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Abstract

This thesis presents studies on the electrophysiological properties of Locus coeruleus 

(LC), a group of noradrenergic neurons present in the brain stem pons. The specific 

interest in this neuronal population came from the fact that this neuronal population 

accounts for the largest noradrenergic nucleus present in the brain, providing 

noradrenaline input to virtually all cerebral regions and involved in controlling or 

modulating many types of behaviours. Another important feature is the recent 

“rediscovery” that LC neurons are involved in Parkinson’s disease (PD), where loss of 

activity and/or decrease in the neuronal population are thought to be a fundamental step 

to the progression and maintenance of this pathology.

LC neurons release many different types of neurotransmitters, noradrenaline, 

however, being the most studied. Regardless, of the neurotransmitter involved, release 

is controlled by intrinsic spontaneous firing activity, which is the result of a 

combination of pacemaker currents in balance with each other. These currents 

determine membrane depolarization and action potential initiation, and are responsible 

for adjusting the neuronal firing rate according to system needs. Even though the 

electrophysiological properties of LC neurons have been studied for decades, the 

mechanisms controlling and generating the pacemaker process need further 

investigation. As this process is a key feature underlying the influence exerted by LC 

neurons, a better understanding of this process is fundamental to determining how the 

brain functions and how impairment of LC activity may lead to neurological disorders. 

For example, it has been demonstrated in PD that along with the massive loss of 

Substantia Nigra (SN) neurons, the noradrenergic signalling provided by LC neurons to 
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the SN also suffers a massive impairment. Recently, it was suggested that noradrenaline 

exerts a neuronal protective effect against oxidative stress and inflammation. This is of 

great significance, as oxidative stress and inflammation are thought to be significantly 

involved in the development and maintenance of PD. These finding led to the proposal 

that impairment in the noradrenergic signalling provided by LC neurons to the SN could 

be a trigger in the generation and progression of PD.

All these facts inspired me to undertake detailed investigations into LC neuronal 

function. My aim was to first establish a solid understanding of the pacemaker process 

and then integrate this knowledge into a broader context. By choosing the mouse model 

this would allow future detailed studies using targeted mutants. I began by investigating 

the cellular basis of spontaneous firing of LC neurons with special emphasis on 

understanding the underlying pacemaker mechanisms, particularly those involved in 

action potential generation. In addition, I studied the effect of age and the possible 

involvement of mitochondria as a regulator of this process. 

The first research chapter (see chapter 3) presents a methodological approach that 

was found to significantly improve the viability of LC neurons. This facilitated our 

electrophysiological studies and should be of general use for all those investigating 

brain neurons in vitro. LC neurons are medium-sized cells with large dendritic arbours. 

As a result, achieving proper voltage control in voltage clamp experiments in slice 

preparations is a challenge. It was found that the ketamine-based anaesthesia improved 

neuronal viability by substantially increasing the membrane input resistance and rate of 

success in voltage clamp experiments. This was not only found to be the case for LC 

neurons but was also confirmed in another neuronal population, namely hypoglossal 

motor neurons.
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The second research chapter (chapter 4) characterizes the combination of pacemaker 

currents responsible for establishing depolarization during the interspike interval 

voltage range in mouse LC neurons. By using a series of voltage clamp approaches, I 

demonstrated that the composition of currents included a TTX-sensitive voltage-

dependent Na+ conductance, a high TEA-sensitive K+ conductance, but no Ca2+

conductance. Interestingly, this complement of currents is different to rat LC neurons, 

the most studied LC preparation, which exhibit an important persistent pacemaker Ca2+

current close to the threshold for action potential initiation.  A lack of a persistent Ca2+

current in mice could represent a significant temporal change in all Ca2+-dependent 

pathways giving a different perspective for cellular experiments carried out in the two 

species. This reminds us that direct comparisons between different animal species 

should be done with care. 

The third research chapter (chapter 5) investigates developmental changes in LC 

pacemaker currents. The two basic conductances (i.e. Na+ and K+), responsible for 

controlling the membrane depolarization underwent changes during development. 

However, once again there was no evidence for Ca2+ conductance in the pacemaker-

interval voltage range in LC neurons, either infant or adult mice. Changes in the basic 

pacemaker currents were accompanied by other changes such as differences in TTX-

insensitive spiking activity and the levels of baseline voltage noise. This chapter 

presents the first detailed report on the way development induces electrophysiological 

changes in mouse LC neurons. 

The fourth paper (chapter 6) of this thesis presents an investigation into the possible 

participation of mitochondria as an active modulator of LC pacemaking. Aspects of 

mitochondria were investigated for two main reasons: 1) they act as significant Ca2+
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stores and are involved in controlling the intracellular Ca2+ dynamic in many different 

cells, hence they may impact on the pacemaking process of LC neurons; and 2) many 

neuropathologies such as PD have mitochondrial dysfunction as primary cause, thus the 

understanding of the role played by mitochondria in the pacemaking process could pave 

the way to discover new clinical approaches that may be beneficial at very early stages 

of the disease. Specifically, it was found that disturbance of mitochondrial metabolism 

activated Ca2+ channels that, in turn, activated K+ channels, which resulted in changes in 

the spontaneous firing activity of LC neurons. Two significant observations were made. 

The first was that Ca2+ channels activated by mitochondria were nifedipine sensitive, 

suggesting these were L-type Ca2+ channels. However, these voltage-dependent 

channels were activated at unusual hyperpolarized membrane potentials indicating an 

alternative pathway for their activation. The second observation was that activation of 

K+ channels involved Ca2+ entry but was independent of intracellular Ca2+ release. 

These findings are of significant interest since they demonstrate a pathway for K+

channel activation that is different than previously described by other investigators. 

Moreover, the fact that mitochondria may be involved in the pacemaker process, by not 

only buffering internal Ca2+ but also modulating ionic channels, indicates an exciting 

new perspective that could be applied to studies involving PD.

In summary, this thesis has characterized conductances responsible for controlling 

neuronal pacemaking in infant and adult mouse LC. Investigations of inhibiting 

mitochondrial function led to the proposal that mitochondria may serve as fine tune 

regulators of LC pacemaking. These results constitute a detailed description of 

fundamental electrophysiological properties of mouse LC neurons, which provide a 

foundation for future LC studies using mutant mice and thus providing new insights into 

mechanisms that control LC pacemaking. Going still further, the results presented here 
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can be applied to the study of the mechanisms underlying the progression of 

neurological diseases, such as PD, where there is direct involvement of LC neurons and 

their mitochondria.
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Chapter 1

General Introduction



21

1.1. The Locus coeruleus

The Locus coeruleus (LC) is the name given to a nucleus of tightly packed 

noradrenergic-containing neurons located in the rostral dorsolateral pontine tegmentum 

[1, 2]. In rat, the LC has approximately 1,600 neurons that extend projections to many 

different brain regions and the spinal cord [3] (Figure 1.1).

Behaviour in vertebrates is strongly controlled by LC activity, with the firing rate of 

action potentials playing a central role in this process. LC neuronal activity is regulated 

mainly by inhibitory inputs that arise from GABAergic neurons present in the nucleus 

prepositus hypoglossi and adjacent regions in the dorsomedial medulla [4]; and 

excitatory inputs that arise from glutamatergic neurons present in the nucleus 

paragigantocellularis in the ventrolateral medulla [5]. Experiments on animals have 

demonstrated that the LC increases its firing rate in response to many sensory stimuli,

particularly noxious or stressful ones. Moreover, the firing rate of these noradrenergic 

neurons decreased in situations where the animals were calm and drowsy, or in certain 

stages of sleep. Because of these and other findings, the LC has been correlated with 

controlling the sleep-wake cycle [6], promoting a state of vigilance [7], monitoring 

environmental stimuli [8-10], increases in cognitive performance [11] and also in 

regulation of autonomic body functions [12].

LC neurons are able to spontaneously fire action potentials due an intrinsic 

pacemaker activity in vivo [13-15], in brain slices [16, 17] and in cellular cultures [18, 

19]. Another key feature of LC action potential activity is that it is usually synchronous 

across multiple LC neurons; generating rhythmic outputs that produce widespread 

coordinated noradrenergic signalling [20]. Electrical coupling has been suggested as the 
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pathway by which LC neurons synchronize. Such synchronization means that LC 

neurons can integrate inputs from different brain areas and release noradrenaline to 

different regions at the same time. The specific mechanisms underlying synchronization 

between these electrically coupled neurons are still not well understood, but it has been 

suggested for young animals, where synchronization is more pronounced, that 

subthreshold membrane oscillations have a key role in this process [21]. Subthreshold 

membrane oscillations are observed in neurons from rats younger than 10 days but are 

not obviously present in adult animals, suggesting that a different mechanism 

coordinates the LC synchronicity in adult animals.

Figure 1.1: Locus coeruleus localization in the human brain (A) and in a fresh unfixed 

transverse mouse brain slice 100m thick (B). Note the direction of the projections from 

LC to many different brain areas in the human brain (A). Scale bar 100m (B). Adapted 

from [18]

A B
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One mandatory feature for electrically coupled neurons is the presence of gap-

junctions, which provide the pathway for conveying current from one cell to another 

and resultant changes in membrane potential in the neighbouring cell. Thus in coupled 

cell systems such as the LC, rhythmic firing (i.e. action potentials) in a neuron will 

cause changes in membrane potential of adjacent neurons advancing or retarding firing 

of these neurons causing the neurons to synchronize their rhythmic firing. Such 

synchronization occurs through “coupled oscillator”-based interactions, a process first 

observed for coupled pendulums (e.g. coupled by springs), which when randomly 

stimulated influence each other’s cycles leading to group entrainment (i.e. 

synchronization). Synchronization of rhythmical action potentials between LC neurons 

is gap-junction dependent and dendrites are the pathway through which electrical 

current flows [22]. Gap-junctions have been found between dendrites of adjacent 

neurons and between dendrites and axons of adjacent LC neurons but not between 

neurons and astrocytes or oligodendrocytes. Gap-junctions have been reported to 

decrease in density with age but do not completely disappear in adult animals [23]. This 

observation may explain why in adult animals synchronization of neuronal firing is 

weaker.

Going a little bit further than intrinsic features of the LC, one can find that the LC 

neuronal complex plays a role in many pathologies. For instance, the LC may play a 

very important role in the development of Parkinson’s disease (PD) [24]. PD is a 

pathology from the movement disorders group, where a degeneration of dopaminergic 

neurons in the mid brain region called Substantia Nigra (SN) takes place, impairing the 

brain pathway responsible for control of voluntary movement [25]. In brief, this 

pathway is based on the exchange of information between the brain motor cortex (MC) 

and the basal ganglia before reaching the muscles and starts voluntary movement. 
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Specifically, SN neurons send excitatory signalling to the striate, which is located in the 

basal ganglia, structures that convey signals back the MC before the start of movement 

[26]. Once degeneration of SN takes place this entire pathway is impaired, resulting in a 

decreased excitatory signalling delivered to the MC. The causes that lead to the loss of 

SN neurons are still unknown; however, inflammation and oxidative stress are 

fundamental to the progression and development of the disease. It was suggested that all 

“classic” features present in the inflammation process, including increase in production 

and release of cytokines and phagocytises are also present in PD [27]. An involvement 

of oxidative stress in PD results from dopaminergic neurons presenting a systemic 

mitochondrial dysfunction [28], which leads to increase in free radical production and 

activation of intracellular pathways triggered by them.

LC involvement in PD was recently “rediscovered” and it is based on several lines of 

evidence. The most important connection is that there is extensive LC neuronal loss 

observed in PD patients [29]. PD in animal models where the LC also underwent lesions 

were found to have impaired recovery [30]. Other studies have shown that 

pharmacological stimulation of LC neurons increased resistance against the onset of PD 

in animal models [31]. Moreover, transgenic animals expressing a higher noradrenergic 

innervation appeared to be protected against neurotoxicity in the SN [32]. These data 

suggest that noradrenergic signals are important in preventing the development of PD, 

and the loss of these signals may partly sustain PD symptoms or/and worsen the DA 

nigrostriatal damage. Although this is a new exciting outlook about Parkinson’s disease, 

the exact mechanism that leads to the decreased noradrenergic signalling in PD is still 

not known.
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Another pathological condition that involves strong participation of the LC is in 

opiate withdrawal. In this case, the increased firing rate of LC neurons seems to be 

responsible for many of the signs and symptoms under these conditions [33, 34]. Acute 

stress also increases the firing rate of LC neurons, and this increase is sustained after the 

brain baseline firing rates return to normal. LC over-excitability could contribute to 

some of the associated behavioural changes seen under stressful [35] and physical 

withdrawal conditions [34, 36]. Molecular and cellular studies have shown that a 

complex intracellular pathway regulates LC neuron pacemaker activity in the cases 

cited above (Figure 1.2). One central key that regulates LC responses/adaptations, 

particularly during chronic perturbations, is the cAMP pathway [37-40]. This pathway 

regulates the expression of many proteins related with the control of the pacemaker 

activity and also directly activates ion channels located on the plasma membrane, 

playing a role in acute and chronic responses. Besides the knowledge about the cAMP 

pathway having a role in pacemaker activity of LC neurons, the exact mechanism by 

which cAMP exerts its role on the ion channels involved in LC pacemaking are still not 

known. Moreover, the specific ion channels involved in this process have still to be 

characterized, and the influence of intracellular ion stores such as endoplasmic 

reticulum (ER) and mitochondria, which can alter the firing frequency in these neurons, 

is still not known.

The pacemaker mechanism underlying rhythmical firing of LC neurons is a 

fundamental mechanism, which underlies LC activity and consequently its role in 

physiology, behaviour and brain disorders. A better understanding of LC pacemaking, 

the ion currents involved, what modulates each ion current, how LC neurons coordinate 

responses, and many other features, could impact on many different disorders. Indeed, 
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an improvement in knowledge about LC pacemaker activity could help to develop new 

approaches for treating diseases such as PD and Alzheimer.

Figure adapted from Nestler,1997 [41].

1.2. Pacemaker Mechanisms

1.2.1 Cardiac Pacemaker Model (Plasmalemmal Pacemaking)

This “classical” pacemaker model has arisen from studies on the heart pacemaker, a 

group of specialized cells in a region termed the sinoatrial (SA) node that rhythmically 

generate pacemaker action potentials that pace and trigger heart muscle action potentials 

and contraction [42]. SA node permeability to ionic species changes continuously in a 

Figure 1.2: Scheme illustrating opiate 
actions in rat Locus Coeruleus. Note 
that an unspecific Sodium current is 
activated as part of this pathway.
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manner which perpetuates an automatic cycle of depolarization, action potential and 

repolarisation such that the membrane potential of SA node cells is always changing 

[43]. In this model, pacemaker currents comprised of maintained inward currents and a 

hyperpolarization-activated inward current depolarize the membrane potential to reach 

threshold to activate voltage-dependent sodium (NaV) and calcium channels (CaV) [44, 

45]. Once the threshold is reached, NaV and CaV regeneratively open to produce an 

action potential that depolarizes the cells. This is only transient as NaV channels close 

and the depolarization and Ca2+ entry respectively activate voltage-dependent and Ca2+

activated potassium channels (i.e. KV and KCa). Repolarisation now occurs due to the 

reduction in inward NaV current and increase in permeability to potassium ions, which 

carry positive current out of the pacemaker cells. During this phase, the number of open 

CaV channels and hence permeability to Ca2+ also continuously decrease as the 

membrane potential becomes repolarised. The cycle then re-starts, through the 

combination of sustained inward currents, hyperpolarization-activated inward currents 

and decreasing potassium permeability this again depolarising the membrane potential 

to threshold to activate NaV and CaV channels. In summary, this model is a pacemaker 

mechanism where the action potentials, which time and trigger heart contractions, are 

produced by properties of voltage-dependent currents (sodium, potassium and calcium) 

present in the plasma membrane of pacemaker cells in the SA node.

1.2.2 Intracellular Stores Model

There is another model for cellular pacemaking and synchronization termed 

“Calcium Store Pacemaking”. This model predicts that there is a long-range 

intercellular communication of depolarizations resulting from oscillatory Ca2+ release 
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from intracellular Ca2+ stores in the SR/ER. This mechanism depends on coupled 

oscillator-based entrainment of the rhythmical depolarizations produced by oscillatory 

store Ca2+ release activating inward ion current flow. Such entrainment occurs within 

and between gap junction-coupled cells producing pacemaker potentials that in turn 

activate Ca2+ entry into muscle cells causing contraction. The mechanism has been 

shown to function in a range of tissues including lymphatic [46], urethral [47] and 

stomach smooth muscle [48, 49].

The mechanism has more recently also been shown to function as a pacemaker 

mechanism in the heart where it functions symbiotically with the classical membrane 

pacemaker mechanism to drive heartbeats [50, 51]. According to this model, calcium 

(Ca2+) can be released from the ER to the cytosol through two types of receptors: 1) 

inositol 1,4,5-triphosphate receptors (IP3Rs) or 2) ryanodine receptors (RyRs). Both 

receptors can be activated by Ca2+ as well as their respective ligands. Ca2+ release from 

stores operated by these receptors is oscillatory, having a cycle that involves channel 

opening, Ca2+ release, channel closure and store refill. In this model pacemaker cells 

communicate through gap-junctions. This and the oscillatory nature of the Ca2+ release 

produce an interesting phenomenon where stores undergoing oscillatory Ca2+ release 

can entrain their release/refill cycles both within and across cells. This occurs through 

coupled oscillator-based interactions [52]. Transformation into an electrical rhythm 

occurs because the Ca2+ released into the cell cytosol adjacent to the cell membrane 

activates channels that generate inward current and consequently depolarize the cell 

membrane potential. This depolarization travels by current spread through gap-junctions 

to other cells and activates membrane IP3Rs and voltage-dependent Ca channels that 

activate Ca2+ entry and IP3 release into the cytosol of these cells. Once this happens, IP3

and Ca2+ activate oscillatory store Ca2+ release, which synchronizes within and between 
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cells [53]. During this process a regenerative Ca2+ signal is produced, keeping the signal 

strong enough to reach all target cells. As the coupling between cells is not infinitely 

strong, phase delays develop between each oscillator so that the release/refill cycle of 

each store occurs with a delay compared to the adjacent one, resulting in a Ca phase 

wave [54]. Therefore, this model predicts that electrical phase waves generated by 

calcium release from intracellular stores are the mechanism that times and spatially 

coordinates activity in tissues composed from one to thousands of cells.

