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Abstract 
 
 
The locus coeruleus (LC) is a small brainstem nucleus that controls diverse behaviours and brain 

functions via release of noradrenaline (NA) in the neonatal time period. There is increasing 

evidence of complexity in this neuron-astrocyte ‘neural’ network that remains mostly unexplored 

in neonates. Our group has established that in acutely isolated horizontal slices from newborn rat 

brains, the LC produces a local field potential (LFP) that can be recorded using suction electrodes, 

and that activity in individual neurons and astrocytes can be indirectly measured using cytosolic 

Ca2+ (Cai) imaging. The overall aim of this thesis was to perform experiments in vitro that 

exemplify the complexity of this network thus establishing a basis for future studies, particularly 

involving neuron-astrocyte interactions.  

 

First, immunohistochemistry on chemically fixed slices found a unique distribution of LC neurons 

and astrocytes such that density of astrocyte somata was lower within the LC neuron soma area, 

whereas it was higher in the surroundings. A similar anatomical result was then found in acutely 

isolated living slices bulk loaded with the Ca2+ sensitive fluorescent dye Fluo-4. Next, combined 

Cai imaging and LFP recording during bath application of NA to mimic autocrine activity 

consolidated that NA depressed activity in neurons while it evoked an excitatory concentric Cai 

wave in astrocytes. Comparison with the effects of two other modulators, adenosine triphosphate 

(ATP) and trans-1-amino-1,3-dicarboxycyclopentane (t-ACPD), determined that ATP also evoked 

concentric astrocyte waves while t-ACPD did not. Additionally, different subpopulations of 

neurons and astrocytes responded to one of or a combination of these three modulators. 
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Together, this is the first study to show that astrocytes in any brain region propagate waves that 

travel in a concentric fashion and contributes to evidence of modular organization in the neonatal 

LC. This establishes that the neonatal LC neural network has a complex organization and 

highlights the possible role of neuron-astrocyte interactions, providing a foundation for future 

studies on neuronal and glial activity in this nucleus.  
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1.1.  Overview 

The locus coeruleus (LC) in the dorsal pons is the source for actions of its main neurotransmitter 

noradrenaline (NA) on most structures in the central nervous system (CNS). Consequently, the LC 

controls multiple behaviors such as arousal, sleep–wake cycle, breathing, memory, pain sensation, 

anxiety, and opioid (withdrawal) effects via activity-related NA release (Foote et al., 1983; 

Berridge and Waterhouse, 2003; Schwarz and Luo, 2015; Magalhães et al., 2018; Poe et al., 2020).  

 

1.1.1.  Connectivity of the Adult LC  

The complex connectivity in the adult LC as described in this section is summarized in Fig. 1-1. 

Regarding afferent inputs, e.g., the nucleus paragigantocellularis as well as the orbitofrontal and 

anterior cingulate cortices release glutamate onto LC neurons to activate all ionotropic glutamate 

receptor (iGluR) subtypes, i.e., receptors for α-amino-3-hydroxy-5- methyl-4-isoxazole propionic-

acid (AMPAR), kainate (KAR), and N-methyl-D-aspartate (NMDAR). LC neurons also express 

postsynaptic receptors for neuropeptide transmitters, such as corticotropin-releasing factor or 

hypocretin/orexin, that are activated by inputs from the paraventricular nucleus and the posterior 

lateral hypothalamus, respectively. Moreover, serotonin receptors (5-HTR) are activated on LC 

neurons by inputs from the Raphe nuclei whereas they are inhibited by ventrolateral preoptic area 

neurons that release γ-aminobutyric acid (GABA) to act on GABAA receptors (GABAAR). 

Importantly, interneurons within the LC can also release GABA to activate GABAAR on 

neighboring cells and local release of opioids or NA (from proximal LC neuron collaterals) has 

further modulating effects on LC activity (Nakamura and Sakaguchi, 1990; Benarroch, 2009; 

Delaville et al., 2011). While opioid actions are presumably inhibitory, NA can either activate 

typically inhibitory α2 (auto)receptors (α2R) or excitatory α1 (auto)receptors (α1R) on LC neurons 
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and, the latter, also on neighboring astrocytes. LC astrocytes likely also express other 

neurotransmitter and neuromodulator receptors which mediate neuron-glia (‘neural’) network 

interactions that support behaviors such as sleep, attention, or breathing (Halassa and Haydon, 

2010; Teschemacher and Kasparov, 2017). The latter examples indicate that the LC neural network 

is under extensive autocrine neuromodulatory control.  

 

In response to the concerted activities from afferent structures, LC neurons discharge Na+ action 

potential ‘spikes’ that promote release of NA at axon varicosities in the target areas plus 

presumably a co-transmitter such as the neuropeptides galanin and neuropeptide-Y (Schwarz and 

Luo, 2015). This LC activity modulates the patterns of often spontaneous activities in the target 

circuits like different cortical areas, the thalamus, or the cerebellum. Moreover, activities in these 

circuits can change during various brain states such as sleep or wakefulness, pain sensation, or 

attention, already without input from the LC. Altogether this means that the LC serves as an 

interface. On the one hand, it receives complex patterns of synaptic inputs from various sources to 

cause release of different types of neurotransmitters acting on several receptor subtypes. On the 

other hand, this evokes LC neuron discharge and/or alters their spontaneous spiking to 

subsequently modulate the activity in target circuits as well as within the LC for autocrine 

neuromodulation.  

 

1.1.2.  Modular Organization of Adult LC  

It is not known how the small and compact LC, consisting in each of its bilaterally-organized 

aspects of only ~1600 neurons in rats (Fig. 1-2) and ~20,000 in humans (Loughlin et al., 1986; 

Christie, 1997; Schwarz and Luo, 2015), can control many different brain activities and behaviors. 
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A recent review of this topic (Totah et al., 2019) stated that it was thought until recently that the 

evolutionarily ancient LC sends a rhythmic and global NA pulse to the neuraxis, similar to 

rhythmic systemic blood distribution by the heart. Accordingly, LC neurons and heart myocytes 

would share electrophysiological membrane properties like gap junction-mediated electrical 

coupling or intrinsic ‘pacemaker’-like ion conductances mediating spontaneous spiking to 

generate coordinated activity for pulsed NA release and blood supply, respectively. The authors 

then point out that in the past decade evidence has steadily increased that the LC contains 

anatomically and functionally distinct modules. As examples from various studies (Schwarz and 

Luo, 2015; Jin et al., 2016; Li et al., 2016; Uematsu et al., 2017; Totah et al., 2018; Chandler et 

al., 2019; Poe et al., 2020), LC neurons show a topographical organization regarding: (i) 

morphology that shows a preferentially ‘multipolar’ shape of the soma and primary dendrites in 

the ventral LC aspect contrary to location of simpler ‘fusiform’ shaped neurons in the dorsal part, 

(ii) release of a distinct co-neurotransmitter such as neuropeptide-Y or galanin in addition to NA, 

(iii) expression of neurotransmitter receptors such as α1R or α2R, (iv) axonal projection areas as 

neurons innervating the hippocampus are preferentially located in the anterodorsal LC region and 

those projecting to the cerebellum in the ventral aspect, (v) electrophysiological properties as 

neurons innervating distinct cortical areas differ in their firing rate and spike after-

hyperpolarization amplitude. There is also evidence for a pontospinal projecting module that is 

comprised of ventrally located LC neurons with a shorter spike and smaller spike after-

hyperpolarization compared to the LC core whereas faster spiking with enhanced adaptation is 

seen in dorsomedially-located small GABAergic neurons. In addition to such modular 

organization of the LC, its network activity is complex rather than occurring mainly in pulsed 

fashion. Specifically, there is evidence for an ‘ensemble code’ in the LC and spiking does not 
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occur as a synchronous population event. Instead, LC neurons are capable of producing different 

outputs with varying extent of synchrony between them which may be correlated to behavioral 

states such as vigilance. Altogether, these considerations point out that the adult LC is a complex 

network with a modular organization needed for its diverse control functions.  

 

1.1.3.  Current Knowledge of Neonatal LC Network Properties  

In rats, axons of LC neurons project to diverse target areas already at 12–14 days of gestation 

(Olson and Seiger, 1972; Lauder and Bloom, 1974). This implies that the neonatal LC is functional 

and plays an important role in controlling development of other brain networks in the perinatal 

time period (Kimura and Nakamura, 1985; Nakamura and Sakaguchi, 1990; Marshall et al., 1991; 

Oyamada et al., 1998; Patel and Joshi, 2015). Due to its small size there is very sparse information 

on electrophysiological and pharmacological LC properties in intact newborn animals (Nakamura 

et al., 1987; Sakaguchi and Nakamura, 1987; Nakamura and Sakaguchi, 1990). Consequently, such 

knowledge is primarily based on findings from in vitro models. Studies on newborn rat brain slices 

have established that, at this age, the LC comprises a ‘simple’ spontaneously active neural network 

that serves as a model for spike synchronization (Christie, 1997; Patel and Joshi, 2015). 

Specifically, neonatal LC neurons are electrically coupled via gap junctions and generate, via an 

endogenous pacemaker mechanism, synchronized Ca2+-dependent subthreshold oscillations 

(STOs) of their membrane potential (Vm) at a rate of ~1 Hz that lead to discharge of typically a 

single Na+ spike at their peak (Williams et al., 1984; Williams and Marshall, 1987; Christie et al., 

1989; Marshall et al., 1991; Christi and Jelinek, 1993) (Fig. 1-3). During the first 2–3 postnatal 

weeks, the rate of such tonic spiking increases slightly (to ~3 Hz) and the extent of synchronization 

appears to weaken progressively (Marshall et al., 1991; Alvarez et al., 2002; Patel and Joshi, 2015). 
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The latter studies proposed that decreased spike synchronization is the consequence of diminished 

gap junction expression.  

 

While the aforementioned findings were obtained using neonatal rat slices, many other LC neuron 

properties were analyzed in slices from either juvenile or adult rodents. For example, to study 

afferent inputs, Vm recording from a single neuron was combined with electrical stimulation of 

neighboring slice areas (Williams et al., 1991). This showed that LC neurons express different 

types of ion channels mediating a postsynaptic potential (PSP), specifically (i) iGluR cation 

channels causing an excitatory postsynaptic potential (EPSP), (ii) anion channels associated with 

a GABAAR or glycine receptor (GlyR) mediating an inhibitory postsynaptic potential (IPSP), and 

also (iii) slow (post-activation) IPSPs caused by G protein receptor-coupled K+ (‘GIRK’) channels 

associated with α2(auto)R that are activated by local release of NA from neighboring LC neurons 

for autocrine modulation.  

 

In brain slices, it is not clear from which areas in the neuraxis stimulated axons originate. In 

contrast, using a newborn rat brainstem-spinal cord model it was shown that the LC receives 

rhythmic inputs from brainstem respiratory networks (Oyamada et al., 1998) (Fig. 1-2). 

Specifically, >50% of recorded tonically active LC neurons show an inspiratory-related burst of 

iGluR-mediated EPSPs which accelerates their spiking. This excitation is followed by an α2R-

mediated hyperpolarization during which spiking is blocked. This report also showed that these 

LC neurons are chemosensitive as their spike rate increases in solution with a lower pH. It is 

possible that this chemosensitivity is fed back synaptically into the inspiratory network to adapt 

its activity to a change in pH in the brainstem (Magalhães et al., 2018). Finally, they identified in 
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that study ‘type-1’ and ‘type-2’ LC neurons that differ in STO regularity and amplitude (Fig. 1-2). 

In summary, this work indicated that the neonatal LC is already a complex network with 

functionally different neuron types. Note that an interaction of the LC and respiratory neural 

circuits is also seen in adults as shown in an article of this Special Issue (Melnychuk et al., 2021).  

 

1.1.4.  Aim of Present Study 

In this ‘Perspective’ article, we present further evidence for a complex (possibly even modular) 

organization of the neonatal LC based on our recent findings in acutely isolated horizontal slices 

from newborn rats. Specifically, our experiments were done on horizontal brain slices from 0–7 

day-old CD-001 (Sprague-Dawley) rats of either sex (Charles River Laboratory Inc., Wilmington, 

MA, USA). Slices were generated using the procedures described previously (Kantor et al., 2012; 

Rancic et al., 2018; Rawal et al., 2019). The success rate of generating a slice that could be used 

for recording was >95%. In almost all cases one finding was obtained from one recording in one 

slice per rat.  

 

Contrary to more challenging in vivo studies, cells in such slices can be visualized while combining 

extracellular and intracellular electrophysiological recording and live cell imaging, e.g., of changes 

in their free cytosolic Ca2+ concentration (Cai), during quantitative pharmacological analyses. In 

this regard, we were the first to demonstrate that the LC generates a local field potential (LFP) in 

these slices (Kantor et al., 2012) (Fig. 1-2) (note that this LFP can principally also be termed 

‘multi-unit activity’ (Poil et al., 2011; Buzsáki et al., 2012)). In this report, we show that the same 

slices also contain networks in the entorhinal cortex and hippocampus which generate rhythmic 

LFPs different from that in the LC regarding both their rates and mechanisms (see also Garaschuk 
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et al., 2000) (Fig. 1-2). In a more recent study (Rancic et al., 2018), we combined LFP recording 

of LC neuron population activity with single neuron recording to show that their spiking is not 

synchronous and is, instead, ‘phase-locked’ to the LFP. In a third study (Rawal et al., 2019), we 

used LFP plus whole-cell patch-clamp Vm recording as well as multiphoton Cai imaging in 

populations of LC neurons and neighboring astrocytes during LFP acceleration evoked by 

activation of AMPARs forming a complex with supplementary proteins. Here, we put these results 

in context with our current findings based on consistent effects in at least five experiments. In 

summary, our study indicates that the neonatal LC shares various cellular and pharmacological 

properties and has a similarly complex (possibly modular) organization, as in adults. In the 

discussion, we show perspectives for future directions of research on autocrine neuromodulation 

in the neonatal and adult LC.  

 

1.2.  Preliminary Results  

We firstly deal with intrinsic properties of the LC network and then state a lack of necessity of 

iGluR-mediated excitation and receptor-coupled anion channel-mediated inhibition for generation 

of LFP rhythm. We then show that iGluR agonists accelerate neuronal spiking and transform the 

LFP pattern. Next, we demonstrate that high doses of the μ opioid receptor (μR) agonists morphine 

and [D-Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO) and the α2R agonist clonidine abolish 

rhythm, whereas low doses of these agents slow it with occurrence of an often crescendo-like 

multipeak LFP pattern. This is followed by pointing out different NA effects on LC neurons and 

astrocytes as revealed by population Cai imaging. It is also noted under which conditions rhythmic 

activities and different types of LC neurons can be detected with population Cai imaging. Finally, 

we refer to a neuron–astrocyte interaction involving lactate as a gliotransmitter.  
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1.2.1  Anatomical and Intrinsic LC Properties  

Neonatal rat LC neurons have a rather uniform round to fusiform shape with a soma diameter of 

20–30 μm from which 2–5 processes originate in a confocal plane (Fig. 1-3). These neurons are 

intermingled with fewer astrocytes with a soma diameter of ~10 μm whereas similarly sized 

astrocytes surrounding the LC form a more dense network (Fig. 1-3). The largest diameter of the 

spindle-shaped neonatal rat LC in the horizontal plane is ~300 μm and it extends in the 

dorsoventral plane by ~1000 μm (Ishimatsu and Williams, 1996; Ballantyne et al., 2004; Kantor 

et al., 2012; Rawal et al., 2019). We found in 400 μm thick acutely isolated horizontal slices that 

positioning of a suction electrode with an outer tip diameter of 40–60 μm at slice surface within 

the LC reveals a rhythmic LFP at a rate of ~1 Hz that is due to summation of mostly single spikes 

in 3–10 neurons located close to the electrode (Rancic et al., 2018). The LFP has a similar shape 

and amplitude when the electrode is positioned either in the center or more peripheral LC areas 

indicating that it is quite uniform within the nucleus. At a distance greater than ~50 μm outside the 

LC neuron somata area, no robust LFP is detectable. Moreover, the LFPs of the ipsilateral and 

contralateral LC aspects do not show a temporal correlation. The LFP signal generally has a very 

good signal-to-noise ratio and is stable for up to 24 h, therefore making it well suited for complex 

functional and pharmacological analyses of neonatal LC network properties. The duration of a 

single, mostly bell-shaped, burst (lasting ~0.3 s) is particularly evident in the ‘integrated’ form of 

the signal. This duration already indicates that the LFP does not represent the summation of 

synchronous Na+ spikes that span 1–3 ms in (neonatal) LC neurons (Williams and Marshall, 1987; 

Sanchez-Padilla et al., 2014; Matschke et al., 2015, 2018) (Figs. 1-3,1-4). By combining LFP 

recording with patch electrode recording of single neuron spiking, we showed that each cell 

discharges (with a jitter of 20–100 ms) preferentially at a particular time point of the population 
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burst (Rancic et al., 2018) (Fig. 1-3). We concluded in that study that neonatal LC neuron discharge 

is not synchronous, but rather ‘phase-locked’ to the network response.  

 

Regarding other intrinsic LC network properties, we demonstrated that the LFP is reversibly 

abolished by the voltage-gated Na+ channel blocker tetrodotoxin (TTX), indicating that it reflects 

neuronal spiking rather than STOs (Rancic et al., 2018). However, we found that TTX also 

abolishes STOs in most LC neurons (Rawal et al., 2019). The presence of the ‘persistent’ subtype 

of Na+ channels (mediating neuronal bursting) in the newborn rat LC is indicated by our finding 

in slices that the blocker riluzole abolishes the LFP (Kantor et al., 2012) (Fig. 1-3).  

 

With respect to the connectivity of neonatal LC neurons, it has been proposed that STOs and 

associated spiking are synchronous due to their electrical coupling by gap junctions comprising 

connexin-26, -32, and -43 subunits (Ishimatsu and Williams, 1996; Christie, 1997; Alvarez-

Maubecin et al., 2000) (Fig. 1-3). Another study instead proposed that neuronal coupling occurs 

only via connexin-36 (Rash et al., 2007). Accordingly, 100 μM of the gap junction inhibitor 

carbenoxolone abolished STOs and associated rhythmic hyperpolarizations in LC astrocytes 

(Alvarez-Maubecin et al., 2000; Alvarez et al., 2002) while we found that the connexin-32 blocker 

mefloquine also blocks LFP rhythm (Rancic et al., 2018) (Fig. 1-3). In our hands, carbenoxolone 

application for ≥5 min only transiently perturbs LFP rhythm at 100 μM or more while mefloquine 

also depresses neuronal properties. It thus appears that more selective gap junction blockers are 

needed to identify the specific functional role of gap junctions in the neonatal LC.  
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We also found that LC neurons differ regarding other intrinsic conductances not involving 

neurotransmitter actions (Waselenchuk et al., 2022). Specifically, three distinct spike patterns are 

seen in response to changing their ‘holding’ Vm via injection of constant current through the patch 

electrode from their ‘resting’ Vm ranging from −35 to −55 mV (Williams and Marshall, 1987; 

Oyamada et al., 1998; Rawal et al., 2019) (Figs. 1-2,1-4–1-7). As exemplified in Fig. 1-4, 52% of 

29 recorded neurons respond to such depolarization with a steady increase of the rate of their very 

regular spiking. Another 28% of LC neurons discharge spike trains (‘bursts’) in response to 

depolarizing their Vm, and with increasing sustained depolarization by up to 25 mV, these trains 

consist of 2 to 15 spikes/s that are interrupted by progressively shorter silent periods of ~1 to 0.1 

s. The remaining 21% of cells respond to depolarization with modestly accelerated spiking which 

is quite irregular, a feature also seen often at resting Vm.  

 

As will be partly dealt with in more detail below, LFP rhythm is not substantially depressed in 

slices with robust rhythm by blockers of neurochemical synaptic processes involving AMPAR, 

KAR, NMDAR, GABAAR, GlyR, μR, (auto) α1R, α2R, or β NA receptors (βR). It can be concluded 

that these receptors are not required for generating this network rhythm.  

