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Abstract 
	  
	  

Dopamine neurons in the substantia nigra pars compacta (SNc) and ventral tegmental area (VTA) 

regulate day-to-day activities such as reward-related learning, and motor control. Dysfunction of 

these neurons is implicated in disorders like Schizophrenia, addiction to drugs, and Parkinson’s 

disease. Dopamine neurons fire action potentials with variability in inter-spike intervals (ISI) 

interspersed with bursts of spikes, both firing patterns being a result of co-ordinated action of 

synaptic inputs and ion channels.  Pharmacological inhibition of calcium-activated potassium (SK) 

channels increases the variability in their firing pattern, sometimes also increasing the number of 

spikes fired in bursts, indicating that SK channels play an important role in maintaining dopamine 

neuron firing regularity and burst firing. However, the exact mechanisms underlying these effects 

are still unclear. We hypothesized that the post-spike after hyperpolarisation (AHP) provided by the 

SK current controls and standardises the availability of other voltage-gated ion channels, thus 

timing successive action potentials at regular intervals. Here, I develop a biophysical model of a 

dopamine neuron incorporating ion channel stochasticity that enabled me to analyse availability of 

ion channels in multiple states during spiking. Decreased firing regularity is primarily due to a 

significant decrease in the AHP that in turn resulted in a reduction in the fraction of available 

voltage-gated sodium channels. Insufficient AHP causes a failure of sodium channels to recover 

from inactivation and, due to ion channel stochasticity, a variable number of sodium channels are 

available to fire a spike, in the absence of AHP, thus resulting in an irregular spike train. My model 

further predicts that inhibition of SK channels results in a depolarisation of action potential 

threshold along with an increase in its variability, thus suggesting that SK channels regulate spike 

threshold in midbrain dopamine neurons. 

 

 Moreover, a quantitative description of action potential features during endogenous burst firing in 

midbrain dopamine neurons has not been reported, perhaps due to a lack of in vivo whole-cell 
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recordings that can shed light on membrane dynamics. Because we had available in vivo whole-cell 

recordings from immuno-histochemically identified dopamine neurons in the VTA, I analysed these 

using mathematical techniques like Principal Components Analysis (PCA) and the stochastic model 

mentioned above, in order to provide quantitative descriptions of action potential features during the 

course of endogenous burst firing. I found that the first detectable change in membrane dynamics 

that perhaps leads to burst firing is a reduction in the AHP mediated by SK channels. This was 

accompanied by progressive depolarisation of action potential threshold with each spike within the 

burst due to reduced availability of sodium channels as a result of progressive decrease in recovery 

from inactivation. This also resulted in a decrease in rate of change of membrane voltage for each 

successive spike in a burst. Reduction in action potential height that is commonly observed during 

burst firing can also be explained by the reduced availability of sodium channels. My model 

predicts that a reduction in A-type potassium channel current during burst firing could facilitate the 

transient increase in instantaneous firing rate during bursts and the progressive reduction in sodium 

channel availability results in the cessation of firing, facilitating burst termination in these neurons.
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Chapter	  1 Introduction	  
 

1.1	  Midbrain	  dopamine	  neurons	  –	  anatomical	  location	  and	  projection	  targets 
 

Dopamine neurons are found in ten regions within the brain denoted A8-A17 with the most 

extensively characterised groups located in the midbrain within the substantia nigra pars compacta 

(SNc, A9) and the ventral tegmental area (VTA, A10) (Figure 1.1) (Dahlstrom and Fuxe 1964; 

Ungerstedt 1971; Fallon and Moore 1978). Although these regions appear to be small, dopamine 

neurons send long axonal projections terminating as dense and complex arbours in the target 

regions (Matsuda, Furuta et al. 2009). Moreover, such projections are sent to a number of different 

regions within the brain including the striatum (caudate-putamen), nucleus accumbens, amygdala, 

and medial prefrontal cortex (Fallon, Koziell et al. 1978; Fallon and Moore 1978; Fallon and Moore 

1978). Therefore, dopamine neurons from the midbrain have a significant influence on target 

neurons and regulate important day-to-day functions like fine motor control (Cousins and Salamone 

1996; Nieoullon 2002), learning and memory (Wise 2004; Grace, Floresco et al. 2007; Matsumoto 

and Takada 2013), reward-related and motivational behaviour (Schultz 1998; Wise 2004; Salamone 

and Correa 2012), and response to stress and noxious stimuli (Ungless, Magill et al. 2004; 

Brischoux, Chakraborty et al. 2009; Ungless, Argilli et al. 2010).  

 

Based on the location and projection targets of midbrain dopamine neurons (Figure 1.1), the 

network they form has historically been referred to as nigro-striatal (dopamine neurons from SNc 

projecting to striatum) and meso-cortico-limbic pathways (dopamine neurons from the VTA 

projecting to cortical and limbic areas). However this is an oversimplification because actually these 

pathways are quite overlapping; projections originating in the SNc also target cortical and limbic 

areas and neurons that project to the striatum also arise from the VTA (Bjorklund and Dunnett 

2007; Ikemoto 2007). Moreover, neurons within the SNc and VTA can also be separated into dorsal 
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and ventral tiers based on their connectivity and calbindin expression. Ventral tier neurons are 

calbindin negative and project primarily to the patch compartment of the striatum, while dorsal tier 

neurons express calbindin and project in a heterogeneous manner to cortical, and limbic areas as 

well as to the matrix compartment of the striatum (Gerfen, Herkenham et al. 1987; Lavoie and 

Parent 1991; Bjorklund and Dunnett 2007). Interestingly, calbindin positive dopamine neurons in 

the SNc are selectively spared from degeneration in Parkinson’s disease  (PD) (Yamada, McGeer et 

al. 1990) and this has further been attributed to increased intracellular calcium homeostasis by 

calbindin, which is a calcium-binding protein. 

 

A dysfunction in these neurons has been linked to several disorders. For example, the positive and 

negative symptoms of schizophrenia are thought to be due primarily to hyper- and hypo-function of 

midbrain dopamine neurons projecting to cortical and limbic areas in the brain respectively (Finlay 

2001; Liss and Roeper 2008; Howes and Kapur 2009). The rewarding effects of alcohol and drugs 

of abuse are also mediated by dopamine neurons especially in the VTA (Hyman, Malenka et al. 

2006; Di Chiara and Bassareo 2007; Grace, Floresco et al. 2007), and the selective degeneration of 

SNc dopamine neurons is hallmark in PD, resulting in loss of fine motor control and other cognitive 

deficits (Dauer and Przedborski 2003). 
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Figure	  1.1	  Location	  and	  projection	  targets	  of	  midbrain	  dopamine	  neurons	  	  

The	   cell	   bodies	   of	   the	   most	   widely	   studied	   subsets	   of	   dopamine	   neurons	   are	   located	   in	   the	  

midbrain	   regions	   of	   subsantia	   nigra	   pars	   compacta	   (SNc)	   and	   the	   ventral	   tegmental	   area	   (VTA).	  