1.3. Brain Pacemaking

1.3.1. Pacemaking in Locus Coeruleus

LC neurons characteristically produce spontaneous action potentials due an intrinsic 

pacemaking activity and hence are pacemaker neurons [13-19]. LC neurons fire in a 

frequency range of 0.3 Hz to 5 Hz, with this frequency modulated by many substances 

including opiates [55], noradrenaline [56], substance P and muscarinic agonists [57].

Chronologically, the first characterization of currents that could control the 

pacemaker mechanism in LC neurons came from J.T. Williams’ group. They reported 

that rat LC neurons exhibited a persistent inward calcium current, and two other types 

of outward potassium currents: The first one was a transient outward current that had 

the properties of fast voltage-activated K+ currents (shown to be an A current); and the 

second was a Ca2+-activated K+ current (shown to be a SK current). They also 
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demonstrated that action potentials had tetrodotoxin (TTX) –sensitive and resistant 

components and that action potentials persisted in presence of TTX [16].

Another discovery arose relating to observations that LC neurons have an intrinsic 

feature of “wash out” where rhythmicity is lost when recordings are made by whole cell 

patch clamp techniques. Based on this finding G.K. Aghajanian and his group, studying 

opiate actions in rat LC neurons, discovered that cAMP plays an important role in 

controlling pacemaking of these neurons [37]. They first described that cAMP or 

compounds that mimic its actions, were able to produce an inward cation current carried 

mainly by Na+ and this current was resistant to TTX [58, 59]. They then demonstrated 

that cAMP and the cAMP-dependent protein kinase (PKA) pathway had a key role in 

control of LC pacemaking [34-37].

Other studies have shown that opiates activate an outward potassium current [60, 

61] through a pathway involving G-proteins [62]. Some controversial findings can be 

noted along these studies that aimed to describe pacemaking currents in LC neurons. 

For instance, J.T. Williams’ group described that action potentials in LC neurons were 

resistant to TTX, suggesting that calcium action potentials were present in these cells, 

and that the pacemaking activity was probably driven by persistent inward calcium 

current [16]. On the other hand, other studies showed that action potentials from LC 

neurons were sensitive to TTX [18, 63]. Indeed the Aghajanian, group suggested that 

LC pacemaking was probably driven by non-specific sodium current [50-53]. Because 

of that, some authors have adopted the term “non-specific cation current” when they 

refer to the ionic current that drives pacemaking in the LC.

In overview, while the rat LC is known to have various Na+, Ca2+ and K+ currents 

the specific current or the exact combination of currents that coordinate pacemaking in 
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LC neurons has yet to be established. Furthermore, most studies have been carried out 

in rats and hence there is little knowledge about LC pacemaking in other species 

including that of the mouse. Table 1.1 shows a summary of the ionic currents reported 

in LC neurons to date.

Another important feature that needs further studies is how LC neurons coordinate 

their rhythmic firing. Subthreshold membrane oscillations were suggested in young 

animals [21], but what produces and coordinates these oscillations is still not known. 

Furthermore, this does not explain synchronicity in adult rat LC, which while weaker 

still exists [64]. A possible explanation is that pacemaking and resultant synchronicity is 

mediated by “Ca2+store pacemaking” as LC neurons have Ca2+ stores and are 

electrically coupled by gap-junctions. Such a model could also explain the subthreshold 

membrane oscillations displayed by the LC in infant rats. However, unpublished 

findings from our group indicate that this is an unlikely hypothesis as store activators 

and/or inhibitors do not appropriately modulate pacemaking in these cells. Further 

studies are necessary to better understand how the LC pacemaker operates and how it 

produces synchronised rhythmic firing.
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Table 1.1: Summary of all ionic current described in LC neurons. *Immunoblotting for 

specific subtype not found in the reviewed literature. ? - Indicates that no information 

about specific subtypes was found.

Current
Subtype of 
Channels 

present in LC
Other information

Sources 

(references)

K+ Inward Rectifier
Kir (3.1-3.3) or

GIRK (1-3)

Channels coupled with G-proteins; 
currents are activated by opiates

[65]

Fast Transient K+(IA)
{Kv1.1 or 
KCNA}*

Transient current activated after 
membrane hyperpolarization; 
sensitive to 4-aminopyridine

[16, 66, 67]

Sustained K+ Current 
(IK)

{Kv3.1 or 
KCNC}* Current sensitive to TEA

[66]

Calcium-Activated  K+

BK or KCNM;

SK (2 and 3) or 
KCNN (2 and 3)

BK immunoblotting was reported but 
no report of ionic currents; very little 
expression of SK-2 and very high of 

SK-3

[16, 68-70]

K+ Leak TASK1
Activated by halothane and inhibited 

by pH acidification
[71]

ATP-Sensitive K+

Conductance
ATP-sensitive K+

Channels
Induced by hypoxia

[70, 72]

NMDA-Induced 
Outward Current 

(INMDA-out)
NMDA receptors

Activation increases the influx of 
Ca2+ and it activates Ca2+-dependent 

K+ currents

[70]

TTX-Insensitive Inward 
Na+

TTX-insensitive 
Channels (??)

Activated by different compounds in 
presence of TTX

[66, 73, 74]

TTX-Sensitive Inward 
Na+

Voltage–
dependent TTX-

sensitive channels 
(??)

Fast event of action potentials; 
Persistent Na+ currents

[66, 75, 76]

Cobalt/Nifedipine-
Sensitive

L-Type Ca2+ Activated by acidosis
[75, 77]

ω-Conotoxin-Sensitive; 
ω-Agatoxin-Sensitive

N-Type  Ca2+;

P-Type  Ca2+;

Q-Type  Ca2+;

Increased by barium and inhibited by 
many different compounds

[77]

Persistent Inward Ca2+

current
??

Active near the threshold for action 
potential initiation (~ -45 mV)

[16]
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1.3.2. Pacemaking in other Brain Areas

Neurons present in the central nervous system (CNS) are split into many different 

brain areas; they have different functions and characteristics according to their internal 

constituents. The pacemaking mechanisms present in these neurons also change 

according to function and localization in the brain. Localization appears to be 

particularly relevant because different types of ion channels are expressed according to 

the region. Table 1.2 presents an overview of different types of neurons and the 

respective ionic current that is considered to primarily drive pacemaking.  

Different types of ionic currents may also be involved in generation of action 

potentials (APs) and to relay information among neurons. The majority of neurons are 

not able to produce action potentials by themselves; they only produce action potentials 

Table 1.2: Inward pacemaker currents in different types of neurons. 

Persistent Ca2+ and 
Persistent Na+

Locus coeruleus (Rats)

Persistent Ca2+Dopaminergic neurons

Persistent Na+Suprachiasmatic nucleus neurons

Persistent Na+Cerebellar granule cells

Persistent Na+Subthalamic neurons

IhGlobus pallidus neurons

IhNeostriatal cholinergic interneurons

Pacemaking 
currentNeuronal Cell Type
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when they receive excitatory synaptic inputs that cause super-threshold depolarization. 

Pacemaker neurons in general utilise up to three different pacemaker currents to 

generate action potentials. One of these is a current called the hyperpolarization-

activated current (Ih), which as the name indicates, is an inward current activated at high 

negative membrane potentials. Ih, together with other currents, drive the membrane 

potential to reach threshold to produce an action potential [78-80].

A second pacemaker current is the “persistent sodium current” that is active in 

membrane voltages around -65mV to -40mV [81-83]. It was suggested that the 

persistent sodium current could be a feature of the normal gating behaviour of sodium 

channels, where they would produce this sustained/steady state current [84]. However, 

specialized types of sodium channels were also characterized as responsible for this 

persistent current [85]. The persistent sodium current seems to be present as part of the 

physiology of almost all neurons described so far [81, 86-91]. It contributes to creating 

many different firing frequencies and patterns, which helps to spread information 

among the neuronal networks.

There is also a third pacemaker current, which appears to be a special feature of 

midbrain dopamine neurons, that is a sub-threshold calcium current that is active in the 

interspike interval along with Na+ currents [92, 93]. This current is responsible for

driving membrane depolarization to threshold for action potential initiation. A similar 

current was also identified in LC neurons from rats [94]. Going a little further about 

dopaminergic neurons and pacemaking activity, recently it was suggested that the 

spontaneous electrical activity of dopaminergic neurons may be fundamental to the 

survival of these neurons, and hence pathologies that affect dopaminergic neuron 

pacemaking could lead to Parkinson’s’ disease [95]. In this situation, an imbalance of 
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ionic currents could result in membrane hyperpolarization reflecting an imminent cell 

death. The hyperpolarization seems to be associated with intracellular mechanisms 

involving alterations in the normal mitochondrial metabolism in these dopaminergic 

neurons, as shown in Figure 1.3.

Figure 1.3: Hypothetical scenario 
linking the loss of dopaminergic (DA) 
neurons in Parkinson disease (PD) to a 
deficit in excitability.
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1.4. Mitochondria

1.4.1. General information

Mitochondria are membrane-enclosed organelles that are virtually present in all 

eukaryotic cells of living organisms; they contain a large amount of internal membrane 

that provides a framework for an elaborate set of electron-transport processes that 

produce most of the ATP needed by the cells. They are usually depicted as stiff, 

elongated cylinders with a diameter of 0.5-1 µm. However, time-lapse micro-

cinematography of living cells has shown that mitochondria are remarkably mobile and 

plastic organelles, constantly changing their shape and even fusing with one another and 

then separating again. The mitochondrial inner membrane is the location of the electron-

transport chain (respiratory chain). Through a sequence of oxidation reactions 

mitochondria use the energy derived from electron transport to pump H+ out of the 

matrix to create a trans-membrane electrochemical proton gradient. The large amount of 

free energy released when H+ flows back into the matrix provides the basis for ATP 

production in the matrix (sections based in [96]).

Mitochondria are involved in many other cellular processes other than their 

“traditional” role of producing ATP. They are involved in buffering intracellular Ca2+

and free radical production (discussed in the next section) and also have a fundamental 

role in other processes such as cellular death [97-99] and cellular signalling [100], and 

have been linked with neurological diseases [27, 29, 32]. Mitochondrial membrane 

potential has also been shown to be modulated by cytoskeleton proteins having the 

ability to reverse free radical production induced by vitamin A treatment [101]. In 

neurons, disruption of the mitochondrial membrane potential has been shown to impact 
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on pacemaking [102, 103] and a correlation exists between mitochondrial activity and 

neurotransmitter release [104]. Thus mitochondria have an important role in many 

different cellular processes.

1.4.2. Role of Mitochondria in Cellular Pacemaking

Mitochondria play a very important role in calcium signalling participating in the 

regulation of many intracellular pathways; each can store huge amounts of calcium ions 

internally in the mitochondrial matrix with functions maintained by an electrical 

gradient across the inner membrane [105-107]. The mitochondrion has specialized 

machinery to transport Ca2+ across its membranes; Ca2+ uptake is performed by a 

selective ion channel termed Uniporter (MCU) [108], while Ca2+ release can be 

performed by two different structures, the first one is a mitochondrial Na+/Ca2+

exchanger (MNCE) and the second one is the mitochondrial permeability transition pore 

(MPTP) [109]. Recently it was shown that compounds that block mitochondrial 

functions such as p-trifluoromethoxyphenylhydrazone (FCCP), ruthenium red, CGP-

37157 and others, can modulate some neuronal functions including action potential 

firing rates, suggesting that mitochondria can modulate ionic currents [104, 110]. The 

mitochondrial role in calcium dynamics and related electrical activity is potentially very 

important in pacemaking, as it has a seminal role in Ca2+ homeostasis and internal Ca2+ 

signalling can activate or modulate ionic pacemaker currents.

Mitochondria provide a means of buffering cytosolic Ca2+ and they also participate 

together with the endoplasmic reticulum (ER) in the physiology of Ca2+ oscillations that 

are present in many cells as a regulatory pathway [111]. Importantly, mitochondria are 

the largest intracellular source of reactive species and free radicals (such as reactive 
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oxygen species (ROS) and reactive nitrogen species (RNS)) [112, 113]. Reactive 

species can modulate a great variety of ion channels and receptors [114, 115], 

consequently modulating ionic transport/content into the cells. For instance, large-

conductance Ca2+-activated potassium channels (BK), IP3 and RyRs have their activity 

increased by ROS [116].

A new outlook about intracellular modulation is emerging based on the finding of 

“ROS microdomains”. Here, local production of ROS is considered to modulate 

molecules confined to that space. These ROS microdomains are physiologically 

different from the Ca2+ microdomains previously suggested in the literature [117]. The 

greatest difference is that ROS microdomains have a sustained concentration gradient 

and a much longer half-life than the Ca2+ microdomains, which have a half-life around 

20ms [116]. According to this point of view, ROS microdomains could be generated 

near to the plasma membrane and hence modulate ion channels and receptors. In 

pacemaker neurons for instance, ROS microdomains could modulate channels or stores, 

changing the firing frequency in these neurons. In this case, ROS produced by 

mitochondria would have a direct effect in controlling pacemaking. Some evidence has 

been presented demonstrating that mitochondria can directly modulate potassium 

inward rectifier channels, hence playing a role in the control of ionic currents [118, 

119]. It has also been shown that mitochondria can modulate L-type Ca2+ channels 

through a pathway involving cytoskeleton proteins; in this situation, it was proposed 

that there was a feedback such that L-type Ca2+ channels modulated mitochondrial 

activity according to cellular demand [120]. There is also evidence that L-type Ca2+

channels can be modulated by reactive species, which oxidise amino acid residues 

(cysteine) at key positions in the protein altering channel activity [121, 122]. 
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Thus mitochondria and associated pathways could make an important contribution to 

neuronal pacemaking due their ability to modulate ionic channels and consequently 

change neuronal firing rate.

1.5. Brain development and pacemaker mechanisms

Brain development is a non-linear process at both the structural and functional level 

[123-125]. Fundamental to this are processes that underlie brain adaptation to new 

environments and situations [126]. In development, new neuronal connections extend to 

reach different brain regions [127-129] accompanied by morphological changes in 

synapses [130-133] and neuronal electrophysiological properties [134, 135]. Brain-

mapping techniques along with prospective sample studies have demonstrated that the 

development of brain grey matter from childhood to early adulthood is a nonlinear 

process, progressing in a localized, region-specific manner coinciding with the 

functional maturation such that, regions associated with more primary functions develop 

earlier compared with regions that are involved with more complex and integrative tasks 

[136].

As has been noted, LC neurons project widely across the brain providing a 

modulatory influence on many physiological processes and different types of behaviour. 

Importantly, given that the level of stimulus experienced by an individual has a 

remarkable impact on brain development [126], it is likely that LC neurons strongly 

contribute to this process. Furthermore, as neuronal plasticity changes in different stages 

of life including in the elderly [137], LC neurons are also likely to change their 
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properties to adapt to different phases of life. This is certainly the case for other tyrosine 

hydroxylase (TH)-containing neurons, as has been demonstrated for dopaminergic 

neurons present in the Substantia Nigra that undergo developmental/maturational 

changes in the pacemaker mechanism [138, 139]. Thus certain types of neurons, 

especially TH-containing ones such as LC neurons, could change their combination of 

pacemaker currents, this impacting on action potential generation and hence firing rates. 

In LC neurons, morphological changes involving axonal branching [140, 141] and 

changes in the number and direction of projections to other brain regions were reported 

in animals of different ages [142]. Such morphological changes will affect many 

functions including formation and localization of synapses and hence excitatory and 

inhibitory signalling generating differences in neuronal firing rate [143]. Such 

modulation does not necessarily depend on changes in pacemaker currents. In the case 

of the LC, evidence has been presented suggesting that LC neurons increase firing 

frequencies with development [144]. Other studies have demonstrated that general 

electrophysiological properties such as input resistance also change during 

development/maturation [94], indicating that LC neurons undergo changes during 

development.

At present, it is not known whether developmental changes in firing frequency in LC 

neurons arise as a consequence of brain-related morphological changes or are due to a 

rearrangement of pacemaker currents. Information comparing electrophysiological 

properties of LC neurons at different ages is also absent.
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Chapter 2

Methods
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All experiments were performed in accordance with the guidelines developed by The 

University of Newcastle Animal Care and Ethics Committee.

2.1. Preparation of brain slices

Brain slices containing the LC were prepared from Swiss mice (P7-12, both sexes) or 

adult (8-12 weeks old, only used in chapter 5) overdosed with Ketamine (100 mg/kg 

i.p.). In chapter 3 only, slices containing hypoglossal motor neurons were also prepared

using exactly the same protocol described in this section. Mice were decapitated and the 

brain was rapidly removed and immersed in ice-cold “modified sucrose ringer” 

containing (in mM): 25 NaHCO3, 11 glucose, 235 sucrose, 2.5 KCl, 1 NaH2PO4, 1 

MgCl2 and 2.5 CaCl2, bubbled with 95% O2/5% CO2 [145]. The cerebellum and brain 

stem were isolated and slices (270-400µm thick for infant and 140 µm thick for adult)

were obtained with a vibrating tissue slicer (Leica VT1000S). Generally only one slice 

contained the LC. Slices were kept in a chamber (containing artificial cerebrospinal 

fluid - ACSF) at room temperature and high oxygen for 1.5-2 h before experiments 

commenced. ACSF used in all experiments contained (in mM): 120 NaCl, 25 NaHCO3, 

11 glucose, 2.5 KCl, 1 NaH2PO4, 1 MgCl2 and 2.5 CaCl2, constantly bubbled with 95% 

O2/5% CO2. Individual LC neurons were visualized using infrared video microscopy 

with differential interference contrast and identified according to their large size and 

location near the ventrolateral border of the fourth ventricle. Immunohistochemistry 

using antibodies against Tyrosine Hydroxylase confirmed the location and identity of 

these neurons (see Supplementary Figure 4.1 A, B in chapter 4). Hypoglossal motor 
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neurons were identified by their large size and location relative to the central canal/4th

ventricle [146]

2.2. Preparation of fresh dissociated LC neurons

Neurons were isolated using an adapted protocol according to Akaike, N. and A.J. 