 

1.2.2.  Role of iGluR in Neonatal LC Rhythm  

Various neural network rhythms in newborn and adult mammals depend on iGluR (for references, 

see 1.3). For example, it was mentioned above that horizontal newborn rat brain slices contain 

spontaneously active networks in the hippocampus and entorhinal cortex in addition to that in the 

LC (Fig. 1-2). The ‘classical’ AMPAR antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) 

(Traynelis et al., 2010) is sufficient to abolish the ‘early network oscillations’ in the entorhinal 
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cortex (Garaschuk et al., 2000) whereas combined blockade of both AMPAR and NMDAR is 

needed to abolish the hippocampal oscillations (Sipilä and Kaila, 2008). In the LC of such slices, 

we found firstly that the unselective non-competitive iGluR blocker kynurenic acid has no effect 

on LFP rhythm (Rawal et al., 2019). However, in the same study 25 μM CNQX accelerated LFP 

bursting in association with a <10 mV neuronal depolarization and a modest rise in neuronal Cai 

(see below). All effects were reversed by 25 μM of the non-competitive AMPAR blocker GYKI-

53655. We concluded from these findings that in neonatal LC neurons AMPAR form a functional 

complex with transmembrane AMPAR regulatory proteins (TARP) on which CNQX acts as a 

partial agonist (Traynelis et al., 2010; Jackson and Nicoll, 2011; Greger et al., 2017; Maher et al., 

2017). The latter findings and the effects of iGluR agonists described in the following are 

summarized in Fig. 1-5.  

 

While generation of LC network rhythm does not depend on iGluR, AMPAR, KAR and NMDAR, 

agonists at these receptors have pronounced effects on LFP pattern (Rawal and Ballanyi, 2022; 

Rawal et al., 2022). Specifically, moderate doses of these iGluR agonists accelerate LFP rhythm 

from ~1 Hz to ~5 Hz. The faster LFP oscillations during AMPA and KA occur frequently without 

recovery of the (integrated) signal to baseline while showing a spindle-shaped waxing and waning 

of amplitude. At concentrations of 0.25–0.5 μM AMPA and 2.5 μM KA, these oscillations are 

very stable and similar to each other. During the LFP oscillations, Vm depolarizes by ~5 mV and 

spike rate increases by the same rate as LFP rhythm. While kynurenic acid blocks both types of 

LFP oscillations, GYKI-53655 selectively blocks the responses to AMPA whereas KA-evoked 

oscillations are selectively abolished by 25 μM UBP-302. NMDA evokes similar fast LFP 

oscillations at 25–50 μM that are selectively blocked by (2R)-amino-5-phosphonovaleric acid 
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(APV). The oscillations are interrupted during sustained NMDA application after 1–5 min by a 1–

2 s-lasting blockade of rhythm resulting in ‘oscillation trains’. In single LC neurons, the time 

courses of crescendo-shaped rhythmic sustained Vm depolarizations, intermittent 

hyperpolarizations, and spiking are closely related to the oscillation train LFP pattern (Fig. 1-5).  

 

The acceleration of rhythm by CNQX and all iGluR agonists is accompanied by a shortening of 

single burst duration, e.g., for CNQX by 26% (Rawal et al., 2019). This shortening indicates that 

the extent of spike synchronization is increased by the agonists. In the case of CNQX, though, 

cross-correlation analysis of the LFP peak with spiking in single neurons did not verify this 

assumption while we did find that the regularity of rhythm increased (Rawal et al., 2019). In 

contrast, NMDA increases the extent of synchronization while AMPA and KA show a trend in 

that respect. Regardless, all agonists increase the regularity of rhythm.  

 

1.2.3.  Role of Inhibition on Neonatal LC Rhythm  

Ongoing synaptic inhibition via GABAAR or GlyR is needed for several types of brain rhythms in 

adults and newborns (for references, see 1.3.). In contrast, neonatal LC network rhythm is not 

affected by blockade of GABAAR or GlyR as exemplified in Fig. 1-6, which also demonstrates 

that LFP rhythm is abolished by activation of these receptors with muscimol and Gly, respectively 

(Panaitescu and Ballanyi, 2022). Additionally, this figure shows for muscimol that these receptors 

mediate a pronounced hyperpolarization and conductance increase. The Vm recording also 

demonstrates that low millimolar theophylline blocks the GABAAR (Ruangkittisakul and Ballanyi, 

2010) in the presence of muscimol, leading to both reversal of the hyperpolarization plus 

conductance increase and recovery of rhythm (Panaitescu and Ballanyi, 2022).  
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Moreover, we reported that opioids depress network rhythm (Rancic et al., 2018). Specifically, the 

μR agonist DAMGO abolishes the LFP and longer-lasting crescendo-like multipeak events occur 

early during recovery (Fig. 1-7) similar to recovery from α2R-mediated inhibition (Fig. 1-8). We 

studied the latter effects in more detail as dealt with in the next sections.  

 

1.2.4.  μR- and α2(Auto)R-Mediated LFP Pattern Transformations  

Our finding that the LFP burst pattern transforms early during recovery from micromolar DAMGO 

(Rancic et al., 2018) (Fig. 1-7) indicates that such activity is due to an effect of a time period of 

lower doses occurring in the LC during washout. Indeed, 50–150 nM of either DAMGO or the 

natural μR agonist morphine typically slow LFP rhythm and evoke the often crescendo-like 

multipeak LFP burst pattern throughout application periods of several minutes (Panaitescu and 

Ballanyi, 2022) (Fig. 1-7). As one explanation, μR activation may increase the delay between the 

phase-locked discharge of single spikes. In line with this possibility, LFP amplitude is mostly 

reduced by DAMGO. As a different or additional mechanism, burster neurons (Fig. 1-4) might 

discharge spike bursts during this phase. Bursting can principally occur during recovery of the 

neonatal LC from opioids as exemplified in Fig. 1-7. Here, DAMGO-evoked hyperpolarization 

was reversed by theophylline, which also antagonizes the response to GABAAR or GlyR activation 

(Panaitescu and Ballanyi, 2022) (Fig. 1-6). For muscimol or glycine, recovery of rhythm during 

washout (or reactivation by theophylline) does not show a phase of multipeak bursting, in contrast 

to the effect of opioids, despite similar hyperpolarizations. Systemic administration of the μR 

agonist remifentanil for anesthesia can evoke similarly slow persistent bursting in the LC of rats 

in vivo (Ballanyi and Eschenko, 2022). Moreover, intracerebroventricular morphine injection in 

adult rats evokes even slower neuronal bursts that are reversed by kynurenic acid injection into the 
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LC, which indicates that iGluRs are necessary for this phenomenon (Zhu and Zhou, 2005) (Fig. 

1-8). α2R activation can also induce spike bursts, an effect observed when interstitial NA levels in 

the LC of juvenile/adult rat slices were increased by blocking its reuptake with cocaine after 

spontaneous release. Consequently, cocaine slowed and augmented the amplitude of STOs and 

transformed single spike discharge into slower discharge of multiple spikes (Fig. 1-8) and these 

effects were reversed by α2R blockade (Williams and Marshall, 1987). In agreement, our findings 

show that LFP bursts are slowed and prolonged during application of 100–250 nM clonidine. 

Higher clonidine doses block LFP rhythm and (crescendo-like) multipeak bursts occur transiently 

again during washout (Fig. 1-8). Accordingly, the effects of μR and α2R activation on LC rhythm 

are very similar in the isolated neonatal rat LC.  

 

1.2.5.  Cai Changes in LC Neurons and Astrocytes  

Our results above are based on LFP recording combined with monitoring of either cell-attached 

single neuron spiking or Vm. The following findings additionally involved population Cai imaging 

of LC neurons and astrocytes. For this, cells are stained with the membrane-permeant chemical 

Ca2+ dye Fluo-4 via pressure injection from a broken patch electrode into the LC center at a depth 

of ~50 μm into the slice (Ruangkittisakul et al., 2009; Carrillo-Reid et al., 2017; Pires et al., 2021).  

 

In our study on the functional TARP-AMPAR complex (Rawal et al., 2019), the partial agonist 

CNQX evokes a modest and uniform Cai rise in neurons with no effect on astrocytes. However, 

spontaneous Cai rises occur randomly in a subpopulation of ~20% of astrocytes. This is shown in 

Fig. 1-9 which also exemplifies that the CNQX-evoked neuronal Cai rise persists in TTX which 

lowers Cai baseline. In contrast, we found that 25 μM NA causes a steady decrease of neuronal Cai 
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baseline which recovers within <3 min upon start of washout. An opposing effect is seen in 

astrocytes during NA where Cai increases in a novel type of ‘concentric’ Ca2+ wave. Essentially, 

Cai increases firstly in astrocytes located >100 μm distant to the LC, then in astrocytes located 

closer to the LC soma area, and finally in astrocytes within the nucleus (Waselenchuk et al., 2022) 

(Fig. 1-9, video). The NA-evoked concentric Ca2+ wave is blocked by the specific α1R antagonist 

prazosin whereas the neuronal fall of Cai is blocked by the specific α2R antagonist yohimbine. 

Both neurons and astrocytes seem to possess metabotropic glutamate receptors and purinergic 

receptors because the respective agonists trans 1-Amino-1,3-dicarboxycyclopentane (t-ACPD) 

and adenosine triphosphate (ATP) cause a notable Cai rise in astrocytes (mostly also in a concentric 

wave for ATP, but not t-ACPD) whereas neuronal responses are smaller (Waselenchuk et al., 

2022) (Fig. 1-9). The neuronal Cai changes are apparently modest as application of 0.5 or 1 mM 

glutamate at the end of an experiment causes a >5-fold larger increase in Fluo-4 fluorescence. As 

a further observation, the number of astrocytes seems to be smaller within the nucleus compared 

to surrounding slice areas (Rawal et al., 2019) (Fig. 1-3).  

 

With population imaging, covering the LC and portions of surrounding tissue, we did not detect 

LFP-related neuronal Cai increases in control, contrary to spike-related (dendritic) Cai rises seen 

in adult mouse slices using fast line-scanning imaging (Sanchez-Padilla et al., 2014) (Fig. 1-10). 

However, we detect rhythmic Cai rises in solution with 7 or 9 mM K+ when the LFP transforms to 

slower pronounced multipeak bursts as we have reported previously (Rancic et al., 2018) (Fig. 1-

10).  
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For our above findings, we used a bath-application approach to apply neuromodulator agonists 

and antagonists. While this partly mimics global autocrine modulation of the LC network, it is not 

clear how cells respond to activation of afferent inputs. It was mentioned above that single 

electrical stimuli of areas surrounding the LC evoke an EPSP-IPSP sequence (Williams et al., 

1991). We were unable to detect changes in neuronal Cai in response to a single stimulus, contrary 

to occurrence of robust signals in response to repetitive stimulation involving >10 single pulses at 

a rate of 20–100 Hz (Waselenchuk et al., 2022). Such ‘tetanic’ stimulation causes only a rise of 

Cai in ~60% of neurons whereas in the remaining cells the initial Cai increase is followed by an 

‘undershoot’ below its baseline (Fig. 1-10). A major portion of the stimulus-evoked Cai rise is 

attenuated by CNQX and the remaining by prazosin (Waselenchuk et al., 2022) (Fig. 1-10).  

 

The last aspect of the present study deals with a novel neuron-astrocyte interaction that has been 

detected in cultured LC slices from newborn rats (Tang et al., 2014). Using a combined 

optogenetic/Cai imaging and electrophysiological approach, the authors demonstrated a new role 

of the metabolite L-lactate in neuron-glia communication. Specifically, depolarization of LC 

astrocytes causes them to release L-lactate, which then diffuses to neighboring neurons to evoke a 

depolarization that initiates their spiking via a yet unknown receptor (Fig. 1-1). We also find that 

in acutely isolated newborn rat slices, L-lactate acts excitatory to accelerate LFP rhythm likely in 

response to α1R-activated vesicular Cai rise in astrocytes.  

 

1.3.  Discussion  

By combining electrophysiological recording with population Cai imaging, we present here 

evidence for novel neonatal LC properties. We demonstrate that the newborn rat LC forms a neural 
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network that is capable of generating a LFP. In the following sections we summarize the properties 

of this LFP and refer them, on the one hand, to those detected in single neurons based mainly on 

in vitro studies in newborn, young, and adult rodents. On the other hand, we compare neonatal LC 

network properties to those in the adult mammalian LC showing a modular organization.  

 

1.3.1.  Intrinsic Neonatal LC Properties  

LFP recording in vivo and in brain slices was, and still is, instrumental for unraveling neural 

network properties in a variety of brain regions, with the largest number of studies on the cortex, 

including hippocampus (Jefferys, 1994; Bartos et al., 2007; Poil et al., 2011; Buzsáki et al., 2012; 

Gonzalez et al., 2012; Einevoll et al., 2013; Pires et al., 2021; Avramiea et al., 2022). For the LC, 

no LFP has been reported in slices until our first study did so (Kantor et al., 2012). In that study 

and our follow-up work (Rancic et al., 2018), we showed that recording the LFP depends on using 

~50 μm large suction electrodes instead of often used fine-tipped (patch) or metal electrodes. 

Suction electrodes are typically applied for in vitro nerve root recording, mostly in models of the 

neonatal rodent locomotor or respiratory networks (Funk et al., 1993; Bracci et al., 1996; Ballanyi 

and Ruangkittisakul, 2009). The group of Ramirez also possibly found out that they can be used 

to monitor the LFP generated by rhythmogenic inspiratory center neurons from the surface of the 

corresponding ventrolateral area in ‘breathing slices’ (Lieske et al., 2000; Ballanyi and 

Ruangkittisakul, 2009).  

 

LFP shape and amplitude do not appear to differ between recording sites within the neonatal LC. 

This indicates that there are no local neuron modules that may discharge under control conditions 

in a fashion basically different from that of the main LC network ensemble as seen in the inferior 
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olive of slices from young and adult rats (Devor and Yarom, 2002) and LC (Chandler et al., 2014; 

Li et al., 2016). Our finding of a blocking effect of TTX on both the LFP and STOs is similar to 

observations in the en bloc model (Oyamada et al., 1998) and adult mouse slices (Sanchez-Padilla 

et al., 2014), whereas TTX had mostly no effect on STOs in other LC slice studies (Williams and 

Marshall, 1987; Christie et al., 1989; Alvarez et al., 2002).  

 

The LC-LFP comprises spike discharge of 3–10 LC neurons with no synaptic component, contrary 

to that in the hippocampus (Jefferys, 1994; Poil et al., 2011; Ruangkittisakul et al., 2015). The 

~300 ms-lasting bell-shaped signal that the LFP represents is due to the fact that typically single 

spike discharge in each neuron shows a jitter and is phase-locked to a particular time period within 

the LFP (Fig. 1-3). Both phenomena are perhaps at least partly due to the consequence of a 

different ‘resting’ Vm in individual neurons in combination with random occurrence of 

spontaneous subthreshold PSPs delaying or shortening the time point when Vm reaches spike 

threshold (Fig. 1-3), as we have hypothesized previously (Rancic et al., 2018). Our findings show 

that spiking in the LC neuron network is not synchronous. This prompted us to conclude that 

electrical coupling via gap junctions is not strong enough to cause full synchrony of the network 

as has been discussed previously (Christie, 1997; Alvarez-Maubecin et al., 2000; Alvarez et al., 

2002; Rash et al., 2007; Patel and Joshi, 2015). It seems that the extent of synchrony can be 

increased or decreased further by neuromodulators as discussed below.  

 

While the rate of phase-locked single spike discharge in newborn rat slices is similar in a given 

slice with an average of ~1 Hz, intrinsic neuronal membrane properties differ. In newborn rat 

brainstem–spinal cord preparations, type-1 and type-2 LC neurons differ in STO amplitude and 
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regularity (Oyamada et al., 1998) while we found that pacemaker, intrinsic burster, and irregular 

LC neurons can be discriminated by current-evoked depolarization (Fig. 1-4). According to our 

knowledge, adult LC neurons show exclusively pacemaker discharge in control. It is important to 

note that morphine application changes spiking from tonic to bursting in adult rat LC neurons in 

vivo (Zhu and Zhou, 2005) (Fig. 1-8), but it is not clear whether this spike pattern transformation 

is caused by depolarization-related intrinsic bursting. It can also be due to changed synaptic input 

as kynurenic acid reverses this spike pattern transformation (Zhu and Zhou, 2005). In that regard, 

during opioid withdrawal, complex interactions occur between μR, orexin receptor 1 (OX1R), and 

iGluR within the orexinergic-opioidergic system, particularly for connections between the nucleus 

paragigantocellularis and the LC (Ahmadi-Soleimani et al., 2014, 2015, 2017; Kaeidi et al., 2015) 

(Fig. 1-1). Intrinsic bursting in neonatal rat LC neurons is less pronounced than in other neuron 

types, such as in the inspiratory center (Ballanyi and Ruangkittisakul, 2009) or cortex (van 

Drongelen et al., 2006). This might partly be due to dialysis of cellular constituents such as cAMP 

during whole-cell recording, as shown for LC neurons in the newborn rat en bloc model (Oyamada 

et al., 1998) and in adult rat slices (Alreja and Aghajanian, 1991).  

 

Ion conductances that can be involved in this endogenous bursting are often persistent voltage-

gated Na+ channels, which seem to be functional in the neonatal LC (Kantor et al., 2012) (Fig. 1-

3), different types of voltage-gated Ca2+ channels, and Ca2+-activated K+ channels. In adult rat 

slices, spontaneous (single) spikes or stimulus-evoked spike trains cause activation of voltage-

gated Ca2+ channels followed by an after-hyperpolarization mainly mediated by Ca2+-activated K+ 

channels (Andrade and Aghajanian, 1984). In adult mouse slices, the role of voltage-gated Ca2+ 

channel and Ca2+-activated K+ channel (subtypes) in LC neuron pacemaker behavior has been 
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studied in detail (Matschke et al., 2015, 2018). It is not clear yet whether the different neonatal 

neuron types are located in a particular ‘module’ area with the neonatal LC and/or project to a 

specific (group of) target brain areas like in the adult LC (Chandler et al., 2014; Schwarz and Luo, 

2015; Li et al., 2016; Poe et al., 2020).  

 

1.3.2.  Independence of LC Network Rhythm on Anion Channel-Mediated Inhibition and 

iGluR  

Regarding ‘classical’ inhibition, blockade of GABAAR or GlyR causes a rhythm change to seizure-

like bursting in the adult and newborn cortex and hippocampus (Jefferys, 1994; Ruangkittisakul et 

al., 2015; Pires et al., 2021). Similarly, alternating spinal locomotor activity changes to seizure-

like synchronous bursting during blockade of these receptors (Bracci et al., 1996; Taccola et al., 

2012). In contrast, the primary process of inspiratory rhythm generation in the brainstem does not 

depend on such inhibition (Feldman and Smith, 1989; Shao and Feldman, 1997; Brockhaus and 

Ballanyi, 1998; Janczewski et al., 2013). Regarding glutamatergic synaptic transmission, blockade 

of iGluRs abolishes rhythm in the inspiratory center (Funk et al., 1993; Ballanyi and 

Ruangkittisakul, 2009), locomotor central pattern generator (Rancic and Gosgnach, 2021), and 

other brain circuits (Garaschuk et al., 2000; Devor and Yarom, 2002; Bartos et al., 2007; Sipilä 

and Kaila, 2008; Pires et al., 2021).  

 

Previous in vitro studies using adult rat slices have established that single neuron spiking in the 

LC persists during blockade of inhibition via GABAAR and GlyR (Olpe et al., 1988) and of 

excitation via iGluR (Olpe et al., 1989; Zamalloa et al., 2009). These and related studies also 

showed that GABAAR and GlyR activation abolishes single LC neuron spiking whereas iGluR 
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agonists increase their spike rate (Olpe et al., 1989; Singewald and Philippu, 1998; Zamalloa et 

al., 2009). Our LFP and Vm recordings revealed that neonatal rat LC neurons already possess 

functional GABAAR, GlyR, and iGluR, while blocking these receptors does not affect network 

rhythm.  

 

It can be concluded that neither GABAergic interneurons nor potential tonic release of GABA or 

glycine from afferent axon terminals within the isolated newborn rat LC are necessary for rhythm. 

The same can be concluded for eventual spontaneous release of glutamate within the LC in such 

slices.  