Neurons	  from	  the	  SNc	  and	  VTA	  send	  out	  long	  axonal	  projections	  to	  a	  number	  of	  different	  regions	  

of	  the	  brain,	  some	  of	  which	  are	  illustrated	  in	  this	  figure,	  thereby	  having	  a	  significant	  post-‐synaptic	  

influence.	  pFC:	  pre-‐frontal	  cortex;	  Hip:	  hippocampus;	  NAc:	  nucleus	  accumbens;	  Amyg:	  amygdala.	  	  
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1.2	  Midbrain	  dopamine	  neurons	  -‐	  Firing	  patterns	  
 

Dopamine neurons display two principal types of spontaneous firing patterns in vivo – single spike 

firing (Figure 1.2 A) and burst firing (Figure 1.2 B) – both of which are tightly regulated by the co-

ordinated action of a variety of ion channels expressed in these neurons alongside the diversity of 

afferent control received by them. Single spike firing is characterised by single action potentials 

fired at irregular (or regular) intervals while burst firing is composed of two to ten spikes fired in 

close succession interspersed with irregular single spikes (Grace and Bunney 1984; Grace and 

Bunney 1984).  

 

Irregular single spike and burst firing are more predominantly observed in the VTA when compared 

to the SNc (Grenhoff, Ugedo et al. 1988; Wolfart, Neuhoff et al. 2001). This perhaps is due, in part, 

to the lower expression of SK channels in VTA dopamine neurons compared to SNc (Wolfart, 

Neuhoff et al. 2001) - because we know from experiments that SK channels are required to 

maintain a regular firing pattern, not only in dopamine neurons (Ji and Shepard 2006) but also in 

many other neuronal types such as globus pallidus, and purkinje neurons (Faber and Sah 2007).  
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Figure	  1.2:	  Firing	  patterns	  seen	  in	  dopamine	  neurons	  in	  vivo	  	  

A.	  Tonic	  single	  spike	  firing	  with	  fairly	  regular	   inter	  spike	   intervals	   (ISI).	  B.	  Burst	   firing;	   five	  bursts	  

have	  been	  expanded	  (left)	  to	  observe	  more	  clearly	  the	  classic	  properties	  of	  bursts	  such	  as	  reducing	  

amplitude	  of	  consecutive	  spikes	  within	  a	  burst	   in	  the	  third	  burst	  with	  three	  spikes	  (right).	  Figure	  

reproduced	  from	  (Brischoux,	  Chakraborty	  et	  al.	  2009).	  
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The spatio-temporal profile of dopamine release in target regions can be modulated by small 

changes in dopamine neuron firing patterns such as a transient increase in firing rate and/or burst 

firing, that is associated with two to three times the amount of dopamine released for an equivalent 

number of spikes fired in tonic mode (Gonon 1988; Floresco, West et al. 2003). This is in part due 

to accumulation of released dopamine as a result of saturation of dopamine transporters because of 

a difference in time scales between release and uptake (Gonon 1988; Chergui, Suaud-Chagny et al. 

1994; Prasad and Amara 2001). Such an increase in dopamine in target regions is associated with 

synaptic plasticity and consolidation of behaviour (Schultz, Apicella et al. 1993; Reynolds and 

Wickens 2002; Calabresi, Picconi et al. 2007). In vitro, however, the mode of firing is strikingly 

tonic single spikes, presumably due to loss of synaptic inputs, with bursts being induced only under 

special circumstances like in the presence of SK channel inhibitors (Shepard and Bunney 1988; 

Shepard and Bunney 1991), glutamatergic agonists like N-methyl-D-aspartate (NMDA) (Johnson 

and Wu 2004), and somatic current injection (Blythe, Wokosin et al. 2009)  all of which I will 

discuss in greater detail in Section 1.2.2.  

1.2.1	  Single	  spike	  firing	  
 

In vivo, while some dopamine neurons in the midbrain fire spontaneously due to synaptic drive in 

conjunction with intrinsic membrane dynamics, others remain silent perhaps due to the prominent 

inhibitory GABA (gamma-aminobutyric acid)-ergic influence they are under (Grace 1988; Tepper 

and Lee 2007). For example, stimulating the ventral subiculum indirectly inhibits GABAergic 

neurons in the ventral pallidum via the activation of GABAergic neurons in the accumbens that 

results in a disinhibition of VTA dopamine neurons thus regulating number of active dopamine 

neurons in the VTA (Floresco, Todd et al. 2001). Dopamine neurons also control their own activity 

by auto-inhibition via dopamine D1/D2 receptors present on them both in the SNc and VTA (Shi, 

Smith et al. 1997). It has therefore been suggested that extra-synaptic dopamine levels depend on 
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population activity and is proportional to the number of actively firing dopamine neurons (Grace 

1991; Floresco, West et al. 2003).  

 

Single spike firing, with varying degrees of regularity in inter spike intervals (ISI), is the more 

commonly observed firing pattern in dopamine neurons especially in the SNc and has been 

hypothesised to help maintain ‘tonic’ dopamine levels in target regions like the striatum (Grace, 

Floresco et al. 2007; Rice, Patel et al. 2011). The tonic firing frequency as well as the balance 

between single spike firing and burst firing modulate the intensity of the phasic response of 

dopamine neurons and a disruption in this balance might result in the symptoms seen in psychosis 

and anhedonia (Grace 1991). Tonic dopamine in the striatum is also thought to modulate the trade-

off between exploration and exploitation that ultimately guides action selection (Beeler, Daw et al. 

2010; Humphries, Khamassi et al. 2012). It is therefore interesting to uncover the physiology and 

regulatory mechanisms behind this mode of firing in midbrain dopamine neurons. 

 

Single spike firing in the SNc is characterised by single action potentials separated by a significant 

after hyperpolarisation (AHP) followed by a slow depolarising drive that brings the neuron to action 

potential threshold (Grace and Bunney 1984; Grace 1988). Firing rate is typically slow, at an 

average of 4Hz and coefficient of variation (CV) of ISI is generally below 20% (Wolfart, Neuhoff 

et al. 2001; Herrik, Christophersen et al. 2010; Tateno 2010) for tonic pacemaker-like firing pattern. 

This is also the type of firing observed typically in midbrain slices, and dissociated neuronal 

preparations, where synaptic transmission has been severed (Silva, Pechura et al. 1990; Hainsworth, 

Roper et al. 1991), suggesting that tonic single spike firing is generated and regulated by intrinsic 

ion channels expressed in the neuron (Amini, Clark et al. 1999). A number of experimental and 

computational studies have confirmed that the depolarising drive underlying this autonomous firing 

is mediated by calcium current through L-type channels in the majority of these neurons (Fujimura 
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and Matsuda 1989; Nedergaard, Flatman et al. 1993; Amini, Clark et al. 1999; Kuznetsova, Huertas 

et al. 2010).  

 

When action potentials are silenced using tetrodotoxin (TTX), some neurons also exhibit a slow 

oscillatory potential (SOP) at a rate near the firing frequency, however this is not always the case as 

explained below. The amplitude of these oscillations is typically between -60mV and -40mV. These 

SOPs are abolished by L-type calcium channel blockers, suggesting that these channels play a 

crucial role in maintaining spontaneous firing. (Fujimura and Matsuda 1989; Grace and Onn 1989; 

Kang and Kitai 1993). The depolarising phase of this sub-threshold potential recruits sufficient 

intracellular calcium ions to activate SK channels that repolarise it (Wilson and Callaway 2000), 

thus giving rise to an oscillation in membrane potential. In fact, it has been hypothesised that this 

kind of L-type calcium channel mediated spontaneous firing in SNc dopamine neurons could result 

in excessive calcium influx that renders the neuron susceptible to stressors such as environmental 

toxins or genetic defects contributing to their selective degeneration in PD (Chan, Guzman et al. 

