal spiking and
LFP bursting resumed again after about 5 min. B, shows an example for corresponding glutamate-

evoked PAD in a different neuron.
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Fig. 6-10
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Fig. 6-10: Receptor-specificity of glutamate effects. A, shows for the same neuron illustrated in

Fig. 6-6 the pattern-transforming response to glutamate on a condensed time scale. In the initial
phase of application of the non-selective competitive ionotropic glutamate receptor blocker
kynurenic acid (500 uM), LFP and neuronal spiking were abolished along with a pronounced
hyperpolarization. Subsequently, LFP, V. and spiking recovered to control levels during
continuous application of kynurenic acid in glutamate. B, the initial inhibitory kynurenic acid
action on LFP and neuron bursting depended on the presence of glutamate as addition of the drug

to control superfusate had no effect on LFP as measured in a different slice.
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CHAPTER 7

General Discussion
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The rationale for this thesis is based on preliminary findings from our laboratory showing that the
neonatal rat LC network isolated in a brain slice generates rhythmic ~0.2 s-lasting LC population
bursts as revealed with suction electrode recording (Kantor, 2012; Kantor et al., 2012; Panaitescu,
2012). These reports showed some properties of this rhythm, like its response to changes in
superfusate Ca** (Kantor, 2012; Kantor et al., 2012) or to theophylline (Panaitescu, 2012).
However, the mechanism of this LFP is not explored yet and it is also not clear whether this
population bursting can change its activity pattern in quantitative fashion under the influence of an
unspecific increase in LC excitability evoked by raised superfusate K™ or, more specifically, by
glutamate and agonists of its iGluR subtypes, namely the AMPAR and the NMDAR. The present
findings revealed various novel features of the isolated neonatal LC network that are pivotal to
understand its functional organization in more detail. Specifically, so far both the neonatal and
adult LC are mostly considered to comprise a relatively simple neural circuit generating mostly
synchronous spiking (Christie, 1997). However, since recently an increasing number of studies
emerges showing that the adult LC is a ‘complex neuromodulatory system’. This is expressed also
in the title of a pivotal publication in ‘Neuron’ by the Logothetis/Eschenko/Totah group who are
among the international leaders in analyzing in vivo brain activities (Totah et al., 2018).
Correspondingly, the present findings show that already the neonatal LC has a multiplicity of

features indicating a complex and modular organization.

7.1. Summary of novel findings on LC properties based on LFP recording
The neonatal rat LC comprises ~1000 neurons and ~100, mainly astrocytic, glial cells that form a

spindle-shaped nucleus of ~300 um diameter in rostrocaudal and ~700 pum in dorsoventral
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extension (Ishimatsu and Williams, 1996; Ballantyne et al., 2004). As the gap junction-coupled LC
neurons were assumed to discharge at the same time a single action potential at a rate of ~1 Hz,
one could assume that this generates a rhythmic LFP of 1-5 ms duration as seen with extracellular
recording in synchronously active neurons of various brain structures, both in vivo and in vitro
(Ballanyi and Ruangkittisakul, 2009; Buzsaki et al., 2012; Einevoll et al., 2013; Totah et al., 2018).
However, in the only slice study aiming at LFP/MUA recording in the adult rat LC, a signal was
seen with ‘broken glass electrodes’ only when network excitability was raised with Ba>" and/or
tetracthylammonium (Ishimatsu and Williams, 1996). Also in the pre-BotC breathing center with
similar dimensions as the LC in neonatal rats, extracellular recording with fine-tipped
microelectrodes failed to unravel a rhythmic inspiratory-related LFP. Contrary, a robust LFP was
seen by the group of Ramirez when they positioned a superfusate-filled suction electrode, typically
used for monitoring respiratory-related rhythmic bursting of motor neurons in ventral nerve roots
(Ballanyi and Ruangkittisakul, 2009), above the pre-BotC on the surface of the ‘breathing’
brainstem slices (Lieske et al., 2000). In the preliminary studies from our group (Kantor, 2012;
Kantor et al., 2012; Panaitescu, 2012), the same suction electrode-based recording approach was
successful to reveal a robust LFP in the LC of neonatal rat slices. Our recently published study
representing project-1 in this thesis (Rancic et al., 2018), showed firstly that it is principally
possible to record a small amplitude LFP in the extracellular space between visually identified
neuron somata with a superfusate-filled unbroken patch electrode. But, this was mostly only the
case when slight positive pressure was applied to avoid clogging of the electrode tip. By just
slightly moving the position of the recording patch electrode closer to the membrane of a single
LC neuron, larger amplitude rhythmic single action potential discharge could be recorded from that
cell whereas the LFP disappeared. This indicates that the extracellular space within the LC has a