 

1.3.3.  iGluR-Mediated LFP Pattern Transformation  

We found that the competitive AMPAR and KAR blocker CNQX accelerates the rhythm whereas 

the specific competitive AMPAR blocker GYKI or the non-specific, non-competitive iGluR 

blocker kynurenic acid have no effect (Rawal et al., 2019). The CNQX effect is due to the agent 

acting as a partial agonist on LC neuron AMPARs that are coupled to TARP. As many 

spontaneously active neural networks depend on active AMPAR-containing synapses, it follows 

that the yet inhibitory CNQX effect on transmission in these networks abolishes the rhythm despite 

a potential stimulatory agonistic action on Vm of individual neurons (Feldman and Smith, 1989; 

Funk et al., 1993; Garaschuk et al., 2000; Devor and Yarom, 2002; Bartos et al., 2007; Sipilä and 

Kaila, 2008; Ballanyi and Ruangkittisakul, 2009; Rancic and Gosgnach, 2021). As the neonatal 

LC rhythm does not depend on iGluR, we showed for the first time that activation of the TARP–

AMPAR complex has a stimulatory effect on a spontaneously active neural network.  
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In some slices from our study on the TARP–AMPAR complex (Rawal et al., 2019) we noticed 

that the amplitude of LFP rhythm fluctuates during CNQX-mediated stimulation. Similarly, α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), kainate (KA), and N-methyl-D-

aspartic acid (NMDA) merge separate bursts into faster sinusoidally-shaped oscillations showing 

spindle-like amplitude variations. As one possible explanation, this transformed LFP pattern might 

represent summation of enhanced STOs in LC neurons that are strongly electrotonically coupled 

in newborn rats (Christie et al., 1989; Marshall et al., 1991; Ishimatsu and Williams, 1996; Alvarez 

et al., 2002). As examples for this mechanism in neonatal rats, KA or the cholinergic agonist 

carbachol induce STOs that summate to spindle-shaped γ-type LFP oscillations in the CA3 

hippocampal area. These oscillations are, however, notably faster than those in the LC (Bartos et 

al., 2007; Poil et al., 2011; Tsintsadze et al., 2015). Similarly, STOs are involved in sleep-related 

γ spindles in the adult brain (Lüthi, 2014; Sullivan et al., 2014). Moreover, most inferior olive 

neurons, which share various properties with the neonatal LC, such as strong coupling via gap 

junction, show rhythmic variations in frequency and amplitude of STOs (Devor and Yarom, 2002). 

As STO variations were blocked by CNQX in that juvenile rat brain slice study, the authors 

concluded that tonic depolarizing glutamatergic input is involved in this phenomenon. Indeed, we 

found that during AMPA or KA LC neurons show a modest depolarization and ‘tonic’ increase in 

spike rate with no rhythmic amplitude changes of either spikes or underlying STOs. Possibly, the 

spindle-shaped amplitude LFP fluctuations are due to a rhythmic change in the extent of phase-

lock of individual neuron discharge regarding the network output (Bartos et al., 2007) and this 

increase in phase-lock towards higher synchrony can be due to an enhanced coupling of gap 

junctions (Posłuszny, 2014). In that regard, NMDA stabilizes synchronized LFP oscillations in 

gap junction-coupled inferior olive neurons of rat slices. This process involves Ca2+/calmodulin- 
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dependent protein-kinase-I activation which enhances weak coupling of non-neighboring neurons 

(Turecek et al., 2014). In contrast, in the adult rat LC, neuromodulators (including glutamate) 

presumably do not directly counteract the postnatal decrease of gap junction coupling and, instead, 

neuromodulator-evoked spike slowing itself reverses this decrease (Alvarez et al., 2002). We 

found that NMDA-evoked acceleration of rhythm is accompanied by increased synchrony which 

we could not yet confirm for the network oscillations due to AMPA and KA. In each case, though, 

all three agents increased the regularity of LFP rhythm.  

 

In neonatal LC neurons, NMDA causes crescendo-shaped rhythmic sustained depolarizations and 

concomitant spike discharge followed by hyperpolarizations that are closely related timewise to 

the oscillation train LFP pattern (Fig. 1-5). Detailed pharmacological analysis is required to 

analyze cellular mechanisms underlying NMDA-evoked bursting that can include modulation of 

Ca2+-dependent STOs and a variety of other processes (Neuman et al., 1989; Zhu et al., 2004; 

Sharifullina et al., 2008; Mrejeru et al., 2011). While many questions remain regarding the iGluR 

agonist-evoked LFP pattern transformations, our findings support the hypothesis based on in vivo 

findings of morphine-evoked bursting in the LC of adult rats that iGluR within the LC is needed 

for the spike pattern transformation of its neurons by opioids (Zhu and Zhou, 2005) (Fig. 1-8).  

 

1.3.4.  LFP Pattern Transformations by μ-Opioid and α2 Receptors  

The very similar complex inhibitory effects of μR and α2R activation on the newborn rat LFP 

(Rancic et al., 2018) (Figs. 1-7,1-8) are not surprising as they act on the same Gi/o-mediated cellular 

signaling pathway coupled to GIRKs (North and Williams, 1985; Aghajanian and Wang, 1987). 

For slice studies on the LC, mostly high doses were used that result in blockade of neuronal spike 
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discharge due to pronounced GIRK channel-mediated hyperpolarization. We found that low 

morphine, DAMGO, or clonidine doses slow LFP rhythm and evoke a (crescendo-like) multipeak 

burst pattern. As one explanation, low doses of these μR and α2R agonists may have a modest 

hyperpolarizing action on LC neurons. Due to the differences in resting Vm and subthreshold 

EPSPs and IPSPs, this might increase the differences in time points at which each neuron reaches 

spike threshold. Additionally, the possibility of presynaptic effects cannot be excluded. However, 

as noted above, LFP rhythm does not depend on classical synaptic processes and may rather rely 

on intrinsic STOs and gap junction coupling. While the observed LFP pattern transformation 

occurred only in a narrow nanomolar dose range of about one order of magnitude, it is not clear 

which concentrations are reached in the LC of adult rats in vivo when μR agonists are applied 

(systemically) to cause slow LC neuron bursting (Ruangkittisakul et al., 2015; Ballanyi and 

Eschenko, 2022). Additionally, in the latter studies it is not clear whether the agonists act directly 

on the LC or rather on afferent circuits which then induce synaptically-mediated bursting (see 

above). It is also unknown in which way iGluRs act to support such bursting (Zhu and Zhou, 2005) 

(Fig. 1-8). These considerations also raise the question of which opioid and clonidine doses occur 

in the LC during their recreational and therapeutic effects. In that regard, under very similar in 

vitro conditions, ~100 nM DAMGO or fentanyl block rhythm in the isolated inspiratory center 

(Ballanyi and Ruangkittisakul, 2009; Ruangkittisakul and Ballanyi, 2010).  

 

1.3.5.  Cai Responses in the Neonatal LC  

Our immunohistochemistry (Rawal et al., 2019) and Cai imaging results in newborn rat slices 

(Ruangkittisakul et al., 2009) showed firstly that LC neuron somata were densely packed whereas 

somata of intermingled astrocytes were notably fewer and smaller (Fig. 1-2). Despite a smaller 
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number of somata, astrocyte processes might spread throughout the LC and may contain the 

receptors needed for their communication with neurons. One novel type of communication is via 

lactate, which seems to be released upon α1R activation from astrocytes and diffuses to neighboring 

neurons to excite them via a novel receptor (Tang et al., 2014; Teschemacher and Kasparov, 2017) 

(Fig. 1-1). While the latter findings were obtained in cultured LC slices, we made similar 

observations regarding lactate in the acutely isolated newborn rat slices. We also found that the 

presumptive astrocytes respond to various neuromodulators in a fashion distinct to neurons. 

Specifically, NA decreased Cai baseline in neurons while inducing a concentric Cai wave starting 

in the dense network of astrocytes surrounding the LC (Fig. 1-9). DAMGO also decreased baseline 

Cai in neurons while it did not affect astrocytes. The astrocytic Cai increases during NA are likely 

due to metabotropic Ca2+ release from endoplasmic reticulum stores and this has been shown to 

occur in several brain regions in wave-like fashion based on gap junction coupling 

(Ruangkittisakul et al., 2009; Halassa and Haydon, 2010). In contrast, the DAMGO- and NA-

evoked neuronal Cai decreases are, at least to a major extent, likely due to decreased Ca2+ influx 

associated with the hyperpolarization and concomitant spike blockade, resulting in inactivation of 

spike-related and persistently open (‘tonic’) voltage-gated Ca2+ channels. Our observation that 

ATP and t-ACPD also cause a notable (wave-like) Cai rise in astrocytes vs. a modest response in 

neurons indicates that neurons do not have a major amount of Ca2+ stored in the endoplasmic 

reticulum and/or may not have purinergic or metabotropic glutamate receptors for the latter 

agonists, respectively.  

 

Cai baseline in neonatal LC neurons also increases modestly with similar magnitude and kinetics 

in all analyzed neurons during CNQX-evoked acceleration of rhythm (Rawal et al., 2019). These 
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Cai rises are likely mainly due to enhanced activation of tonic voltage-gated Ca2+ channels, 

possibly in concert with a minor influx through the potentially Ca2+-permeable AMPAR (Metzger 

et al., 2000; Traynelis et al., 2010). We proposed that most LC neurons express TARP–AMPAR 

complexes or that they are at least in some neurons secondary to gap junction coupling, causing a 

similar depolarization of neighboring cells lacking a functional TARP–AMPAR complex (Rawal 

et al., 2019).  

 

The fact that no rhythmic neuronal Cai rises were seen during single spikes or crescendo-like 

multipeak bursts during recovery from high DAMGO or NA is likely caused by the limited time 

resolution of our scanning population imaging approach at ~1 frame/s. Accordingly, rhythmic 

single spike-related (dendritic) Cai rises were recorded in LC neurons from adult mouse slices 

using fast line-scan imaging (Sanchez-Padilla et al., 2014) (Fig. 1-10). With our approach, 

rhythmic neuronal Cai rises were only seen during sustained LFP bursting in 7 or 9 mM K+ solution 

(Fig. 1-10). Moreover, robust neuronal Cai rises occurred in response to tetanic stimulation of the 

pericoerulear areas surrounding the LC soma region. While the blocking effects of CNQX and 

prazosin (Fig. 1-10) indicate that the Cai rises in most stimulation sites involve AMPAR/KAR and 

α1R activation, respectively, it is possible that stimulation of other (more remote) sites reveals 

other synaptic inputs to the LC network. As an important new result, stimulation evoked either 

only a Cai rise or a rise followed by an undershoot below baseline. The undershoot likely involves 

α2R activation based on findings from Vm recording in adult rat slices showing that single electrical 

stimuli cause an iGluR mediated EPSP followed by a prolonged α2R-mediated 

afterhyperpolarization (Williams et al., 1991). The finding of two different neuronal response types 
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to tetanic stimulation in neonates is further indication of non-uniform neuronal properties similar 

to those of the adult LC.  

 

In summary, our Cai imaging findings are a first important step to elucidate receptors and signaling 

pathways in the neonatal LC. In the next section, we refer to how our in vitro approaches can be 

complemented by other approaches in future studies and how the findings relate to the current 

understanding of the modular organization of the adult LC.  

 

1.3.6.  Conclusions and Perspective  

The previous and current findings on the isolated newborn rat LC indicate clearly that this neural 

network is already very complex at birth and also possibly has a modular organization such as that 

in adults. Further novel neonatal LC properties will certainly be detected with the in vitro 

techniques used so far, specifically bath-application of drugs, LFP recording, cell-attached plus 

whole-cell spike and PSP analysis, and population Cai imaging. However, other approaches 

discussed in the following will likely lead to other novel findings. For several years, in vivo studies 

in the adult rodent LC have used powerful approaches including optogenetic and chemogenetic 

stimulation in genetically-engineered animals, sometimes combined with subsequent in vitro 

analyses, e.g., electrophysiological recording and pharmacology in slices or 

immunohistochemistry (Carter et al., 2010; Tang et al., 2014; McCall et al., 2015; Li et al., 2016; 

Yamaguchi et al., 2018). However, genetic engineering in newborns is only a newly emerging 

field as the manipulation must occur in utero (Bitzenhofer et al., 2017). Furthermore, acute 

approaches such as drug injection or electrophysiological recording, e.g., with multi-site electrodes 
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(Eschenko et al., 2012; Totah et al., 2018, 2021) are challenging in the very small neonatal LC. 

Accordingly, we focus here on future in vitro techniques.  

 

Regarding pharmacology, bath-application of drugs partly mimics autocrine LC neuromodulation. 

This holds particularly true for NA (ant)agonists because strong excitatory afferent inputs to (a 

subpopulation of) LC neurons increases the spike rate not only of these cells, but likely also 

neighboring neurons due to gap junction coupling. The increased spiking would then cause a global 

NA release within the LC that then has feedback effects on both neurons (via auto α1R and α2R) 

and astrocytes (via α1R). Modest effects of, e.g., iGluR, GABAAR, or μR activation might be more 

localized if neonatal LC neurons have a modular organization regarding expression of such 

receptors. To analyze this, drugs can be focally injected into LC subareas during 

electrophysiological LFP and/or cellular recording. In that regard, it can be tested whether findings 

from drug injection into the LC soma region differs from those upon focal application to the 

pericoerulear region where autocrine synaptic integration is prominent (Ivanov and Aston-Jones, 

1995; Ishimatsu and Williams, 1996). Regarding recording, multi-electrode arrays (Brofiga et al., 

2021) would be suitable to detect, e.g., whether some LC neurons respond with bursting to focal 

drug application. Moreover, whole-cell recording of Vm changes (and underlying ion currents in 

voltage-clamp) can be combined with imaging of cellular factors such as Cai or cAMP under the 

influence of drugs. After whole-cell recording, the cytoplasm can be harvested for identifying via 

PCR analysis neuron type-specific ion channels or receptors (Sucher and Deitcher, 1995). Specific 

afferent inputs to (subpopulations of) LC neurons can be identified via electrical stimulation in LC 

slices sectioned at an angle that would preserve axon tracts from remote brain areas. In that regard, 

focal LC stimulation would possibly reveal that modules within the LC respond with LFP and 
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possibly also Vm pattern transformation to iGluR, μR, OX1R, or α2R activation. One promising 

rat slice model in that respect retains functional connectivity from neurons of the nucleus 

paragigantocellularis to those in the LC (Kaeidi et al., 2015). It would also be important to use 

slices in which LC output tracts are preserved to identify whether particular axons propagate spike 

bursts during LFP pattern transformations evoked by the latter receptors. Regarding the LFP 

pattern transformation, data from simultaneous LFP or multi-electrode array recording combined 

with monitoring single neuron Vm changes can be used for modeling, e.g., of spindle-shaped 

AMPAR- and KAR-mediated LFP oscillations whose shape resembles γ-oscillations elicited by 

bath-applied KA in cortical slices which are thought to provide a temporal structure for 

information processing in the brain (Bartos et al., 2007). As examples for topics to be studied with 

such approaches, one could analyze how iGluR, μR, and OX1R eventually cooperate to transform 

LC neuron LFP and possibly also single neuron discharge patterns like in adult rats in vivo (Zhu 

and Zhou, 2005). Regarding modeling, approaches like those used in the inferior olive may be 

applied. Specifically, it has been shown that two principal characteristics of its neurons, i.e., STO 

and electrical gap junctions, make this system a powerful encoder and generator of spatiotemporal 

patterns with different but coordinated oscillatory rhythms (Latorre et al., 2013).  

 

1.4.  Aims and Hypotheses 

As noted above (1.1.2.), the adult LC has a modular organization enabling this small neural 

network to control multiple brain functions (Fig. 1-1). Substantially less is known about functional 

properties and the organization of the LC in newborns (1.3.4.). Based mainly on in vitro studies 

using brain slices, it was thought for long that regular spontaneous spiking of neonatal LC neurons 

is synchronous due to their extensive gap junction coupling, contrary to more complex discharge 
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patterns in adults. But, the neonatal LC is not a simple, synchronous, spike-generating circuit as 

demonstrated by previous studies from our group using horizontal neonatal rat brain slices (Kantor, 

2012; Panaitescu, 2012; Rancic et al., 2018; Rawal, 2019; Rawal et al., 2019; Rawal and Ballanyi, 

2022; Rawal et al., 2022) (Fig. 1-2). These reports showed that the newborn LC generates a LFP 

comprised of asynchronous and rather phase-locked spikes and that generation of this robust neural 

network rhythm does not depend on either iGluR-mediated excitation or GABAAR/GlyR-mediated 

inhibition (Figs. 1-3, 1-5, 1-6). Furthermore, subpopulations of LC neurons possess distinct 

intrinsic ion conductances that mediate either conditional burster- or pacemaker-type discharge 

versus irregular spiking (Fig. 1-4). Moreover, findings using Cai imaging during tetanic electrical 

stimulation indicate that one subpopulation of LC neurons responds with EPSPs whereas the 

remaining neurons show an EPSP-IPSP sequence (Fig. 1-10). Finally, the pattern of LFP rhythm 

transforms under the tonic influence of neuromodulators. Namely, iGluR activation with AMPA, 

KA or NMDA evokes fast LFP oscillations with distinct pharmacological properties (Rawal and 

Ballanyi, 2022; Rawal et al., 2022) (Fig. 1-5) whereas raising extracellular K+ can cause slow LFP 

bursts (Fig. 1-10) and µR or 𝛼2R activation elicits also slow, but less robust crecendo-shaped 

(multipeak) bursts (Figs. 1-7, 1-8). Preliminary analysis of unpublished data from our group 

indicated that NA can also cause a slow multipeak LFP pattern while evoking a concentric Cai 

wave in astrocytes that originates in the periphery and subsequently propagates towards the LC 

center (Fig. 1-9).  

 

In our previous studies, drugs were administered via bath-application. This approach should 

optimally be combined with local drug injection or, if feasible, (opto)genetic manipulation as, for 

example, opioids may affect only a subpopulation of LC neurons in an intact animal. However, for 
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NA, bath-application can mimic autocrine activity in the neonatal LC in which interstitial NA may 

substantially increase throughout the nucleus during enhanced neuronal spiking that results in NA 

release from proximal axon collaterals (Cedarbaum and Aghajanian, 1978; Baral et al., 2022). The 

activity-related increase in interstitial NA then acts back on LC neurons via 𝛼1R and 𝛼2R 

(Nakamura et al., 1988; Delaville et al., 2011; Schwarz and Luo, 2015) and likely also on 

neighbouring astrocytes expressing 𝛼1R (Tang et al., 2014; Teschemacher and Kasparov, 2017). 

Presumably, 𝛼1R activation in LC astrocytes stimulates them to release lactate which subsequently 

depolarizes neighboring LC neurons via a novel receptor to increase their spike rate for evoking a 

further NA release (Tang et al., 2014; Teschemacher and Kasparov, 2017) (Fig. 1-1). This scenario 

indicates that LC neurons and astrocytes interact mutually as in various other brain circuits (Perea 

and Araque, 2005; Halassa and Haydon, 2010; Wahis and Holt, 2021).  

 

As the overarching aim of this thesis, experiments were designed in acutely isolated slices 

retaining the connectivity between these brain cells similar to in vivo to establish a basis for future 

studies on network complexity in the neonatal LC, particularly involving NA-mediated LC neuron-

glia interaction. Improved understanding of neonatal LC function/dysfunction can contribute to 

development of new treatments for pathologies involving (changes in) activity of this network, 

such as sudden infant death syndrome (Lavezzi et al., 2005). 

 

For this, NA effects were studied at a concentration that changes the LFP-recorded network rhythm 

as well as the activity of populations of neurons and astrocytes monitored with Cai imaging. This 

imaging approach of cellular activity is indirect as in neurons enhanced spontaneous spiking causes 

a rise of Cai baseline that is the consequence of potentiated activation of voltage-gated Ca2+ 
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channels combined with release of Ca2+ from endoplasmic reticulum stores (Hille, 1984; Ballanyi 

and Kulik, 1998; Metzger et al., 2000). Although astrocytes also possess such voltage-gated 

channels, rises of Cai baseline in their somata are typically a result of endoplasmic reticulum store 

release in response to neurotransmitter-evoked G protein-coupled receptor (GPCR) activation 

(Carmignoto et al., 1998; Fiacco and McCarthy, 2006; Verkhratsky and Parpura, 2014; Bazargani 

and Attwell, 2016). Due to gap junction coupling and release of extracellular signalling molecules, 

such astrocyte activity can propagate in wave-like fashion in brain cultures (Cornell-Bell et al., 

1990), slices (Basarsky et al., 1998), whole retinae (Newman and Zahs, 1997), and in vivo (Hirase 

et al., 2004).   