2007). Some neurons continue to spike (after TTX has been washed off), even after the sub-

threshold oscillations have been abolished by L-type calcium channel blockers. This indicates that 

in these neurons, sub-threshold oscillations and L-type calcium channels are not essential for 

spontaneous firing (Guzman, Sanchez-Padilla et al. 2009).  

 

It is possible that in this case, other currents such as hyperpolarisation-activated cation currents (Ih) 

and sodium currents (INa) drive pacemaking, as in juvenile dopamine neurons (Chan, Guzman et al. 

2007), dopamine neurons in the VTA (Khaliq and Bean 2010) and other spontaneously firing 

neuronal types (Chan, Shigemoto et al. 2004). Nevertheless, it is generally believed that 

spontaneous firing in the SNc is due to subthreshold membrane oscillations driven by calcium 

currents through L-type calcium channels depolarise the neuronal membrane to action potential 
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threshold to give rise to the traditional sodium spike, and potassium currents through SK channels 

repolarise the oscillation and subsequently hyperpolarise the membrane to delay the next spike. 

 

While dopamine neurons in the SNc and VTA broadly share similar characteristics, there are subtle 

differences in firing pattern in the VTA. To start with, single spike firing is more irregular in the 

VTA compared to the SNc (Wolfart, Neuhoff et al. 2001). Secondly, autonomous firing in VTA 

dopamine neurons appears to be generated and sustained by sub-threshold sodium channels (Khaliq 

and Bean 2010) rather than being dependent on calcium channels and subsequent calcium influx, 

which is the case in the SNc. Voltage dependent calcium currents during the ISI are much smaller 

than sub-threshold TTX-sensitive sodium current. Moreover, when action potentials are blocked 

using TTX, there is no sub-threshold membrane oscillation, such as those seen in the SNc. This 

could perhaps also be the reason why VTA dopamine neurons are spared from degeneration in PD. 

Calcium currents during the ISI, however, did seem to regulate firing rate to some extent in these 

neurons, because removal of calcium from the external medium increased firing frequency in their 

experiments, which they hypothesised was, perhaps in part, due to a reduction in SK current as a 

result of decreased calcium inflow (Khaliq and Bean 2010). 

 

Firing regularity in midbrain dopamine neurons 

The regularity of single spike firing, both in vivo and in vitro, appears to be controlled by SK 

channels, because when these channels are inhibited by apamin, firing regularity is decreased as 

quantified by an increase in the CV of ISI (Waroux, Massotte et al. 2005; Ji and Shepard 2006). 

This effect is due to a reduction in the post-spike AHP mediated by SK currents. While this effect 

of SK channel inhibition has been replicated in many experiments, a hypothesis for what the 

underlying mechanism mediating this effect could be has not yet been proposed for dopamine 

neurons. Although the physiological importance of maintaining firing regularity in dopamine 
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neurons has not specifically been explored in behavioural experiments, we can perhaps relate some 

of the differences between SNc and VTA dopamine neuron firing properties and connectivity to 

some behavioural functions that could perhaps be in turn related to firing regularity.  

 

From experiments, it has been demonstrated that a reduced expression of SK channels in VTA 

neurons results in these neurons firing more irregularly along with greater number of spikes in 

bursts when compared to their SNc counterparts (Wolfart, Neuhoff et al. 2001), which also 

corroborates well with observing increased burst firing in the presence of apamin in vitro (Shepard 

and Bunney 1988; Gu, Blatz et al. 1992). Decreased firing regularity in cerebellar Purkinje neurons, 

as a result of insufficient SK channel function, has been linked to decreased motor co-ordination in 

an ataxia mouse model (Walter, Alvina et al. 2006). Decreased firing regularity associated with 

increased burst firing due to reduced SK channel function has also been reported in SNc dopamine 

neurons in mice models of PD (Bishop, Chakraborty et al. 2010). It is therefore important to 

uncover mechanisms of firing regularity in midbrain dopamine neurons.   

1.2.2	  Burst	  firing	  
 

Burst firing in midbrain dopamine neurons results in significant increases in dopamine levels in 

target regions, as a result of accumulation of extracellular dopamine due to the saturation of 

dopamine transporters (Gonon 1988; Chergui, Suaud-Chagny et al. 1994; Prasad and Amara 2001), 

in turn influencing a number of post-synaptic neurons. Moreover, in vivo, dopamine neurons fire 

phasic bursts of action potentials in response to unexpected rewards (Schultz 1998) and play a 

major role in reinforcement learning by encoding a reward prediction error (Glimcher 2011). Burst 

firing also seems to be important for motivational behaviour (Salamone and Correa 2012), habit 

learning (Wang, Li et al. 2011), and sleep (Dahan, Astier et al. 2007). 
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Abnormalities in burst firing appear to be implicated in several disorders. For instance, in models of 

schizophrenia, increased burst-firing results in higher transients of dopamine in target regions, 

which manifests as behavioural and motor abnormalities (Dragicevic, Schiemann et al. 2015; 

Krabbe, Duda et al. 2015). We have also learnt that in rodent models of PD there is a disruption in 

normal firing of SNc dopamine neurons that is accompanied by an increase in burst firing (Bishop, 

Chakraborty et al. 2010). Impaired burst firing, for example such as those created by genetically 

inactivating NMDA-type glutamate receptors, also leads to learning deficits specifically in 

associative learning tasks (Zweifel, Parker et al. 2009). Increased burst firing is also observed in 

VTA dopamine neurons under the influence of nicotine that facilitates the reinforcing effects of this 

drug (Grenhoff, Aston-Jones et al. 1986; Bonci, Bernardi et al. 2003).  

 

Burst firing in vivo 

A combination of excitatory and inhibitory inputs from diverse regions of the brain induce burst 

firing by excitation and dis-inhibition respectively. Excitatory amino acids seem to play a primary 

role in the production of bursts in dopamine neurons because electrical stimulation of glutamatergic 

afferents (Grace and Bunney 1984; Chergui, Akaoka et al. 1994; Floresco, West et al. 2003) or 

direct micro-iontophoretic injection of glutamate (Grace and Bunney 1984; Blythe, Wokosin et al. 

2009) robustly induce burst firing in these neurons. The majority of excitatory glutamatergic inputs 

come from sensory and motor areas such as the pre frontal cortex (Murase, Grenhoff et al. 1993), 

the subthalamic nucleus in the basal ganglia (Smith and Grace 1992) and the pedunculopontine 

nucleus in the brain stem (Mena-Segovia, Winn et al. 2008). Glutamate acts on two types of 

receptors, ionotropic (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), NMDA 

and kainate) and metabotropic receptors (Group I metabotropic glutamate receptor, mGluR). In 

midbrain dopamine neurons, glutamate receptor activation of the NMDA type, but not AMPA 

appears to exert a preferential role in the induction of burst firing (Chergui, Charlety et al. 1993; 
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Christoffersen and Meltzer 1995; Tong, Overton et al. 1996). This has been attributed to the distinct 

nonlinear voltage dependence and slope provided by the magnesium block and unblock of the 

NMDA receptor (NMDAR) (Deister, Teagarden et al. 2009; Ha and Kuznetsov 2013).  Conversely, 

inactivating glutamatergic afferents synapsing onto midbrain dopamine neurons (Svensson and 

Tung 1989; Smith and Grace 1992) or using glutamate receptor antagonists such as kynurenic acid 

or NMDA antagonists (Overton and Clark 1992; Chergui, Charlety et al. 1993) switch the firing 

pattern of these neurons to single spiking. However, there is also some evidence to support the roles 

of AMPA, kainate and mGlu receptors in burst firing in dopamine neurons in vivo (Zhang, Chiodo 

et al. 1994; Christoffersen and Meltzer 1995; Meltzer, Christoffersen et al. 1997; Prisco, Natoli et 

al. 2002). 