Moorhouse, 2003 [147]. Brain slices were cut using the same protocol described in the 

“Preparation of brain slices” section. After 1.5-2 h resting, slices were placed in the 

ACSF-containing recording chamber and neurons were isolated using a custom made 

vibrating device. This device vibrates a fine glass electrode with a sealed tip just above 

the tissue surface causing dissociation of the cells. It generally provided about 10 

healthy neurons per slice. After isolation, neurons were left 15 min to settle on the glass 

bottom of the recording chamber and then gentle ACSF perfusion was commenced.

2.3. Electrophysiology

After isolation, the slice containing the LC was identified and transferred to a 

recording bath where it was viewed with an upright microscope (Olympus BX50) and 

superfused with ACSF. Individual LC neurons were visualized using infrared video 

microscopy with differential interference contrast and identified according to their large 
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size and location near the ventrolateral border of the fourth ventricle. Most recordings 

were made from spontaneously firing LC neurons in situ in brain slices. Because LC 

neurons are large, it was difficult to maintain voltage clamp for fast rates of membrane 

depolarization (> 50 mV/s). This precluded us from using the interspike interval AP 

clamp technique to investigate pacemaking. Therefore, we developed a methodology 

that allowed us to achieve good voltage control over LC neurons and record fast 

activating Na+ and Ca2+ currents when depolarizing ramps were applied. Voltage 

control was achieved by using a low-noise whole cell voltage clamp amplifier 

(Axopatch-1C), low fluid levels in the recording chamber, and low resistance electrodes 

(1.8 – 2 MΩ). The age of the animals was also crucial for achieving voltage control. 

Neurons from mice < P5 could not be voltage-clamped, however good voltage control 

could be achieved in 80% of neurons in P7-12 mice. Neurons were considered to be 

adequately voltage clamped when no unclamped spikes were observed during voltage 

ramps. Both voltage and current clamp recordings were low-pass filtered at 5 kHz and 

data were sampled at 100 kHz. I-V plots constructed from voltage clamp recordings had 

each individual current normalized by the corresponding cell size, with values expressed 

as pA/pF.

2.4. Solutions and pharmacology

To minimize problems associated with washout of spontaneous electrical activity 

when recording from LC neurons, we developed the following protocol. First, the whole 

cell recording mode was established in voltage clamp. After waiting 10 s, a voltage 
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ramp was applied and the test solution was superfused over the neuron of interest via a 

local-perfusion system [146] for 60 s. A second ramp was then applied. This protocol 

together with the rapid local solution exchange (exchange time ~ 2 s) allowed the entire 

experiment to be completed in < 2 min. In some cases, test solutions were applied over 

the slice for 8 min before beginning recording. In these experiments control recordings 

were not made, as cells were held in the cell attached mode (i.e. without internal access) 

during the 8-minute equilibration period before obtaining the whole cell recording 

configuration.

The internal pipette solution contained (in mM): 135 K methylsulfate, 8 NaCl, 10 

HEPES, 2 Mg2ATP, 0.3 Na3GTP, 0.1 EGTA, pH: 7.3. This internal was used 

throughout all experiments except where otherwise noted. The control external solution 

used was ACSF. To analyse TTX-sensitive voltage-dependent Na+ currents, 1 µM TTX 

was applied through the local perfusion system. In cases where TTX-insensitive 

currents were studied, a HEPES-ACSF bathing solution containing (in mM): 151 NaCl, 

13 glucose, 10 HEPES, 2.5 KCl, 1 MgCl2 and 2 CaCl2 was used, where NaCl was 

replaced by N-methyl-D-glucamine chloride (NMDG) in the test solution. Ca2+ currents 

were also investigated using the HEPES-ACSF solution containing K+ channel blockers 

(15 mM TEA+150 nM apamin) and TTX (1 µM). In these experiments CaCl2 was 

replaced by equimolar CoCl2 in the test solution. The roles of specific K+ currents were 

investigated by applying different K+ channel blockers and TTX (1 µM). Depolarizing 

pulse-based measurement of Na+ currents required reducing the size of the currents so 

they could be voltage clamped. This was achieved by establishing the cell attached 

mode on a neuron (i.e. without internal access) and then perfusing the slice with ACSF 

plus 35 nM TTX for 5 minutes, and then with a Ca2+-free high Mg2+ (5 mM) ACSF plus 

35 nM TTX for 5 min. The whole cell recording mode was then established and a 
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voltage pulse protocol was applied ~ 30 s later (pulse series 1). This was followed 

immediately by rapid local perfusion with 1 µM TTX in the same Ca2+-free high Mg2+

ACSF for 60 s. This abolished the Na+ current. The voltage protocol was then repeated 

(pulse series 2) and the resting differential current (pulse series 1 minus pulse series 2) 

was calculated to reveal the TTX-sensitive Na+ current.

Depolarizing pulse-based measurement of Ca2+ currents involved a similar approach. 

Neurons were held in cell attached mode and a HEPES-ACSF, containing 1 µM TTX, 

was applied for at least 8 minutes. The whole cell recording mode was then established 

and a voltage pulse protocol was applied ~ 30 s later (pulse series 1). The 1 µM TTX 

HEPES-ACSF solution but now with equimolar Co2+ substituted for Ca2+ (i.e. 2 mM) 

was then applied for 60 s and the voltage protocol repeated (pulse series 2). The 

resulting differential current (pulse series 1 minus pulse series 2) was calculated to 

reveal the underlying Ca2+ current. In both protocols described above the holding 

potential was -85 mV and a Cs+-based internal pipette solution was used containing (in 

mM): 130 CsCl, 1 MgCl2, 10 EGTA, 10 HEPES, 2 Mg2ATP, 0.2 Na3GTP, pH: 7.3.

In chapter 5, differential currents were obtained by subtracting the current generated 

by the first voltage protocol from that generated by the second (i.e. control – test), 

unless otherwise stated. Hyperpolarization-activated currents (IH) were measured after 

perfusing 1 µM TTX into the bath for 8 min before internal cell access was gained. 

Depolarizing step-pulses, designed to activate these currents, were applied under 

voltage clamp 10 s after gaining internal cell access.
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2.5. Acquisition and analysis

Data were acquired using Axograph 4.8 software (ITC-16 interface, and a Mac G4 

computer), and analyzed using Axograph X 1.1.0 software. For voltage-clamp 

experiments the series resistance for our electrodes in whole cell mode was 5.2 ± 0.1 

MΩ and no compensation was performed when applying ramp or pulse protocols.

Linear leak subtraction was not used during experiments due the noise generated; it was 

corrected using Axograph software during data analysis. Recordings obtained by ramp 

protocols were normalized for leak currents by linear fit between -90 mV to -70 mV and 

filtered at 1 kHz using Axograph X software prior to analysis. Due to incremental 

artefact currents produced by cell capacitance in neurons, I-V graphs constructed from 

recordings obtained by pulses were normalized by removing the calculated artefact

current at -78 mV from all other values (i.e. the capacitive current artefact at -78mV 

was extrapolated or scaled up to other values and subtracted). Input resistance, cell 

capacitance and series resistance were measured by the software according to the 

response to a -5 mV pulse delivered shortly after gaining internal cell access. Resting 

membrane potential was measured using Axograph software by taking the membrane 

potential value of the middle part of the interspike interval zone 2 (for definition of zone 

2 see chapter 4). Corrections for junction potentials were calculated using the Windows 

version of JPCalc [148]. These corrections were -8.5 mV, -8.2 mV and -7.7 mV for the 

junction potentials between ACSF in the bath and K methyl sulphate, CsF or 15mM 

EGTA internal pipette solutions respectively. There were also -10 mV and -5.3 mV

corrections for the junction potential between and the HEPES-ACSF solution and the K 

methyl sulfate internal pipette solution or CsCl-based internal pipette solution 
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respectively. All the graphs and figures presented in this thesis had the values corrected 

for junction potential.

In chapter 3, the criteria used to analyse the success rate of voltage clamp 

experiments for neurons in LC slices was “all or none”, more specifically: in a “good” 

slice > 80% of the neurons could be successfully clamped and in a “bad” slice > 80% of 

neurons could not be clamped even though the neurons were functional. This criterion 

was used for statistical analysis of the success of voltage clamping with comparisons 

made between slices and hence animals, as one slice was used for each animal. A chi-

square test assessed the difference in numbers of animals where LC neuronal voltage 

clamping was or was not successful, and an independent groups t-test assessed the 

difference in RIN, between the ketamine-anesthetized and control groups.

All data are presented as mean ± SEM. GraphPad Prism 4.02 was used to prepare 

graphics. Statistical analyses were performed with SPSS version 17.0, using one-way 

ANOVA and the Bonferroni post hoc test otherwise noted. All experiments were carried 

out at 35 ± 2 C. All drugs were obtained from Sigma Chemicals except TTX, which 

was purchased from Alomone Laboratories, Israel.

2.6. Cytosolic Ca2+ and Ψm measurement

Relative intracellular [Ca2+] or mitochondrial membrane potential (Ψm) were

measured in freshly dissociated LC neurons. After isolation (described in “2.2.

Preparation of fresh dissociated LC neurons” section), LC neurons were incubated in 
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ACSF at room temperature containing either 10 µM Oregon green/AM for 45 min or 

5µg/mL JC-1® for 1h [149]. The recording chamber containing these neurons was then 

placed on the stage of a Nikon TE200 inverted microscope connected to a BIORAD 

1000 confocal scanner system with the isolated neurons viewed with a x60 water 

immersion objective. ACSF was perfused for at least 10 min before commencing the 

experiments. The Oregon green fluophore was excited using a 488 nm argon laser with 

intensity set to 3% and recordings made using a 522 nm emission filter. JC-1 

experiments were made using the argon laser set to 1% intensity, having a filter 

combination of 488 nm for excitation and 522 nm for emission to record the green 

fluorescence, and a filter combination of 514 nm for excitation and 585 nm for emission 

to record the red fluorescence. Responses to application of 1 µM CCCP, delivered via 

rapid local-perfusion, were recorded using the BIORAD system. The Oregon green 

experiments involved briefly opening the shutter every 10s with fluorescence images 

collected for 12 min (1 min before, 6min during 1 µM CCCP application, 5 min 

recovery). The JC-1 experiments involved briefly opening the shutter every 30s with 

fluorescence images collected for 13 min (2 min before, 1 and 3 min during 1 µM 

CCCP application and after 8 min recovery). Relative fluorescence plots were analysed 

off-line using ImageJ® software.

2.7. Immunohistochemistry

Brain slices, cut using the protocol presented in the section “Preparation of brain 

slices”, were fixed with paraformaldehyde 4% (in 0.1M phosphate buffer, pH 7.4) for 

20 hours at 4C, followed by rinsing with 80% ethanol, dimethyl sulfoxide (DMSO) in 
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physiological buffer solution (PBS, pH 7.4). Whole-mount immunohistochemistry was 

performed incubating the tissue with a rabbit anti-tyrosine hydroxylase antibody (1:100, 

Chemicon) overnight at room temperature and this was localized with donkey anti-

rabbit IgG conjugated to FITC (1:50, Jackson Immunoresearch Laboratories). The 

secondary antiserum was rinsed with PBS and the tissue was examined using an 

Olympus BX51 microscope with appropriate filters.

2.8. Predicted net interspike interval pacemaker current

This was determined using a previously published methodology [150]. Net 

pacemaking current was calculated using – C x dV/dt, where C is the cell capacitance 

and dV/dt is the time derivative of averaged APs including the interspike interval. As 

cell capacitance and firing frequency for all neurons in slices was 68  0.9 pF and 1.98 

± 0.44 Hz respectively, we used 68 pF for “C”, and averaged APs from cells that were 

firing at ~ 2 Hz. Generally 10 - 20 APs were obtained from each cell and used for 

analysis. APs were aligned at their peaks and an epoch, 500 ms long and commencing 

250 ms before the peak, was averaged. This generated a single AP cycle that was then 

combined with itself to generate a complete interspike interval.
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Chapter 3

Ketamine anaesthesia helps preserve 

neuronal viability

“Published in Journal of Neuroscience Methods, v. 189, p. 230-232, 2010. DOI: 

10.1016/j.jneumeth.2010.03.029”
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3.1. Abstract

The dissociative anesthetic ketamine that acts as an N-methyl-D-aspartate (NMDA) 

antagonist has been reported to improve neurological damage after experimental 

ischemic challenges. Here we show that deep anesthesia with ketamine before 

euthanasia by decapitation improves the quality of neonatal mouse neuronal brain slice 

preparations. Specifically we found that neurons of the locus coeruleus (LC) and 

hypoglossal motor neurons had significantly higher input resistances, and LC neurons 

that generally are difficult to voltage control, could be more reliably voltage clamped 

compared to control neurons.

Keywords: ketamine, Locus Coeruleus, Hypoglossal motor neurons, 

electrophysiological properties, input resistance, viability.

3.2. Introduction

Ketamine is a well known dissociative anesthetic that acts as an N-methyl-D-

aspartate (NMDA) antagonist [151]. It is commonly used for elective surgeries [152], as 

treatment for acute and chronic pain [153], and also to establish an animal model for 

psychosis [154]. Ketamine has also been reported to improve neurological function and 

reduce damage after experimental ischemic challenges [155]. The effects of acute and 

chronic ketamine can vary among studies due to different methodological approaches. 

Acute treatments seem to present a higher incidence of “positive” outcomes, such as 
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improvement in depressive symptoms [156], whereas chronic treatments have been 

associated with psychotic-like symptoms, dependence and other effects [157-159].

Electrophysiological studies have shown that direct ketamine application in neurons 

results in a decreased firing frequency, due to an inhibition of Na+ and K+ channels 

[160]. An increase in input resistance and inhibition of excitatory post-synaptic 

potentials (EPSPs) has also been associated with direct application of ketamine [161]. 

Such action occurs during application of ketamine with these properties returning to 

control levels within minutes after removal of the ketamine. The present study 

examined electrophysiological properties of neurons of the locus coeruleus (LC), a key 

mood state-associated nucleus containing noradrenergic neurons that project widely 

across the brain [12, 162], with the studies repeated in hypoglossal motor neurons. Our 

specific aim was to evaluate if ketamine anesthesia before animal sacrifice would 

enhance neuronal viability, as without this we found that, while we could reasonably 

voltage clamp hypoglossal neurons, this was not the case for LC neurons. We found 

ketamine anesthesia before animal sacrifice reduced the conductance (i.e. leakiness) of 

both neuronal preparations and hence improved whole cell voltage control of LC 

neurons.
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3.3. Results

Ketamine improved LC neuron viability, in slice preparations from ketamine-

anesthetized mice versus those that did not receive ketamine before euthanasia 

(hereafter termed controls). Recordings from LC neurons in ketamine-anesthetized mice 

exhibited better voltage control and higher input resistances (RIN) compared with those 

from controls (Table 3.1). In voltage clamp experiments, depolarizing ramps were 

applied and the experiment was considered successful if unclamped action potential 

artifacts were not observed in the current trace (Figure 3.1). Ketamine anesthesia, led to 

a marked improvement (p<0.05) in the success rate of voltage clamp experiments in LC 

slices: 73% for the ketamine-anesthetized group (54 animals) versus 42% from controls 

(52 animals) as presented in Table 3.1. RIN was significantly higher (~30%, p<0.001) in 

the neurons from the ketamine-anesthetized group compared to controls (Table 3.1), 

suggesting improved cell viability. The possibility that the voltage clamp was better in 

reducing breakthrough spikes in LC neurons under voltage clamp after euthanasia with 

ketamine did not occur because ketamine damaged Na+ channels, as the excitability of 

treated and untreated animals was indistinguishable when measurements of neuronal 

firing activity were compared (data not shown). To determine whether the protective 

effect of ketamine generalized to other neuronal populations, we repeated the 

experiments on hypoglossal motor neurons. Though hypoglossal neurons are relatively 

large, good voltage control was always achieved during ramps; however, RIN was higher 

(~25%) in neurons from ketamine-anesthetized animals (p<0.05, Table 3.1). These 

results on hypoglossal neurons again indicate that ketamine improves neuron viability.
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Table 3.1: The effect of ketamine on the success rate of ramp voltage clamp 

experiments and input resistance (Rin). LC neurons in brain slices of mice deeply 

anesthetized before euthanasia by decapitation were successfully clamped in 73% of the 

slices, compared to 43% for non-anesthetized mice. Hypoglossal neurons did not 

present ramp voltage clamp control problems in the either group. Rin was higher in LC 

and hypoglossal neurons from ketamine-anesthetized mice, however, membrane 

capacitance (Cm) and series resistance (Rs) did not change. + Different from the control 

(i.e. no ketamine) group (Chi-square test; P<0.05). *, ** Different from the control (i.e. 

no ketamine) group (Independent groups t-test; * P<0.05, ** P<0.001). Rin, Cm and Rs

values are presented as mean ± SEM.
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Figure 3.1: Example of successful (A) and unsuccessful (B) voltage clamp 

experiments. In A) voltage control was good and there were no “breakthrough” inward 

spikes during the depolarizing ramp-evoked current, whereas in B) voltage control was 

poor and many unclamped fast-activated voltage-dependent spikes occurred during the 

same ramp protocol. Holding potential for A and B was -58mV.