complex geometry of submicrometer scale current sources and sinks (Buzséki et al., 2012; Einevoll
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et al., 2013). As a conclusion from these technical aspects of LFP recording, this study revealed
that suction electrodes of 40-60 pm outer tip diameter are optimal for recording the LFP rhythm
with a very good signal-to-noise ratio for several hours from the same spot within or at the edge of

the LC (Rancic et al., 2018).

Apart from this technical aspect, that study established that the extensive gap junction-mediated
electrical coupling of neonatal LC neurons is not sufficient to synchronize their spontaneous
pacemaker-like single AP spiking as previously proposed in various reports (Williams & Marshall,
1987; Christie et al., 1989; Ishimatsu & Williams, 1996; Christie, 1997). Instead, it was
demonstrated in this thesis with combined LFP recording and monitoring of either extracellular
dual single-unit activity or intracellular spiking in one neuron (projects-1, -3 and -4) that the
rhythmic ~0.2 s-lasting LC population bursts represent summated APs from 5-15 neurons. Each of
these LC neurons discharges a single AP during a particular phase of the LFP and such spiking
shows a jitter of several tens of milliseconds. The LFP has a bell-shaped, i.e. Gaussian, envelope
that is particularly evident from the integrated signal trace (Fig. 7-1). This indicates that the single

neuron AP discharge distributes normally around the peak of LC network bursting.

This initial work of project-1 (Rancic et al., 2018) also showed that the neonatal rat LC is capable
of transforming its bell-shaped LFP pattern after its isolation in a slice. Specifically, very similar,
several seconds lasting multipeak bursts were seen either upon increasing network excitability by
raising superfusate K" from the physiological value of 3 mM to 7 mM or early during recovery
from blockade of rthythm by activating p-opioid receptors with DAMGO (Fig. 7-1). The common
link between these similar pattern transformations of LC network bursting might be as follows. In

vivo, a corresponding burst pattern transformation in LC neurons, seen during systemic application
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of the p-opioid receptor agonist morphine, is blocked by kynurenic acid (Zhu and Zhou, 2005)
whereas raised superfusate K™ may cause release of glutamate within the slice (Ballanyi, 1999; Pal,
2018). This might indicate that iGluR receptor activation is involved in both these scenarios. In
fact, that was the rationale for project-4, i.e. to study effects of glutamate and NMDA on LFP
pattern and LC neuron activities. NMDA was chosen as this iGluR agonist causes activity bursts
lasting for several seconds in neurons of slices from diverse brain regions (Neuman et al., 1989;

Zhu et al., 2004; Sharifullina et al., 2008; Mrejeru et al., 2011).

In fact, project-4 revealed that both glutamate and NMDA transform the LFP pattern. However,
neither agent was able to mimic the effect of high K* or DAMGO washout. Instead, glutamate
made the rhythm irregular and decreased network synchronicity whereas NMDA did the opposite
by increasing the regularity and the synchronicity of LC bursting. While NMDA caused rhythmic
oscillation trains lasting several seconds, that LFP pattern differed substantially from the one
evoked by high K" and recovery from DAMGO (Fig. 7-1). These results indicate that the latter
pattern transformation is not simply due to an effect of an evoked increase of interstitial glutamate
levels (in case of high K") or caused by tonic interstitial glutamate in conjunction with activation
of a Gj, protein-mediated cellular signaling pathway activated by opioids (in case of DAMGO)
(Williams and North, 1984; North and Williams et al., 1985). It was surprising that glutamate
evoked the pattern transformation already at 50 pM, which is only slightly higher than its tonic
interstitial concentration in vivo at rest and similar to levels seen in vivo, e.g. during treatment with
p-opioid (ant)agonists (Feng et al., 1995; Singewald and Philippu, 1998; Pal, 2018). This may
mean that a uniform slight increase in interstitial glutamate within the LC might perturb the
normally phase-locked rhythmic output activity of its neurons and this might change the efficacy