 

Some of the other regions controlling excitatory inputs to dopamine neurons and in turn regulating 

burst firing include the laterodorsal tegmental nucleus (LDTg) (Lodge and Grace 2006), tonic 

activation of which is required for glutamate-elicited burst firing in dopamine neurons of the VTA 

whereas suppressing the LDTg results in these very same neurons firing only in tonic pacemaker-

like single spikes. Similarly, lesions of excitatory afferents from the sub-thalamic nucleus results in 

a substantial decrease in burst firing of SNc dopamine neurons (Smith and Grace 1992). On the 

other hand, inhibitory GABAergic inputs arising primarily from the striatum, substantia nigra pars 

reticulate (SNr), and globus pallidus also regulate burst firing via disinhibition (Tepper and Lee 

2007). Using computational modelling and dynamic clamp, Lobb and colleagues show that 

disinhibition of the GABAergic influence mediated by striatal activation can generate robust bursts 

in SNc dopamine neurons (Lobb, Wilson et al. 2010; Lobb, Troyer et al. 2011). GABAergic 

influence is exerted via activation of GABAA and GABAB receptors on dopamine neurons and 

antagonising either of these receptor types enhances burst firing (Erhardt, Nissbrandt et al. 1999; 



	   22	  

Paladini and Tepper 1999). A schematic overview of afferent control of midbrain dopamine neurons 

is illustrated in Figure 1.3. 

 

Other forms of pharmacological manipulations such as iontophoresis by calcium ions, intracellular 

application of tetraethylammonium (TEA), a potassium channel blocker, and extracellular 

application of barium (that enter the neuron via calcium channels and block potassium channels) 

also result in burst firing in vivo suggesting a role for calcium in burst generation (Grace and 

Bunney 1984).    
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Figure	  1.3:	  Afferent	  control	  of	  midbrain	  dopamine	  neurons	  

Some	  of	   the	   important	   glutamatergic	   (top)	   and	  GABAergic	   (bottom)	  afferent	   inputs	   to	  midbrain	  

dopamine	   neurons.	   Abbreviations:	   PFC:	   pre-‐frontal	   cortex;	   STN:	   subthalamic	   nucleus;	   LDTg:	  

laterodorsal	   tegmental	  nucleus;	  PPTg:	  pedunculopontine	  tegmental	  nucleus;	  GP:	  globus	  pallidus;	  

NAc:	  nucleus	  accumbens;	  VP:	  ventral	  pallidum;	  SNr:	  substantia	  nigra	  pars	  reticulate.	  
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Burst firing in vitro 

As mentioned earlier, dopamine neurons in brain slices and in isolation fire only single spikes in a 

regular pacemaker like fashion and bursts can typically only be evoked by specific pharmacological 

manipulations such as NMDAR activation and/or SK channel block. Spontaneous burst firing in 

dopamine neurons in the slice preparation has only been observed in immature animals, also 

dependent on NMDAR activation (Mereu, Lilliu et al. 1997). Depolarising drive in the form of 

current injection can induce burst firing in many types of neurons in vitro including cerebellar 

Purkinje neurons (Swensen and Bean 2003), and subicular pyramidal neurons in the hippocampus 

(Staff, Jung et al. 2000) to name a few. In midbrain dopamine neurons, while some studies report 

not being able to evoke bursts with somatic current injection alone (Grace and Bunney 1983; 

Kuznetsov, Kopell et al. 2006), when there is sufficient depolarisation, in vivo-like bursts can be 

evoked by somatic current injection (Blythe, Wokosin et al. 2009) in vitro. In the majority of these 

neurons, though, somatic current injection results in cessation of firing termed depolarisation block. 

This has been attributed to inability of sodium channels to recover from inactivation (Kuznetsova, 

Huertas et al. 2010). Because spiking fails with excessive depolarisation, a long duration EPSP is 

therefore not well suited to generate bursts.  

 

Stimulation of glutamatergic afferents and specifically NMDAR activation evokes bursts in 

dopamine neurons in vitro (Johnson, Seutin et al. 1992; Seutin, Johnson et al. 1993; Johnson and 

Wu 2004). Bath application of NMDA in midbrain slices changes single spike firing to burst firing 

in majority of dopamine neurons (Johnson, Seutin et al. 1992; Paladini, Iribe et al. 1999; Paladini 

and Tepper 1999), and this effect is greatly enhanced in the presence of apamin, a selective blocker 

of calcium activated SK channels (Seutin, Johnson et al. 1993). In fact apamin alone has also been 

shown to generate bursts in these neurons in brain slices (Shepard and Bunney 1988; Gu, Blatz et 
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al. 1992). However this is not always the case (Seutin, Johnson et al. 1993; Johnson and Seutin 

1997; Wolfart and Roeper 2002).  

 

Moreover, sometimes apamin induced burst firing is absent at low concentrations of apamin 

(Brodie, McElvain et al. 1999). These data suggest that perhaps SK channels suppress endogenous 

burst firing in these neurons under basal conditions (Wolfart and Roeper 2002). While NMDAR 

activation seems sufficient to elicit bursts in vitro, there have been instances where additional 

manipulations were essential to generate robust bursting; for example, a constant hyperpolarising 

current (Johnson, Seutin et al. 1992). 

1.2.3	  Existing	  hypotheses	  for	  burst	  firing	  in	  dopamine	  neurons	  
 

Preferential role for NMDAR in burst firing 

Some modelling studies have tried to postulate why NMDAR activation appears to have a 

preferential role in burst firing, allowing for transient high firing frequencies such as those observed 

in vivo without inducing depolarisation block, such as those seen under AMPAR stimulation in 

vitro. As mentioned briefly earlier, this has been attributed to the unique whole-cell I-V 

characteristics of NMDAR activation endowed by its propensity to a voltage-dependent magnesium 

block. NMDARs remain closed and blocked with magnesium at resting membrane potentials and 

become activated only when bound with excitatory molecules such as glutamate and are 

simultaneously depolarised to remove the magnesium (VanDongen 2009). This gives rise to a 

negative slope region at hyperpolarised membrane voltages. Below this region, NMDA channels are 

inactive due to magnesium block but when depolarised beyond this region they allow for a switch to 

high frequency firing. Therefore with transient depolarisation, NMDAR current supports spiking 

that is soon blocked by magnesium when the membrane begins to get hyperpolarised perhaps due to 

intrinsic mechanisms, thus preventing depolarisation block. Whereas when AMPA mediated 
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depolarisation is present, the hyperpolarised region is short-lived thus promoting depolarisation 

block (Deister, Teagarden et al. 2009). Moreover, as mentioned earlier, if a simple depolarising 

synaptic input were sufficient to generate bursts, depolarisation of somatic membrane with current 

injection would also always give rise to bursts, however this is not always the case (Grace and 

Bunney 1983; Kuznetsov, Kopell et al. 2006). 

 

Intrinsic (ion channel) mechanisms 

It was observed in experiments that dopamine neurons fired bursts when SK channels were blocked 

with apamin, however spiking often failed due to depolarisation block, subsequently uncovering 

sub-threshold plateaux-like oscillations (Johnson and Wu 2004). It was hypothesised that a burst 

rides on the depolarising phase of the subthreshold plateaux potentials that are driven by L-type 

calcium currents and repolarised by calcium-mediated inactivation of those calcium currents 

(Amini, Clark et al. 1999). However, more recently, it was suggested that the activation of voltage 

dependent delayed rectifier-type ether-a-go-go (ERG) potassium currents mediate the repolarisation 

of plateaux potentials and thus facilitate termination of burst firing (Canavier, Oprisan et al. 2007).  