3.4. Discussion

Neuron viability is a key issue for experiments on slices of CNS tissue. The results 

presented here indicate ketamine-anesthesia, before euthanasia by decapitation, provides

an important strategy for preserving neuron viability. Indeed, it significantly improved 

the success rate of our voltage clamp experiments in LC neurons. It is unlikely that the 

effects observed here arose through a residual ketamine effect, as it has been shown that 

direct application of ketamine in tissues washes out in minutes [160]. We have not 

evaluated if anesthesia by itself would exert similar outcomes. We chose to pre-treat 
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with ketamine, because of its known protective action in limiting cell damage during 

ischemia – reperfusion [155]. This protective action most likely arises through its well-

established antagonist action of ketamine on NMDA receptors [151]. This, in

combination with blockage of Na+ and K+ channels, probably decreases metabolic 

demands, caused by markedly increased neuronal firing and resultant Ca2+ loading, 

which occur during slice preparation. Such damage is likely to be reflected 

electrophysiologically as a decreased RIN. Importantly, membrane capacitance was 

unchanged by ketamine (Table 3.1). This argues against a role for factors such as altered

gap junction-mediated coupling between neurons. Our findings therefore provide 

quantitative support for using ketamine-anesthesia to improve the viability of neurons in 

brain slices.

3.5. Supplementary material for this chapter:

3.5.1. Results

The possibility of ketamine damaging Na+ channels and reduces breakthrough spikes 

in voltage ramps was analysed by comparing action potential (AP) shapes and AP rise

times from the ketamine and no ketamine group. The AP rise time were (µs) 706.4 ± 

19.6 and 736.2 ± 14.4 for the ketamine and no ketamine group respectively, indicating 

that ketamine did not damage Na+ channels (46 APs analysed for ketamine group and 

41 APs analysed for no ketamine group; p=0.23). Supplementary Figure 3.1 further 

confirmed this result demonstrating no differences in the rise time of AP from both 

groups.
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Supplementary Figure 3.1: Comparison of action potentials from Ketamine X no 

Ketamine group. Action potentials shown are averages of action potential sections from 

current clamp recordings from both groups (Ketamine = 29 and no Ketamine = 41)
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Chapter 4

Pacemaker currents in mouse Locus 

Coeruleus neurons

“Published in Neuroscience, 2010. DOI: 10.1016/j.neuroscience.2010.06.028”
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4.1. Abstract

We have characterized the currents that flow during the interspike interval in mouse 

LC neurons, by application of depolarizing ramps and pulses, and compared our results 

with information available for rats. A TTX-sensitive current was the only inward 

conductance active during the interspike interval; no TTX-insensitive Na+ or oscillatory 

currents were detected. Ca2+-free and Ba2+-containing solutions failed to demonstrate a 

Ca2+ current during the interspike interval, although a Ca2+ current was activated at 

membrane potentials positive to -40 mV. A high-TEA (15 mM) sensitive current 

accounted for almost all the K+ conductance during the interspike interval. Ca2+-

activated K+, inward rectifier and low-TEA (10 µM) sensitive currents were not 

detected within the interspike interval. Comparison of these findings to those reported 

for neonatal rat LC neurons indicates that the pacemaker currents are similar, but not 

identical, in the two species with mice lacking a persistent Ca2+ current during the 

interspike interval. The net pacemaking current determined by differentiating the 

interspike interval from averaged action potential recordings closely matched the net 

ramp-induced currents obtained either under voltage clamp or after reconstructing this 

current from pharmacologically isolated currents. In summary, our results suggest the 

interspike interval pacemaker mechanism in mouse LC neurons involves a combination 

of a TTX-sensitive Na+ current and a high TEA-sensitive K+ current. In contrast with 

rats, a persistent Ca2+ current is not involved.

Key Words: electrophysiology; pacemaker currents; sodium channels; potassium 

channels; calcium channels; voltage clamp.
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4.2. Introduction

The Locus Coeruleus (LC) is a nucleus of tightly packed spontaneously firing 

noradrenergic neurons located in the rostral dorsolateral pontine tegmentum [1, 2]. 

Behavior in animals, such as attention and behavioral flexibility [162], state of vigilance 

[7], environmental stimuli monitoring [8, 10], among others, are strongly controlled by 

LC activity, with action potential (AP) firing rate playing a central role in this process. 

Experiments have demonstrated that LC neurons exhibit increased firing rate in 

response to many stimuli, particularly those that are noxious or stressful [163-165]. In 

contrast, the firing rate of LC neurons is decreased in situations where animals are calm 

and drowsy, or in certain stages of sleep [13, 166]. The mechanisms underlying these 

changes have yet to be fully elucidated but a starting point is to first understand how 

spontaneous firing, and hence pacemaking is controlled under basal conditions.

In brainstem slices, LC neurons exhibit a complex pacemaker mechanism where 

different currents combine to produce slow membrane depolarization during the 

interspike interval. In rats the pacemaker mechanism generates spontaneous firing at 

frequencies ranging from 0.3-5Hz [64, 167]. Although the electrophysiological 

properties of LC neurons have been investigated extensively, the identity of the currents 

flowing during the interspike interval is still poorly understood. Early studies on rat LC 

indicated the interspike interval involved a combination of a persistent Ca2+ current, a 

TTX-sensitive persistent Na+ current and Ca2+-activated K+ currents [94]. More recent 

studies now consider that pacemaking is determined, in part, by an inward non-specific 

cation current carried primarily by Na+ [37, 66, 74].
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A range of channels and currents has been characterized in LC neurons, with most 

results obtained from rat. Inward currents involved in the interspike interval 

depolarization and/or AP generation include voltage-dependent fast-activating and 

persistent Na+ TTX-sensitive conductances, and voltage-dependent L-, N-, P- and Q-

type Ca2+ conductances [66, 75-77, 94]. Outward currents active during the interspike 

interval and/or in AP shaping include the fast transient K+ (IA - KCNA), sustained K+

(IK - KCNC), inward rectifier K+ (GIRK 1-3), Ca2+-activated K+ (SK or KCNN 2 and 3) 

currents [65-67, 69, 70, 94, 168]. Labeling studies suggest other channels such as BK 

(i.e. KCNM) are present in LC neurons but there is no electrophysiological evidence 

that these channels are functional [68, 168]. The relative contribution of the above suite 

of channels to pacemaking is yet to be fully established, however it is clear that a 

number of external stimuli alter LC firing frequency by either modulating existing 

currents and/or recruiting others during the interspike interval [169-172].

The present study characterizes the pacemaker currents in spontaneously active 

mouse LC neurons under resting conditions and compares the findings to information 

available for the rat. Our results suggest that the currents flowing in the interspike 

interval of mouse and rat LC neurons have common elements, but differ in that mouse 

LC neurons lack a persistent Ca2+ current during the interspike interval.
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4.3. Results

4.3.1. Electrophysiological properties of mouse LC neurons

We recorded from 138 spontaneously firing LC neurons: 118 in slices and 20 that 

had been mechanically isolated. The electrophysiological properties of these neurons 

are summarized in Table 4.1. Neurons in slices had lower input resistance and higher 

capacitance than isolated neurons, reflecting the loss of dendritic processes during the 

isolation process. In contrast, resting membrane potential, firing frequency range and 

AP properties did not differ in the two preparations. The isolated neurons were only 

used to confirm the veracity of findings made in slices under voltage clamp (see section 

4.6 Supplementary Materials at the end of this chapter).

Table 4.1. Electrophysiological properties of fresh isolated LC neurons and neurons 

present in slices. * different from slice group.
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Using averaged AP recordings from neurons in slices, we divided the interspike 

interval into three membrane potential zones (see supplementary Figure 4.1 C): the after 

hyperpolarizing zone (AHP) from -68 mV to -58 mV; the pacemaking zone from -58 

mV to -48 mV; and the fast channel activation zone from -48 mV to -42 mV. Zone 1 

(AHP) is the consequence of K+ channel opening: including Ca2+-dependent K+

channels triggered by Ca2+ entry into the neuron during the repolarizing phase of the AP 

[173]. Zone 2 (pacemaking zone) is a consequence of inward and outward ionic 

currents, the specific combination being dependent on neuron type. Zone 3 is the 

threshold region where voltage-dependent channels are activated to generate an AP. The 

division into zones was implemented to facilitate the study of the intrinsic pacemaker 

currents. In the present work we focus on the second zone within the interspike interval.

4.3.2. Effect of TTX on pacemaking in LC neurons

Application of 1µM TTX abolished APs in 18 of 24 neurons tested and resulted in a 

depolarization of ~ 5 mV (i.e. to -48.4 ± 0.6 mV; Figure 4.1 A). The remaining 6 

neurons exhibited small TTX-resistant spikes and a larger depolarization of ~ 15 mV 

(i.e. to -39.5 ± 3.7 mV; Figure 4.1 B). Similar TTX-resistant spikes have been reported 

in other CNS neurons and are thought to be generated by a mechanism that is different 

to the pacemaker that generates normal spontaneous neuronal firing. Their presence 

appears to be correlated with Ca2+ channels that open at more depolarized membrane 

potentials [174-176].

The ionic currents underlying these TTX-resistant spikes could be generated by 

TTX-insensitive Na+ channels. Therefore, we recorded voltage-ramp induced membrane 

currents in low Na+ solution in the presence of 1 µM TTX and found no evidence for 
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TTX-insensitive inward currents within the interspike interval voltage range (i.e. 

between zones 1 and 3; Figure 4.1 C). In contrast, the differential current (i.e. (Na+ + 

TTX) – (NMDG + TTX)) exhibited a very small outward current (< 10 pA) when NaCl 

was replaced by NMDG (Figure 4.1 D). This small current was at the limit of our 

system’s resolution and was not studied further. Significantly, large amplitude, long 

duration TTX-resistant spontaneous APs arose at depolarized potentials when ACSF 

containing 1 µM TTX + 15 mM TEA was rapidly applied (Figure 4.1 E, F). These APs 

were likely to be driven by Ca2+ currents, as equimolar substitution of Co2+ reversibly 

abolished this activity (Figure 4.1 E). Importantly, the pacemaker currents driving this 

occurred at depolarized potentials (mean: -44  1 mV; n=7) and hence were unlikely to 

contribute to normal pacemaking (i.e. zone 2 voltage range: -58 to -48 mV).

Together, these findings demonstrate that TTX-insensitive conductances are not 

involved in pacemaking in the mouse LC. 
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Figure 4.1. The effects of TTX. A, Blockade of voltage-dependent Na+ channels by 

TTX abolished APs in the majority of neurons. B, A minority of neurons exhibited 

TTX-resistant spikes, which generated at more depolarized levels (First arrow Vm -

48.4 ± 0.63 mV; second arrow Vm -39.5 ± 3.7 mV). C, Absence of TTX-insensitive 

currents over the interspike interval voltage range (n=14 neurons; NMDG substitution 

for NaCl). D, Plot of differential current of C showing the mean ± SEM and with 

interspike interval zones marked. E, Spontaneous TTX-insensitive APs recorded in 1 

µM TTX + 15 mM TEA that were blocked in HEPES- Ca2+ free Co2+ ACSF solution 

and hence were Ca2+ channel-based APs. This pacemaker activity occurred at 

depolarized potentials (mean: -44  1 mV; n=7), suggesting no involvement of these 

currents in the normal pacemaker activity occurring in zone 2. F, Comparison of a Na+
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AP recorded using ACSF solutions and a Ca2+ AP (shown in E), showing the slow time 

course of the Ca2+ action potential.

4.3.3. Voltage-dependent Na+ currents

The role of voltage-dependent Na+ currents during the interspike interval was 

investigated by applying depolarizing voltage ramps in the presence of 1 µM TTX 

(Figure 4.2 A, B). The differential current indicates that 1 µM TTX blocked an inward 

Na+ current that activated at the beginning of zone 1 (i.e. the AHP). This current 

increased gradually in an approximately linear fashion throughout zones 1 and 2 and 

then exhibited a steeper, approximately exponential, activation in zone 3 (Figure 4.2 B, 

E). We further investigated this TTX-sensitive Na+ current by applying a series of 

depolarizing pulses over a wider voltage range. This was achieved by applying a lower 

concentration of TTX (35 nM), to decrease the amplitude of the Na+ current to levels 

that could be adequately voltage clamped. We also used a Cs+-based internal pipette 

solution in these experiments to block outward K+ currents (see Methods). The pulse 

protocol and resultant differential sodium currents obtained by subtracting the currents 

recorded in 1 µM TTX are shown in figure 4.2 C, D at different time scales. The mean 

I-V plots of the differential currents obtained from voltage ramps and pulses indicates 

both methods reveal similar TTX-dependent Na+ currents over the interspike interval 

voltage range (Figure 4.2 E, F). This voltage-dependent Na+ current parallels the 

behavior of “persistent” Na+ channels, which have been widely reported in many CNS 

neurons in the range -65 mV to -40 mV, and are typically activated at -55 mV [177]. 

These results show that an inward TTX-sensitive Na+ current operates in the interspike 

interval voltage range in mouse LC neurons. Notably, the current exhibits a much 

steeper activation at membrane potentials positive to ~ -45 mV (zone 3).
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Figure 4.2. TTX-sensitive Na+ currents evoked by depolarizing ramps and pulses. A,

Average voltage ramp-evoked currents in ACSF (black line) and with ACSF + TTX (1 

µM; red line; n=9; Vholding -58 mV). B, Magnified view of the recording marked by the 

arrows in A. The grey line represents the differential Na+ current (i.e. currents in ACSF 

– currents ACSF+TTX). C, Representative Na+ currents obtained by applying 

depolarizing pulses from a holding potential of -85 mV using Cs+-filled electrodes. The 

currents were derived by subtracting currents in Ca2+-free ACSF + 35 nM TTX from 

currents obtained in Ca2+-free ACSF + 1µM TTX for the same pulse voltages (n=6). D,

Magnified view of the currents shown in C. E and F, I-V plots showing the differential 
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currents from the experiments presented in A (ramps, n=9) and C (pulses, n=6) 

respectively. Plots show mean ± SEM. 1, 2 and 3 represent the interspike interval zones.

4.3.4. Voltage-dependent Ca2+ currents

Previously, Ca2+ currents and Ca2+ channel isoforms have been characterized in rat 

LC neurons [75, 77] and these have been shown to be active within the interspike 

interval voltage range [94, 178]. Accordingly, we searched for a Ca2+ current in mouse 

LC neurons by measuring the differential current between HEPES-ACSF (+ 1 M 

TTX) and HEPES-Ca2+-free Co2+ ACSF (+ 1 M TTX) using depolarizing ramps and 

pulses (Figure 4.3). Whereas, a Ca2+ current was elicited at membrane potentials more 

depolarized than ~ -40 mV, no significant Ca2+ current was detected over the interspike 

interval voltage range (i.e. -68 to -42 mV; Figure 4.3 B, E, F). The currents positive to –

40 mV showed characteristics that are typical of voltage-dependent Ca2+ currents, 

exhibiting fast transient and persistent non-inactivating components (Figure 4.3 C, D). 

This high-threshold activated Ca2+ current is likely to underlie the spontaneous activity 

shown in figure 4.1 B and fits with reported Ca2+ channels in mouse LC neurons [179].

We further investigated the role that Ca2+ channels subserve in normal pacemaking 

in experiments where we added BaCl2 to ACSF solution in the presence of 1 µM TTX. 

As barium ions generally have a higher conductance than Ca2+ through Ca2+ channels, 

we felt this approach might unveil a Ca2+ current that was not detected in the 

experiments outlined in Figure 4.3. These experiments provided no evidence for a Ca2+

current over zones 1-3 (Figure 4.4 A, B). Taken together, these results show that Ca2+

currents are not active in the interspike interval voltage range in mouse LC neurons. 

They are, however, important at more depolarized Vm where they participate in 

pacemaking.
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Figure 4.3. Ca2+ currents evoked by depolarizing ramps and pulses. A, Average voltage 

ramp-evoked currents in Ca2+ solution (i.e. HEPES ACSF + 1 µM TTX + 15 mM TEA 

+ 150 nM apamin; black line) and Co2+ solution (i.e. same solution except with 2 mM 

Co2+ substituted for Ca2+; red line; n=11). B, Magnified view of the region 

encompassing the interspike interval zones (marked by arrows in A). The difference 

current (Ca2+– Co2+ solutions) plotted in grey indicates an absence of measurable Ca2+

current in zones 1-3; the holding potential for both experiments was -58 mV C,

Representative differential Ca2+ current evoked by applying depolarizing pulses from a 

holding potential of -85 mV with recordings made using Cs+-filled electrodes. The 

differential current was obtained by subtracting the currents recorded from pulses 

applied in HEPES ACSF +1 µM TTX from the corresponding currents in the same 

solution except that Co2+ is substituted for Ca2+ (n=9). D, Magnified view of the 
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currents shown in C. E and F, I-V plots showing the differential currents from the 

experiments presented in A (ramps, n=11) and C (pulses, n=9) respectively. Plots show 

mean ± SEM. 1, 2 and 3 represent the interspike interval zones.

Figure 4.4. Investigation of Ca2+ current and a 4-AP-sensitive K+ current. A, Average 

voltage ramp-evoked current in ACSF + 1 µM TTX (black line) and upon addition of 2 

mM Ba2+ (red line) (n=10). B, Magnified view of the recordings of A for the voltage 

range encompassing the interspike interval zones 1-3 (marked by arrows in A; n=10). C, 

Effect of 1 mM 4-AP on pulse-evoked currents applied in 1 µM TTX ACSF solution –

1 µM TTX+1 mM 4-AP ACSF solution (sample record; neuron holding potential -98 

mV). D, I-V graph derived from experiments of the type presented in C plotted over the 

interspike interval voltage range (n=8; mean ± SEM).
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4.3.5. Voltage-dependent K+ currents

We next investigated the effects of routinely used K+ channel blockers on currents 

that were active in the interspike interval voltage range. These included 4-

aminopyridine (4-AP), tetraethylammonium chloride (TEA), charybdotoxin (ChTx), 

apamin and Cs+. Blockade of 4-AP-sensitive K+ channels provided a curious result with 

4-AP (1 mM) causing an apparent activation of K+ currents during depolarizing ramps 

(data not shown). This phenomenon has also been reported for ramp activation in 

tuberomammillary nucleus neurons [180], where 4-AP increases the open time of 4-AP-

sensitive K+ channels. To avoid the contaminating effects of such channel behavior, we 

therefore applied depolarizing pulses when neurons were held at hyperpolarized 

potentials (-98 mV). This protocol revealed a large outward 4-AP-sensitive current 

within the interspike interval (Figure 4.4 C, D).