 

Previous Cai imaging and immunohistochemistry data from our group indicated that the neonatal 

LC is apparently comprised of ~90% neurons with a soma diameter of >20 µm and ~10% 

astrocytes with a soma diameter of ~10 µm and it appeared (but was not analyzed) that astrocytes 

are more densely packed in peripheral tissue compared to the LC (Rawal et al., 2019) (Fig. 1-9). 

Structural astrocyte organization in the brain has long been characterized by ‘tiling’ whereby each 

cell occupies a distinct territory (Grosche et al., 2002; Oberheim et al., 2006; Halassa et al., 2007). 

However, there is increasing evidence that astrocyte arrangement is variable and specifically 

adapted to different neural circuits such as in the visual cortex (Lopez-Hidalgo et al., 2016) and 

hippocampus (Ogata and Kosaka, 2002). Moreover, astrocytes occupying particular brain regions 

might be specialized for interactions with neurons and give rise to the functions of the neuronal 

domains they neighbour (Tsai et al., 2012). Regarding the LC, in slices from 4–10 days-old rats 

functional interaction of neurons and astrocytes might be facilitated by gap junction-coupling 

between both brain cell types (Alvarez-Maubecin et al., 2000). However, there are currently no 
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studies that identified a particular array of the location or density of LC astrocytes that may support 

such an interaction. 

 

One specific aim of this thesis was therefore to determine whether there is a particular distribution 

of astrocytes in the neonatal LC which may indicate at a novel structure-function relationship for 

this type of glial cell. This was studied by firstly quantifying the LC extension and the density of 

surrounding versus internal astrocyte somata in TH- and S100β-stained preparations from our 

previous study (Rawal et al., 2019) (Fig. 1-9). Then, immuno-histochemistry-based findings on 

astrocyte distribution were compared with that in Fluo-4-loaded astrocytes in a single confocal 

imaging plane during Cai imaging when 500 μM or 1 mM glutamate was applied to evoke a large 

fluorescence increase. For a better discrimination of neurons from astrocytes during such imaging 

(apart from their different soma size), responses of cells to NA were used as preliminary data from 

our group suggested that NA caused astrocytes to flash up while instead dimming neurons.  

 

The other specific aim of this thesis was to characterize the LC network response to autocrine NA 

activity. A previous study from our group showed that CNQX acts as a partial agonist on the 

TARP-AMPAR complex in LC neurons of newborn rat slices to cause a 3 mV depolarization 

leading to a 2.3-fold increase in the rate of tonic spiking and an accompanying increase of Cai 

baseline (Rawal et al., 2019) (Figs. 1-5,1-9). These findings indicate that a change in Cai baseline 

can be used in neonatal LC neurons as indication of an excitatory versus inhibitory effect that can 

principally both be evoked during autocrine modulation of the LC by NA acting on neuronal 𝛼1R 

and 𝛼2R autoreceptors, respectively (Nakamura et al., 1988; Delaville et al., 2011; Schwarz and 

Luo, 2015). LFP recording was combined with Cai imaging firstly during bath-application of 25 
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µM NA as our preliminary data indicated that this dose evokes the presumably concentric astrocyte 

Cai wave while decreasing Cai baseline in neurons and slowing LFP rhythm (eventually with 

appearance of multipeak events). Neuronal and astrocytic responses were then compared to those 

during t-ACPD and ATP to determine whether they could also evoke astrocyte waves, and whether 

specific subpopulations of each cell type were responding to each modulator indicating a modular 

organization. Both agents can affect neuronal and astrocytic Cai via action at metabotropic and/or 

ionotropic receptors making them suitable for comparison with NA effects on neurons as well as 

astrocytes (Ruangkittisakul et al., 2009; Sun et al., 2013; Verkhratsky and Parpura, 2014; 

Bazargani and Attwell, 2016; Rajani et al., 2018).  

 

Regarding neonatal LC astrocytes, the following hypotheses are proposed: 

(i) They are less densely distributed within the center of the nucleus than at its rim and, 

particularly, in surrounding areas. 

(ii) NA, t-ACPD and ATP differ in their capability to evoke a concentric Cai wave. 

(iii) In line with a modular LC organization, NA, t-ACPD or ATP show regional differences 

in the expected Cai rise. 

 

Regarding neonatal LC neurons, the following hypotheses are proposed: 

(i) At a dose evoking the astrocytic Cai wave, NA acts inhibitory as evident from LFP slowing 

and a Cai baseline decrease. 

(ii) ATP and t-ACPD will act excitatory and cause a Cai rise 

(iii) In line with a modular LC organization, neuronal responses to NA show regional 

differences compared to ATP and t-ACPD 
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1.5. Figures and Legends 

 
 
 
Fig. 1-1: Adult locus coeruleus (LC) connectivity. The LC in adult mammals receives synaptic 
input from diverse remote brain circuits exemplified in the upper left section. The input involves 
a variety of neurotransmitters acting on different receptor (R) subtypes, e.g., such as glutamate on 
ionotropic R-subtypes (iGluR) activated by either α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA), kainate (KA), and N-methyl-D-aspartate (NMDA), γ-
aminobutyric acid (GABA) on GABAAR, serotonin (5-HT) on 5-HT1AR or 5-HT1DR, peptides 
such as endogenous opioids on μ-receptors (μR), hypocretin (Hypocr), orexin (Orx) acting, e.g., 
on OX1R and corticotropin-releasing factor (CRF). As shown in the middle right and lower 
section, LC neurons release in remote brain areas in most parts of the neuraxis their main 
neurotransmitter noradrenaline (NA) which acts on either α1, α2, or β R-subtypes, and possibly a 
LC neuron subtype-specific co-transmitter such as the peptide galanin or neuropeptide-Y. By 
activity-related NA and co-transmitter release, the LC controls (spontaneous) activities of brain 
circuits, e.g., in the thalamus or cortex, to modulate electroencephalogram (EEG) patterns or 
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behaviors such as sleep. At the same time, some of the neurotransmitters act in feedback fashion 
on presynaptic synapses on the same LC neuron. Importantly, some LC neuron collaterals 
terminate within the LC to release NA and their co-transmitter for acting on neighboring neurons 
or astrocytes shown in the upper section. Astrocytes possess, for example, α1R whose activation 
might cause release of the metabolite L-lactate that then stimulates LC neurons via a novel R type. 
Neuron–neuron and neuron–astrocyte interactions serve for autocrine control within the LC. Note 
that the red circle in the LC neuron in the upper right part indicates one example for an interaction 
between postsynaptic Rs. Specifically, μR might interact with iGluR and OX1R during opioid 
actions. All these functions, and other properties described in the main text, show that the adult 
LC has a complex connectivity and modular organization for enabling its diverse control functions. 
The schema is partly based on that from (Benarroch, 2009). Schema of EEG recordings adapted 
with permission from (Crunelli et al., 2018).  
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Fig. 1-2: Spontaneous rhythms in LC, cortex and hippocampus of horizontal newborn rat 
brain slices. A, the image in the upper left section shows a dorsal view on the isolated brain and 
parts of the cervical spinal cord. B, displays in upper part a schema for simultaneous suction 
electrode recording of integrated inspiratory-related phrenic nerve (Phr) activity from a ventral 
spinal rootlet and whole-cell membrane potential (Vm) recording from neurons in the LC indicated 
as a black oval located close to the 4th ventricle (IV). The lower part illustrates that spontaneous 
inspiratory phrenic bursts evoke in both neurons an initial acceleration of spontaneous LC neuron 
action potential (‘spike’) discharge followed by a hyperpolarization and concomitant spike 
blockade lasting ~5 s. In the ‘type-1′ neuron on the left, subthreshold oscillations (STOs) of Vm 
and concomitant spike discharge are very regular, contrary to more irregular STOs and spiking in 
the ‘type-2’ neuron in the right. C, schema of a 400 μm thick horizontal slice at a section level that 
enables simultaneous recording of spontaneous local field potential (LFP) rhythms in entorhinal 
cortex (EC), CA3 hippocampal area (CA3), and LC brainstem area. D, simultaneous suction 
electrode recordings from the surface of a slice kept in superfusate containing (among other 
components) 4 mM K+ and 1 mM Ca2+ (‘4K/1Ca’). LFPs were differentially amplified (×10 k) and 
band-pass filtered (0.3–3 kHz) and integrated at a time constant of 20 ms using a ‘moving 
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averager’. Note that rhythms have a rate of 1–4 bursts/min in EC, 10–40 bursts/min in CA3 area 
and 0.5–3 Hz in LC. E, an increase of superfusate Ca2+ from physiological 1 to 3 mM, almost 
abolishes the LC LFP. Use of elevated superfusate Ca2+ might partly explain why LFPs have not 
been recorded previously in LC. Note that our group uses typically a 3K/1.2Ca superfusate. A 
from (Waselenchuk et al., 2022); B adapted with permission from (Oyamada et al., 1998); C–E 
adapted with permission from (Kantor, 2012).  
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Fig. 1-3: Cell morphology, ‘phase-locked’ spiking and related basic neuronal properties in 
newborn rat LC slices. A, image shows in a chemically fixed slice with double immuno-
histochemical staining that the LC is comprised of ~90% densely packed tyroxine-hydroxylase 
(TH)-positive neurons with a mostly >20 μm soma diameter while smaller cells are glial cells, 
mostly S100β-positive astrocytes. B, traces next to image show overlay of 20 cycles of averaged 
integrated suction electrode-recorded LFP traces monitored simultaneously with single neuron 
spiking detected with a ‘cell-attached’ patch electrode. Spiking in a reference neuron (Ref) was 
continuously monitored with consecutive recording in a further 9 neurons (cells 1 and 2 displayed 
here). Traces on the right show the averaged integrated LFP and overlaid raw LFP signals from all 
cycles. Such spike tracking revealed that LC neurons discharge (with a ‘jitter’) during a particular 
phase of the LFP comprising overlaid spiking of 3–10 neurons. C, the morphology of neurons 
filled with lucifer-yellow via the patch electrode during whole-cell Vm recording. D, synchronous 
Vm STOs in 2 simultaneously recorded LC neurons. The smaller and shorter Vm depolarizations 
may reflect spontaneous postsynaptic potentials (PSPS). E, LFP rhythm is abolished by bath-
application of the voltage-gated Na+ channel blocker tetrodotoxin (TTX, 50 nM) or the connexin-
32 gap junction blocker mefloquine (100 μM). A adapted with permission from (Rawal et al., 
2019); B,E–G adapted with permission from (Rancic et al., 2018); C from (Panaitescu and 
Ballanyi, 2022); D adapted with permission from (Christie et al., 1989); Copyright (1989) Society 
for Neuroscience.  
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Fig. 1-4: Intrinsic spike patterns in LC neurons of newborn rat slices. A, depolarization of a 
whole-cell-recorded ‘pacemaker’-type neuron by current injection through the patch electrode 
shows a gradual increase in the rate of very regular spiking between 25 and 100 pA. Note that this 
cell shows only STOs in control due to its quite negative resting Vm. B, depolarization of a 
‘burster’- type neuron evokes groups of spikes whose number increases with the extent of 
depolarization. C, depolarization of an ‘irregular’-type neuron only modestly increases spike rate 
at 25 to 100 pA. Numbers indicate the percentage of occurrence of these neuron types based on 29 
recordings. For our whole-cell Vm recordings (see also Figs. 1-5A,C, 1-6C, and 1-7C), access 
resistance was compensated during a test pulse at the beginning of a recording and was also 
checked, and eventually adjusted, later during the measurement. Access resistance typically ranged 
between 10–50 MΩ and was stable in >95% of neurons even during recordings lasting > 1 h. For 
determining neuronal input resistance ranging from 120–370 MΩ, hyperpolarizing current pulses 
(50–100 pA) were injected, mostly at an interval of 10–15 s (see Figs. 1-6C and 1-7C). From 
(Waselenchuk et al., 2022).  
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Fig. 1-5. iGluR (ant)agonist effects on LC activities in newborn rat slices. A, bath-application 
of 2.5 mM of the broad-spectrum competitive iGluR blocker kynurenic acid for 5 min does not 
affect LFP. B, acceleration of LFP rhythm by bath-applied 6-cyano-7-nitroquinoxaline-2,3-dione 
(CNQX) is accompanied by modest Vm depolarization leading to faster cellular spiking. These 
stimulatory CNQX effects are reversed within 2 min after start of adding 25 μM GYKI to the 
CNQX-containing solution. C, bath-applied AMPA evokes fast LFP oscillations with spindle-
shaped amplitude fluctuations that persist after adding the KAR antagonist UBP-302 but are 
blocked by further addition of GYKI. D, bath-applied KA evokes very similar LFP oscillations 
that persist after adding GYKI but are blocked by further addition of UBP. E, several minutes after 
start of NMDA application, Vm oscillations become interrupted by ~1 s-lasting rhythmic 
hyperpolarizations causing spike blockade for ~1 s. The resulting LFP oscillation trains start after 
the inactivity phase with concomitant progressive neuronal depolarization leading to accelerated 
spiking (right panels). A,B adapted with permission from (Rawal et al., 2019); C,D from (Rawal 
and Ballanyi, 2022); E from (Rawal et al., 2022).  
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Fig. 1-6: GABAA and glycine (Gly) receptor (ant)agonist effects on LC activities in newborn 
rat slices. A, bath-application of the GABAA receptor blocker bicuculline (Bic) has no effect on 
LFP and even addition of the Gly receptor blocker strychnine (Strych) to this solution does not 
perturb rhythm. B, The neonatal rat LC has functional GABAA and Gly receptors as the GABAA 

receptor agonist muscimol (Mus) abolishes rhythm which is restored by adding Bic to the Mus-
containing solution. Subsequent bath-application of Gly in Bic-containing solution also abolishes 
rhythm that is then reactivated by Strych. C, Blockade of LFP rhythm by bath-application of Mus 
is accompanied by a LC neuron hyperpolarization and a decrease of input resistance measured by 
repetitive injection of hyperpolarizing current pulses at 10 s interval. The effects are countered by 
addition of theophylline (Theo) to the Mus-containing superfusate. From (Panaitescu and Ballanyi, 
2022).  
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Fig. 1-7. Depressing opioid effects and stimulatory theophylline (Theo) action on LC 
activities in newborn rat slices. A, bath-application of 1 μM of the μR agonist [D-Ala2,N-Me-
Phe4,Gly5-ol]-enkephalin (DAMGO) abolishes LFP rhythm. Recovery to the normal pattern of 
rhythm 22 min after start of DAMGO washout is preceded by a period of occurrence of slower 
multipeak bursts. B, bath-application of increasing DAMGO doses transforms LFP pattern into 
multipeak bursts (at 25–50 nM) while rhythm is abolished at 250 nM. Rhythm recovers upon 
addition of 1 mM Theo to multipeak bursting whereas 5 mM Theo restores a normal pattern. C, 
DAMGO hyperpolarizes Vm and abolishes intracellular spiking whereas bath-application of Theo 
reverses the hyperpolarization and induces rhythmic bursting. Input resistance was measured by 
repetitive injection of hyperpolarizing current pulses at 10 s interval. A adapted with permission 
from (Rancic et al., 2018); B,C from (Panaitescu and Ballanyi, 2022).  
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Fig. 1-8: μR- and α2R-evoked LC discharge pattern transformations. A, in an adult rat in vivo 
intracerebroventricular application of the μ-opioid agonist morphine transforms asynchronous 
low-rate spiking of 2 extracellularly recorded LC neurons into slow, synchronous spike bursts. 
Subsequent kynurenic acid injection reverses this effect. B, in a slice from a young rat, cocaine 
enhances the amplitude and prolongs the duration of subthreshold oscillation leading to a change 
in the discharge from 1 to several spikes per event. C, in a newborn rat slice increases in the dose 
of bath-application of the a2R agonist clonidine firstly slow LFP rhythm, then induce crescendo-
like multipeak bursts followed by blockade of the LFP. Upon washout, multipeak bursts occur 
transiently. A adapted with permission from (Zhu and Zhou, 2005); B adapted with permission 
from (Williams and Marshall, 1987), copyright (1987) Society for Neuroscience; C from 
(Waselenchuk et al., 2022).  
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Fig. 1-9: Neuromodulator-evoked changes in the free cytosolic Ca2+ concentration (Cai) in the 
LC of newborn rat slices. A, fluorescence image (at the peak of the response to bath-applied 
CNQX) of LC cells bulk-loaded via focal pressure injection with the membrane-permeant form of 
the green fluorescent Ca2+ dye Fluo-4. The numbered colored shapes are regions of interest (ROIs) 
drawn offline via Fluoview software (FV10-ASW, version 03.01.01.09, Olympus, Markham, ON, 
Canada) around 4 neurons (#1–4) and 4 presumptive astrocytes (#5–8). B, CNQX-evoked Cai rises, 
indicated by an increase in Fluo-4 fluorescence intensity (FI), are similar in all 4 ROI-identified 
neurons whereas the 4 astrocytes labeled do not respond, however 2 cells show spontaneous Cai 

rises. C, in 4 neurons of a different slice, the CNQX-evoked Cai rise persists after preincubation in 
TTX which decreases Cai baseline. D, Fluo-4 image with ROIs from 3 neurons and 3 smaller 
astrocytes. E, Cai kinetics traces from cells in D plotted during bath-application of 25 μM NA. NA 
caused a decrease in neuronal Cai baseline, contrary to eliciting a concentric Cai wave firstly in 
peripheral and finally in LC astrocytes (see Video). F, Cai response of the same cells to bath-
application of 100 μM adenosine-triphosphate (ATP). A–C Adapted with permission from (Rawal 
et al., 2019); D–F from (Waselenchuk et al., 2022).  
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Fig. 1-10: Cai rises in LC neurons of newborn rat slices during single spikes, K+-evoked LFP 
bursts and electrical stimulation. A, left, a fluorescence image of LC cells bulk loaded with Fluo-
4 with ROI outlines drawn around 5 neurons. The middle trace shows that when superfusate K+ is 
changed from physiological 3 mM K+ to 7 mM, baseline FI increases and begins to rhythmically 
oscillate. These oscillations are shown at a magnified timescale on the right, revealing that they 
are synchronous. B, shows a schema of an LC neuron (left) during whole-cell Vm recording from 
the soma and synchronized dendritic Ca2+ line-scan imaging. Combined voltage (upper) and 
fluorescence (lower) traces show that under control conditions and during TTX application 
dendritic Ca2+ oscillations recorded up to 100 μm away from the soma are phase-locked to somatic 
spiking activity. L-type Ca2+ channel antagonist isradipine (1 μM) eliminated Ca2+ oscillations in 
the presence of TTX. C, shows the LC bulk loaded with Fluo-4 during repetitive electrical 
stimulation (TS) in an area next to the LC. This resulted in fluorescence increases in neurons 
(middle traces) that are apparently partly mediated by AMPAR/KAR and α1R as they are partly 
blocked by CNQX and prazosin, respectively. The right traces exemplify that stimulation induced 
either an increase in FI followed by a return to baseline or FI increases followed by an undershoot 
below baseline. A adapted with permission from (Rawal et al., 2019); B adapted with permission 
from (Sanchez-Padilla et al., 2014); C from (Waselenchuk et al., 2022).  
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All procedures for this project have previously been described in detail by our group (Kantor et 

al., 2012; Rancic et al., 2018; Rawal et al., 2019).  

 

2.1. Preparations and Solutions 

Experiments were performed on horizontal brain slices from postnatal day (P) 0 to 7 Sprague 

Dawley (CD1-001) rats of unknown sex (Charles River Laboratory Inc., Wilmington, MA, USA). 

All procedures for experiments were approved by the University of Alberta Animal Care and Use 

Committee (AUP-00000221) 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’. 