of NA release at the target sites in diverse brain regions (Totah et al., 2018). However, it needs to
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be considered that in all projects of this thesis, agents were administered by addition to the
superfusate (‘bath-application’). This means that local increases of glutamate evoked by afferent
synaptic input to some neuron-astrocyte ‘modules’ within the LC might have a different effect on
the output activity of this module in vivo. In any case, the bath-application approach revealed that
different iGluR agonists change the LC rhythm in different ways as shown in projects-3 and 4.
Specifically, both glutamate and QUI act very similarly by making LFP bursting irregular and
prolonging the duration of single bursts that can show, if still present, a ramp-like pattern. Contrary,
AMPA, KA and NMDA accelerate LFP rate to result in merged events of sinusoidal shape. These
oscillations persist during 5 min bath-application of AMPA or KA and show rhythmic amplitude
fluctuations that are particularly evident in the integrated signal trace and indicate the occurrence
of intermittent tonic discharge. In the case of NMDA, the LFP oscillations stop for ~1 s after
several minutes of application and then reoccur as ‘oscillation trains’ with rhythmic interruptions.
All these LFP burst pattern transformations were caused by the specific effects of the agents on
1GluR because they were reversed by the unselective competitive iGluR antagonist kynurenic acid.
This indicates that also the effects of glutamate and QUI, that can both principally also activate
metabotropic glutamate receptors (Traynelis et al., 2010), is restricted to activation of iGluR. It
was not expected that QUI had different effects on the LFP than AMPA and KA. This is because
in isolated neurons or expression systems all three agents activate the AMPAR and they differ
mostly regarding their efficacy of binding as well as activation and/or inactivation kinetics of ion
currents through the receptor-coupled cation ion channel (Traynelis et al., 2010). Thus, this is the
first study showing that QUI effects on iGluR can evoke a basically different action on spontaneous

neural network bursting than AMPA and KA who both act similarly on LC rhythm.
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In projects-3 and 4, dose response relationships revealed on the one hand that the LFP is accelerated
by similar doses of AMPA, KA and NMDA as single neuron spiking in previous slices studies on
rats. Specifically, spiking in single LC neurons of juvenile and adult rat slices persisted at increased
rate at 10 uM AMPA, KA or QUI (Kogan and Aghajanian, 1995; Zamalloa et al., 2009). Here, the
LFP was blocked by 1 uM AMPA, 5 uM KA and 0.5 pM QUIL Vy recording at these
concentrations is needed in follow-up studies to analyze if neonatal LC neurons under the present
experimental conditions (or at the early postnatal developmental stage) are more sensitive to AP

inhibition by the agents.

As a further new finding, no iGluR-related PAD occurred early during washout of AMPA, KA or
QUI whereas both glutamate and NMDA evoked such inhibition. Specifically, during washout of
both agents the amplitude of the post-agonist hyperpolarization in single inactivated LC neurons
was correlated with the extent and time course of LFP depression whereas in the case of NMDA
periodic inhibition of oscillations developed later during sustained application of the agent.
Similarly, in vivo post-activity depression occurred after sensory stimulation-evoked bursting
(Cedarbaum and Aghajanian, 1976; Foote et al., 1980). Regarding the mechanism of both types of
LC neuron inhibition, an AMPAR-triggered Na'-dependent K* current caused PAD after
glutamate, but not NMDA (Zamalloa et al., 2009). As both agents evoked PAD here, SK channels
might rather beinvolved as ongoing neuronal depolarization likely causes a Ca; rise mediated
mostly by voltage-activated Ca?" channels (Metzger et al., 2000; Kulik et al., 2002). In adult rats
in vivo (Aghajanian et al., 1983) and slices (Andrade and Aghajanian, 1984), the number of Aps
evoked by d.c. current injection correlates with the duration of a major hyperpolarization that is
attenuated by increased Ca; buffering. Moreover, theAP rate in LC neurons of mouse slices is

modulated by cooperation of L- and T-type Ca*" channels with SK2 channels (Matschke et al.,
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2015, 2018). Enhanced interaction of these channels may also be involved in NMDA-related
periodic interruption of LFP oscillations. For an explanation, the Vi, correlate of oscillation trains
is ramp-like rhythmic depolarization and concomitant spiking followed by spike-depressing
hyperpolarization, possibly when Cai; rises reach the SK channel activation threshold The finding
that NMDA-evoked neuronal bursting persists during current-induced sustained Vi
hyperpolarization indicates these events are voltage-clamped by gap junction-coupled neighboring

neurons as in the CAs area of the juvenile rat hippocampus in vitro (Neuman et al., 1989).