Due to variable sensitivity of different K+ channels to TEA, we tested the effects of 

both low (10 µM) and high (15 mM) TEA concentrations (Figure 4.5). Ramp-evoked 

currents in ACSF and low TEA solutions did not reveal a significant differential current 

within the interspike interval voltage range (Figure 4.5 A, B). In contrast, application of 

high TEA caused a substantial inhibition of the outward current (Figure 4.5 C). 

Importantly, high TEA solution revealed a current within the interspike interval (Figure 

4.5 D, E). Comparison of APs recorded in ACSF and high TEA solutions further 

demonstrated the profound impact of high TEA. AP-duration was lengthened 

considerably suggesting substantial participation of TEA-sensitive currents in the falling 

phase of the AP (Figure 4.5 F). 

Cs+, ChTx, apamin were also tested to evaluate the role of Ca2+-activated K+

channels (BK, IK and SK) and inward K+ rectifier channels, respectively, during the 



73

interspike interval. No significant current within the interspike interval voltage range 

was revealed (data not shown).

Figure 4.5. Effect of TEA on ramp-evoked currents. A, Representative recording 

showing average ramp-evoked currents in ACSF (black line) and upon addition of 10 

µM TEA (red line). B, I-V plot showing the differential current obtained for the 

experiment presented in A, demonstrating an absence of low TEA sensitive currents in 

the interspike interval (n=8; mean ± SEM). C-F, Effect of 15 mM TEA on ramp-evoked 

currents and AP shape: C, Average voltage ramp-evoked currents in ACSF (black line) 

and ACSF + 15 mM TEA (red line). D, Magnified view of currents during the 

interspike interval zones (marked by arrows in C). The differential current (control-

(ACSF+TEA)) is included (grey line; n=9) and is also shown as in E as a point plot 

showing the means ± SEM. F, AP comparison in ACSF (black) and 15 mM TEA (red) 

solutions. The high TEA solution increased the AP width two-fold. APs shown 

represent an average of 60-70 APs.
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4.3.4. Comparison of predicted and experimental voltage ramp-induced currents

The approach used here to assess net current flow during the interspike interval 

voltage range is based on a recent report characterizing interspike interval currents in 

spontaneously active neurons in the ventral tegmental area [150]. The analysis is based 

on averaging AP recordings to obtain a mean interspike interval (see Methods). The 

derivative of the mean interspike interval reflects the net pacemaker current. The 

average firing frequency for LC neurons in slices recorded in the present work was ~ 2 

Hz. Based on this, AP recordings were averaged and differentiated (Figure 4.6 A, B). 

The net ionic current calculated using the mean capacitance of 68 pF (Table 4.1) was 

very small (i.e. < 1 pA), inward and of relatively constant amplitude during zone 2 of 

the interspike interval. Importantly, this current matched the voltage ramp-induced 

current recorded in ACSF (Figure 4.6 C) and the net current obtained by addition of the 

pharmacologically isolated TTX-sensitive current and the high TEA-sensitive current 

(Figure 4.6 D). These data confirm that pacemaking only requires a small net inward 

current to drive rhythmic firing in LC neurons.
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Figure 4.6. Net pacemaking current in mouse LC neurons. A, Net pacemaking current 

calculated by differentiating the average of AP recordings (-C*dV/dt). B, The current of 

A filtered and shown on a magnified scale. C, The voltage ramp-evoked current 

obtained under control conditions (ACSF) shown for the interspike interval voltage 

range (zones 1-3). D, The net voltage ramp-evoked current obtained by addition of the 

net inward current carried by TTX-sensitive Na+ channels (current in ACSF – (ACSF + 

1 µM TTX)) and the total outward current

4.5. Discussion

In the present study we have used depolarizing ramps to mimic the depolarization 

that occurs during the interspike interval voltage range (i.e. -68 to -42 mV) of 
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spontaneously firing mouse LC neurons. We also applied depolarizing pulses that 

altered membrane potential over a broader range so we could compare our 

electrophysiological data on LC neurons in the literature, as has primarily been 

presented for the rat.

The inhibition of APs by TTX (Figure 4.1 A), confirms the importance of TTX-

sensitive voltage-dependent channels in AP generation and/or pacemaking. Direct 

evidence for a role of these channels in generation of the pacemaker current was 

provided by the presence of a TTX-sensitive inward current during the interspike 

interval. This current was activated during zone 1 (i.e. -68 to -58 mV) and increased 

approximately linearly during zone 2 (i.e. -58 to -48 mV) and then increased steeply 

during zone 3 (i.e. -48 to -42 mV; Figure 4.2). This behavior has been described for a 

range of neurons, where Na+ channels are responsible for producing subthreshold and 

fast-activating currents [81, 181, 182]. In this respect mouse and rat are alike, as it has 

been known sometime that a TTX-sensitive Na+ current, evoked over a similar voltage 

range, is present in rat LC neurons [94].

In some neurons, TTX did not completely block spiking activity (Figure 4.1 B). This 

TTX-resistant activity could suggest the involvement of other conductances within the 

interspike interval including TTX-insensitive Na+ channels or voltage-dependent Ca2+

channels. The possible participation of a TTX-insensitive Na+ current in the interspike 

interval seems unlikely, as experiments using low Na+ solution together with TTX did 

not reveal a significant TTX-insensitive current (Figure 4.1 C, D). In rats, a Na+-

dependent TTX-insensitive current has been reported to be activated in the presence of 

opiates and during activation of orexin receptors [66, 183]. We therefore cannot rule out 

the presence of TTX-insensitive currents that modulate mouse LC pacemaking, as these 
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would require stimuli or circumstance other than the conditions used in our study. In 

contrast, voltage dependent  Ca2+conductances were demonstrated to be responsible for 

the TTX-resistant spiking activity, as they were reversibly inhibited by substitution of 

Ca2+ with Co2+ (Figure 4.1 E). However, our results in mice show that TTX-resistant 

spikes are not common in LC neurons (age 7 – 12 days), with less then 20% of neurons 

exhibiting this activity. Significantly, when TTX-resistant spikes were observed they 

were associated with membrane depolarization of ~ 9 mV. Such spiking behavior has 

been observed in other neuronal types where application of TTX caused depolarization 

and onset of neuronal firing not associated with normal pacemaking [174-176].

Studies on rat LC have also reported Ca2+ currents and suggested they contribute to 

pacemaking in LC neurons [22, 75, 94]. These currents were not observed in mouse LC 

neurons and this represents the greatest difference in electrophysiological properties 

between the two species (Figures 4.3, 4.4 A and B). Our results, however, show that 

Ca2+ currents were activated at more depolarized membrane potentials (> - 40 mV), as 

occur during the rising phase of the AP, but not during the pacemaker-depolarizing 

phase (i.e. -68 to -42 mV). Importantly, we found no evidence for T-type Ca2+ current 

even though we used a pulse voltage protocol designed specially to activate this channel 

subtype, which activates in more hyperpolarized membrane potentials and is a candidate 

pacemaker current (Figure 4.3). In contrast, we found evidence for such a current in rat 

LC neurons using the same pulse protocol and experimental conditions. In these 

experiments a Ca2+ inward current became active at ~ -55 mV, which is well within the 

interspike interval voltage range (see supplementary Figure 4.3). This result rules out 

methodological constraints and demonstrates that the membrane potential where Ca2+

conductances become active differs significantly in mouse and rat (~ -40 mV and ~ -55 

mV respectively). A lack of a “persistent” Ca2+ current in mice may therefore affect 
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other Ca2+-dependent pathways during normal pacemaking. Thus this Ca2+-dependent 

mechanism could underlie the observation that rat LC exhibits relatively more frequent 

TTX-resistant spikes and subthreshold membrane oscillations than mice of the same 

age.

Due to the great variety of K+ conductances and their specific activation kinetics and 

blockers, we studied K+ conductances activated over the LC neuron pacemaker voltage 

range using broad-spectrum blockers that target certain classes of K+ channels. Mouse 

LC neurons retain the same basic group of K+ currents as reported for rat, having 4-AP 

and TEA-sensitive components. TEA at a high concentration (15 mM) is reported to 

block KV1.1-5, KV3.1-3 and some KCa (e.g. BK but not SK) channels [184]; these 

channels include key channels also blocked by 4-AP, including the A current (i.e. 

KV1.4).  Consistent with this, we found that TEA (15 mM) blocked the majority of 

outward currents activated by depolarizing ramps over the entire voltage range, 

including the pacemaker zones (Figure 4.5 C-E). Another important channel blocked by 

high TEA and Charybdotoxin (ChTx) is the BK channel. Involvement of BK, IK and 

SK channels were analyzed by applying depolarizing ramps and a combination of 

blockers (i.e. ChTx + apamin) (data not show). However, none of these currents were 

detected to function during the interspike interval voltage range. This result is consistent 

with reports in rat LC neurons, where the AHP exhibited two components (early and 

slow), with both being Ca2+-dependent but insensitive to ChTx [168]. High TEA 

solution also had a strong effect on the falling phase of the action potential, increasing 

its width from ~6 ms to 13 ms (Figure 4.5 F). Thus K+ channels activated during the AP 

are also likely to impact on pacemaking. When TEA was applied at low concentrations 

(10 µM), we found no evidence for a low TEA-sensitive current during the interspike 



79

interval voltage range in mouse LC (Figure 4.5 A, B). In contrast, low TEA solution has 

been shown to block a persistent K+ current (KV3.1-3) in rat LC neurons [66]).

In the present paper, we found that application of square pulses from a negative 

holding potential (~ -100 mV) revealed a large 4-AP-senstive current (Figure 4.4 C, D). 

This result parallels findings in rat LC neurons, where 4-AP blocks a transient K+

current (IA), which is active in the interspike interval voltage range [185]. However, our 

method of inducing this current from a large negative holding potential would 

exaggerate the magnitude of the current, which is normally activated at more 

depolarized potentials by the much slower depolarizations that occur during 

pacemaking. Nevertheless, IA will form part of the main 4-AP-sensitive current, as we 

demonstrated its presence using high TEA solution (Figure 4.5 C-F). A role for inward 

rectifier K+ current (KIR) was also investigated by using CsCl in the external solution 

(ACSF), providing no evidence for this current during application of voltage ramps 

(data not shown). In summary, the K+ conductances that act in the interspike interval of 

mouse LC neurons are likely to be from KV1.1-5 family.

An alternative method for measuring net pacemaker current is to differentiate the 

average of pairs of consecutive APs and obtain a profile of the net current that is 

activated during the interspike interval [150]. In our hands, the net current obtained by 

this procedure was similar to the currents revealed by voltage ramps, in either ACSF or 

by summing the pharmacologically isolated Na+ and K+ currents (Figure 4.6 A-D). 

Major differences between the currents obtained via the two methods emerge at 

membrane potentials positive to -48 mV (i.e. zone 3). The reason for this is that this 

region (zone 3) is highly sensitive to depolarization with some neurons showing 

significant activation of fast voltage dependent Na channels. Thus, the average of the 
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currents shows a much larger inward current in zone 3 than for the APs that are 

averaged based on aligning the AP rising phase. The result obtained over zones 1 & 2 

indicates that the two methods produce similar outcomes.

In summary, we have found that a TTX-sensitive Na+ current is the only inward 

conductance and a high TEA-sensitive K+ conductance, probably composed of KV1.1-5 

channels, act to provide pacemaker depolarization and consequent threshold for AP 

generation. We also found that pacemaking in the neonatal mouse is similar but not 

identical to rat LC, with mice lacking a Ca2+ conductance during the pacemaker 

depolarization.
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4.6. Supplementary material for this chapter:

4.6.1. Results

4.6.1.1. Identification of LC neurons in slices

To confirm identify and location of LC neurons we performed 

immunohistochemistry using an antibody against tyrosine hydroxylase (TH), a standard 

enzyme marker for noradrenergic neurons [20]. Supplementary Figures 4.1 A and B 

show the immuno-positive cells for TH, where the LC nucleus is clearly visible being a 

reasonably circumscribed and compact group of noradrenergic neurons. These 

observations parallel previous reports that identified LC morphology in rats and mice 

[1, 20, 186].
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Supplementary Figure 4.1. TH-positive immunohistochemistry and neuronal action 

potentials (APs) recorded from the LC. A, Transverse section of the pons showing TH-

positive LC neurons. Note the LC structure appears as two groups of neurons below the 

ventrolateral border of the 4th ventricle. B, Higher magnification of the left LC structure 

showing tightly packed multipolar neurons. C, Action potential recording showing the 

zones into which the interspike interval region has been divided: Zone 1) After 

hyperpolarizing zone (AHP) from -68 mV to -58 mV; Zone 2) Pacemaking zone from -

58 mV to -48 mV; and Zone 3) Fast channel activation zone from -48 mV to -42 mV.
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4.6.1.2. Voltage-dependent currents in isolated LC neurons

Characterization of the currents activated within the interspike interval depends on 

good voltage control of LC neurons. We further assessed the quality of our recordings 

using freshly isolated neurons. Due to their preparation, these cells have truncated 

processes and therefore simplified electrical properties, more like that of a spherical cell 

and hence are theoretically better for voltage clamping. Isolated neurons were still 

spontaneously active exhibiting activity that paralleled the behaviour of LC neurons in 

slices including the blocking action of 1µM TTX (supplementary Figure 4.2 A). 

Importantly, application of a ramp for voltages encompassed during the interspike 

interval (i.e. -68 - -42 mV) produced currents that were very similar, if not identical to 

neuronal recordings in slices with an inward TTX-sensitive Na+ current (supplementary 

Figure 4.2 B), an outward K+ current (supplementary Figure 4.2 C), and no evidence for 

a Ca2+ current (supplementary Figure 4.2 D). These data indicate that depolarizing 

voltage ramps applied within the interspike voltage range in mouse slice LC neurons 

were reliably voltage clamped. The findings are consistent with those reported for rat 

LC neurons with freshly dissociated rat LC neurons exhibiting the same basic properties 

as those recorded in slices [77, 187-189]
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Supplementary Figure 4.2. Na+, Ca2+ and K+ currents in isolated LC neurons. A, 

Effect of 1 µM TTX on pacemaking in an isolated neuron. Parts B-D provide a 

comparison between recordings from slices and isolated cells presenting plots of the 

average differential voltage ramp current (control – treatment) over the interspike 

interval voltage range zones. All experiments in isolated cells were made under the 

same conditions as for slice recordings. B, Average voltage ramp-evoked difference 

currents (in ACSF – (ACSF + 1 µM TTX)) for slice (black; n=9) and isolated (red; n=5) 

neurons. C, Voltage ramp-evoked difference currents in control solution (ACSF) –

15mM TEA solution (ACSF +15 mM TEA) for slice (black; n=8) and isolated (red; 

n=5) neurons. D, Average voltage ramp-evoked difference currents (in ACSF-Hepes 

solution + 1 µM TTX + 15 mM TEA + 150 nM Apamin) - Co2+ solution (same solution 

but with 2 mM Co2+ substituted for Ca2+) for slice (black; n=11) and isolated (red; n=5) 

neurons
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Supplementary Figure 4.3. Ca2+ currents evoked by depolarizing pulses in rats. The 

experiments shown here were performed exactly with the same protocol performed for 

mice. We used rats in the same age range used for mice. A, Representative differential 

Ca2+ current evoked by depolarizing pulses from a holding potential of -85mV using 

Cs+-filled electrodes. The differential current was obtained by subtracting the currents 

recoded from pulses applied in Ca2+-Hepes containing 1µM TTX – Co2+-Hepes also 

containing 1µM TTX (n=6). B, Magnified view of the currents shown in A. C, I-V plots 

showing the differential current for the experiment presented in A (n=6). Plots show 

mean ± SEM. 1, 2 and 3 represent the interspike interval zones.
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Chapter 5

Developmental changes in pacemaker 

currents in mouse locus coeruleus 

neurons
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5.1. Abstract

The present study compares the electrophysiological properties and the currents that 

flow during the interspike interval in locus coeruleus (LC) neurons from infant (P7-12 

day) and young adult (8-12 week) mice. The magnitude of the primary pacemaker 

currents, which flow during the interspike interval, increased in parallel during 

development. These pacemaker currents consist of an inhibitory voltage-dependent K+

current and an excitatory TTX-sensitive Na+ current. We found no evidence for the 

involvement of IH or Ca2+ currents in pacemaking in infant or adult LC neurons. The 

incidence of TTX-resistant spikes, observed during current clamp recordings, was 

greater in adult neurons. Neurons from adult animals also showed an increase in voltage 

fluctuations, during the interspike interval, as revealed in the presence of 1 mM 4-AP. 

In summary, our results suggest that mouse LC neurons undergo changes in basic 

electrophysiological properties during development that influence pacemaking and 

hence spontaneous firing in LC neurons.

Key Words: pacemaker current; development; electrophysiology; sodium channel; 

potassium channel; calcium channel; voltage clamp; locus coeruleus.

5.2. Introduction

The locus coeruleus (LC) nucleus is located in the brainstem and contains 

spontaneously active noradrenergic neurons [1, 2]. This important nucleus is a major



88

site of noradrenaline production [190, 191] and controls several brain functions such as 

sleep regulation and vigilance [192, 193], monitoring of environmental stimuli [8, 10]

and behaviour related to calm or stressful situations [13, 163-165]. We have recently 

characterized the currents responsible for driving pacemaking (spontaneous activity) in 

LC neurons in infant mice (P7-12) and found that depolarization, within the interspike 

interval, is driven by two major currents: a TTX-sensitive Na+ current and a high TEA-

sensitive K+ current [194].