  

Rats were first anesthetized with 2–3% isoflurane until disappearance of the paw withdrawal 

reflex. The brain was then isolated in room temperature ‘standard’ superfusate which contained 

(in mM): 120 NaCl, 3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 D-glucose, 1.2 CaCl2, and 2 MgSO4 

and was gassed with carbogen (95% O2, 5% CO2) for tissue oxygenation and to adjust pH to 7.4. 

The ventral surface of the brain was then glued to a metal plate that was inserted into a vibratome 

(Leica VT1000S, Leica Microsystems, Richmond Hill, ON, Canada) containing continuously 

carbogenated room-temperature superfusate. After an initial cut to remove roughly the top third of 

the cortex, serial 400 μm slices were cut until the 4th ventricle (4th V) became visible. Depending 

on the size of the brain, 2–3 slices were then taken until the 4th V began closing.   

 

The latter LC-containing slices were first individually transferred to an acrylic recording chamber 

(Warner Instruments, Hamden, CT, USA), fixed with a platinum harp, and superfused with 
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standard solution kept at 28 °C via bath heater (Thermo-Haake DC10-V15/B, Sigma Aldrich, 

Canada).  Flow rate was adjusted to 5 ml/min using a roller pump (Sci-Q 403-U/VM, Watson 

Marlow, Wilmington, MA, USA) and superfusate was removed distal to the slice by a vacuum-

attached hypodermic needle. Slice positioning was done using a 2x objective (XLFluor-340, 

numerical aperture 0.14) connected to a multiphoton excitation (MPE) microscope (Olympus, 

Markham, ON, Canada) whereas LC cells were visualized under a 20x objective (XLUMPlanFL 

N, numerical aperture 1.0). After inspection under the 20x objective, the slice containing the largest 

LC aspect (by diameter) was selected for recording and the other ones stored for up to 3 h at room 

temperature on a net in a beaker filled with carbogenated superfusate.  

 

2.2. Suction Electrode LFP Recording 

Our group previously reported that the neonatal LC produces a stable LFP that can be recorded 

using large-tipped suction electrodes (Kantor et al., 2012; Rancic et al., 2018) contrary to 

microelectrodes. To obtain a suction electrode, a patch pipette was made from glass capillaries 

(GC-150TF-10; 1.5 mm outer Ø, 1.17 mm inner Ø, Harvard Apparatus) using a vertical puller 

(PC-10, Narishige International Inc., Amityville, NY, USA) and manually broken and beveled at 

a 45° angle with sandpaper (Ultra Fine 600 Grit, Norton-Saint Gobain, Worcester, Wa, USA) to 

an oval-shaped tip of 40-60 μm outer Ø. The pipette was placed in a UM-3C manipulator 

(Narishige International Inc., Amityville, NY, USA) for insertion into the superfusate. Gentle 

suction was then applied with a syringe (BD Diagnostics, Franklin Lakes, NJ, USA) to fill it. The 

electrode approached the slice at a ~45° angle until its opening was flat against the slice surface 

and ~5 mmHg suction was then applied to form a loose seal. The ‘raw’ LFP signal was amplified 

(x10k) and band-pass filtered (0.3–3 kHz) with an AM-Systems differential amplifier (Sequim, 
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WA, USA). In parallel, the signal was ‘integrated’ at a 50 ms time constant via an MA-821/RSP 

unit (CWE Inc., Ardmore, PA, USA) and both signals were sampled at 4 kHz using a PowerLab 

8/35 data acquisition hardware device with LabChart 7 software (ADInstruments, Colorado 

Springs, CO, USA). 

 

2.3. Population Cai Imaging 

Population Cai imaging is used to indirectly visualize activity in neurons and/or glial cells in neural 

networks (Takahashi et al., 1999; Stosiek et al., 2003; Yuste et al., 2006). Our group has used this 

approach in neonatal brain slices to record neural network activity, e.g., in the inspiratory center 

(Ballanyi and Ruangkittisakul, 2009; Ruangkittisakul et al., 2009), hippocampal CA3 area 

(Ruangkittisakul et al., 2015), and LC (Rawal et al., 2019). For this thesis project, LC cells were 

loaded with the membrane-permeant green fluorescent Ca2+ dye Fluo-4-AM (Invitrogen, Carlsbad, 

CA, USA).  Specifically, 5 mM Fluo-4-AM, already dissolved in 20% DMSO + pluronic acid, was 

further diluted to 0.5 mM in superfusate. After backfilling with 3 μl of this dye solution, a glass 

patch pipette (see above) broken to a 5-10 μm tip diameter was positioned via an MP-285 

micromanipulator (Sutter Instruments, Novato, CA, USA) above the LC. During visualization with 

an Olympus 20x objective, the pipette was inserted diagonally to a depth of 50–75 μm into the LC 

center after which dye was injected by applying 30–50 mmHg positive pressure. Once a circular 

region 400–600 μm in diameter was stained (within 10–20 min), the MPE system was used for 

imaging at a fixed depth 40–70 μm below the slice surface where LC cells were typically optimally 

filled and thus well visible. Fluorescence intensity (FI) was measured in a horizontal (‘xy’) image 

plane at 1.5x digital zoom and at an acquisition rate of 1.1 frames/s after exciting cytosolic Fluo-

4 with Ti:Sa laser light pulses of 820 nm wavelength.  
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2.4. Immuno-histochemistry 

LC neurons can be stained using the marker tyrosine hydroxylase (TH) while astrocytes can be 

identified by the marker S100β. TH is a well-established marker for identification of 

catecholamine-producing neurons, such as those comprising the LC, as it is the rate limiting 

enzyme in NA synthesis (Segal and Kuczenski, 1974; Nestler et al., 1990). In contrast, S100β 

expression is not exclusive to astrocytes and staining using this marker may also label ependymal 

cells, oligodendrocytes, the choroid plexus epithelium, vascular endothelial cells, lymphocytes, 

and some types of neurons (Steiner et al., 2007). Glial fibrillary acid protein (GFAP) is instead 

more selective for astrocytes (Steiner et al., 2007). In our hands, however, GFAP showed poor 

immunopositivity for LC astrocytes and failed to stain them. This may be due to our use of a 

neonatal model, as GFAP expression increases with age and is present in smaller amounts in the 

early postnatal period (Yoshida et al., 1996). In addition, the LC is located in the brainstem, and 

GFAP+ astrocytes are presumably scarce in the brainstem of both adult and neonatal brains (Taft 

et al., 2005). For these reasons, the present experiments used S100β despite its lower specificity.  

 

Double staining with TH+S100β was performed on both LC aspects from one P0 and one P3 rat 

after isolation and chemical fixation by 24 h incubation in 4% paraformaldehyde in phosphate 

buffer (1:2 mixture of 0.1 M NaH2PO4 + 0.1 M Na2HPO4 in H2O, pH 7.2). 400 μm thick horizontal 

slices were taken from each brain until the dorsal edge of each bilateral LC was within <1 mm 

after which 14–16 slices of 60 μm thickness were taken covering the entire dorsoventral LC 

extension. Slices were incubated overnight at 4 °C in monoclonal rabbit anti-TH (1:1000, Life 

Technologies, Camarillo, CA, USA) and mouse anti-S100β (1:1000, Sigma Aldrich, Oakville, ON, 

CA) antibodies in Tris-buffered saline (TBS) solution (0.9 % w/v NaCl plus 0.6 % w/v tris base, 
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sigma, pH 7.4) also containing 0.3 % Triton X-100. This was followed by 90 min incubation in 

secondary goat anti-rabbit Alexa 594 (1:500, Life Technologies, Camarillo, CA, USA) and goat 

anti-mouse Alexa 488 (1:1000, Jackson Immunoresearch Laboratories Inc, West Grove, PA, USA) 

also in TBS with Triton X-100. For cell identification, 4x-magnified transmitted light images at 

1x optical zoom were first taken of all slices. Then, at an interval of 1 µm a z-stack of images 

spanning the entire depth of each of the 60 μm thin slices containing both LC aspects was taken at 

1x optical zoom using the Olympus 20x objective and MPE system. 

 

2.5. Pharmacology 

The following agents (all from Sigma-Aldrich) were added to standard superfusate from stock 

solutions: NA (10 mM in H2O), ATP (15 mM in H2O), and t-ACPD (2.5 mM in H2O). Importantly, 

at the end of each imaging experiment, 500 μM or 1 mM glutamate (1 M in H2O) was bath-applied 

for 30 s to evoke a prominent Cai rise in neurons and most types of glial cells (Kim et al., 1994; 

Parpura et al., 1994; Zhou and Danbolt, 2014). This application served, on the one hand, to 

determine whether dimly fluorescent cells were not well stained or rather had a low Cai baseline. 

On the other hand, the glutamate-evoked FI rises could act as a reference point for Cai rises evoked 

by the other agents. Drugs were bath-applied by addition to superfusate and transported to the slice 

chamber via tubing at 5 ml/min. This produced a temporal delay of about 1 min between time of 

drug application and effect based on the perfusion rate and length of tubing supplying the chamber 

and was therefore compensated for during analysis. 
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2.6. Data Analysis 

Cai imaging analysis was done using Olympus Fluoview software (FV10-ASW, version 

03.01.01.09) and Microsoft Excel for Mac (version 15.38). For analysis of neuronal responses to 

NA, ATP, t-ACPD, and glutamate, regions of interest (ROIs) were first drawn around all neurons 

that responded to glutamate. The same ROIs were then applied for analysis of responses to the 

other agents to generate traces of FI over time and exported to Excel where traces were smoothened 

using 20-point averages for further quantitative analysis. Numbers of responding vs. non-

responding neurons were then counted. For responding cells, percent change in FI was calculated 

using the formula 100 x DF/F0 where DF is the difference between peak FI value during the drug 

effect and FI at baseline (F0, defined as FI at the time point immediately before the start of the 

effect). The same method for determining percent FI change in neurons was also used for 

astrocytes. In addition, the number of astrocytes responding to each neuromodulator was counted. 

For responding astrocytes, time of response onset (tonset) was determined for each cell as time of 

maximum FI slope. To analyze distribution of responding astrocytes, their distance from the LC 

center was calculated using their x,y coordinates and the coordinate of a reference ROI placed at 

the LC center. The relationships between onset of astrocyte responses and their distance from LC 

centre were analyzed using coefficient of correlation to quantify the significance of the possible 

Cai wave triggered by NA and the other modulators.  

 

LFP analysis was done using LabChart 7 software (ADInstruments). LFP rate, amplitude, 

baseline, and event duration were determined during 20–60 s of steady-state for control and drug 

effects. Specifically, LFP rate (Hz) was calculated using cycle count (i.e., number of LFP events) 

divided by duration (s). Amplitude was determined from averaged cyclic height, and baseline was 
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determined from averaged cyclic minimum (V). Cycle count, averaged cyclic height, and averaged 

cyclic minimum were measured using LabChart Data Pad/Cyclic Measurements function.  Cycle 

or event detection was performed using respiration-airflow as a standard pre-set for the waveform 

detection setting, and minimum peak height was adjusted between 1–3 standard deviations for 

consistently reliable cycle detection. For fast LFP signals (e.g., during t-ACPD), the general-sine 

shape detection pre-set with standard deviation of 1 was used. Event duration was determined 

manually for detected events as the time between when the integrated signal left baseline to when 

it returned. 

 

Astrocyte numbers and distribution: First, 60 μm z-stack recordings were converted to single xy-

plane images by summating maximum intensity projections of each image in the stack using 

Fluoview software. Flattened images were then uploaded to Fiji ImageJ (version 2.1.0/1.53c) 

where the ‘Split Channels’ tool was used to generate separate greyscale images for the neuron 

(red) and astrocyte (green) channels. Next, the astrocyte image was modified using the ‘Invert’ 

and ‘Enhance Contrast (0.5%)’ functions to improve visualization of cells. Both neuron and 

astrocyte images were then overlaid with a 50 μm x 50 μm grid using the ‘Grid’ tool. All well-

stained grid squares were categorized as ‘LC’ if they were >75% covered by neuron somata while 

others were categorized as ‘periphery’. Grid squares touching the edge of each image were 

excluded from analysis. Total number of astrocyte somata present in the periphery and LC grids 

was counted using the ‘Cell Counter’ tool and this value was divided by the number of grid squares 

comprising that region to give a measurement of number of astrocyte somata/50 μm2 for both the 

periphery and LC. Density values for the periphery and LC in each slice were then plotted against 

the slice depth to show trends in the dorsoventral direction. To determine the distribution of 
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astrocytes in a horizontal plane, one slice at the approximate depth typically used for Cai imaging 

was selected from each of 4 TH+S100β stained LC preparations. This was defined as the slice in 

which LC neuron somata were present as a large, approximately round, dense cluster near the 

lateral edge of an open 4th V. In these slices, the distance between a reference ROI placed at the 

centre of the LC and the x,y coordinate of every astrocyte somata was calculated using Microsoft 

Excel for Mac (version 15.38).  

 

For Cai imaging and LFP data, n-values correspond to number of 400 μm slices where 1 slice 

comes from 1 animal. For immunohistochemical data, n-values correspond to number of 60 μm 

slices where all slices come from 4 LC aspects from a total of 2 animals. Values represent means 

± SD. Significant values (non-significant (ns): P>0.05, *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001) were assessed by paired two-tailed t tests, repeated measures one-way ANOVA 

with Dunnett’s post-test, and two-way ANOVA with Tukey’s post-test using Prism software 

(GraphPad Software Inc., La Jolla, CA, USA). Prism software was also used to determine 

statistically significant linear relationships between astrocyte distance from LC center and time of 

Cai rise onset using Pearson’s correlation coefficient and associated P values. Trends in astrocyte 

density were determined using a quadratic nonlinear fit, also calculated with Prism software.  
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The results section deals with histological and functional aspects. Regarding histology, the 

distribution of LC neurons and astrocytes was first analysed in chemically fixed slices from our 

previous study that were immuno-histochemically labelled for TH and S100b, respectively (Rawal 

et al., 2019). The emphasis was on a section level approximately through the neuron soma area 

center in the dorsoventral axis close to the depth of slices aimed at for our previous 

electrophysiological and Cai imaging studies (Kantor et al., 2012; Rancic et al., 2018; Rawal et al., 

2019, 2022) (Figs. 3-1A1,A2). This serves to facilitate the understanding of the connectivity of 

cells at this level. The distribution of the immuno-labelled neurons and astrocytes was compared 

with that in acutely isolated living slices stained with the Ca2+-sensitive fluorescent dye Fluo-4 in 

which the soma diameter of these cells was assumed to be ≥20 µm and ~10 µm, respectively 

(Swanson, 1976; Rawal et al., 2019). The major functional aspects of the results section handle 

the questions of whether neurons and astrocytes differ in their Cai responses to NA, ATP, t-ACPD, 

or glutamate, and if there are distinct responses to these agents in subpopulations of each cell type 

indicating a modular LC organization in newborns (Waselenchuk and Ballanyi, 2022). In addition, 

the LFP was recorded during application of these agents for improved understanding of the 

neuronal Cai dynamics. 

 

3.1. Distribution of Immuno-histochemically Labelled Neurons and Astrocytes 

The three-dimensional distribution of TH-labelled neurons and S100b-labelled astrocytes was 

analysed in sequential confocal image stacks of 60 µm thin slices from both LC aspects of one P0 

and one P3 rat. As evident from the schema in Fig. 3-1A1 and the transmitted light image in Fig. 

3-1A2, the LC, defined by the distribution of neuron somata, is located close to the 4th V. In the 

dorsoventral axis, the LC extended by ~850 µm. Around the midpoint of this axis, the horizontal 
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neuron soma area had a close-to-circular shape spanning 300–400 μm from anterior to posterior 

and 250–300 μm in the medio-lateral direction as shown for 3 TH-labelled LCs in Fig. 3-1A3-5. 

The similarly shaped central neuron soma area of the remaining LC is illustrated in Fig. 3-1B3, 

whereas Fig. 3-1B1,2 and Fig. 3-1B4,5 exemplify its more dorsal and ventral shapes, respectively. 

These images indicate that the dorsal LC neuron soma area is narrower and band- or spindle-

shaped with neurons apparently tightly wrapped around the border of the 4th V. In contrast, an 

approximately circular soma area shape is maintained toward the ventral LC pole, yet with a steady 

decrease in diameter and increased variability. While neuron somata are located very close to each 

other around the LC center, their density decreases towards both poles. As evident from the images 

in Fig. 3-1A3-5 and Fig. 3-1B, neuronal processes spread away from the soma area in irregular 

fashion at the different LC levels. Close to the LC center, these ‘pericoerulear’ neuronal processes 

are prominent in the rostromedial direction, as opposed to their lower distribution in the 

caudolateral direction.  

 

The double-stained slices further revealed that, at all depths, the LC neuron soma area is 

surrounded by a network of S100β-positive astrocytes (Fig. 3-1C,D). Moreover, astrocyte somata 

appear more densely distributed in the peripheral and pericoerulear regions than in the LC soma 

area (Fig. 3-1C,D). As an unexpected finding described in more detail below, cells in an area next 

to the 4th V were also labelled for S100β (Fig. 3-1C1-3), and are likely ependymal cells or possibly 

tanycytes (Felten et al., 1981; Steiner et al., 2007; Del Bigio, 2010; Feng et al., 2011). Due to their 

uncertain identity, these cells will hereafter be referred to as ependymal for the purpose of 

consistency.  
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As revealed at higher magnification of the images taken around the level used for 

electrophysiology and Cai imaging of the LC, the pericoerulear region was characterized by 

numerous TH-positive fibers that extended preferentially rostromedially often >150 μm beyond 

the soma area (Figs. 3-2A,B). In this region, astrocyte somata appeared to be more densely 

distributed than within the neuron soma area (Fig. 3-2C). Additionally, many of these surrounding 

astrocytes extend processes that seem to meet with a thick layer of ependymal cells lining the 4th 

V at this depth. It is also possible that the latter cells send processes towards the astrocytes, or both 

do so (Fig. 3-2D1). These ependymal cells formed several layers in the dorsal and central LC 

aspects (Fig. 3-2D2). Towards the ventral pole, the layers thinned and eventually disappeared with 

astrocyte somata instead being present directly next to the (closed) ventricle (Fig. 3-2D3).  

 

Configuration of S100β-positive astrocyte somata also showed differences across the dorsoventral 

axis. Specifically, density was similar between the LC neuron soma area and surrounding regions 

in slices taken from the most dorsal and ventral aspects of the LC while it differed in sections 

closer to its centre (Fig. 3-3A1). Mean astrocyte density was also greater in both the neuron somata 

area and surrounding regions in more ventral slices compared to dorsal in all preparations (Fig. 3-

3A1). Despite differences between dorsal and ventral aspects, though, mean astrocyte density 

within the LC neuron soma area was still significantly lower than the surroundings in every 

preparation when values were averaged across all depths (n = 4 preparations, 2 animals; P = 

0.0002, P < 0.0001, P = 0.0031, P = 0.0010) (Fig. 3-3A2).  

 

Individual LC-containing slices from the typical Cai imaging depth further showed that astrocyte 

somata distribution follows a gradient in the horizontal plane: few astrocyte cell bodies are present 
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within the centre of the LC neuron soma area while at its outer rim and in the pericoerulear region 

there is a steep increase which remains high in the surroundings until the outer edge of the image 

and the ventricle are reached where numbers decrease again (Fig. 3-3B1,C1).  

 

3.2. Distribution of Fluo-4 Labelled Neurons and Astrocytes 

For a comparison of the findings with the immuno-histochemically labelled slices, distribution of 

neurons and astrocytes was analysed in 6 acutely isolated 400 μm thick horizontal slices that were 

sectioned with the aim of exposing the dorsoventral LC center on the upper surface for 

electrophysiological recording and/or Cai imaging. In standard superfusate, an almost circular area 

covering, on average, an area of 32,000 µm2 indicated the region of dimly fluorescent LC neuron 

somata with a diameter of mostly ≥20 µm whereas very few cells with a soma diameter ~10 µm 

were seen within the LC and surrounding areas of the slice (Fig. 3-3B2,B3). When glutamate was 

applied to excite both neurons and astrocytes, though, FI increased in neurons and many small 

cells surrounding the soma area became visible due to a notable FI increase. Still, even at the peak 

of the glutamate response, very few small cells were visible within the neuron soma area (Fig. 3-

3B3).  