 

Hypotheses for in vivo mechanisms: co-ordination between synaptic inputs and ion channels 

One of the first theories explaining NMDAR-activation induced burst firing in dopamine neurons in 

vitro was based on sodium dynamics and hypothesised that oscillation in sodium concentration in 

distal dendrites due to incoming sodium current via NMDA receptor activation and sodium 

extrusion via the sodium pump drives burst firing in dopamine neurons (Johnson, Seutin et al. 1992; 

Li, Bertram et al. 1996; Canavier 1999). Another hypothesis for NMDAR-activation dependent in 

vivo burst firing is the coupled oscillator model in which the somatic and dendritic ‘compartments’ 

exhibit oscillations that are driven by the depolarising L-type calcium currents, repolarised by SK 

currents and exhibit spontaneous firing at their own natural frequencies depending on the surface-



	   27	  

to-volume ratio (Wilson and Callaway 2000). However transient disruptions in this coupling due to 

NMDAR activation by excitatory inputs onto dendrites could result in burst firing because of the 

amplification of the already elevated dendritic oscillations (Kuznetsov, Kopell et al. 2006). This 

model therefore assigns NMDARs as current amplifiers and predicts a dominant role for dendrites 

rather than the soma for generating bursts. However this appears to be controversial because 

NMDAR activation induces bursts in soma as well as in dendrites due to the presence of a high-

frequency sub-threshold oscillation that seems to drive bursts that are different from the oscillations 

driving spiking (Deister, Teagarden et al. 2009). An alternative suggestion, based on electrical 

coupling between two neurons, predicted that bursts can be generated by an interaction between 

NMDAR activation and sodium pump in each of the coupled neurons based on the amount of 

NMDAR activation in each neuron and the strength of coupling (Komendantov and Canavier 2002).  

 

How concurrent action of multiple mechanisms can modulate in vivo burst firing has also been 

explored in a morphologically realistic in silico dopamine neuron (Komendantov, Komendantova et 

al. 2004). In this study, the authors demonstrated that excessive depolarisation, that can be achieved 

by increased NMDAR activation, can be dampened by a concurrent increase in GABAA receptor 

activation. Moreover, while activating AMPA receptors elevates firing rate, as well as changes the 

firing pattern from single spike firing to burst firing, inhibition of SK channels preferentially only 

regulates firing pattern independently of rate (Canavier and Landry 2006). 

1.2.4	  The	  role	  of	  SK	  channels	  in	  regulating	  single	  spike	  and	  burst	  firing	  in	  midbrain	  dopamine	  
neurons	  	  

 

While multiple hypotheses have been put forth for each firing mode, some aspects, specifically the 

role of SK channels in firing regularity and burst firing are still unclear. SK channels are expressed 

on neuronal membranes of many types of neurons including midbrain dopamine neurons (Stocker 

and Pedarzani 2000; Faber and Sah 2007). The potassium current that flows through SK channels 
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hyperpolarises the neuronal membrane after the spike has peaked. This hyperpolarisation helps 

other voltage-gated ion channels such as sodium to recover from inactivation and increase the 

number of available channels for activation (Patlak 1991) when the next wave of depolarisation 

occurs resulting in the next spike. SK channels have been shown to maintain firing rate and more 

importantly firing precision (Shepard and Bunney 1988; Deignan, Lujan et al. 2012) because when 

SK channels are pharmacologically blocked using antagonists such as apamin, firing regularity is 

decreased as quantified by an increase in the CV of ISI, both in vivo (Waroux, Massotte et al. 2005; 

Ji and Shepard 2006) as well as in vitro (Shepard and Bunney 1988; Ping and Shepard 1996). When 

SK channels are inhibited, it is intuitive that the firing rate would increase due to the reduction in 

post-spike AHP however, why should this result in a decrease in firing regularity? A computational 

modelling study recently demonstrated a reduced availability of sub-threshold activated sodium and 

potassium channels in the presence of SK channel blockade due to reduced AHP, resulting in a 

decrease in firing regularity in globus pallidus neurons (Deister, Chan et al. 2009). Therefore we 

hypothesised that, similarly in dopamine neurons, due to the reduction in post-spike AHP after SK 

channel inhibition, sometimes enough sodium channels recover from inactivation and in turn the 

neuron fires a spike but sometimes majority may still remain inactivated and therefore no spikes 

will be fired, thus resulting in an irregular spike train. 

 

SK channel inhibition also facilitates a transition of firing pattern from tonic single spikes to burst 

firing (Shepard and Bunney 1988; Gu, Blatz et al. 1992), and even more so in the presence of 

excitatory glutamatergic agonists like NMDA (Seutin, Johnson et al. 1993). Because apamin 

induced bursts in vitro appear sensitive to L-type calcium channel blockers (Shepard and Stump 

1999; Johnson and Wu 2004), it has been suggested that bursts are generated by the sub-threshold 

plateaux potentials revealed under the influence of TTX and apamin (Amini, Clark et al. 1999). 

Increased burst firing is also naturally observed in vivo in the VTA (Grenhoff, Ugedo et al. 1988) 
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that has been attributed to a lower expression of SK channels in this region (Wolfart, Neuhoff et al. 

2001). Therefore evidence from the literature suggests that SK channels work towards suppressing 

burst firing in midbrain dopamine neurons and in some cases SK channel inhibition is sufficient for 

a transition from single spike mode to bursting (Prisco, Natoli et al. 2002). 

1.3	  Hypotheses	  and	  Aims 
	  

In summary, both external synaptic as well as intrinsic cellular mechanisms, including modulation 

of voltage- and ligand-gated ion channels, play a crucial role in maintaining the firing precision of 

midbrain dopamine neurons (Fujimura and Matsuda 1989; Overton and Clark 1997; Wilson and 

Callaway 2000; Floresco, West et al. 2003; Blythe, Wokosin et al. 2009; Oster and Gutkin 2011; 

Tucker, Huertas et al. 2012). In particular, SK channels maintain the firing precision of these 

neurons, because a reduction in SK channel current reduces firing regularity and in some cases 

facilitates the transition to bursting (Seutin, Johnson et al. 1993; Ping and Shepard 1996; Wolfart, 

Neuhoff et al. 2001; Canavier and Landry 2006; Ji, Hougaard et al. 2009; Herrik, Christophersen et 

al. 2010; Drion, Massotte et al. 2011; Deignan, Lujan et al. 2012). Pharmacological modulation of 

SK channels in vivo using apamin injections, either systemic (Messier, Mourre et al. 1991) or 

directly into brain regions such as the VTA (Steketee and Kalivas 1990), show behavioural changes 

indicative of cognitive and motor function enhancement in rodents (van der Staay, Fanelli et al. 

1999). Decreased firing regularity in cerebellar Purkinje neurons, as a result of insufficient SK 

channel function, has also been linked to decreased motor co-ordination in an ataxia mouse model 

(Walter, Alvina et al. 2006). Furthermore, recent work in our lab demonstrated that a deletion of 

PD-associated genes, PINK1 or HtrA2/Omi, leads to a decrease in SK channel function in the 

dopamine neurons of the SNc that in turn causes an increase in firing irregularity and bursts in these 

neurons (Bishop, Chakraborty et al. 2010). It is therefore important to understand the role of, and 
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mechanism(s) by which, SK channels regulate firing precision and transition to burst firing in 

midbrain dopamine neurons.  