Even though the electrophysiological properties of LC neurons have been studied for 

decades there is no information on the development of pacemaker currents in this 

important neuron population. In contrast, such studies have been made on currents in 

other tyrosine hydroxylase-containing neurons, namely dopaminergic neurons in the 

mid brain and substantia nigra, which have been shown to change during development 

[138, 139]. LC neurons have been reported to exhibit developmental changes in 

electrical activity [144, 195], axonal branching [141], projections to other brain regions 

[142] and in low threshold responses in their terminals [140]. In addition, excitatory 

convergence on LC neurons is reduced in the aging brain [196], and LC neurons from 

aging brain exhibit a decrease in excitatory-related genes [197]. It has also been 

suggested that LC neuronal dysfunction increases the susceptibility of the aging brain to 

Parkinson’s and Alzheimer’s disease [24, 198, 199]. Thus, there is a significant body of 

evidence to suggest LC neurons undergo anatomical and electrical changes during 

development, which could impact on functions such as pacemaking and intercellular 

communication.

Here we compare the electrophysiological properties and pacemaker currents in LC 

neurons in brainstem slices from infant (7-12 days old) and adult (8-12 weeks old) mice. 
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Our results indicate that mouse LC neurons undergo changes in the two major currents 

that underlie pacemaking in these neurons (i.e. Na+ and K+ currents) over the ages 

tested.

5.3. Results

5.3.1. Electrophysiological properties of LC neurons from infant and adult mice

We first compared selected electrophysiological properties of LC neurons from 

infant (P7-12 day) and young adult (8-12 week) mice. Several of these properties 

changed over the developmental period examined. In particular, the proportion of 

neurons exhibiting spontaneous firing decreased (from ~90% to 50% of the sample; n = 

96 and 33 for infant and adult mice, respectively) and the resting membrane potential 

was significantly different (from -54.1  0.5 mV, n=26 to -60.7  1.9 mV, n=33). The 

firing frequency of spontaneously active infant and adult LC neurons was not 

significantly different (infant: 2.0  0.4 Hz, n=26; adult: 2.4  0.4, n=18). The input 

resistance and membrane capacitance of 96 infant and 33 adult LC neurons were not 

significantly different (244  10 and 283  18 M; 72.7 1.0 and 71.2  1.9 pF, 

respectively). Electrode series resistance after achieving whole cell configuration was 

4.6  0.1 M (infant, n=96) and 4.0  0.1 M (adult, n=33).  

As thin slices (140 m) were used to improve visualisation of neurons in adult slices,

it is possible that the quiescent (not spontaneously firing) neurons present in slices were 

a consequence of damage and this could be consistent with the lower membrane 
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potential of -68  2 mV (n=15) exhibited by this group compared to -55  2 mV (n=18)

for the spontaneously active group of neurons. However, if so this was not obviously 

evident by comparison the input resistance of quiescent compared to spontaneously 

active adult LC neurons, which were not significantly different (291  26 M, n=15

compared to 265  18 M, n=18 respectively). The quiescent cells also exhibited robust 

and persistent action potentials upon depolarization, activity that was indistinguishable

to that of spontaneously active neurons.

Studies were also made on LC neurons in the presence of TTX. Input resistance and 

membrane capacitance of 33 infant and 22 adult LC neurons in 1 M TTX were not 

significantly different (294  22 and 248  14 M and 63  2 and 70  2 pF, 

respectively). The incidence of TTX-resistant spikes, observed during current clamp 

recordings, was greater in adult neurons (~17% vs. 65%; n = 14 and 12 for infant and 

adult mice, respectively). 

Application of depolarizing voltage ramps showed the net current evoked in ACSF 

was larger in adult neurons (Figure 5.1 A-B). Previously we have characterized the 

currents flowing during the interspike interval (i.e., membrane potential range -68 mV 

to -42 mV) in spontaneously active LC neurons in infant animals [194]. We therefore 

compared these currents in infant and adult mice even though only 50% of adult 

neurons were spontaneously active (see above). These comparisons for net current are 

illustrated in Figure 5.1 C and show that the outward current flowing during the 

interspike interval is larger in adult neurons at membrane potentials greater than ~ -46 

mV. Comparison of action potentials from neurons that were spontaneously active and 

fired at similar frequencies (~ 2 Hz) indicated the AHP was larger in neurons from adult 

mice (Fig. 5.1 D).
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Figure 5.1: Age-related differences in current–voltage relationships and action 

potentials in LC neurons. A, Averaged voltage ramp-evoked currents (lower traces) 

recorded from LC neurons (holding potential -58 mV; n=10 for infant and adult mice) 

after application of the voltage protocol shown above. Slices were bathed in ACSF. B,

Mean current–voltage relationships constructed from data in A after each individual 

current response was normalized to cell size (based on capacitance measurements and 

expressed in nA/pF). C, Magnified view of the current–voltage relationship of B over 

the membrane potential range corresponding to the interspike interval (-68 to -42 mV).  

Note, there are age-related differences between the current–voltage relationships at Vm 

more depolarized than ~ -46 mV. D, Overlay of representative action potentials from an

infant and adult mouse showing larger after-hyperpolarization in adult neurons. 

Asterisks over horizontal bars in B and C indicate significant difference in data points 

(p<0.05). Data are shown as mean ± SEM.
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5.3.2. Outward currents in infant and adult mice

The basis of the increase in outward current observed during development was 

further investigated by including various combinations of TTX (1 µM) and broad-

spectrum K+ channel blockers in the bath and rapid exchange-perfusion solutions 

(Figure 5.2). Under these conditions “total” K+ current was greater in adult neurons 

(Figure 5.2 A, B), with the difference becoming significant when Vm was more positive 

than ~ -42 mV (Figure 5.2 C). 

We next examined the effect of 4-AP on spontaneous firing (Figure 5.3). Application 

of 1 mM 4-AP increased firing rate in both infant and adult neurons (Figure 5.3 A, B). 

There was also a substantial increase in membrane voltage noise during the interspike 

interval in adult neurons which often appeared as discrete events such as might be 

caused by spontaneous transmitter release (Figure 5.3 C, D). When quantified (as 

events/s in ACSF vs. ACSF containing 1mM 4-AP) the increase in such activity was 

clearly greater in adult neurons (0.77  0.28 to 3.02  0.70 events/s for infant, and 1.13 

 0.20 to 5.53  0.45 events/s for adults; n = 6 both ages, p < 0.05).
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Figure 5.2: Age-related differences in “total” K+ current evoked by depolarizing ramps 

in LC neurons. A, Averaged differential TEA/Apamin-sensitive currents determined by 

recording responses in the presence of 1 µM TTX and subtracting corresponding 

records obtained in the presence of 1 µM TTX + 15 mM TEA + 150 nM Apamin (n=11 

and 9 neurons for infant and adult mice respectively). B, Mean current–voltage 

relationship constructed from the differential currents obtained in A. C, Magnified view 

over the interspike interval voltage range demonstrating that the differential currents 

became significantly different at Vm positive to ~ -42 mV. Graphs B and C show mean 

± SEM; Asterisks over bars indicate regions where there are significant age-related 

differences between data points (p<0.05).
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Figure 5.3: Age-dependent effects of 4-AP on spontaneous activity in LC neurons. A

and B, Representative recordings of Vm demonstrating that 4-AP (1 mM) caused an 

enhancement in the frequency of action potentials and baseline voltage noise in neurons 

from an infant (A) and an adult (B) mouse. C and D, Action potentials recorded in the 

presence of 4-AP for the neurons of A and B presented as overlays aligned at the peak 

to facilitate comparison of the relative voltage noise during the interspike interval, 

which was larger in adult neurons.
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The effect of 4-AP on voltage dependent currents was examined by applying 

depolarizing step pulses to voltage clamped neurons held at hyperpolarized Vm (Figure

5.4). This allowed a better comparison of 4-AP sensitive currents in infant and adult 

neurons. Neurons from infant mice (n=8) exhibited a transient differential outward 

current (Figure 5.4 A). In contrast, neurons from adult mice (n=7) exhibited currents 

comprised of an initial transient outward component followed by a later sustained 

“inward” component. This sustained inward component was not investigated further but 

being a differential current could reflect time-dependent 4-AP related effects on the 

outward current [180]. The current voltage relationship of the peak 4-AP sensitive 

outward current differed markedly in infant and adult neurons (Figure 5.4 C). In infant

animals the relationship was linear and showed little voltage dependence. In contrast, 

the relationship for adult neurons exhibited strong voltage dependence. Furthermore, the 

currents were smaller for most of the interspike interval voltage range but increased 

sharply at Vm positive to -45 mV in adults. 
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Figure 5.4: Age-related effects of 4-AP on currents evoked by depolarizing pulses. A

and B, Average differential 4-AP-sensitive currents obtained by recording currents from 

the first pulse protocol obtained in the presence of 1 µM TTX and subtracting the 

corresponding currents from the second pulse protocol obtained in the presence of 1 µM 

TTX + 1 mM 4-AP. C, Current–voltage relationships constructed from the differential 

currents of A and B plotted over the interspike interval voltage range (n=8 for young; 

n=7 for adult).. Graph in C shows mean ± SEM with * denoting significant age-related 

differences (p<0.05). 
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5.3.3. Differences in inward currents during development

We next compared inward currents in infant and adult mice. The Na+ current, 

measured as a differential current obtained by applying depolarizing ramps in the 

absence and presence of 1 µM TTX is shown in Figure 5.5 A. Current voltage 

relationships obtained from these ramps showed that the differential inward current was 

larger in infant neurons at very depolarized potentials (> -30 mV) (Figure 5.5 B). In 

contrast, the differential current across membrane potentials, corresponding to the 

interspike interval voltage range, was larger in adult neurons (Figure 5.5 C).

The hyperpolarization-activated current (IH) is another inward current that is known 

to change during development [200]. Accordingly, we tested for the presence of this 

current by applying a voltage protocol that consisted of six pre-conditioning pulses (3 s 

duration, in 10 mV steps from -58 mV to -118 mV) followed by a 1 s pulse to -118 mV. 

The latter pulse was designed to fully activate IH currents. We failed to detect IH in 

either infant or adult neurons using this protocol (n = 6 for both ages, Figure 5.6 A, B). 

This is consistent with our previous finding in infant mice [194], and suggests that IH is 

not present in mouse LC neurons during postnatal development.

Ca2+ currents were investigated by applying depolarizing ramps to neurons firstly 

bathed in HEPES-ACSF based solution containing TTX, K+ channel blockers followed 

by rapid perfusion of the same solution but with CaCl2 substituted by equimolar CoCl2

(see Methods). Under these conditions the differential inward current was larger in 

neurons from infant mice (Figure 5.7 A). However, close inspection of the current-

voltage relationship showed this difference was only significant at very depolarized 

potentials (> -10 mV; Figure 5.7 B). There was no evidence that Ca2+ channels played a 

role during the interspike interval voltage range in either infant or adult neurons (Figure 
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5.7 C). The lack of a Ca2+ current during the interspike interval in mouse LC neurons 

contrasts with equivalent neurons in infant rats where a persistent Ca2+ current is clearly 

important (Figure 5.7 C; see also [94, 194]

Figure 5.5: Age-related differences in voltage ramp-evoked TTX-sensitive Na+

currents. A, Averaged differential currents obtained by recording currents from the first 

ramp protocol obtained in ACSF and subtracting currents from the second ramp 
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protocol obtained in the presence of 1 µM TTX (n=8 and 9 LC neurons for infant and 

adult mice respectively). B, Mean current–voltage relationships constructed from the 

differential currents of (A) showing the two regions that exhibited significant age-

related differences. C, Magnified view over the interspike interval voltage range 

demonstrating that the TTX-sensitive current was larger in this region in neurons from 

adults. Graphs B and C show the mean ± SEM (* significantly different, p<0.05).

Figure 5.6: Lack of evidence for hyperpolarization-activated current (IH) in LC 

neurons. A and B, Representative pulse-evoked currents obtained in ACSF + 1 µM TTX 

showing that IH currents were not active in LC neurons from infant (A) mice and adult 

(B) mice (n = 6 for both ages).
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Figure 5.7: Age-related differences in LC neuronal Ca2+-related currents. A, Averaged 

differential currents determined by recording currents from the first ramp protocol 

obtained in HEPES-ACSF containing 1 µM TTX + 15 mM TEA + 150 nM apamin and 

subtracting corresponding currents from the second ramp protocol obtained using the 

same solution with Ca2+ substituted by equimolar concentration of Co2+ (n=11 and 8 

neurons from infant and adult mice respectively). B, Mean current–voltage relationships 

constructed from the differential currents of A showing that significant age-related 

differences were only achieved for Vm more depolarized than -10 mV. C, Magnified 

view over the interspike interval voltage range demonstrating that there was no evidence 

for pacemaker–associated Ca2+ currents in LC neurons from infant or adult mice. 

Graphs B and C show mean ± SEM (* significantly different, p<0.05).
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5.4. Discussion

We have investigated the electrophysiological properties, especially the currents 

flowing during the interspike interval and associated with pacemaking, in infant (7-12 

days old) and adult (8-12 weeks old) mice. The younger age range was selected because 

voltage clamp control from LC neurons in slices is best achieved over this age range 

and not at younger ages [194, 201]. The 8-12 week old group was chosen for two 

reasons. First, mice are considered adult at 8-12 weeks and second to ensure that any 

changes we observed would be associated with postnatal development rather than aging 

per se (see [202]). We found that the major ionic currents involved in pacemaking in 

mouse LC neurons change during postnatal development as has been shown for other 

tyrosine hydroxylase expressing neurons [138, 139].

Comparison of several electrophysiological properties showed spontaneous activity 

(AP firing) decreased from 90% to 50% in infant vs. adult neurons. The more 

hyperpolarized resting membrane potential, but similar input resistances we observed in 

adult LC neurons provide a likely explanation. Together, these two properties would 

combine to reduce spontaneous activity. The possibility remains that the enhanced 

numbers of quiescent cells was a consequence of damage through using thinner slices, 

though the input resistance of the quiescent cells was not significantly different. The 

average firing rate of active adult neurons was 2.4 compared to 2.0 for infant mice, but 

these were not significantly different. In this regard, the spontaneous firing rate of rat 

LC neurons has been reported to increase during postnatal development [144].

TTX-resistant spikes have been reported in rat LC neurons over a range of ages [21, 

94, 167]. Such spikes were rarely observed in our recordings from infant LC neurons; 

however, they appeared to be more prevalent in adult neurons but this was not 
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quantified. Interestingly, application of the K+ channel blocker 4-AP increased baseline 

voltage noise during the interspike interval (Figure 5.3). This was more pronounced in 

LC neurons from adult mice. It is also known that 4-AP can enhance synaptic activity in 

different neuronal types [203, 204]. This coupled with observations suggesting the 

number of synaptic connections on LC neurons changes during development as shown 

in rats [205] would increase spontaneous neurotransmitter release and baseline noise. 

Other factors such as the extent of electrotonic coupling and marked changes in 

dendritic architecture might also combine to increase baseline noise during 

development.

Comparison of action potential shape indicated the AHP was larger in adult neurons 

(Figure 5.1 D). Application of depolarizing ramps under control conditions 

demonstrated that LC neurons from adult mice exhibited larger outward currents, 

especially at depolarized membrane potentials (~ -45 mV).  Experiments using K+

channel blockers (i.e. 15 mM TEA + 150 nM apamin) showed this outward current was 

a K+ current, and the differential outward current (i.e. ramp currents in ACSF + TTX 

minus ramp currents in ACSF + TTX + K+ channel blocker solution) was larger in adult 

neurons near the same membrane potential. Thus K+ conductances are more active in 

adult LC neurons and most likely underlie the larger AHP we observed in adult LC 

neurons.

There are numerous reports of the presence of large 4-AP sensitive currents, 

probably composed of a fast transient K+ current (IA) in rat LC neurons in culture or in 

freshly prepared slices [67, 185]. We tested for the presence of this current in infant and 

adult mice LC neurons by recording differential currents to depolarizing voltage pulses 

and found that similar transient outward currents were present at both ages (Figure 5.4). 
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The peak amplitude of the transient outward current was smaller in adult neurons over 

membrane potentials that corresponded to most of the interspike interval voltage range, 

however, its amplitude increased at membrane potentials positive to -45 mV (Figure 5.4

C). The 4-AP sensitive transient K+ current exhibited a relatively slow inactivation time 

course compared to rat LC neurons [185], though slow inactivating 4-AP sensitive 

transient K+ currents have been reported in other neurons [180]. Thus, these results 

suggest that 4-AP sensitive currents in mouse LC neurons undergo significant changes 

during development including a change in their sensitivity to 4-AP.

A TTX-sensitive Na+ current is the major pacemaker current in mouse LC neurons 

and is also dominant in the generation of the action potential. A TTX-sensitive Na+

current has been reported present in several neuronal types, where Na+ channels are 

responsible for producing subthreshold and fast-activating currents [81, 181, 182]. The 

key finding in the present study is that this pacemaker current is enhanced during 

development. An increased TTX-sensitive Na+ conductance within the interspike 

interval in adults would help secure pacemaking in neurons as they become more 

hyperpolarized during development. In contrast, the role of the larger TTX-sensitive 

Na+ currents we observed at very depolarized potentials in infant mice is more difficult 

to explain. Some caution is needed here, however, as measurement of differential 

currents at very depolarized potentials, where large conductances are activated, raises 

questions about the extent to which the soma and dendrites of large LC neurons can be 

confidently voltage clamped. This will impinge on the resultant currents especially 

when there are significant changes in dendritic architecture during development. 