 

Analysis of the distribution of astrocytes at the peak of the glutamate response in the 6 slices 

verified that the density of small cell somata located in the inner 50 µm of the neuron soma area 

center averaged 1.11 ± 0.44 somata/50 µm2, but steadily increased toward the LC rim and middle 

of the pericoerulear region where density peaked at 100–125 µm distant from the LC centre (Fig. 

3-3C2). Note that the apparent decrease in astrocyte numbers between the outer pericoerulear 

region and the LC periphery in the graph of (Fig. 3-3C2) is due to the fact that, on average, less 
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cells were stained in response to the single focal Fluo-4-AM injection into the LC center. Still, 

both Fluo-4 and S100β analyses indicate that the density of astrocyte somata is notably lower in 

the LC neuron soma area compared to the pericoerulear region of neuronal processes and the LC 

periphery. As a further important observation, Fluo-4 also stained ependymal cells well in a 

separate subset of slices containing the corresponding area next to the 4th V (not shown). 

 

3.3. Analysis of LC Properties with Combined LFP and Population Cai Imaging 

As outlined in the Introduction (1.3.5), Cai typically shows a rise in neural networks during 

excitatory activity of neurons (involving Ca2+ entry through ligand-gated cation channels and 

voltage-gated Ca2+ channels combined with endoplasmic reticulum release) and astrocytes 

(primarily through Ca2+ release from endoplasmic reticulum in response to metabotropic receptor 

activation). Accordingly, combined LFP recording and Cai population imaging can provide novel 

information about spatiotemporal activities in neural networks (Kerekes et al., 2014). Our group 

has already established use of this approach in horizontal LC slices from newborn rats (Kantor et 

al., 2012; Rawal et al., 2019; Waselenchuk and Ballanyi, 2022).  

 

In most experiments for this thesis project, Cai imaging was done from superficial LC cells in one 

half of a given slice whereas the LFP was recorded from the contralateral LC aspect. Both LC 

aspects are not coupled and thus do not show correlated activity (Kantor et al., 2012; Rancic et al., 

2018). However, occurrence of a rhythm on one side served as indication that both networks in the 

slice likely exhibited normal in vitro activity. Altogether, LFP recordings from 11 slices were 

analysed while Cai imaging was also performed on 6 of these 11 slices from which a total of 234 

neurons and 1410 astrocytes were analysed. 
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At the end of each experiment, exposure of the slice to 500 μM or 1 mM bath-applied glutamate 

for 30 s evoked a prominent Cai rise in both LC neurons and astrocytes (Figs 3-3B2,B3,3-4A). This 

served as a reference for the relative extent of Cai changes in response to other agents that were 

tested. As described above, FI in astrocytes that were visible in control superfusate increased 

notably and 200–700% more astrocyte somata became visible in which Cai baseline (and thus FI) 

was too low under resting conditions (Figs. 3-3B2,B3,3-4A). In contrast, somata of most neurons 

were already seen in control solution and FI increased on average less during glutamate compared 

to astrocytes (138.04 ± 24.99% of control, P < 0.0001 vs. 201.28 ± 19.78% of control, P < 0.0001, 

respectively) (Fig. 3-4A). Importantly, using our imaging protocol, Fluo-4 staining could only 

clearly be observed in the somata but not in most processes of both neurons and astrocytes. As a 

result, Cai imaging of neuronal activity in the pericoerulear area where most synaptic interactions 

occur was not possible (Aston-Jones et al., 1991; Ivanov and Aston-Jones, 1995; Ishimatsu and 

Williams, 1996).  

 

In all LFP recordings (n = 11), the assumption that glutamate had a major excitatory effect on the 

LC during such application was confirmed. Under control conditions, a bell-shaped signal was 

recorded with an average frequency of 1.24 ± 0.34 Hz and duration of 324.84 ± 145.51 ms (Fig. 

3-4B). During 500 μM or 1 mM glutamate, rhythm was momentarily accelerated within seconds 

of action before a brief burst of tonic activity was evoked (also evident as an increased baseline of 

the integrated LFP signal) followed by a silent period lasting typically 4–5 min (Fig. 3-4C). In 

every case, rhythm returned within <15 min of washout indicating that the network remained 

viable. Specific features of the glutamate-evoked LFP changes prior to rhythm blockade were not 

analyzed as in almost every case the period of transformed/tonic activity lasted less than 20 s. 
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In control superfusate, Cai baseline in all neurons did not show rhythmic oscillations similar to 

findings in our previous studies (Kantor et al., 2012; Rawal et al., 2019). This indicates that phase-

locked discharge of single action potentials due to synchronous STOs occurring at a rate of ~1 Hz 

does not notably elevate Cai in neuronal somata where ROIs were positioned for the current 

analyses. There were also no spontaneous non-rhythmic rises in Cai baseline, contrary to such 

events in a small subpopulation of presumptive astrocytes. Specifically, random FI increases of 

>100% that lasted ~10 s were observed during 1 min control recordings in ~1% of astrocytes. 

 

3.4. Response of the LC Network to Autocrine NA Elevation 

The main functional aspect of this thesis deals with characterizing the response of the neonatal rat 

LC in an acutely isolated horizontal slice to a uniform increase in extracellular NA. This is because 

a sustained increase in the rate of tonic spiking in subsets of LC neurons may elevate spontaneous 

NA release from proximal axon collaterals located inside/surrounding the LC that can then act on 

nearby cells to tune network activity (Cedarbaum and Aghajanian, 1978; Baral et al., 2022). 

Effects of such an ‘autocrine’ NA rise within the LC are partly mimicked by bath-application of 

NA. Preliminary findings by Drs. Araya Ruangkittisakul and Bijal Rawal from our group indicated 

that 25 µM bath-applied NA (for 90 s) slightly depresses LFP rhythm, likely caused by a modest 

hyperpolarization of LC neurons as indirectly indicated by a small decrease in Cai baseline. In 

contrast, astrocytes respond with an increase in Cai starting in those outside the LC followed by a 

‘concentric’ Cai wave that propagates towards the LC centre. Further experiments from myself 

showed very similar effects which were analysed here as described in the following.  
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Upon 90 s bath-application of 25 µM NA, in 5 of 11 slices, LFP rate was blocked within ~1 min 

of appearance of the agent in the recording chamber. In the remaining 6 slices, some showed a 

trend in which the rhythm was transformed to longer events with the occurrence of a multi-peak 

pattern which persisted during washout, but this effect was not significant (P = 0.3052) (Fig. 3-

5A). Specifically, in all 11 slices, LFP frequency during NA decreased from 1.24 ± 0.34 Hz to 

0.37 ± 0.51 Hz (P < 0.0001) (Fig. 3-5B). While baseline of the integrated LFP signal was not 

affected by NA (P = 0.7015), amplitude decreased to 37.30 ± 40.31% of control (P = 0.0004) (Fig. 

3-5B). In parallel with overall depression of the LFP, FI was attenuated by NA in 70.65 ± 7.33% 

of glutamate-responding neurons by 15.80 ± 4.33% (P = 0.0005) as indication of a fall of Cai 

baseline whereas remaining neurons did not show a Cai response (Fig. 3-5C). FI traces for 

responding neurons in each slice revealed an initial sharp FI decline lasting <45 s followed by a 

sustained but more moderate decrease lasting an additional 90–120 s after which there was a 

gradual recovery to baseline (Fig. 3-5C3). Within 5 s of the NA-evoked neuronal Cai baseline 

decrease, FI increased quickly in the vast majority of astrocytes in Fluo-4-stained areas 

surrounding the LC followed by a concentric Cai wave that approached the pericoerulear region 

(Fig. 3-5C, see supplementary video). Lastly, 0–6 astrocytes showed a Cai rise in the central 

portion of the LC neuron soma area (Fig. 3-5C). Altogether, 75.91 ± 4.92% of glutamate-

responding astrocytes also responded to NA with an average FI increase of 141.79 ± 23.89% (P < 

0.0001) (Fig. 3-5C). Analysis of all NA-responding astrocytes further revealed a strong correlation 

between tonset vs. distance from the LC centre (R2 = 0.90, P < 0.0001), confirming that a Cai wave 

begins peripheral to the nucleus and progresses towards its centre from all directions (Fig. 3-5D). 

This effect was independent of the order in which NA was applied (i.e., if other pharmacological 
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treatments were applied and washed prior or NA was applied several times) and could occur even 

if NA was applied after several hours of recording.   

 

3.5. Response of the LC network to ATP and t-ACPD 

As above described, only 71% of neurons and 76% of astrocytes that responded to glutamate also 

showed a decrease or increase, respectively, of Cai baseline during NA application. This may 

indicate a non-uniform distribution of neurotransmitter receptors on both cell types. To explore 

the possibility of modular LC cell responses, the effects on LFP and Cai were also analysed during 

bath-application of 100 µM ATP (90 s) or 25 µM t-ACPD (90 s). These agents were chosen as 

they can have ionotropic and/or metabotropic effects on the excitability and Cai in neurons and/or 

astrocytes (Ruangkittisakul et al., 2009; Sun et al., 2013; Verkhratsky and Parpura, 2014; 

Bazargani and Attwell, 2016; Rajani et al., 2018). Furthermore, it was investigated whether they 

are also capable of evoking a concentric Cai wave in astrocytes similar to NA.  

 

Both ATP and t-ACPD had effects on the LFP pattern in the 11 slices analysed (Fig. 3-6A). ATP 

did not have significant effects on LFP frequency (1.80 ± 0.97 Hz vs. 1.25 ± 0.34 Hz in control, P 

= 0.1371), or single event duration (366.50 ± 14.00 ms vs. 324.84 ± 145.51 ms in control, P = 

0.6733), while it did significantly reduce event amplitude (76.14 ± 15.68% of control, P = 0.0010) 

and increase baseline of the integrated signal (105.28 ± 6.04% of control, P = 0.) (Fig. 3-6B). In 

contrast, t-ACPD significantly accelerated LFP rate (3.65 ± 0.73 Hz vs. 1.25 ± 0.34 Hz in control, 

P < 0.0001) and increased the baseline of the integrated signal (111.5 ± 13.23% of control, P = 

0.0300) without significantly altering single event duration (215.03 ± 48.57 ms vs. 324.84 ± 145.51 

ms in control, P = 0.0677), or amplitude (89.96 ± 22.33% of control, P = 0.2764) (Fig. 3-6B).  



 67 

Cai in neurons and astrocytes increased in response to both modulators, with the neuronal response 

being more moderate (Figs. 3-6C,D). Specifically, 86.29 ± 12.27% and 84.57 ± 13.10% of neurons 

that responded to glutamate also increased their FI by 23.24 ± 7.35% and 23.95 ± 6.46% during 

ATP (P = 0.0010) and t-ACPD (P = 0.0005), respectively, and kinetics traces of FI in neurons 

show the rise and recovery of Cai in response to ATP and t-ACPD were gradual (Figs. 3-6C,D). 

In astrocytes, the ATP response was similar to NA such that most responding cells peaked within 

seconds of the neuronal response, increasing FI by 132.15 ± 16.30% (P < 0.0001) (Fig. 3-6C). The 

t-ACPD astrocyte response differed, with responding cells instead flashing up briefly, increasing 

FI by 144.65 ± 24.78% (P < 0.0001), at different timepoints throughout the neuronal response (Fig. 

3-6D). This cell type also showed a large difference in the relative amount of their population 

responding to ATP vs. t-ACPD: 71.10 ± 9.05% of all glutamate-responding astrocytes responded 

to ATP while only 38.96 ± 8.52% responded to t-ACPD. Moreover, correlation analyses of 

astrocyte tonset vs. distance from LC centre yielded a significant value for ATP (R2 = 0.7033, P = 

0.0024), but not t-ACPD (R2 = 0.2535, P = 0.1379) indicating that ATP evoked a concentric Cai 

wave like NA, while t-ACPD did not (Fig. 3-6C4,D4, supplementary videos).  

 

Further analysis of neurons and astrocyte response patterns unravelled that subpopulations of each 

cell type responded specifically to either NA, ATP, t-ACPD, or a combination of the three when 

compared to their glutamate response. In the 6 analysed slices, the majority of neurons responded 

to NA, ATP, and t-ACPD (68.98 ± 8.35%) (Fig. 3-7A1) while most astrocytes responded to only 

NA and ATP (30.19 ± 1.72%) (Fig. 3-7A2). Remaining neurons could be grouped based on their 

responses as follows: NA only, 0%; ATP only 3.14 ± 3.98%; t-ACPD only, 1.81 ± 2.68%; NA and 

t-ACPD, 0.64 ± 1.57%; NA and ATP, 1.03 ± 1.64%; ATP and t-ACPD, 13.14 ± 9.51%. A total of 
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11.25 ± 11.69% of neurons also responded to glutamate but no other modulators. Using the same 

criteria, additional responding astrocytes were grouped as follows: NA only, 14.18 ± 7.84%; ATP 

only, 16.67 ± 5.81%; t-ACPD only, 4.94 ± 1.27%, NA and t-ACPD, 9.77 ± 4.15%; ATP and t-

ACPD, 2.48 ± 1.34%; NA, ATP, and t-ACPD, 21.77 ± 8.22% (Fig. 3-7A). It was also checked 

whether cells responding to these modulators were preferentially located anteromedially, 

anterolaterally, posteromedially, or posterolaterally to determine a possible topographic 

organization. More ATP-responding astrocytes were located in the anteromedial compared to 

anterolateral quadrant (P = 0.0091), but no other significant spatial response patterns occurred 

(Figs. 3-7B,C).  

 

3.6 Cai Imaging of Ependymal Cells 

In 5 slices used for Cai imaging (1 from this project, 4 from separate experiments done by Dr. 

Rawal) a multilayer of ependymal cells was also well loaded with Fluo-4 and visible at the edge 

of the 4th V. No quantitative analysis of their responses to modulators was performed, however it 

was observed that FI increased in (parts of) this cell layer in 4 slices during NA, 5 slices during 

ATP, and 1 slice during t-ACPD. Glutamate was also tested in 3 of these 5 slices, and there was 

no apparent response in any case.  
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3.7  Figures and Legends 
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Fig. 3-1: Anatomy of the neonatal rat locus coeruleus (LC). A1, schema of a horizontal brain 
slice at a depth typically used by our group for electrophysiological recording and cytosolic Ca2+ 
(Cai) imaging of the LC, which is a cluster of cells next to the lateral edge of the 4th ventricle (4th 
V). A2, transmitted light image of a 60 μm thick chemically fixed horizontal brain slice at the same 
depth from a P3 rat to be used for double immuno-histochemical staining with the markers tyrosine 
hydroxylase (TH, red) and S100β (green). Based on the shape of the 4th V (white dashed lines in 
A and B), a slice at this depth is expected to contain the largest horizontal LC neuron soma area 
extension. A3–A5, summated 60 μm thin z-stack fluorescence images of TH-stained neurons at the 
approximate depth used for recording and imaging in 3 LC preparations from 2 rats. B, summated 
60 μm z stack fluorescence images of TH-stained neurons from a separate preparation organized 
by dorsoventral depth. B1 and B2 show dorsal LC aspects, B3 is from the LC center, whereas B4 
and B5 show ventral aspects. C, shows the same images as B with both TH-stained neuron (in red) 
and S100β-stained astrocyte (in green) fluorescence channels. D, shows the same image set again 
with only astrocyte fluorescence channel that has been inverted such that they appear as dark spots 
against a light background. Red outlines indicate the border of the LC soma area. R, rostral; M, 
medial. Rostral-caudal and medial-lateral axes in A3 the same in A4–D5. Scale bars all 50 μm.  
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Fig. 3-2: Anatomical features of the neonatal rat LC and surrounding areas at the 
dorsoventral nucleus centre. A, same image as in Fig. 3-1C. Dashed boxes (1–4) indicate areas 
shown in B–D. B, shows only the red fluorescence channel for the area outlined by box 1 in A, 
indicating dense, TH-positive fibers emerging from the LC soma area to comprise the 
pericoerulear region. C, shows only the green fluorescence channel for the areas outlined by boxes 
2 (left) and 3 (right) in A, indicating a difference in astrocyte somata density in the LC neuron 
soma area (left) compared to the pericoerulear region (right). D1, shows box 4 from A indicating 
that at this depth, there is a thick layer of ependymal cells (possibly tanycytes) at the edge of the 
4th V which appear to make connections with neighboring astrocytes (or vice versa). D2, shows the 
edge of the ventricle in a more dorsal slice, where these cells are also present, while D3 shows the 
4th V bottom edge from a ventral slice where they are not. R, rostral; M, medial. Rostral-caudal 
and medial-lateral axes in A the same in B–D. Scale bar in A 50 μm, all others 25 μm. 
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Fig. 3-3: Three-dimensional distribution of LC astrocytes. A1, trends for astrocyte somata 
density in the dorsoventral plane. Astrocyte somata density values for the LC neuron soma area 
and periphery in serial 60 μm thin z-stack horizontal slices taken from the dorsal to ventral edge 
of one TH+S100β-labelled LC indicates that, around the centre of the nucleus, astrocyte density is 
greater in the periphery compared to within the LC, while density in both regions increases towards 
the ventral pole. A2, despite variation in the dorsoventral axis, averaging astrocyte density across 
slices from all depths reveals significantly higher density in the periphery compared to the LC 
neuron soma area in all 4 TH+S100β labelled preparations from 2 animals. B1, same slice as in 
Figs. 3-1B3,3-2B highlighting this time the scarcity of astrocyte cell bodies (green) within the 
neuron soma area (red) at this level. B2, 400 μm thick living slice from a similar depth that has 
been bulk-loaded with the Ca2+ sensitive green-fluorescent dye Fluo-4-AM via pressure-injection. 
Image depicts the slice under baseline conditions in standard superfusate during which neurons are 
visible and identifiable due to their large soma size, whereas fewer smaller cells, presumably 
astrocytes, are also apparent. B3, peak response of the same slice to 1 mM glutamate applied for 
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30 s. Both neurons and presumptive astrocytes respond with a large increase in fluorescence 
intensity (FI), revealing many astrocytes in the periphery and more within the neuron soma area. 
C1, in the horizontal plane, S100β-labelled astrocyte somata are most densely packed in the outer 
rim of the LC and proximal pericoerulear area. Values represent average density vs. distance from 
a reference point placed in the soma area centre in 4 slices from 2 animals at an approximate depth 
used for Cai imaging. Average LC neuron soma area diameter was ~300 μm, while the 
pericoerulear region extended ~150 μm in some directions. Note that the 4th V is ~250 μm from 
the centre of the LC at this depth, contributing to the reduction in astrocyte density beyond this 
distance. C2, shows that a similar trend is observed for glutamate-responding Fluo-4 loaded 
astrocytes in 6 slices from 6 animals. Average LC neuron soma area diameter was ~200 μm in 
these slices. As the pericoerulear region cannot be visualized with Fluo-4 staining, it was assumed 
to extend to the same distance as in TH+S100β-labelled slices. The reduction in astrocyte density 
at greater distances in this case is likely attributable to poor dye-loading distal from the single focal 
injection site. All trendlines depict quadratic nonlinear fits. Error bars represent SD. Significant 
values (**P < 0.01, ***P < 0.001, ****P < 0.0001). R, rostral; M, medial. Rostral-caudal and 
medial-lateral axes in B1 the same in B2 and B3 Scale bars are all 50 μm. 
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Fig. 3-4: Glutamate-evoked excitation in the neonatal LC. A1, in 400 μm thick slices bulk 
loaded with Fluo-4-AM, 30 s application of 1mM glutamate increased fluorescence intensity (FI) 
by an average of 138.04 ± 24.99% in responding neurons vs. a 201.28 ± 19.78% increase in 
responding astrocytes (n = 6). A2, shows FI changes during glutamate application in regions of 
interest (ROIs) drawn around 5 neurons and 5 astrocytes indicated by numbered, coloured circles 
in A3. B, LFP recording from the LC neuron soma area in a different slice shows that, in control 
superfusate, a rhythmic signal at ~ 1 Hz can be recorded. A characteristic LFP bell-shape is 
observed in the integrated (int.) signal compared to the differentially amplified and band-pass 
filtered raw signal. C2, when 1 mM glutamate was applied, a burst of tonic activity briefly occurs 
in the LFP signal before rhythm is blocked. Lines indicate means ± SD, significance was 
determined with repeated measures one-way ANOVA with Dunnett’s multiple comparisons test. 
Significant values (****P < 0.0001). R, rostral; M, medial. Scale bar for A3 50 μm. 
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Fig. 3-5: Noradrenaline (NA) depresses LC network activity and evokes an astrocytic 
‘concentric’ Cai wave. A1, during 25 μM NA, LFP-related network activity was blocked in 5 of 
11 slices whereas in the remaining 6 it was transformed, as shown here. During this transformation, 
the typically 1 Hz bell-shaped LFP signal changed to slowed, multipeak events which persisted 
into early washout. B, in 11 slices LFP frequency decreased during NA from 1.24 ± 0.34 Hz to 
0.37 ± 0.51 Hz, amplitude decreased to 37.30 ± 40.31% of control. In the 6 slices where the rhythm 
was transformed, single event duration showed a trend for increasing (324.84 ± 145.51 ms to 
1536.84 ± 286.40 ms) but this was not significant. Baseline of the integrated signal was not 
affected. C1, Cai imaging revealed that, in 6 slices Cai decreased in responding neurons by 15.80 
± 4.33% but increased by 141.79 ± 23.89% in responding astrocytes which can be seen in an image 
of the peak NA response in one slice shown in C2. Coloured numbered circles represent ROIs that 
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have been placed around 5 neurons and 5 astrocytes, while C3 shows the FI changes in these cells 
over time. D, shows the average time of onset of FI increase (tonset) in all astrocytes from 6 slices 
plotted against their distance from the centre of the LC neuron soma area. Correlation analysis 
yielded a significant R2 value (P<0.0001), indicating that astrocytes located further from the LC 
centre respond first after which a wave propagates in these cells towards the center of the nucleus. 
Lines indicate means ± SD, significance was determined with repeated measures one-way 
ANOVA with Dunnett’s multiple comparisons test. Significant values (ns, non-significant, *P < 
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). Correlation was calculated using Pearson 
correlation coefficient. R, rostral; M, medial. Scale bar for C2 50 μm. 
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Fig. 3-6: Adenosine triphosphate (ATP) and trans-1-Amino, 3-dicarboxycyclopentane (t-
ACPD) have moderately excitatory effects on LC network activity and differ in their ability 
to evoke concentric astrocyte Cai wave. A, both ATP and t-ACPD alter the rhythmic LC LFP 
pattern. B, in 11 slices, 100 μM ATP (90 s) reduced LFP amplitude to 76.14 ± 15.68% of control 
and increased baseline of the integrated signal to 105.28 ± 6.04% of control, but did not affect rate 
or single event duration. 25 μM t-ACPD (90 s) accelerated LFP rate in the same slices from 1.25 
± 0.34 Hz to 3.65 ± 0.73 Hz and increased signal baseline to 111.5 ± 13.23% of control but did not 
affect single event duration or amplitude. C1, Cai imaging determined that, in 6 slices, ATP 
increased FI by 23.24 ± 7.35% and 132.15 ± 16.30% in responding neurons and astrocytes, 
respectively, which can be seen in the fluorescence image of the ATP-evoked Cai peak in one slice 
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shown in C2. C3, corresponding FI traces for coloured ROIs shown in C2 that have been drawn 
around 5 neurons and 5 astrocytes reveal that Cai increased in all of these neurons but only 3 
astrocytes. C4, in ATP-responding astrocytes, a correlation was found between average tonset and 
distance from the LC neuron soma area centre (P = 0.0024, n = 6 slices), indicating that this 
modulator also evoked concentric Cai waves. D1, for t-ACPD, FI increased in responding neurons 
by 23.95 ± 6.46% and in responding astrocytes by 144.65 ± 24.78%. D2, shows the peak response 
to t-ACPD in the same slice as C2, with D3 showing FI traces for ROIs drawn around the same 5 
neurons and 5 astrocytes indicating that all 5 neurons again responded to t-ACPD while only 2 of 
5 astrocytes responded. D4, t-ACPD did not elicit concentric waves and therefore did not yield a 
significant correlation between tonset and distance from LC centre (P = 0.1379, n = 6 slices). Lines 
indicate means ± SD, significance was determined with repeated measures one-way ANOVA with 
Dunnett’s multiple comparisons test. Significant values (ns, non-significant, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001). Correlation was calculated using Pearson correlation coefficient. 
R, rostral; M, medial. Scale bars in C2, D2 50 μm. 
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Fig. 3-7: Neonatal LC neurons and astrocytes show modular organization in their responses 
to NA, ATP, and t-ACPD. A1, donut chart showing mean proportions of subpopulations of 
glutamate responding neurons from 6 slices based on whether they also respond to NA, ATP, t-
ACPD, or a combination of the three. A2, shows the same for astrocytes. B, shows the locations of 
responding astrocytes to NA, ATP, and t-ACPD in one of these slices. Points represent the 
coordinate of the somata of each responding astrocyte relative to the LC centre, located at the axis 
intersection. C, average number of responding astrocytes found anteromedial, anterolateral, 
posteromedial, or posterolateral to the LC in 6 slices shows that significantly more astrocytes 
responded to ATP in the anteromedial versus anterolateral quadrant. No other significant spatial 
organization of responding astrocytes was observed. AM, anteromedial; AL, anterolateral; PM, 
posteromedial, PL, posterolateral. Lines indicate means ± SD, significance was determined with 
two-way ANOVA with Tukey’s multiple comparisons test. Significant values (**P < 0.01) 
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This thesis deals with two main questions: first, do neurons and astrocytes in the neonatal rat LC 