As a further new result, neither the unselective competitive iGIuR blocker kynurenic acid nor the
non-competitive AMPAR blocker GYKI disrupted LFP bursting. On the one hand, this
substantiates conclusions from previous slice studies on single neurons showing that the
mechanism of generation of presumably synchronous spiking in the LC network does not depend
on iGluR (Alvarez et al., 2002; Olpe et al., 1989; Zamalloa et al., 2009). On the other hand, this
property of the neonatal LC enabled the analysis of a potential TARP-mediated stimulatory effect
of the competitive AMPAR blocker CNQX on LC network bursting. In fact, the results that were
just published from the study representing project-2 (Rawal et al., 2019), demonstrate that neonatal
rat LC neurons express a functional TARP-AMPAR complex. Specifically, CNQX caused a
modest (~5 mV) depolarization that was associated with more than doubling of LFP burst rate.
Likely, the bath-applied CNQX depolarized all LC neurons as all these cells in a single multiphoton
imaging plane showed a similar rise of Cai. However, with the slow bath-application approach, the
depolarization might have spread via the gap junction coupling from some directly responsive
neurons in a specific LC module with a functional TARP-AMPAR complex to neighboring neurons
lacking this property. In any case, the stimulatory CNQX effect spread throughout the neuronal LC

network whereas neighboring astrocytes, that are also coupled via gap junctions to the adjacent
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neurons, didn’t show a CNQX-evoked Ca; increase instead of spontaneous Ca; rises (in a
subpopulation of cells). Regarding the mechanism, the CNQX-evoked neuronal Ca; rises are
possibly mediated by L-type voltage-gated Ca®" channels as indicated by the blocking effect of

nifedipine.

In summary of all the above findings, novel LFP recording using suction electrodes revealed that
the (isolated) neonatal rat LC is a complex neural network that can transform its output activity
pattern in distinct ways under the influence of changes in network excitability evoked by either

high K" and opioids as well as glutamate, AMPA, KA or QUI, all acting on iGIuR.

7.2. Findings based on simultaneous LFP and neuronal Vi recording

The above discussion shows that LFP recording was already sufficient to unravel that the neonatal
rat LC is a differentiated and complex neural circuit. However, combining this approach with
whole-cell Vi, recording from individual neurons provided further new information. Firstly, as
noted above Vi, recording showed that the PAD of the LFP at the start of washout of glutamate
and NMDA correlates with a sustained hyperpolarization of single neurons that abolishes their
spiking. Furthermore, it showed that both the increased regularity of LFP rhythm during NMDA,
AMPA and KA as well as the decreased regularity during glutamate and QUI are accompanied by
only a modest depolarization yet causing an notable increase in cellular spike rate. The faster
spiking during glutamate and QUI was not obviously more irregular than during AMPA, KA or
NMDA. This indicates that the different iGluR agonists rather affect network connectivity to cause
the basically different transformations of LFP pattern and regularity of rhythm. NMDA and

glutamate may enhance and weaken electrical LC neuron coupling, respectively. This view is based
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on the observation that NMDA stabilized synchronous LFP oscillations in gap junction-coupled
inferior olive neurons of rat slices via Ca**/calmodulin-dependent protein-kinase-I activation which
enhances the normally weak neuronal coupling (Turecek et al. 2014). Contrary, in the adult rat LC
neuromodulators do apparently not counteract the postnatal diminution of gap junction coupling
and, instead, neuromodulator-evoked AP slowing itself reverses this decrease (Alvarez et al.,
2002). While that report did not describe a correlation in neonatal rats between AP rate and gap
junction-coupling, we found that similarly faster spiking increases (NMDA) or rather decreases
(glutamate) LC network synchronicity. We noted recently that the incomplete neonatal LC
synchronicity may be due to neuronal differences regarding spontaneous neuromodulator release
which changes Vi, close to subthreshold oscillation peaks thus altering the AP threshold (Rancic et
al., 2018). Thus glutamate-evoked desynchronization may develop if LC neuron subtypes express
different types and/or numbers of AMPAR and are therefore depolarized to different extent thus

reaching AP threshold at diverging times.