 

Although existing computational studies have helped uncover ion channel mechanisms underlying 

spontaneous firing and hypothesised about burst firing, none have managed to elucidate how SK 

channels regulate firing precision in midbrain dopamine neurons. This could be in part because 

these studies have modelled ion channels as being deterministic, i.e. single lumped conductances 

representing the entire population of ion channels that do not capture ion channel stochasticity. In 

other words, current deterministic models of midbrain dopamine neurons are unable to replicate the 

different transitions between the multiple states ion channels are capable of existing in, such as 

open, closed, inactivated, to name a few. We therefore sought to build a Markov model based 

dopamine neuron with ion channel densities similar to that seen in physiology in order to elucidate 

how SK channels mediate their influence on firing regularity. 

1.3.1	  Hypothesis	  1	  –	  SK	  channels	  control	  the	  recovery	  from	  inactivation	  of	  other	  voltage-‐
gated	  ion	  channels	  

 

The post-spike AHP provided by the current through SK channels standardises the recovery	   from	  

inactivation	  of other voltage-gated ion channels such as sodium and potassium channels in order 

to time each action potential. With SK channel inhibition, reduced AHP results in a variable 

amount of sodium channels remaining in the inactivated state, due to ion channel stochasticity, 

thereby resulting in an irregular spike train. 

 

Ion channels can exist in one of many states such as open, closed, or inactivated depending on the 

membrane potential and the probability of finding an ion channel in a particular state follows a 

Markovian scheme. Our aim was therefore to create a computational model representative of a 

midbrain dopamine neuron with ion channels that were capable of transitioning between multiple 
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states such as open, inactivated, and closed. This allowed us to determine how the AHP mediated 

by SK channel current controls the availability of ion channels leading up to action potential 

threshold. This is in contrast to several other computational models already existing in the field that 

are deterministic in nature and do not capture this biologically realistic probabilistic nature of ion 

channel gating and have therefore been unable to explain how SK channels regulate firing precision. 

This project is discussed in detail in Chapter 3. 

1.3.2	  Hypothesis	  2	  –	  data	  driven	  analysis	  of	  in	  vivo	  membrane	  voltage	  can	  predict	  ion	  
channel	  mechanisms	  

 

A quantitative analysis of endogenous burst waveforms gave rise to the hypothesises that:  

i) SK channel current is significantly reduced during burst firing 

ii) There is a progressive depolarisation in action potential threshold during a burst 

iii) The depolarisation in action potential threshold is due to accumulation of sodium channel 

inactivation 

 

Due to the difficult nature of performing such experiments, in vivo intracellular recording from 

midbrain dopamine neurons has been limited. However, our lab had recently successfully recorded 

from seven histochemically identified VTA dopamine neurons from anesthetised rats in the 

intracellular configuration (Brischoux et. al. manuscript in preparation) and made it possible to 

gain an insight into the membrane dynamics during endogenous burst firing in dopamine neurons. 

We therefore wanted to analyse the membrane voltage trajectories in order to provide a quantitative 

description of some of the commonly observed features during bursts in dopamine neurons. We also 

wanted to compare average spike waveforms to detect changes, if any, between non-burst spikes 

and spikes from within a burst in order to hypothesise mechanisms that produce and terminate 

bursts.  
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We wanted to use principal components analysis (PCA) as a complementary approach to identify 

membrane voltage epochs that were different for burst and non-burst waveforms in order to 

subsequently relate those changes to ion channels driving these differences if any. If PCA would 

identify regions in the action potentials that were significantly different between non-burst single 

spikes and spikes from a bursts, I wanted to then use PCA-modified reconstructed waveforms as 

voltage commands to my computational dopamine neuron model in order to elucidate those ion 

channel currents that are also modified as a result of the PCA-modified reconstruction of the spikes. 

This would in turn help in relating differences between burst and non-burst waveforms to 

underlying ion channel currents. This is a novel technique that extracts membrane voltage features 

using PCA that drives maximal variance between spikes of different kinds and in turn relates those 

differences to ion channel currents. 

 

Moreover, because I built the dopamine neuron model for the firing regularity study, I also wanted 

to use this model to study currents underlying bursts and select ion channel candidates mediating 

burst firing. I wanted to use the in vivo intracellular spike trains obtained from the VTA as voltage 

commands to the computational model in order to analyse individual ion channel currents. This 

method can be considered as the reverse of dynamic clamp, where virtual currents are introduced 

into the physiological neuron in order to study its effects on the firing properties of that neuron. 

These methods and results from this analysis are detailed in Chapter 4. 
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Chapter 2 Computational modelling of ion channels and the in	  silico	  
dopamine	  neuron 
	  

2.1	  Introduction	  

2.1.1	  Ion	  channels	  and	  action	  potentials	  
 

Neuroscience today is a multidisciplinary branch of medicine with computational neuroscience also 

at its forefront. A classic example follows from the inspiring and ground-breaking work of Hodgkin 

and Huxley who elegantly described the action potential in terms of mathematical equations 

(Hodgkin and Huxley 1952) and established a framework for simulating neurons and axons that is 

widely used till date. One of their hypotheses at the time “the distribution of charged particles 

which…allow sodium to pass…when they occupy particular sites in the membrane” was a 

prediction that later on led to the discovery of membrane spanning ion channels and the modern day 

pore theory version of the Hodgkin-Huxley formalism. Therefore, mathematical modelling of 

neuronal physiology can serve as a first step towards testing hypotheses and developing theoretical 

ideas before designing future experiments.  

 

Although action potentials share some common features across neuronal types, each population of 

neurons has hallmark features that give it an electrophysiological identity making it possible, to a 

certain degree, to identify neurons based on their action potential shape. Since it is the co-ordinated 

activity of ion channels that gives rise to the action potential, different parts of the action potential 

are driven by the activity of a combination of one or more ion channels as depicted in Figure 2.1  
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Figure	  2.1:	  A	  variety	  of	  ion	  channels	  participate	  during	  the	  unique	  phases	  of	  the	  action	  potential	  

Sub-‐threshold	   activated	   sodium	   and	   calcium	   channels	   drive	   the	   neuronal	   membrane	   towards	  

action	  potential	   threshold.	  As	  the	  membrane	  gets	  depolarised,	  more	  and	  more	  sodium	  channels	  

begin	  to	  open	  until	  enough	  are	  open	  to	  fire	  an	  action	  potential.	  As	  the	  action	  potential	  reaches	  its	  

peak,	   sodium	   channels	   begin	   to	   inactivate	   and	   potassium	   channels	   open	   to	   repolarise	   the	  

membrane.	  Calcium	  channels	  also	  open	  during	  the	  positive	  phase	  of	  the	  action	  potential	  bringing	  

into	  the	  neuron	  an	  influx	  of	  calcium	  ions.	  The	  rise	  in	  intracellular	  calcium	  in	  turn	  activates	  calcium-‐

dependent	  potassium	  channels	  like	  the	  BK	  and	  SK	  channels	  that	  provide	  the	  fast	  and	  long	  lasting	  

post-‐spike	  AHP	  respectively.	   	  
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2.1.2	  Channel	  noise	  –	  stochasticity	  in	  voltage-‐gated	  ion	  channels 
 

Ion channels are pore-forming protein complexes embedded in the lipid bilayer of the neuronal 

membrane (Figure 2.2 A). Although on average ion channels open and close (gate) in response to 

changes in membrane voltage, neurotransmitter release, or intracellular ion concentrations, they are 

constantly under the influence of thermo-dynamic fluctuations, that impart an element of 

randomness to their gating characteristics (Neher and Sakmann 1976; Sigworth and Neher 1980; 

Hille 1992). Sakmann and Neher were the first to record currents from single ion channels in the 

late 1970s (Neher and Sakmann 1976) such as the one illustrated in Figure 2.2 B. Their recordings 

provided direct evidence of the existence of ion channels in the neuronal membrane (as predicted by 

the theoretical work by Hodgkin and Huxley) and it also shed light on the stochastic nature of 

gating (transition between open and closed states) in ion channels.  