However, it remains an interesting point, and if true it suggests developmental 

differences exist between the Na+ channels that underlie pacemaking and the action 

potential.
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Two other inward currents that serve a role on pacemaking were also investigated in 

this study. The hyperpolarization-activated current (IH) participates in pacemaking in a 

variety of neuron populations, that discharge repetitively/tonically [206-209]. As 

previously shown IH does not subserve a role in pacemaking in LC neurons from infant

mice [194]. The present study indicates that that this current is also not present in adult 

LC neurons, suggesting IH does not have an obvious role in LC pacemaking at any stage 

during postnatal development. Voltage-dependent Ca2+ currents can also drive 

pacemaking, and we have shown that while Ca2+ currents are present in infant LC 

neurons in mice, they are not active during the interspike interval voltage range and thus 

do not play a role in pacemaking [194]. This finding differs with that in infant rat LC 

neurons where a Ca2+ current is reported to be active within the interspike interval [94]. 

Here we expand these observations and show that these species differences are not 

related to development, as LC neurons from adult mice also showed no evidence of a 

functional Ca2+ current over the pacemaker voltage range. 

In summary, our results demonstrate that the electrophysiological properties of 

mouse LC neurons change during development. Careful examination of the currents 

flowing during the interspike interval voltage range showed there were parallel 

increases in a voltage-dependent TEA-sensitive K+ conductance and the TTX-sensitive 

Na+ current during development.
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5.5. Ongoing and future studies

Studies will be undertaken to determine the involvement of specific ion channels 

known to be functional in LC neurons (e.g. inward rectifier K+ channels, TASK-1 and 3 

etc).

Investigations will also be made of membrane properties and particularly baseline 

noise in the presence of synaptic inputs blocked (e.g. glutamatergic, GABAergic, 

glycinergic, noradrenergic etc).

Experiments will be made to further investigate the possible role of TTX-resistant 

Na+ current in adults compared to infant LC neurons.

We will also further investigate the role of Ih. This current was not obviously present

but it remains possible that there is a small Ih current, that may be revealed by 

pharmacological comparison of control records with those obtained in the presence of 

an inhibitor of Ih (e.g. ZD 7288).
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Chapter 6

Effects of mitochondrial disruption on 

ionic currents and pacemaking in 

neurons of the locus coeruleus
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6.1. Abstract

This study evaluates the effects of challenging mitochondrial function on ionic 

currents in locus coeruleus (LC) neurons. Application of the protonophore carbonyl 

cyanide m-chlorophenylhydrazone (CCCP; 1 µM) to isolated LC neurons and neurons 

in slices respectively induced a small but measurable decrease in the mitochondrial 

membrane potential (Ψm) and a small depolarization that enhanced, followed by large 

hyperpolarization that inhibited, neuronal firing. The latter whole cell recording 

experiments, when repeated under voltage clamp applying ramp and depolarizing pulse 

protocols, demonstrated a CCCP-induced inward followed by a dominating outward 

current exhibiting a reversal potential near -82 mV. The outward current was dependent 

on Ca2+ entry being blocked by external Cd2+ (300 nM), Ca2+ free (EGTA) external 

solution and nifedipine (10 M), the latter suggesting a role for L-type Ca2+ channels 

(CaV-L). This finding was unexpected given that the outward current could be generated 

at potentials well below the known threshold for activation of CaV-L. The outward 

current was likely to be in large part generated by SK type Ca2+-activated K+ channels, 

as the current was blocked by intracellularly applied CsF and was substantially inhibited 

by external application of apamin (1 M).  This current was not obviously activated by 

increases in cytosolic Ca2+ concentration ([Ca2+]c), as application of CCCP (1 M), 

while causing similar increases in [Ca2+]c, only generated outward current when there 

was Ca2+ entry. The finding that relatively small changes in mitochondrial membrane 

potential (Ψm) correlate with marked changes in ionic conductances and hence neuronal 

firing suggests that mitochondria may serve as a fine tune regulator of pacemaking in 

LC neurons.
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6.2. Introduction

Locus coeruleus (LC) neurons are known to play a fundamental role in brain 

function, impacting on many physiological processes such as regulation of sleep and 

vigilance [192, 193], learning and memory [210], behavioral flexibility [162], and a 

range of other functions (for review see [211]).

The pacemaker mechanism that generates spontaneous firing in LC neurons has been 

studied for long time [94, 167, 212]. It is also known that external agents can impact on 

pacemaking due to recruitment of additional ionic currents that modulate the normal 

pacemaker mechanisms [169-172]. The present work has focused on the role played by 

mitochondria on LC pacemaking, investigating the combination of mitochondria-

associated ionic currents that may act as fine tune regulators of this process.

Mitochondria are intracellular organelles that appear to be involved in vast range of 

different pathways, including energy production [96], neuronal death [213], oxidative 

stress [214], neurodegenerative diseases [215] and their role in buffering intracellular 

Ca2+ and resultant impact on Ca2+-dependent pathways [111, 216, 217]. Mitochondrial 

functions are in general dependent on mitochondrial membrane potential (Ψm), this 

being generated by the action of the mitochondrial electron transport chain, where the 

energy generated by the transport of electrons is used to drive H+ against its gradient 

concentration across the mitochondrial inner membrane [96].

It is known that different ionic currents can be activated directly or indirectly by 

mitochondria-associated mechanisms. One of these is carried by ATP-dependent K+
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channels (IK-ATP). ATP is the “energy currency” of every cell and a decrease in the 

ATP/ADP ratio can activate IK-ATP causing hyperpolarization [218]. This outcome has 

been proposed to be a protective mechanism in neurons, since hyperpolarization leads to 

decreased neuronal firing and hence less energy spent in this process giving time for the 

cells to recover from ATP depletion [219]. Other channels that can be activated by 

perturbing mitochondrial function are Ca2+-activated K+ channels (KCa). The activation 

of these channels has been suggested to participate in different processes in neurons, 

including controlling action potential duration, firing frequency and spike frequency 

adaptation [220-222]. Another important contribution of mitochondria to pacemaking 

involves the production of reactive species such as free radicals. It has been 

demonstrated that reactive species can interact with ionic channels modulating their 

activity [103]. Therefore, is possible that mitochondria exert a role acting as a 

multifocal regulator of the pacemaker process adjusting neuronal metabolism according 

to firing rate or vice versa.

The present study investigates ionic currents activated by perturbations in 

mitochondrial function induced through application of CCCP. It was found that the 

mitochondrial protonophore CCCP caused activation of a nifedipine-sensitive Ca2+

conductance that was present even at hyperpolarized potentials. Ca2+ entry through 

these channels in turn activated an outward current largely carried by SK-type Ca2+-

activated K+ channels and one, which was not obviously activated by intracellular Ca2+

release.
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6.3. Results

6.3.1. Effect of CCCP on spontaneous LC firing, Ψm and voltage-dependent 

currents

The effect of mitochondrial disruption on spontaneous firing and hence pacemaking 

of LC neurons was investigated by rapid application of 1 µM CCCP in ACSF. 

Application of this mitochondrial protonophore initially induced a small neuronal 

depolarization and increase in firing rate with maximal effect at ~ 1 min. This was 

followed by a large hyperpolarization that completely abolished spontaneous firing, 

achieving its peak after ~ 3 min exposure to CCCP (Figure 6.1 A). Hyperpolarization 

was likely to be the primary reason for this CCCP-associated inhibition as neuronal 

firing recommenced during injection of depolarizing current (Figure 6.1 A, black dash). 

Voltage clamp experiments made at a holding potential of -78 mV confirmed the effect 

observed in figure 6.1 A, with the response to 1 µM CCCP exhibiting a small inward 

current peaking at ~ 1 min, followed by an outward current reaching an asymptotic peak 

after ~ 5 min and achieving an amplitude of 46 ±1 pA after ~ 3 min of treatment (Figure

6.1 B, black arrow). Ψm measurement by JC-1 experiments on isolated LC neurons (see 

Methods) revealed that 1 µM CCCP treatment significantly decreased relative Ψm, with 

decreases in the red/green fluorescence to 86.3 ± 5% and 78.1 ± 6% after 60s and 180s 

of CCCP application respectively (Figure 6.1 C).



111

Figure 6.1: Effect of CCCP treatment on neuronal membrane potential and Ψm of LC 

neurons. A, Representative current clamp recording showing that application of 1 µM 

CCCP in ACSF caused hyperpolarization, which abolished spontaneous firing but 

which could be reinstated by depolarization and partially reversed (n=8). B,

Representative voltage clamp continuous recording from a holding potential of -78 mV 

demonstrating that 1 µM CCCP induced a small inward followed by an outward current 

(n=5). C. Measurement using the fluophore JC-1 in isolated LC neurons indicating that 

1 µM CCCP induced a small decrease in relative Ψm, as the red/green ratio was 

respectively reduced to 86.3 ± 5% and 78.1 ± 6% after 60s and 180s of CCCP 

application through the rapid perfusion system (n=10). Graph shows mean ± SEM, p < 

0.05.
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The voltage dependency of the CCCP-induced currents was investigated using two 

different voltage protocols. The first involved applying depolarizing ramps at 40 mV/s 

from a holding potential of -58 mV and the second, applying depolarizing pulses from a 

holding potential of -88 mV  now in the presence of 1 µM TTX. Rapid application of 1 

µM CCCP with voltage ramps applied 60s and 180s later induced two different effects 

on the evoked currents: first, the neurons exhibited increased conductance as was 

evident at hyperpolarized membrane potentials and with increasing depolarization there 

was an induction of an “outward inflection” in the I-V relationship (Figure 6.2 A, B). 

The differential current calculated by subtracting the current in ACSF from that in 1 µM 

CCCP (i.e. test-control) revealed that the induced leakage reversed at -82 ± 0.7 mV 

(Figure 6.2 C).

Application of depolarizing pulses from a holding potential of -88 mV revealed that 

the CCCP-induced “leakage” current was a “non-inactivating” current, at least for the 

duration of the applied pulses, as shown by the representative differential recordings 

(i.e. test-control) in figure 6.3 A (180 s, 1µM CCCP). I-V graphs constructed from the 

differential pulse-evoked currents exhibited a similar I-V relationship, as those elicited 

by depolarizing ramps (Figure 6.3 B) and a reversal potential of -83 ±1.2 mV (Figure

6.3 C).
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Figure 6.2: Effect of CCCP on voltage-dependent currents evoked by depolarizing 

ramps. A, Representative recording of the currents evoked by depolarizing ramps during 

application of 1 µM CCCP in ACSF (test solution), showing the current evoked in 

ACSF (control solution; light grey line) and 1 µM CCCP 60s (dashed grey line) and 

180s (solid black line) after rapid application of this test solution (n=8). B, I-V plot for 

the currents presented in A. C, Mean differential currents (i.e. CCCP test – control) with 

records obtained 60s (light grey line) and 180s (black line) after rapid application of

CCCP (n=8).
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Figure 6.3: Effect of CCCP on voltage dependent currents evoked by depolarizing 

pulses. A, Representative depolarizing pulse-evoked differential currents obtained by 

taking the currents in test solution (i.e. 1 µM CCCP + 1 µM TTX ACSF) and 

subtracting the corresponding currents in control (i.e. 1 µM TTX ACSF). B, Averaged I-

V plot showing the currents evoked by pulses for control (light grey line) and the test 

CCCP solution 60s (dashed grey line) and 180s (solid black line) after its application. C,

Mean differential I-V plots (i.e. test-control) 60s (light grey dashed line) and 180s 

(black dashed line) after application of the CCCP solution. Graph shows mean ± SEM 

with n=9 for A, B and C.
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6.3.2. CCCP-induced outward conductance is dependent on Ca2+ entry but 

independent on [Ca2+]c

It has been shown that depolarization of Ψm by application of CCCP increases 

cytosolic Ca2+ concentration ([Ca2+]c) [100]. This was also the case here, as 1 µM 

CCCP induced an increase in [Ca2+]c in both standard ACSF and Ca2+-free (500 µM 

EGTA) solutions (Figure 6.4 A).

The increase in [Ca2+]c could activate Ca2+-dependent K+ channels (KCa) and result in 

neuronal hyperpolarization. Based on this, we examined the dependency of external and 

cytosolic Ca2+ on the CCCP-induced hyperpolarization. The outward current or 

hyperpolarization induced by 1 µM CCCP was abolished in ACSF containing 300 µM 

CdCl2, as was observed for both voltage and current clamp recordings (Figure 6.4 B, C). 

The dependency on extracellular Ca2+ was further confirmed when the slice was 

perfused with Ca2+-free (500 µM EGTA) ACSF solution, which abolished the CCCP-

induced hyperpolarization (Figure 6.4 D). These results suggest that external Ca2+ entry 

and not an increase in [Ca2+]c is the necessary step for activation of the CCCP-induced 

hyperpolarization.

Further support for this was provided by the finding that the CCCP-induced 

hyperpolarization or outward current persisted when 15mM EGTA was present in the 

internal pipette solution (Figure 6.5 A, B). Application of depolarizing ramps also 

supported this view, as CCCP induced a similar outward current independent on 

whether the internal pipette solution contained high or low EGTA (cf. Figure 6.5 C, D 

with Figure 6.2 B, C).
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Figure 6.4: The CCCP-induced outward conductance is dependent on Ca2+ entry but 

independent on [Ca2+]c. A, Mean increases in cytosolic Ca2+ concentration ([Ca2+]c) 

induced by application of 1 µM CCCP measured by the fluophore Oregon Green in 

Ca2+-free 500 µM EGTA (n=8) and normal 2.5 mM Ca2+ (n=7) ACSF solutions. Plots 

show mean ± SEM. B, Representative voltage clamp continuous recording from a 

holding potential of -78 mV demonstrating that the outward current induced by 1 µM 

CCCP was inhibited by addition of 300 µM CdCl2 in the external solution (n=5). C and 

D, Representative current clamp recordings showing that the CCCP-induced 

hyperpolarization was abolished in 300 µM CdCl2 ACSF (C) and 500 µM EGTA Ca2+-

free ACSF (D) solutions (n=6 for C and n=5 for D). 
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Figure 6.5: Lack of effect of high internal Ca2+ buffering on CCCP-induced responses. 

A, Representative current clamp recording demonstrating that dialysis of the neurons 

with 15 mM EGTA in the internal pipette solution did not impact on the 1 µM CCCP-

induced hyperpolarization (n=7). B, Representative voltage clamp continuous recording 

at a holding potential of -78 mV showing a typical 1 µM CCCP-induced response 

despite using the 15 mM EGTA pipette solution (n=7). C, I-V plots obtained using the 

15 mM EGTA pipette solution showing the averaged currents evoked by depolarizing 

ramps in control (light grey line) and 1 µM CCCP, the latter recorded 60s (dashed grey 

line) and 180s (solid black line) after application of the test (i.e. 1 µM CCCP ACSF) 

solution (n=7). D, Mean differential I-V plots (i.e. test-control) obtained using the 15 

mM EGTA pipette solution 60s (light grey dashed line) and 180s (black dashed line) 

after application of the 1 µM CCCP solution (n=7).
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6.3.3. Calcium channel modulation and Ψm

Our next aim was investigate whether there was a correlation between the CCCP-

induced depolarization of Ψm and the activity of Ca2+ channels. Co-application of 1 µM 

CCCP + 10 µM nifedipine using the rapid perfusion system, inhibited the CCCP-

induced hyperpolarization and outward current (Figure 6.6 A, B), suggesting that the 

hyperpolarization was triggered by Ca2+ entry through L-type Ca2+ channels. However, 

the small initial inward current induced by CCCP was not obviously inhibited by 

nifedipine (Figure 6.6 B), indicating that inward conductances other than nifedipine-

sensitive Ca2+ channels were also activated. I/V plots constructed from the depolarizing 

pulse protocol of figure 6.6 C indicated that the differential outward current evoked by 

depolarizing pulses was largely inhibited over the voltage range shown (cf. Figure 6.6 E 

with Figure 6.3 C). This indicates that this outward current exhibits considerable 

dependence on nifedipine-sensitive Ca2+ entry suggesting a key involvement of L-type 

Ca2+ channels. However, if L-type Ca2+ channels are recruited by the mitochondrial 

protonophore then their dependence on a threshold voltage for activation is now lost.
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Figure 6.6: Nifedipine inhibits the CCCP-induced hyperpolarization and outward 

current. A, Representative current clamp recording demonstrating that rapid application 

of 10 µM nifedipine together with 1 µM CCCP ACSF prevented the hyperpolarization 

normally induced by 1 µM CCCP (n=5). B, Representative voltage clamp continuous 

recording from a holding potential of -78 mV showing this same test solution inhibited 

the CCCP-induced outward current (n=5). C, Representative differential depolarizing 

pulse-induced recordings constructed by taking the currents obtained in the test solution 

(i.e. 1 µM CCCP + 10 µM nifedipine + 1 µM TTX ACSF) and subtracting the 

corresponding currents in control solution (i.e. 1 µM TTX ACSF) in response to a 

sequence of depolarizing pulses. Collection of these records was commenced 180s after 

application of the test solution. D, I-V plots showing the averaged currents evoked by 

the depolarizing pulses in control (light grey line) and test solutions, the latter recorded 

60s (dashed grey line) and 180s (solid black line) after application of the test solution. 

E, Mean differential I-V plots (i.e. test-control) shown 60s (light grey dashed line) and 
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180s (black dashed line) after application of the test solution. Graph shows mean ± 

SEM (n=10 for C, D and E).

6.3.4. The CCCP-induced outward current is partially inhibited by apamin

The nature of the CCCP-induced outward current was further investigated. As has 

been shown this current was dependent on external Ca2+ (Figure 6.4 D) indicating it was 

carried by either Ca2+-activated K+ or Cl- channels. However, participation of IK-Ca and 

not ICl-Ca was suggested, as the outward current was inhibited in experiments using CsF 

in the internal pipette solution, as measured under voltage clamp at a fixed potential or 

with a depolarizing step protocol (Figure 6.7 A-C). Rapid co-application of apamin test 

solution (i.e. 1 µM apamin + 1 µM CCCP in 1 µM TTX ACSF) inhibited the CCCP-

induced outward current as measured after 180s of treatment (Figure 6.8 A). 