show a particular anatomical distribution in line with its proposed modular organization, and 

second, does autocrine NA action evoke a novel type of activity that potentially supports the 

capability of this small nucleus to control multiple brain functions already shortly after birth? As 

a major anatomical finding, LC astrocyte somata are most densely packed in the pericoerulear 

region and have an overall lower number and density within the inner LC neuron soma area. The 

major functional finding is that NA (and ATP) can evoke a novel type of glial Cai wave that 

progresses from presumptive astrocytes peripheral to the LC toward those in its center. In the 

Discussion, these phenomena, and other findings in this thesis, like potentially distinct 

neuromodulator receptor profiles on individual LC cells or Cai responses in 4th V border cells, are 

put into the context of previous findings from our group and others.  

 

4.1. Three-dimensional Distribution of LC Neurons and Astrocytes 

The basic shape and extension of the area comprising newborn rat LC neurons, as derived from 

immunohistochemical TH-staining in the present study, is very similar to that described previously 

in newborn (Ishimatsu and Williams, 1996; Ballantyne et al., 2004; Kantor et al., 2012; Rawal et 

al., 2019) and adult rats (Amaral and Sinnamon, 1977; Loughlin et al., 1986; Barnes and 

Pompeiano, 1991). As mentioned previously, TH is an established marker for identifying LC 

neurons (2.4.) and is not expressed in surrounding interneurons or glia (Aston-Jones, 2004). In this 

project, staining for this marker found that LC neuron somata approach the 4th V from both the 

dorsal and the ventral LC pole and partly enwrap it, particularly at the level around the central LC 

aspect where they come within <100 µm of a multilayer of ependymal cells. This results in a 

roughly spindle-shaped neuronal somata distribution column in the dorsoventral axis. This column 
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is surrounded by the pericoerulear dendritic area which extends >150 µm in some directions, is 

most prominent in the anteriomedial direction, and thins out towards both dorsoventral poles. In 

the pericoerulear region, afferent axons releasing diverse neurotransmitters terminate from remote 

brain circuits such as the central amygdala, periaqueductal gray, prefrontal cortex, lateral 

hypothalamus, and dorsal raphe (Ennis et al., 1991; Van Bockstaele et al., 1996; Aston-Jones and 

Waterhouse, 2016). Moreover, proximal axon collaterals from LC neurons release NA here to 

affect neighboring cells for autocrine control (Shimizu and Imamoto, 1970; Aghajanian et al., 

1977; Cedarbaum and Aghajanian, 1978; Maeda et al., 1991; Benarroch, 2009). Consequently, 

dendritic trees forming the pericoerulear region are the major site for synaptic integration in LC 

neurons as is also the case for dendritic regions of neurons in other brain circuits (Gulledge et al., 

2005; Hu et al., 2007; Scott et al., 2010). Also like in other brain circuits, pericoerulear synaptic 

transmission may take place at tripartite synapses formed by pre- and postsynaptic aspects of 

neurons along with an astrocytic process (Araque et al., 1999; Perea and Araque, 2005; Allen and 

Barres, 2009; Araque and Navarrete, 2010). Accordingly, a high volume of tripartite synaptic 

contacts made in the pericoerulear area could underlie our finding that this is also the location 

where astrocyte somata are most densely packed (Fig. 3-3C). The LC may therefore be similar to 

the visual cortex or hippocampus, where astrocyte distribution is variable and specialized for the 

neuronal interactions they participate in (Ogata and Kosaka, 2002; Tsai et al., 2012; Lopez-

Hidalgo et al., 2016).  

 

Despite a low density of astrocyte somata deep within the LC neuron soma area, putative neuron-

astrocyte interactions could also be prominent here. This is because astrocytes typically possess 

star-like processes that can extend by >200 µm with >20 branch points in some parts of the 
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brainstem, which would thereby allow them to make contacts throughout the core of the nucleus 

(SheikhBahaei et al., 2018). Our protocol (Rawal et al., 2019) stained for the marker S100β, 

however, which is mainly localized to the astrocyte soma, and only weakly labels processes (Wu 

et al., 2005). Immunostaining with GFAP antibody is often better suited for labelling astrocyte 

processes (Oberheim et al., 2008; SheikhBahaei et al., 2018) but this was unsuccessful in our 

hands, possibly due to comparatively lower expression of this protein in astrocytes from young 

(compared to mature) brains combined with the low prevalence of GFAP+ astrocytes in the 

brainstem where the LC is located (Yoshida et al., 1996; Taft et al., 2005; Wu et al., 2005) (2.4.). 

Moreover, staining for the marker S100b was not selective for astrocyte somata in our slices as a 

multilayer of presumptive ependymal cells at the boundary of the 4th V was also labelled, as has 

been reported previously (Steiner et al., 2007). The presence of S100b in these cells indicates that 

they may share an origin with astrocytes during fetal brain development, and that the ependyma in 

this area of the 4th V is not highly specialized, in contrast with ependymal cells in other brain 

regions such as the subcommissural organ (Didier et al., 1986; Vives et al., 2003). 

 

In addition to the limitations of the immunohistochemical staining here, live-cell staining with 

Fluo-4 indiscriminately labelled the somata of neurons as well as surrounding/interspersed smaller 

cells which showed a very similar distribution and density to S100b-positive cells. As discussed 

below, however, these anatomical features combined with the responses of these small cells to 

applied neuromodulators implicates their identity as astrocytes and not interneurons, microglia, or 

other glial cells like oligodendrocytes. 
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4.2. Discrimination of LC Neurons versus Astrocytes with Population Cai Imaging  

Partly because of its location deep within the brain and its small dimension, only one live-cell Ca2+ 

imaging study has been performed on the LC in vivo (Chen et al., 2021), and none have been done 

in a neonatal animal. Our group was the first to use Cai population imaging in the LC of acutely 

isolated brain slices obtained from newborn rats (Kantor et al., 2012). In that study and our related 

work on other spontaneously active neonatal brain circuits, like those in the hippocampal CA3 

area, cortex (Kantor et al., 2012) or inspiratory center (Ballanyi and Ruangkittisakul, 2009) LC 

cells were loaded with the membrane-permeant fluorescent Ca2+ dye Fluo-4-AM by pressure-

injection, as was also done for this thesis project. This loading method, in concert with our 

multiphoton imaging approach using an Olympus MPE system, enables monitoring of Cai 

dynamics of LC neurons and astrocytes at an acquisition rate of 1.1 Hz for images of the entire LC 

plus ~100 µm of tissue surrounding the LC for >5 h without occurrence of photobleaching or 

cytotoxicity.  

 

In a previous report from our group (Kantor et al., 2012), newborn rat LC neurons could not be 

discriminated from neighboring astrocytes using different loading protocols of the red fluorescent 

dye sulforhodamine-101 as was done in other brain areas like the hippocampus (Nimmerjahn et 

al., 2004; Kafitz et al., 2008) as both cell types were stained equally. Still, several observations 

while using our Fluo-4 loading protocol indicate whether Cai signals are imaged in LC neurons or 

glial cells, most likely astrocytes. First, most neurons have a soma size ≥20 µm in contrast to a 

soma size of ~10 µm for astrocytes. Second, most neurons are visible in control superfusate. This 

is likely a result of greater persistent fluorescence emission due to ongoing Ca2+ influx through 

predominantly L-type voltage-gated Ca2+ channels during STOs and related spiking likely leading 
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to relatively high somatic Cai baseline (Imber and Putnam, 2012; Sanchez-Padilla et al., 2014; 

Matschke et al., 2015). This is compounded with their not very negative ‘resting’ Vm, typically 

close to or less negative than –50 mV, which might cause ‘tonic’ activation of these channels. A 

similar relatively high Cai baseline has, for example, also been revealed by our group by the effects 

of drug- or current injection-evoked changes in spike rates for dorsal vagal neurons in juvenile rat 

brain slices (Ballanyi and Kulik, 1998). As in our previous reports (Kantor et al., 2012; Rawal et 

al., 2019), neurons studied in this thesis project also did not show baseline phase-locked rhythmic 

Cai oscillations in their somata during spiking. While it is possible that this is a result of Cai 

transients close to the plasma membrane being quickly depressed by endogenous cytosolic Ca2+ 

buffers, intrinsic buffering in LC neurons is low when compared to other cells such as Purkinje 

neurons (Fierro and Llano, 1996; Sanchez-Padilla et al., 2014). In line with this, rhythmic Cai rises 

in the thin dendrites of LC neurons resulting from single spikes at a rate of often >1 Hz have been 

recorded in adult mouse slices in which cells were loaded via diffusion from the patch electrode 

with a low concentration of membrane-impermeant Fluo-4 during whole-cell recording (Sanchez-

Padilla et al., 2014). Consequently, slow binding/unbinding kinetics of Fluo-4 also do not seem to 

be the reason that fast Cai rises in the somata of newborn rat LC neurons were not resolved in our 

studies. This lack of temporal resolution may instead be a product of the ‘population’ imaging 

approach used in which a single plane was scanned in a raster-like fashion at a rate of 1.1 frames/s, 

meaning that the acquisition rate for single cells is identical to the rate for the entire frame (Göbel 

and Helmchen, 2007). Therefore, Cai transients in individual cells lasting  ≤1 s are likely not visible 

unless they are precisely in ‘phase’ with the scanning period.  
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In some slices from our previous studies, raising superfusate K+ from physiological 3 mM to 7, 

and particularly 9 mM, transformed the rhythmic bell-shaped LFP signals into slower, prolonged 

multipeak events that were associated with phase-locked rhythmic Cai oscillations (Fig. 1-10) 

(Kantor et al., 2012; Rancic et al., 2018; Waselenchuk and Ballanyi, 2022). In other slices, raised 

K+ moderately increased the rate of the normal LFP rhythm and this likely led to a slight rise of 

Cai baseline (Rancic et al., 2018). In contrast, a separate study showed that blockade of spiking 

with TTX decreased neuronal Cai baseline modestly (Rawal et al., 2019). Importantly, in any of 

these studies, neither raised K+ nor TTX had an effect on Cai baseline in presumptive astrocytes. 

This conflicts with the finding that, like neurons, astrocytes can both express L-type Ca2+ channels 

(Cheli et al., 2016; Zamora et al., 2020) and release Ca2+ from intracellular stores (Carmignoto et 

al., 1998; Verkhratsky and Parpura, 2014; Bazargani and Attwell, 2016), suggesting that the two 

cell types might exhibit very similar activity-related Cai changes. However, it is hypothesized that 

voltage-gated Ca2+ channels mediate intrinsic Cai changes in astrocytes (i.e., fluctuations in the 

absence of neuronal input), while Cai changes due to activity of afferent inputs occur primarily 

due to release from the endoplasmic reticulum (Fiacco and McCarthy, 2006). Based on this, it 

could be concluded that neither TTX application nor raising of extracellular K+ to 7 or 9 mM cause 

(voltage-gated) intrinsically mediated Cai changes or afferent activity related Cai changes in LC 

astrocytes. Nonetheless, these results indicate that a moderate change in spike rate of LC neurons 

alters their somatic Cai baseline without effect on Cai in neighboring astrocytes. As stated in the 

Introduction (1.4), this can be used as an indirect measure to estimate whether neuromodulator 

effects are excitatory or inhibitory on LC neurons as discussed below. 
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Whereas no spontaneous phase-locked rhythmic Cai rises were detected in neurons in 3 mM K+-

containing superfusate, our previous reports found that non-synchronous Cai rises randomly 

occurred in ~20% of presumptive astrocytes (Kantor et al., 2012; Rawal et al., 2019). In the Cai 

imaging experiments for this thesis project, though, only ~1% of astrocytes were spontaneously 

active. However, this observation comes from Cai baseline recordings done for ~1 min prior to 

addition of any drugs to superfusate for studying of their effects, and greater numbers of astrocytes 

presumably show these ‘sparks’ during longer recordings. Nevertheless, the bath-application 

approach for exposing slices to modulators revealed that NA and ATP evoked a concentric Cai 

wave exclusively in the small (glial) cells. Identification of these small cells as astrocytes is 

supported by the good agreement of density and distribution in the central horizontal plane of Fluo-

4-stained small cells with cells of similar soma size that were S100b-positive, as mentioned. While 

ATP as well as t-ACPD and glutamate also elevated the Cai baseline in larger cells representing 

LC neurons, NA caused a steady Cai decrease in neurons as opposed to the wave-like Cai rise in 

astrocytes. For these reasons, besides raising K+, applying NA may be an appropriate tool to 

discriminate LC neurons from astrocytes in future ‘population’ imaging studies. Another 

interesting approach would be to investigate whether this holds true for other neuromodulators 

such as 5-HT, substance-P or dopamine.  

 

4.3. LFP Recording as a Tool for Studying LC vs. Pericoerulear Activity  

For a better understanding of the responses, this thesis project compared effects of NA, ATP, t-

ACPD, and glutamate on Cai to those on the LFP recorded within the LC neuron soma area 

(typically in the contralateral slice aspect during imaging experiments). Overall, the LC rhythm 

here was very similar in 11 slices regarding LFP rate (1.24 ± 0.34 Hz) and single event duration 
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(324.84 ± 145.51 ms) compared to those in previous studies from our group as reviewed recently 

by us (Waselenchuk and Ballanyi, 2022).  

 

Regarding the origin of the LFP signal, it was dealt with in detail in the Introduction (1.2.1) that 

the LC in rodents is spontaneously active in acutely isolated in vitro preparations including 

horizontal slices from newborn rats. In such slices, generated with the aim to cut roughly through 

the centre of the LC in the dorsoventral axis where there is a large number of neurons, our group 

found a robust rhythmic LFP comprising summated phase-locked single spikes that are elicited at 

the peak of Ca2+-dependent STOs presumably generated by intrinsic conductances (Kantor et al., 

2012; Rancic et al., 2018; Waselenchuk and Ballanyi, 2022). In most brain slices, afferent axons 

can still spontaneously release neurotransmitter and therefore modulate intrinsic neuronal activity 

(Ballanyi, 1999; Ballanyi and Ruangkittisakul, 2009). Accordingly, spontaneous neurotransmitter 

release in the pericoerulear area may evoke EPSPs and/or IPSPs randomly in LC neurons and 

therefore change the time point at which the synchronous STOs reach the spike threshold. In fact, 

our group has discussed that this scenario may explain, at least partly, the jitter of single neuron 

spiking referred to the LFP peak (Rancic et al., 2018; Waselenchuk and Ballanyi, 2022). 