 

Ion channel stochasticity refers to the independent and random transitions between multiple 

configurationally distinct states, such as open, closed, inactivated, of single ion channels due to 

thermo-dynamic fluctuations inherent in the neuron. In terms of computational modelling, for a 

finite number of channels of a particular type, this can be described as a continuous-time Markov 

chain with voltage-dependent transition probabilities (Goldwyn and Shea-Brown 2011). In other 

words, the probability that an ion channel will transition from one state to the other depends on the 

membrane voltage. Ion channels are considered memory-less, which means that the amount of time 

spent in a particular state does not affect the future state (Hille 1992) and therefore the transitions 

are modelled as instantaneous. The gating behaviour of ion channels is described as a Markov 

process because a Markov process is a probabilistic system with a number of discrete set of states. 

There exist a number of possible transitions from the current state to another state, associated with a 

specific probability of occurring. These transition rates are the same linear chemical kinetic 

schemes used in the HH model to determine transition probabilities between discrete channel states. 
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Each transition corresponds to the binding or unbinding of a gating particle. The Markov states and 

the associated transition probability rate functions together form a Markovian kinetic gating 

scheme. The transition rates are sometimes multiplied by a factor k that equals the number of 

particles of a particular type bound to the previous state before the transition (Faisal, 2007). This is 

explained in more detail in terms of the model used in this study in Section 2.2.1. This procedure 

thus helps to configure a stochastic Markov gating particle model from any HH-like deterministic 

conductance model. 

 

This randomness, or stochasticity, results in channel noise that contributes to electrical noise 

observed in single neurons (Faisal, Selen et al. 2008; Faisal 2013). The variability we observe in 

action potential shape (de Polavieja, Harsch et al. 2005) and spike train dynamics (Skaugen and 

Walloe 1979) even within the same neuron have been attributed to ion channel noise. Trial-to-trial 

variability in neuronal responses to the same stimuli (White, Rubinstein et al. 2000; Faisal and 

Laughlin 2007), leading ultimately to variability in behaviour can also be accounted for, in part, by 

electrical noise due to ion channel stochasticity (Schneidman, Freedman et al. 1998). It was 

historically believed that the contribution of ion channel stochasticity to neuronal noise was limited 

because of the large numbers of ion channels involved (Hille 1992; Schneidman, Freedman et al. 

1998; Faisal and Laughlin 2007). However recent theoretical and experimental studies have 

demonstrated otherwise as detailed below.  
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Figure	  2.2:	  Ion	  channels	  and	  stochasticity	  

A.	  Schematic	  of	  a	  single	  ion	  channel	  illustrating	  the	  concept	  of	  gates	  that	  open	  and	  close	  to	  allow	  

selective	  ions	  to	  pass	  through,	  giving	  rise	  to	  ion	  channel	  currents.	  Figure	  adapted	  from	  Faisal	  et	  al.	  

2005.	  B.	  Single	  channel	  currents	  recorded	  from	  a	  single	  potassium	  channel	  shows	  that	  along	  with	  

long	  duration	  voltage-‐dependent	  openings,	  the	  ion	  channel	  briefly	  opens	  for	  very	  short	  durations	  

primarily	  due	  to	  thermo-‐dynamic	  fluctuations	  within	  the	  neuron,	  giving	  rise	  to	  electrical	  noise	  due	  

to	  ion	  channel	  stochasticity.	  Figure	  adapted	  from	  (Krekora	  1992).	  
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Channel noise has indeed been shown to be a useful and sometimes an essential component of 

spiking activity in neurons. For example, ion channel noise can account for changes in action 

potential shape that depends, on a large extent, on the number of available or open sodium and 

potassium channels during the course of the action potential (de Polavieja, Harsch et al. 2005; 

Faisal, White et al. 2005). The small number of open ion channels (as opposed to the total number 

of ion channels) is also critical when it comes to firing action potentials in very small diameter 

patches of neuron where even a single open sodium channel can give rise to spontaneous or 

‘random’ action potentials if it stays open for long enough, which in fact places a lower limit to how 

small an axon can be (Faisal, White et al. 2005). 

 

The variability in action potential threshold is also in part due to the small number of open ion 

channels around action potential threshold that determines the reliability in action potential 

initiation and precision (Skaugen and Walloe 1979; Schneidman, Freedman et al. 1998; van 

Rossum, O'Brien et al. 2003), reinforcing the idea that ion channel noise is important for firing 

precision. Ion channel noise also seems essential for characteristics like the peri-threshold 

oscillations observed in entorhinal stellate neurons (Dorval and White 2005) and also plays a key 

role in amplifying weak, sub-threshold signals coming into the neuron thus enhancing its signal 

detection capabilities via a process termed ‘stochastic resonance’ (Moss, Ward et al. 2004; Faisal, 

Selen et al. 2008).  

 

Another important downstream effect of stochastic gating of voltage-gated ion channels is the noisy 

changes in intracellular concentrations of important second messenger ions such as calcium. SK 

channels are known to be spatially co-localised with voltage-gated calcium channels in many 

neurons (Marrion and Tavalin 1998) including dopamine neurons (Wolfart and Roeper 2002) thus 

making these channels sensitive to even small changes in intracellular calcium concentration [Ca2+]i 
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since we know that they have a half activation in the nano-molar (nM) range (Sah 1996; Ji, 

Hougaard et al. 2009). Therefore, even a small number of ions within the vicinity of SK channels 

are enough to activate them. For instance, a [Ca2+]i of 100 nM translates to 60 calcium ions in a 

1mm3 volume (von Wegner, Wieder et al. 2012). Indeed, Stanley et al. show that calcium transients 

within calcium micro-domains amplify sub-threshold SK currents by increasing the mean open 

probability of SK channels, transforming the sub-threshold calcium oscillation into membrane level 

fluctuations especially at low frequencies (Stanley, Bardakjian et al. 2011). 

2.1.3	  Simulating	  neurons	  and	  stochastic	  action	  potentials	  
 

In computational neuroscience, the cell membrane of a neuron is considered as an electrical circuit 

where important cellular components are analogous to electrical elements (Figure 2.3 A, B) 

(Hodgkin and Huxley 1952). The main component in the circuit is the somatic membrane itself that 

is compared to a capacitor (due to its phospho-lipid bilayer) that stores ionic charge (arising from 

the ions passing through ion channels in the membrane) as the electrical voltage across the 

membrane. Since ion channels are embedded across the membrane, they are considered as resistors 

in parallel to one another. In the resting state, the neuronal membrane naturally creates a potential 

difference across itself due to the charge separation resulting from differences in the types of ions 

present inside and outside the neuron. At rest, the inside of the neuron is more negative than the 

outside, which creates a concentration gradient. Movement of charge across this concentration 

gradient in turn results in an electromotive force in the opposite direction until the two forces 

balance each other to reach the Nernst or equilibrium potential for that ion. The battery in series 

with the resistors in the membrane equivalent circuit represents this potential. 
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Figure	  2.3:	  Modelling	  ion	  channels	  

A.	   The	   phospho-‐lipid	   bilayer	   of	   the	   neuronal	   membrane	   with	   ion	   channels	   spanning	   across	   it.	  