Application of depolarizing pulses further supported this observation as the low voltage 

threshold differential outward current, which was substantial under control conditions 

(Figure 6.3 C), was now markedly inhibited (Figure 6.8 B-D). Charybdotoxin was also 

tested (100 nM) but had no significant effect on the CCCP-induced current (data not 

shown). These results suggest that SK channels underlie the major component of the 

CCCP-induced outward current.
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Figure 6.7: Effect of CsF-filled internal pipette solutions on the CCCP-induced 

outward current. A, Representative voltage clamp continuous recording from a holding 

potential of -78 mV demonstrating that no outward current was induced by 1 µM CCCP 

treatment when CsF was present in the internal pipette solution (n=3). B, I-V plots 

showing the averaged currents evoked by depolarizing pulses in control (i.e. 1 µM TTX 

ACSF; light grey line) and test (i.e. 1 µM CCCP + 1µM TTX ACSF) solutions, the 

latter recorded 60s (dashed grey line) and 180s (solid black line) after application of the 

test solution. C, Mean differential I-V plots (i.e. test-control) obtained 60s (light grey 

dashed line) and 180s (black dashed line) after application of the test solution. Graph 

shows mean ± SEM (n=6 for B and C).
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Figure 6.8: Effect of apamin on the CCCP-induced outward current. A, Representative 

voltage clamp continuous recording at holding potential of -78 mV demonstrating that 

the co-application of apamin (1 µM) and 1 µM CCCP inhibited the CCCP-induced 

outward current (n=4). B, Representative differential currents obtained by subtracting 

the depolarizing pulse-induced currents in control (i.e. 1 µM TTX ACSF) from the 

corresponding currents in test solution (i.e. 1 µM CCCP + 1 µM apamin + 1 µM TTX 

ACSF) with records shown obtained 180 s after application of the test solution. C, 

Averaged I-V plots showing the currents evoked by depolarizing pulses for control 

(light grey line) and test solutions, the latter  obtained 60s (dashed grey line) and 180s 

(solid black line) after application of the test solution. D, Mean differential I-V plots 

(i.e. test-control) shown 60s (light grey dashed line) and 180s (black dashed line) after 

application of the test solution. Graph shows mean ± SEM, (n=7 for B, C and D).
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6.4. Discussion

The present study investigates mechanisms associated with mitochondria that cause 

changes in ionic channel conductances and consequently modulate pacemaking in LC 

neurons. It is demonstrated that the hyperpolarization induced by CCCP and associated 

depolarization of Ψm, as previously reported in LC [70], is independent of intracellular 

Ca2+ released by stores but is dependent on Ca2+ entry through nifedipine-sensitive 

channels, suggesting an involvement of L-type Ca2+ channels.

Pacemaking in mouse LC neurons is mediated primarily for two conductances that 

activate during the interspike interval, a major TTX-sensitive Na+ current and a high 

TEA-sensitive K+ current, with little or no involvement of Ca2+ currents [194]. It is also 

known, that external stimuli can evoke other conductances that modulate the firing rate 

of LC neurons according to system needs [169-172]. The effect of interfering with 

mitochondrial function and associated depolarization of Ψm represents another means 

by which new currents are recruited that can modulate pacemaking.

Application of CCCP (1 µM) induced a small depolarization in Ψm and an initial 

neuronal depolarization that increased firing rate followed by a sustained 

hyperpolarization that abolished generation of action potentials (Figure 6.1). These 

results in part parallel previous reports showing that depolarization of Ψm correlates 

with generation of an outward current in various neurons [70, 223-225]. Significantly, 

the change induced by the protonophore CCCP when applied at 1 µM only caused a 

small change in Ψm (Figure 6.1 C), suggesting that relatively small perturbations in 

mitochondrial function can activate and/or modulate membrane currents that influence 
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pacemaking. In this regard, it has recently been demonstrated that small fluctuations in 

Ψm of similar magnitude, as that reported here can occur spontaneously in neurons

[226], suggesting that mitochondria may modulate pacemaking under physiological 

conditions.

Depolarizing ramps demonstrated that CCCP treatment induced an outward current 

that reversed at potentials negative to ~ -82 mV. This is close to the reversal potential 

reported for K+ ions in LC neurons. These results were supported by application of 

depolarizing pulses. Taken together, these findings indicate that application of CCCP 

leads to activation and/or modulation of K+ channels resulting in membrane 

hyperpolarization and cessation of action potentials.

Studies on other neurons have indicated that CCCP induces Ca2+ release from 

mitochondria into the cytosol [102, 227], and that Ca2+ released into the cytosol causes 

activation of IK-Ca [100, 228]. It is possible that this also the case in rat LC neurons, as 

has been indicated from studies involving metabolic inhibition of mitochondria where 

charybdotoxin-sensitive IK-Ca channels were activated [70]. However, our mouse LC 

studies contrast with these findings in that we found that the CCCP-induced 

hyperpolarization was dependent on Ca2+ entry but not Ca2+ release from mitochondrial 

or other Ca2+ stores. Thus while CCCP induced a large increase in [Ca2+]c  independent 

of the presence of extracellular Ca2+ (Figure 6.4 A), a CCCP-induced hyperpolarization 

or outward current was only induced when extracellular Ca2+ was present or Ca2+ entry 

was impeded, as the response was abolished when neurons were bathed in 500 M 

EGTA Ca2+ free ACSF or in 300 nM Cd2+ ACSF. A similar finding has also been 

reported in hippocampal neurons, where changes in mitochondrial metabolism increase 

the conductance of Ca2+ channels that in turn increased K+ conductance, this modulating 
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membrane excitability [229]. Further support for a lack of involvement of [Ca2+]c was 

provided by the finding that the CCCP-induced hyperpolarization or outward current 

was not obviously altered when the internal pipette solution was changed to contain a 

high concentration of the Ca2+ chelator EGTA (i.e. 15 mM). These results suggest that 

the CCCP-induced hyperpolarization is mediated by Ca2+ entry and not Ca2+ released 

from mitochondrial and/or other stores.

The pathway underlying Ca2+ entry was investigated using known blockers of Ca2+

channels. Surprisingly, we found that the hyperpolarization or outward current was 

inhibited by nifedipine (10 µM). This suggests an involvement of L-type Ca2+ channels. 

However, such channels should only be functional at potentials positive to about -45 

mV, yet the outward current, which was activated even at very negative potentials (e.g. -

78 mV) was blocked by application of nifedipine. Thus nifedipine either blocks Ca2+

entry through another channel or CCCP and the resultant perturbation of mitochondrial 

function activates L-type channels outside the normal activation range. Possible support 

for the latter is provided by recent findings of cross talk between L-type Ca2+ channels 

and mitochondria, as identified in heart cells [120].

We also aimed to identify the nature of the outward current induced by CCCP. 

Voltage ramp experiments showed a reversal potential of ~ -82 mV. This together with 

the finding that use of CsF in the internal pipette solution blocked the CCCP-induced 

outward current, suggest that the current is carried by K+ channels. Further to this, 

application of 10 µM apamin partially inhibited the CCCP-induced outward current 

whereas charybdotoxin did not block this current (data not shown). Together, these data 

suggest that the CCCP-induced outward current is mediated by K+ conductances with 

SK channels carrying most of the outward current.
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In conclusion, we have demonstrated that application of 1 µM CCCP caused a small 

but significant change in Ψm and a small neuronal depolarization or inward current 

followed by a large hyperpolarization or outward current. The latter was likely to 

largely involve SK-type Ca2+-activated K+ channels, as it was blocked by removal of 

extracellular Ca2+, Cd2+, nifedipine, CsF and partially inhibited by apamin. The fact that 

nifedipine inhibited the response suggests that Ca2+ entry may be mediated by L-type 

Ca2+ channels. Should this be the case, it suggests that these channels have been induced 

to allow Ca2+ entry even at potentials well negative of their normal activation voltage 

range. Another surprising finding was that Ca2+ entry but not intracellular Ca2+ release 

was a prerequisite for generation of the outward conductance suggesting that the Ca2+

entry pathway and responding SK type Ca2+-activated channels are in close proximity, 

this structure possibly constituting a microdomain [117, 230, 231]. Finally, we raise the 

hypothesis that mitochondria may provide a fine tune regulator of ionic currents and 

hence LC neuronal pacemaking through a dynamic feedback between LC firing and 

mitochondrial activity.

6.5. Ongoing and future studies

A considerable number of experiments have been made to analyse the influence of 

free radicals in the pacemaking process of LC neurons. They have not been included in 

the present thesis because they are incomplete and need further work.

I have carried out experiments analysing the role of free radicals in the pacemaker 

process in our animal model. Surprisingly, antioxidants (Trolox and DTT) were directly 
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applied in LC neurons producing small changes in the mitochondrial membrane 

potential (MMP) and activating ionic current. Interestingly, even though all neurons 

changed their MMP and activated ionic currents, part of the neurons activated only 

outward currents and the remaining ones activated outward and inward currents. These 

findings were independent of intracellular Ca2+ release, since none of the treatments 

increase intracellular Ca2+ concentration.

When combined with CCCP, the antioxidants impacted profoundly on the MMP 

generating a drastic reduction in the red/green ratio in JC-1 experiments. Both 

antioxidants activated outward and inward currents, but combination of CCCP+Trolox 

seemed to slightly increase the inward current. Combination of CCCP+DTT had a 

similar effect but the inward current seemed to be even more pronounced. Both 

antioxidants were able to reverse the CCCP-induced hyperpolarization in 40% of the 

neurons tested.

These results suggest two possibilities: 1) there are two different populations of LC 

neurons as judged by the sensitivity to the antioxidants; 2) there is a necessary basal 

level of free radicals in the intracellular space that seems to be part of the regulation of 

ionic channels in mice LC neurons.

This work needs further studies and will constitute part of my postdoctoral research.
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6.6. Supplementary Results

6.6.1. Effect of High BAPTA on the CCCP-induced hyperpolarization

To further confirm that the CCCP-induced hyperpolarization was independent of 

intracellular Ca2+, high BAPTA (10mM) was added to the internal pipette solution 

producing no differences in the CCCP-induced hyperpolarization (Supplementary 

Figure 6.1).

Supplementary Figure 6.1: Effect of High (10mM) BAPTA internal pipette solution

on the CCCP-induced outward current. A, Representative current clamp recording 

demonstrating that High BAPTA did not alter the CCCP-induced hyperpolarization.
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Chapter 7

General Discussion
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The research of this thesis was generated in a 3.5-year period and comprises 4 

individual research chapters, studying a different aspect of the pacemaker process 

occurring in mice LC neurons. As has been stated, my specific interest in LC neurons 

came from their fundamental participation in modulating many brain activities and their 

possible role in neuropathologies such as PD. The LC provides the largest pool of 

noradrenergic neurons in the brain that project to virtually all cerebral regions. As such 

they have a fundamental role in brain homeostasis, one that is so important that deletion 

of the LC causes irreversible clinical coma. LC neurons are spontaneously active due to 

an intrinsic pacemaker process and it is this mechanism, which holds the key for most 

functions exerted by these neurons. Importantly, these neurons tend to entrain their 

pacemaker cycles such that LC firing leads to synchronised neurotransmitter release 

over large brain regions. The understanding of the pacemaker process and all related 

mechanisms such as neuronal synchronisation represent a step further to understanding 

of fundamental brain functions such as mood states and specific neuropathologies.

Chapter 3 presents methodological findings that improve the quality of 

electrophysiological experiments, an outcome that is of general relevance. During the 

experiments it was observed that voltage control during voltage clamp experiments 

could be more easily achieved when mice were anesthetized with Ketamine prior to 

being euthanized by decapitation compared to animals that did not receive any 

anaesthesia. Ketamine has protective effects against damage caused by ischemia; as the 

slice preparation procedure could lead to ischemia, ketamine was chosen as the standard 

anaesthetic for all studies in this thesis. The protective effect probably arose from the 

combination of NMDA inhibition along with blockage of Na+ and K+ channels exerted 

by Ketamine, decreasing metabolic demands and other processes that could damage the 
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cells during the slicing procedure. Electrophysiologically, it was reflected as an increase 

in input resistance in the ketamine group compared to control groups, indicating better 

neuronal viability. This improvement in neuronal electrical properties increased the rate 

of success in voltage clamp experiments.

Chapter 4 presents a detailed characterization of the basic pacemaker currents 

responsible for driving membrane depolarization to reach threshold and initiate an 

action potential in mice LC neurons. A TTX-sensitive Na+ current was identified as the 

unique inward current present within the interspike interval having as a counterpart a 

high TEA-sensitive K+ current, probably composed of KV1.1-5 channels. Ca2+ currents 

were also present in LC neurons but did not subserve in pacemaking, being activated at 

membrane potentials positive to the interspike interval voltage range. This finding 

suggested an important difference between the pacemaker currents in mouse and rat LC 

neurons, as it has been previously demonstrated that rat LC neurons exhibit a persistent 

Ca2+ current active within the interspike interval. This lack of a persistent Ca2+ current 

probably has a significant impact on the rest state of mouse and rat LC neurons, as Ca2+-

dependent pathways would probably have a different state of activation for both species. 

Moreover, the net pacemaker current determined by differentiating the average of 

interspike interval voltage recordings compared closely to pharmacologically isolated

currents measured under voltage clamp. Overall, this third chapter is of special 

importance in providing insight into the currents responsible for driving pacemaking in 

mouse LC neurons. It not only provides the background necessary to further studies 

involving mouse LC neurons but it also paves the way for the use of transgenic mice.

Chapter 5 presents a study comparing ionic currents of mouse LC neurons during 

development. This is of fundamental importance, as the majority of electrophysiological 
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studies reported in the literature have been performed on neurons from very young 

animals. The use of LC from infant animal models is justified due the difficulty and 

poorer quality of slice (also cell isolation) preparations when adult animals are used; 

however the resultant findings may not necessarily apply to adults. Comparison of 

electrophysiological properties of infant and adult mice LC neurons in slices 

demonstrated a decrease in spontaneous firing from 90 to 50%, respectively. This 

reduction in firing of adult LC neurons correlated with a more negative resting 

membrane potential and changes in the magnitude of ionic currents. It was found that 

the depolarization-induced K+ current was increased in adult neurons. The magnitude of 

the TTX-sensitive Na+ current was also changed, being larger within the interspike 

interval. Such an increase could compensate for the more negative resting membrane 

potential of adult neurons. In comparison, Ca2+ currents were almost unchanged at the 

two ages. The sensitivity to the K+ blocker 4-AP was changed, with this agent also 

causing substantial increase in voltage noise. TTX-resistant spikes that were not 

common in infant mice were more frequently observed in adult LC neurons. These 

results indicate that a range of electrophysiological properties change during 

development.

The finding that mitochondria can have a role in pacemaking in various tissues led to 

the studies of Chapter 6, which presents an examination of the effects of perturbation of 

mitochondrial function on the electrophysiological properties of LC neurons induced by 

application of the protonophore CCCP (1 M).  This caused a depolarization of the 

mitochondrial membrane potential and induced a small depolarization followed by a 

sustained membrane hyperpolarization, the latter leading to abolition of spontaneous 

action potentials. It was demonstrated that the membrane hyperpolarization was caused 

by a non-inactivating K+ current mainly carried by Ca2+-activated K+ channels of the SK 
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type (i.e. apamin-sensitive). External Ca2+ entry was a mandatory step for generation of 

the outward current and not release from intracellular Ca2+ sources, suggesting that this 

process occurs in cellular microdomains. The CCCP-induced outward current was 

dependent on the activity of nifedipine-sensitive channels, suggesting that L-type Ca2+

channels are involved in this process. This was a surprising finding given that these 

channels were activated at membrane potentials more hyperpolarized than their usual 

range of activation. However, the findings fit with recent findings on other cells where 

disturbances in mitochondrial function led to direct modulation of the activity of L-type 

channels. The fact that this also happens in LC neurons in a case where there was only a 

small depolarization in mitochondrial membrane potential highlights the potential 

significance of this mechanism in the brain. While these mechanisms are of 

fundamental relevance to LC pacemaking they are also of considerable importance to 

understanding the consequences on neuronal function that stroke-associated 

ischemia/reperfusion and other neuropathologies such as PD where mitochondrial 

dysfunction has been implicated. The possibility that mitochondrial insult can lead to 

enhanced persistent Ca2+ influx by targeting L-type Ca2+ channels could represent a 

major challenge to neuronal survival. 

Taken together the results presented here demonstrated that the pacemaker process of 

mice LC neurons is a complex process driven by a combination of currents that balance 

each other to generate spontaneous activity. The pacemaker currents driving this process 

show differences between infant and adult animals, suggesting that postnatal 

developmental adaptations happen in this system. In addition, this thesis suggests a 

direct involvement of a new component (mitochondria) in modulation of LC 

pacemaking. Our study suggested that such mitochondrial modulation, as reflected by a 

decrease in the proton gradient (viz. mitochondrial membrane potential) resulted in 
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direct and/or indirect activation of ionic channels changing factors such as membrane 

potential and by this means impacting on spontaneous LC neuronal firing. These 

findings led to the suggestion that mitochondria act as a multi point regulator of 

pacemaking in LC neurons.
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Perspectives
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- Analysis of the noradrenergic signalling provided by LC neurons in the development 

and progression of Parkinson’s diseases.

The solid base constructed in the present thesis will allow me to undergo studies 

analysing the influence of LC neurons in the progression of PD. Animal models where 

LC neurons will be deleted along with transgenic models where specific ionic channels 

present in LC neurons will be deleted, will allow me to analyse the impact of 

noradrenergic signalling on the viability/death of Substantia Nigra (SN) neurons. 

Comparisons will also be made between the effects and relative sensitivities to 

mitochondrial challenge of SN compared to LC neurons and the protective effects of 

noradrenaline. This project aim is to identify the very early symptoms of PD developed 

when LC neurons start to inefficiently deliver noradrenaline to the brain and SN. 

Hopefully, all these studies will contribute to the finding of an early intervention for 

PD, preventing the development and progression of this pathology.
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