‘Classical’ synaptic processes mediated, e.g., by iGluRs, GABAARs, GlyRs, NARs, or µRs do not 

seem to be important for the generation, rate, or shape of LFP events as indicated by a lack of 

effect of specific antagonists for these receptors (Rancic et al., 2018; Rawal et al., 2019, 2022; 

Waselenchuk and Ballanyi, 2022) (1.2.2., 1.2.3., 1.2.4.). In addition to synaptic integration or 

modulation, electrical coupling seems to be strong in the pericoerulear area. This is suggested by 

a study in which an enhanced rhythmic and synchronous LFP was recorded with sharp 

microelectrodes in the neuron soma LC region in solution containing 10 mM tetraethylammonium 
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chloride and 1 mM BaCl2 to enhance excitability (Ishimatsu and Williams, 1996). The authors 

further reported that this LFP was reduced or abolished when the pericoerulear dendritic regions 

were removed by sectioning the slice rostral and caudal to the cell body region, implicating that 

this region is critical to synchronization of activity (Ishimatsu and Williams, 1996). 

 

Based on the latter considerations, one would expect that a robust LFP can also be recorded in the 

pericoerulear area of horizontal newborn rat slices kept in superfusate with close-to-physiological 

ion content. However, at least in horizontal slices cut close to the dorsoventral LC center, the 

anatomical LFP distribution appears restricted to the area of neuronal somata as shown by our 

group (Rancic et al., 2018). Consequently, using our recording method, no LFP is detectable >50 

µm outside the neuron soma area except in two small regions rostral and caudal to the 4th V. This 

prevented LFP recording from being an effective tool for delineating activity changes specifically 

in the pericoerulear area. 

 

Possibly, the inability to detect a measurable LFP in the pericoerulear area using suction electrodes 

is related to intrinsic characteristics of the signal. The LFP signal reported here represents phase-

locked spiking in 3-10 LC neurons. We previously found that when suction electrodes with a tip 

diameter <20 µm were positioned close to the slice surface between the densely packed neuron 

cell bodies, the LFP was not or barely detectable without applying modest suction (Rancic et al., 

2018). Moreover, no extracellular signal was seen in that study when recording with an unbroken 

patch electrode with a tip diameter of ~2 µm positioned between neuron somata. In contrast, 

extracellular spikes with an amplitude of several millivolts were recorded when an unbroken patch 

electrode was slightly pushed against the soma of a single neuron for a ‘loose patch’ recording 
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(Hille, 1984). Within the pericoerulear area, though, the amplitude of intracellularly recorded 

spikes from single neurons may be slightly smaller than at their origin, which is likely close to the 

soma at the axon hillock. However, given the high density of neuronal processes and their 

relatively small distances from their soma, one would expect spikes from multiple cells to be 

detectable at reasonable amplitude in the pericoerulear area. Yet, for unknown reasons, perhaps 

related to the geometry of this area and/or its current source/sink/density properties (Buzsáki et al., 

2012; Einevoll et al., 2013), electrical signals do not summate to generate a detectable LFP. As 

noted above, visualization of neuronal Fluo-4 staining was also restricted to the somata of LC 

neurons. Consequently, neuromodulator effects could similarly not be analysed with Cai 

population imaging in the main area of synaptic integration within the LC. 

 

4.4. Mechanisms of Drug Effects on LC Neurons and Astrocytes 

In summary of the drug effects on cytosolic Ca2+, glutamate, ATP and t-ACPD raised Cai baseline 

in both neurons and astrocytes, whereas NA caused Cai baseline increase in astrocytes, but lowered 

it in neurons. On LC neurons, NA principally acts excitatory via a1R and inhibitory via a2R 

(Young and Kuhar, 1980; De Sarro et al., 1987; Benarroch, 2009; Szabadi, 2013). Concerning 

excitatory effects, it was found that a1R agonists depolarize LC neurons in rat slices to accelerate 

tonic firing, whereas a2R agonists evoke a hyperpolarization to depress it (Williams et al., 1985, 

1991; Aghajanian and Wang, 1987; Williams and Marshall, 1987). Bath-application of NA was 

used here to mimic a global increase within the LC. A similar uniform NA increase may occur 

under the influence of cocaine which blocks the reuptake of (spontaneously released) NA (Pitts 

and Marwah, 1986; Surprenant and Williams, 1987; Williams and Marshall, 1987; Benarroch, 

2009). In that regard, it was found in LC neurons of adult rat slices that bath-applied cocaine causes 
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a decrease in the firing rate and evokes the occurrence of slow spike doublets or bursts and that 

these effects are blocked by a2R antagonists (Williams and Marshall, 1987). The same group also 

showed that a2R agonists like clonidine hyperpolarize LC neurons and inhibit their spiking 

(Williams et al., 1985). Preliminary findings from our group indicate that low clonidine doses 

slightly slow the LFP in the LC of newborn rat slices with the occurrence of multipeak LFP events 

lasting several seconds whereas higher doses block the rhythm and lower the Cai baseline (Fig. 1-

8) (Waselenchuk and Ballanyi, 2022). Here, NA had a depressing effect on the LFP and the 

majority of LC neurons showed a decrease of Cai baseline implying that global NA increase in the 

neonatal rat LC has an overall inhibitory effect on LC neurons. This indicates a stronger action of 

a2Rs as opposed to a1Rs which is in agreement with the opinion that a1Rs play a comparatively 

minor role in mediation of LC neuronal activity (Marwaha and Aghajanian, 1982; Nicholas et al., 

1996). Likely, this is a result of reliance on a2Rs by these cells for tonic inhibitory control 

(Singewald and Philippu, 1998; Fernández-Pastor and Meana, 2002) and autoinhibition of NA 

release after periods of high activity (Baral et al., 2022). In contrast, astrocytes, which can 

principally also express both types of aRs (Gaidin et al., 2020; Wahis and Holt, 2021), show NA-

evoked Cai increases in the LC that appear a1R mediated. This assumption is based on preliminary 

findings from our group by Dr. Rawal that the selective blocker of these receptors prazosin 

abolishes the NA response in astrocytes without attenuating the accompanying neuronal Cai 

decrease. Preliminary experiments done as part of this thesis project and not included here also 

support these findings. Preferential action of NA at a1R in LC astrocytes is in accordance with the 

hypothesis that NA binds this receptor to stimulate L-lactate release which acts as a gliotransmitter 

to facilitate neuron-astrocyte communication (Tang et al., 2014; Teschemacher and Kasparov, 

2017; Mosienko et al., 2018). 
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Regarding effects of the mGluR agonist t-ACPD on neurons, it evoked a Cai baseline increase 

opposite to the Cai decrease during NA. As the clearest mechanisms, the agent accelerated LFP 

rate likely causing enhanced Ca2+ influx as was discussed above for the effect of elevated K+. It is 

not clear though exactly why the agent increases the spike rate. While t-ACPD acts on mGluR and 

not iGluR, it binds to several mGluR subtypes (Cartmell and Schoepp, 2000; Niswender and Conn, 

2010). As dealt with in these review articles, t-ACPD can depolarize neurons by activating diverse 

types of cation channels including voltage-gated Ca2+ channels. In addition, it can promote Ca2+ 

release from the endoplasmic reticulum via second-messenger signalling (Nakamura et al., 2000).  

These mechanisms can also work in concert, such that mGluR-activated inositol triphosphate (IP3) 

acts together with Ca2+ entering the cell due to voltage-gated channels to open IP3Rs on the 

endoplasmic reticulum that allow intracellular Ca2+ release, as has been found in hippocampal CA3 

neurons (Nakamura et al., 2000). Likely, the same mechanism is occurring in LC neurons. 

Although the t-ACPD evoked Cai rise was greater in magnitude in astrocytes, it was presumably 

due solely to release from endoplasmic reticulum stores in these cells as it has been reported that 

they do not show Cai rises upon depolarization when intracellular stores are first emptied with 

cyclopiazonic acid, despite also possessing voltage gated Ca2+ channels (Carmignoto et al., 1998). 

Newer studies using IP3R gene knockout techniques are in support of this, however it should be 

noted that they further unravelled that this is exclusive to Ca2+ transients in astrocyte somata, 

whereas signaling is different in processes (Kanemaru et al., 2014; Srinivasan et al., 2015; 

Bazargani and Attwell, 2016). As this project only looked at Cai changes in astrocyte somata, 

though, it is reasonable to confer that observed mGluR-evoked Cai transients were primarily a 

result of IP3R activation.  
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Similar to t-ACPD, ATP elicited a Cai rise in astrocytes that was more prominent than that in 

neurons. The modest neuronal Cai increase is partly explained by the finding that ATP showed 

only a trend for decreasing LFP amplitude without significantly increasing frequency and thus may 

not be sufficient to enhance Ca2+ influx via spike-activated channels. In contrast to t-ACPD, ATP 

can act on both ionotropic and metabotropic purinergic receptors that coupled to different types of 

ion channels and signaling pathways (Burnstock, 2006; Verkhratsky and Krishtal, 2009). 

Accordingly, extensive pharmacological/genetic analyses would be necessary to figure out the 

exact nature of mGluR and purinergic receptors in the neonatal LC. In any case, the new findings 

presented here show that subgroups of these receptors are active in the neonatal LC and that their 

activation can affect its network rhythm and Cai dynamics. 

 

4.5. Concentric Cai Wave in Astrocytes 

A major novel functional result of this thesis project was that neonatal LC astrocytes can propagate 

concentric Cai waves. This is the first report in which an astrocyte network becomes active in the 

periphery of a small brain nucleus and subsequently transmits this activity towards it. Astrocytic 

Cai waves were first detected in hippocampal cultures (Cornell-Bell et al., 1990) and subsequently 

have also been observed in other cultured brain circuits (Nedergaard, 1994). Originally, it was 

suspected that this phenomenon is an experimental artifact related to a change in the original circuit 

connectivity caused by the particular culture conditions. However, this glial network property has 

also been demonstrated in acutely isolated slices, e.g, in the cortex (Haas et al., 2006) and other 

brain structures (Basarsky et al., 1998; Newman, 2001). More recently, Cai waves have also been 

found in vivo, for example in the hippocampus (Kuga et al., 2011) and cortex (Hirase et al., 2004). 

Regarding mechanism, these waves are initiated intracellularly usually when activity at a GPCR 
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leads to activation of IP3Rs and subsequent Ca2+ release from the endoplasmic reticulum (Scemes 

and Giaume, 2006). They are then transmitted intercellularly by either gap junction coupling 

(Charles et al., 1991; Finkbeiner, 1992; Blomstrand et al., 1999) or using extracellular pathways 

involving release of signalling molecules such as ATP (Hassinger et al., 1996; Guthrie et al., 1999). 

 

In LC astrocytes, NA, ATP, t-ACPD and glutamate likely cause Ca2+ release partially via the same 

second-messenger pathway and it was previously shown that these astrocytes are connected via 

gap junctions (Van Bockstaele et al., 2004). Moreover, it was shown that connexin-32 gap 

junctions also connect LC astrocytes with neurons who are themselves connected primarily via 

connexin-36 gap junctions, particularly in newborns (Ishimatsu and Williams, 1996; Alvarez-

Maubecin et al., 2000; Ballantyne et al., 2004; Van Bockstaele et al., 2004), although these claims 

are controversial (Rash et al., 2007). Despite gap junction coupling seeming pivotal for spreading 

of Cai waves in the LC astrocyte network, proposed coupling between LC astrocytes and neurons 

is not sufficient to also elicit a major Cai rise in neuronal somata. It is however possible that Cai 

increases during the concentric wave in subregions of pericoerulear processes. Regardless, the 

propagation of Cai waves in LC astrocytes may be a critical aspect of heterocellular 

communication. One potentially relevant function of this in the neonatal LC involves control of 

synaptic activity whereby neuronal activity evokes an astrocyte wave response leading to 

gliotransmitter release and subsequent modulation of further neuronal activity (Fellin and 

Carmignoto, 2004; Volterra and Meldolesi, 2005; Scemes and Giaume, 2006). This aligns with 

the finding in cultured LC neurons and astrocytes from neonatal rats that the two cell types 

communicate, perhaps as a feedback mechanism, by release of L-lactate as a gliotransmitter (Tang 

et al., 2014). Whether or not the wave phenomenon is an important aspect of this, though, remains 
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unclear. Nonetheless, the concentric wave connects activity in a three-dimensional network outside 

the pericoerulear region and the core of the LC. It is unknown why astrocytes surrounding the LC 

respond earlier to the bath-applied LC which approaches the slice as a bolus that mainly proceeds 

in one direction. It also remains to be determined whether NA release within the LC core would 

elicit a concentric Cai wave propagating to the periphery.  

 

4.6. Modular Responses of LC Neurons and Astrocytes to Neuromodulators 

As reviewed recently (Totah et al., 2019), it was assumed for many decades that the LC comprises 

a relatively simple neural network that releases NA in an often synchronous and pulse-like fashion 

into its target brain areas, analogous to a rhythmic heartbeat transporting nutrients and oxygen to 

the organs. Conversely, as outlined in detail in the Introduction (1.1.3.) (Waselenchuk and 

Ballanyi, 2022), evidence has been steadily increasing for several years that the (adult) LC has a 

modular organization. In brief, this means that in distinct subregions of the LC: (i) afferent axons 

from certain brain regions terminate, (ii) neurons have  specific soma/dendrite morphology, have 

discrete electrophysiological properties, project to particular target areas and/or release from their 

axon terminals/varicosities a specific type of co-transmitter like galanin (Swanson, 1976; Loughlin 

et al., 1986; Holets et al., 1988; Chamba et al., 1991; Schwarz and Luo, 2015; Schwarz et al., 2015; 

Totah et al., 2018). In addition, it was recently shown that somatodendritic a2R-mediated 

responses of certain LC neurons vary based on their projection targets (Wagner-Altendorf et al., 

2019). 

 

As also outlined in the Introduction (1.2.1., 1.2.5.) (Waselenchuk and Ballanyi, 2022), there is 

evidence that modular organization is already present in the neonatal LC. This is suggested by the 
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finding that, e.g.,  neurons respond differently to current injection such that they can be classified 

as pacemaker, burster, or irregular, or that neurons respond differently to electrical stimulation 

with either a return to Cai baseline or an undershoot. This thesis provides another piece of evidence 

for a modular neonatal LC organization. Neuronal and astrocytic responses to NA, ATP and t-

ACPD were not uniform. In fact, some cells responded exclusively to one or two of these agents. 

This suggests that neuron and astrocytes express receptors for these modulators in a different 

fashion, and contrasts with our previous finding that all neurons responded similarly to AMPAR 

activation with CNQX which did not change Cai levels in astrocytes (Rawal et al., 2019). 

 

4.7. Future Directions 

As a summary of directions discussed in the Introduction (1.3.6) (Waselenchuk and Ballanyi, 

2022) focal injection of drugs (as opposed to bath application) can be used along with LFP, 

cellular, or multi-electrode recording, imaging of cellular signalling factors, and PCR to reveal 

different subpopulations of neurons based on responses to modulators. New slice models can also 

be used in which connectivity is retained between the LC and remote brain areas. Lastly, it was 

suggested that LFP or multi-electrode array recordings can be combined with monitoring single 

neuron Vm for the purpose of modeling oscillations. Further propositions are now discussed below. 

As noted, opto and chemogenetic approaches have also emerged as powerful tools that often 

deduce significant results in the study of neural networks, but are still challenging to apply to 

neonatal models due to the requirement for in utero manipulations (Bitzenhofer et al., 2017). They 

are therefore not proposed here.  
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Anatomically, the organization of LC astrocyte somata has been characterized using antibodies for 

S100β. A logical next step is to unravel the organization of their processes, as this is likely where 

functional interactions occur. As astrocyte immunostaining for the marker S100β does not label 

processes well (4.1), and GFAP antibodies did not effectively label processes or somata in our 

hands, additional markers should be tested. For example, vimentin is useful for analyzing astrocyte 

morphology, but has limited use due to its primary expression in developing brains (Pixley and de 

Vellis, 1984). In contrast, this may make it particularly useful in our neonatal model. Visualization 

of astrocyte processes would also allow one to identify variation between pericoerulear astrocytes 

and those located within the LC neuron soma area, e.g., based on process length and extent of 

branching, as has been done for astrocytes in different regions of the inspiratory centre 

(SheikhBahaei et al., 2018). Findings other brainstem regions also showed that astrocytes here can 

violate the principle of ‘tiling’ (Grosche et al., 2002; Halassa et al., 2007; Lopez-Hidalgo et al., 

2016; SheikhBahaei et al., 2018) and instead overlap their domains, which should also be explored 

in the LC. Moreover, analysis of proteome expression in LC versus pericoerulear astrocytes 

processes using mass spectrometry may reveal differences in synaptic machinery underlying 

communication at these two sites (Dieterich and Kreutz, 2016; Sapkota et al., 2020). Lastly, 

identification of astrocyte process morphology near the 4th V would be interesting as it is reported 

here that they appear to contact ependymal cells. Connexins are heavily expressed in the 4th V 

ependyma (Rash et al., 2007), and it is unknown whether there could also be functional 

heterocellular coupling between ependymal cells and astrocytes.  

 

Further analysis of the concentric wave phenomenon would also provide new insights on 

astrocytes in this network. In part, this could be done using pharmacology. Our preliminary 
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findings that ɑ1R antagonists block the wave should first be consolidated. This is especially 

important as it was shown in the hippocampus that activation of the ɑ2R-coupled Gi/o signaling 

pathway similarly causes Cai rises in astrocytes (Durkee et al., 2019). As ATP also evokes this 

wave response, the specific purinergic receptors involved can be elucidated. It is also noted (4.5) 

that waves can be propagated either by gap junctions or using extracellular communication for 

non-coupled astrocytes (Hassinger et al., 1996; Guthrie et al., 1999). ATP is heavily implicated as 

the messenger underlying extracellular communication in Cai waves (Hassinger et al., 1996; 

Guthrie et al., 1999), so application of purinergic receptor blockers together with NA may 

determine whether ATP activity is necessary for these waves to occur in the LC.  

 

The nature of the observed neuronal responses to modulators can also be examined in more depth. 

Multi-photon imaging techniques using high frequency scan rates in a small area have been used 

measure fast Cai fluctuations in dendrites of hippocampal  (Sabatini and Svoboda, 2000) and LC 

neurons (Sanchez-Padilla et al., 2014). This same approach can be applied to dendrites of LC 

neurons in the pericoerulear area to compare responses here with those measured in the somata, as 

there may be different Cai changes compartmentalized to certain aspects of these cells. It was also 

found here that Cai responses to the modulators tested only occur in a subset of neuronal somata. 

Combining imaging with whole-cell recording can be done to reveal whether these cells are not 

responding (indicating lack of receptor expression) or whether they rather show too small of a 

change in activity for it to be reflected as a fluorescence change using our imaging protocol. In the 

Introduction (1.3.3), modularity in terms of intrinsic conductances of these neurons is also shown. 

Mapping the classification of a neuronal response to current injection on to its Cai response to, 

e.g., autocrine NA activity may also be interesting   
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Lastly, it needs to be determined how these findings involve brain structures surrounding the LC.  

For example, it is well studied that GABAergic neurons located in the pericoerulear region can act 

inhibitory on LC neurons (Aston-Jones et al., 2004; Jin et al., 2016; Breton-Provencher and Sur, 

2019). These synaptic contacts play a role in regulating phasic activity of the LC and have thus 

been implicated in control of wakefulness and arousal (Breton-Provencher and Sur, 2019; Kuo et 

al., 2020). Glutamatergic, neuropeptide-S-expressing, and cholinergic neurons have also been 

identified in this region, but their connection to LC-mediated behaviour is unknown (Breton-

Provencher et al., 2021). A set of FoxP2 brainstem neurons termed the pre-LC are additionally 

located immediately rostral to the LC and can intermingle with LC neurons or be found within the 

pericoerulear region (Shin et al., 2011; Gasparini et al., 2021) and the function of these neurons is 

similarly not well understood. However, as these neurons can all be situated in regions with high 

degrees of synaptic integration between LC neurons and astrocytes, their role in LC signalling and 

activity regulation should be considered.  

  

Together, the presented results highlight structural and functional complexity in the neonatal LC 

and might lead to future studies on, e.g., the underlying mechanisms and the relationship between 

their dysfunction and various pathologies. As one example, a correlation has been found between 

occurrence of sudden infant death syndrome and loss of noradrenergic activity of the LC due to 

maternal smoking during gestation (Lavezzi et al., 2005). Smoking during gestation might disrupt 

an aspect of noradrenergic activity in the LC observed here, implicating possible clinical relevance 

of these findings.  
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