The findings that NMDA may increase, but glutamate decrease network synchrony was firstly
indicated by the finding that the former shortened and the latter prolonged single LFP burst
duration. This view was then substantiated by the results from cross-correlation analysis of the LFP
peak and cellular spiking. Contrary, while also AMPA and KA shortened LFP bursts and QUI
prolonged them, cross-correlation analysis did not reveal an opposite change in network
synchronicity corresponding to the effects of NMDA and glutamate. In fact, while CFE values and
lag times in control for neurons tested for AMPA, KA and QUI were similar to those for cells tested
for NMDA and glutamate, the corresponding values could not be determined during the action of
the AMPAR agonists. This result was even more surprising considering that AMPA and KA also

reduced the intracellular spike jitter while QUI appeared to increase it. On the one hand, this
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discrepancy might indicate that the iGluR agonists affect network synchronicity in a different way
than glutamate and NMDA acting on NMDAR resulting in a more regular, but not more
synchronous rhythm. On the other hand, this might indicate that correlating the LFP peak with
cellular spiking is not always a valid approach to test for effects of pharmacological manipulation
on network synchronicity. If this is the case, other analytical approaches like spike-field coherence
and phase preference determination (Fries et al., 2001; Wolansky et al., 2006) should be applied to

re-analyze the present data.

7.3. Modular LC organization as potential cause for LFP transformations

This section unifies and summarizes the discussion in sections 5.5.4 and 6.5.4 regarding whether
the observed LFP pattern transformations are related to a modular LC organization that is
established for the adult LC. Specifically, it was shown that LC modules differ in their efferent
projections and also in their afferent synaptic inputs (Schwarz and Luo, 2015). Moreover, in the
LC core of adult rats, ‘pontospinal-projecting module’ neurons have longer duration spikes with a
larger AHP than neurons in the ventral LC aspect (Li et al., 2016). Correspondingly, hypothetic
LC neurons with a higher sensitivity to iGluR activation may change the activities of adjacent
neurons and astrocytes in their module by releasing NA. This could then, e.g. stimulate the o
receptor of the astrocytes which would subsequently release lactate to depolarize the neighboring
neurons via a new receptor (Tang et al., 2014). This could be studied in situ instead of using bath-
application with focal pressure-injection of drugs or optogenetic activation of either LC neurons or

astrocytes. That neuron-astrocyte modules cooperate within the LC is suggested by the observation
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that LFP bursting transforms into different patterns not only during high K" and opioids, but also

upon application of glutamate, NMDA, AMPA, KA, QUI and CNQX.

An in vivo study on adult rats suggests there is a relationship between opioids, iGluR and LC
discharge patterns. Particularly, bursting develops in LC neurons from their normally tonic spiking
after global administration of the p-opioid receptor agonist morphine and that response was
antagonized by kynurenic acid injection into the LC (Zhu and Zhou, 2015). This led the authors
conclude in that report that iGluR are pivotal for LC bursting and that this type of activity is

critically involved in opioid dependence and tolerance.

Besides, changes in the activity in the medial prefrontal cortex evoked by application of electrical
pulse trains to the LC are similar to those in NA input-dependent memory tasks (Marzo et al.,
2014). In their related study, the latter group hypothesized that LC-evoked NA modulation can
either enhance or attenuate stimulus-indiced cortical responses (Safaai et al., 2015). Finally, they
showed recently that spike synchronicity is seen only in few neuron assemblies in the LC of adult
rats in vivo contrary to fluctuations of unit spiking at an ‘infra-slow’ rate of 0.01-1 Hz (Totah et
al., 2018). This led to the assumption that ‘the [adult] LC is a complex and differentiated
neuromodulatory system’. The results of this thesis indicate that this is also true for the neonatal
rat LC and follow-up studies will likely show novel complex neuron (-astrocyte) interactions in the

discrete LC modules.
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7.4. Conclusions and Perspective

In summary of the above, the in vitro findings in this thesis will notably change the view on the
organization of the neonatal LC, similar to recent finding on the adult rat LC in vivo (Totah et al.,
2018). As the common conclusion from both studies, it is evident now that the LC is not a simple
spike-generating system, but can undergo drastic changes in network output burst pattern. This
resembles the intrinsic capability of the (isolated) pre-BotC breathing center which can show either
normal (‘eupneic’) bursting or enhanced discharges during (emotionally-evoked) sighs and anoxia-
evoked gasps (Lieske et al., 2000; Ballanyi and Ruangkittisakul, 2009; Garcia et al., 2011; Del
Negro et al., 2018). Regarding the potential function of LC population bursting, different spike
discharge patterns will influence the efficacy of NA release in the multiple target brain regions. If
distinct LC modules can generate different burst patterns under the influence of specific afferent
inputs and/or autoregulatory influences of neuromodulators intrinsic to the LC, these distinct
activities can potentially modulate the discharge pattern, and thus function, of the multiple

innervated brain structures in an orchestrated fashion.

While the present study is a first step in understanding complex neonatal LC functions, many topics
need to be studied in the future. In fact, in parallel to the completed projects contained in this thesis,
I have conducted various other projects that yet need to be finalized as outlined in the following.
(1) As noted above, the present data on simultaneous LFP and Vi, recording during the effects of
the different iGluR agonists need to be re-evaluated with other approaches, such as spike-field
coherence or circular phase preference analysis. This analysis might provide more concise
information regarding their partly opposing effects on network synchronicity. (ii) Findings from a
previous PhD thesis from our laboratory (Panaitescu, 2012) indicated that low nanomolar opioid

doses transform the bell-shaped LFP pattern into multipeak bursts similar to those seen during
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recovery from high opioid doses (Rancic et al., 2018) (compare Figs. 1-8B, 3-4C). However, like
the similar LFP pattern transformation during high K (Rancic et al., 2018), this change does not
occur in all slices. Rather, in some slices high K just increases the rate of normal bursting whereas
low opioid doses slow the rhythm. This indicates that this LFP pattern transformation depends on
additional factors that are active only in a subpopulation of slices. (iii) Similar to the inconsistent
occurrence of multipeak LFP bursts in the latter cases, NA and the inhibitory o> NA receptor
agonist clonidine cause the same LFP pattern transformation in ~50 % of slices. This indicates that
the Gi/, protein-mediated cellular signaling cascade is involved in this phenomenon as this pathway
is common to both o and p receptor activation (Aghajanian and Wang, 1987). In this project, |
also obtained preliminary information using o and o receptor antagonists that at a wide range of
doses NA has either a stimulatory or inhibitory effect on the LFP due to an overlap of activation of
these receptors. (iv) To identify functionally different LC modules, Ca; imaging was performed
during repetitive electrical stimulation of areas surrounding the LC as in previous studies on Vi
recording from LC neurons (Egan et al., 1983; Cherubini et al., 1988). This showed that,
independent on the position of the stimulation electrode, activation of afferent inputs at 75-100 Hz
for 1 s causes a notable Ca;j rise that is partly blocked by CNQX and partly by the o receptor
blocker prazosin. Furthermore, in ~50 % of LC neurons the stimulus-evoked Ca; rise is followed
by an undershoot below baseline and this response is blocked by the o receptor blocker yohimbine.
This shows that both the ai receptor and AMPAR provide the major synaptic inputs to neonatal
LC neurons and that in a subpopulation of these cells the released NA also acts, in slower fashion,

on o receptors as shown for single LC neurons with Vy, recording (Egan et al., 1983).
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Finally, I started to study neuron-astrocyte interactions in the neonatal rat LC. A recent study
showed that lactate, likely released from astrocytes within the LC, excites neighboring neurons via
anovel receptor (Tang et al., 2014). My preliminary findings indicate that activation of o1 receptors
in the astrocytes causes a Ca; rise and possibly subsequent vesicular release of lactate that
contributes to an increase in LFP rate by acting on a yet unidentified receptor on LC neurons. These

findings indicate a novel functional interaction between neurons and this type of glial cells.
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7.5. Figures and Legends
Fig. 7-1
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Fig. 7-1. The neonatal rat LC neural network exhibits distinct LFP pattern transformations.

Suction electrode recording from the LC in neonatal rat brain slices reveals that it generates at ~1
Hz a spontaneous and robust LFP comprising rhythmic ~200 ms-lasting population bursts. The
figure shows that LC neural network has the ability to transform this LFP to distinct patterns with
varying burst duration, amplitude and frequency, partly as a result of changed network
synchronicity. For example, NMDA transforms the control LFP to reduced duration faster events
while enhancing network synchronicity. Contrary, glutamate results in increased burst duration
events reflecting attenuated network synchronicity. Raised superfusate K" and early recovery from
washout of the opioidDAMGO transforms the pattern to slower and longer-lasting bursts. CNQX
makes network rhythm more regular with lower burst duration and increased rate events by
activating a TARP-AMPAR complex. AMPA and KA induce sinusoidally-shaped LFP oscillations
and increase network regularity. QUI decreases network regularity by transforming the LFP pattern

into irregular and broadened LFP bursts.
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