There	  is	  a	  difference	  in	  the	  charge	  of	  ions	  found	  on	  either	  side	  of	  the	  membrane	  at	  rest	  that	  gives	  

rise	  to	  the	  concentration	  gradient	  across	  the	  membrane.	  Movement	  of	  ions	  through	  selective	  ion	  

channels	   leads	   to	   an	   electromotive	   force	   in	   the	   opposite	   direction.	  B.	   The	   equivalent	   electrical	  

circuit	   for	   the	  membrane	   schematic	   shown	   in	  A.	   The	   lipid	   bilayer	   is	   the	  membrane	   capacitance	  

while	  all	  the	  ion	  channels	  are	  thought	  of	  as	  resistors	  in	  parallel	  to	  each	  other	  along	  the	  membrane.	  

The	   reversal	   potentials	   are	   represented	   as	   the	   battery.	   VM	   is	   the	  membrane	   voltage;	   CM	   is	   the	  

membrane	  capacitance;	  Iion	  stands	  for	  the	  current	  passing	  through	  the	  respective	  ion	  channel;	  Eion	  

is	  the	  reversal	  potential	  for	  that	  ion;	  Ca	  is	  the	  intra-‐cellular	  calcium	  concentration.	  
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Therefore from Ohm’s law, current through each of the ion channels can be calculated from the 

equation  

Iion = gion (Vm – Eion),                                           (1) 

where gion is the instantaneous ion channel conductance, Vm is the membrane voltage and Eion is the 

reversal potential for that ion. 

 

In the case of stochastic ion channel gating, gion is the product of maximal ionic membrane 

conductance 𝑔ion and pioni(Vm), the voltage-dependent probability of a single channel being open,  

gion = 𝑔ion pioni(Vm),                                              (2) 

where 𝑔ion is the product of single channel conductance γi and ρi, the number of channels in unit 

membrane area or channel density. Therefore we can write 

gion = γi ρi pioni(Vm)                                                (3) 

Stochasticity in ion channel gating can be modeled mathematically as a continuous time Markov 

chain. The probability pioni(Vm) that an ion channel is open is a product of the individual 

probabilities that each gate of the channel is in the bound or activated state in a Markovian gating 

scheme because each gate is considered independent of each other. If qj is the probability that a 

single gating particle j is in the bound state then, 

pioni(Vm) = qj(Vm)l                                                  (4) 

where l is the number of gates of type j. qj is governed by linear differential equation of the form: 

qj = αj(Vm)(1- qj) - βj(Vm) qj                                                  (5) 

where α and β are rate functions that describe the rate of change of qj. For each Hodgkin-Huxley 

(HH) sodium channel, pNai is m3h and for each delayed rectifier potassium channel pKdri is n4. 

Deterministic currents on the other hand have the general form 

Iion = 𝑔ion ak bl (Vm – Eion),                                      (6) 
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where Iion is the current flowing through the channel, 𝑔ion is the total maximal ionic conductance, ak 

and bl are activation and inactivation variables raised to the number of gates for that ion channel 

respectively, Vm is membrane voltage and  Eion is the reversal potential for that ion.  

	  

2.1.4	  The	  dopamine	  neuron	  model	  
 

Neurons can be broadly divided into three morphologically and functionally distinct regions: the 

cell body or soma, the dendritic tree, and the axon. While it is important and might seem practical to 

take into consideration the full morphology of a neuron to precisely reproduce its physiology in 

silico, modelling only the soma can be sufficient, as a first step, in cases like ours where there is 

enough evidence to suggest that the soma contains all the ion channels necessary to produce the 

electrophysiological features of interest; i.e even a dissociated preparation containing only the soma 

is capable of spontaneous single spike firing (Silva, Pechura et al. 1990; Amini, Clark et al. 1999; 

Puopolo, Raviola et al. 2007; Kuznetsova, Huertas et al. 2010). Because we were investigating ionic 

conductances underlying regulation of firing precision in midbrain dopamine neurons, we have used 

the HH formalism to simulate ion channel dynamics. In particular, our hypothesis (Hypothesis 1, 

Section 1.3.1) required that we model conductances as individual ion channels that are independent 

stochastic entities capable of existing in many voltage-dependent states like open, inactivated, and 

closed, instead of simulating the average gating behaviour of each conductance as is usually seen in 

deterministic neuronal models (Amini, Clark et al. 1999; Canavier and Landry 2006; Canavier, 

Oprisan et al. 2007; Kuznetsova, Huertas et al. 2010; Drion, Massotte et al. 2011). 

 

2.1.5	  Voltage-‐gated	  ion	  channels	  and	  their	  roles	  in	  dopamine	  neuron	  electrophysiology	  
 

Before going into the details of the model, it is useful to have an understanding of the variety and 

functions of ion channels that are found in midbrain dopamine neurons. A number of voltage and 
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ligand gated ion channels, each having a unique role in shaping the action potential and spike train 

dynamics have been reported in midbrain dopamine neurons. Several experimental studies have 

revealed that a large repertoire of voltage-gated ion channels is found in dopamine neurons and 

those relevant to my model are reviewed here, followed by a more detailed review of SK channels 

and their role in dopamine neuron physiology. Although I provide here a brief overview of many of 

these channels, for my work I chose to include only those ion channels that are directly involved in 

generating and maintaining the spontaneous and regular firing pattern observed experimentally to. 

This enabled me to keep my model simple and answer specifically the questions of interest.  

 

Depolarising currents 

Depolarising currents are essential to drive the neuron to action potential threshold and generate the 

spike itself. Dopamine neurons express both the tetradotoxin (TTX) sensitive, fast inactivating 

sodium channels as well as TTX-insensitive persistent sodium channels (Grace 1990; Puopolo, 

Raviola et al. 2007; Khaliq and Bean 2010). While the fast sodium current plays a major role in 

action potential initiation and propagation (Grace 1990), the background sodium currents contribute 

to the slow depolarisation that drives the neuron to action potential threshold in a subset of midbrain 

dopamine neurons, especially in the VTA (Grace and Onn 1989; Puopolo, Raviola et al. 2007; 

Khaliq and Bean 2010).  

 

A number of voltage-gated calcium channels have been identified in midbrain dopamine neurons 

including high-voltage activated L-type, N-type, P-type channels (Cardozo and Bean 1995; 

Durante, Cardenas et al. 2004; Guzman, Sanchez-Padilla et al. 2010), and low-voltage activated T-

type channels (Wolfart and Roeper 2002; Cui, Okamoto et al. 2004). Calcium channels play a 

crucial role in dopamine neuron physiology, not only as an important source of intra-cellular 

calcium ([Ca2+]
i), but also by actively contributing to the shape of the action potential (Yung, 
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Hausser et al. 1991; Kang and Kitai 1993). Calcium currents are also believed to underlie the 

rhythmic sub-threshold membrane oscillations (in the presence of TTX) observed in some 

dopaminergic neurons of the SNc that is thought to drive pacemaking (Llinas, Greenfield et al. 

1984; Kang and Kitai 1993; Mercuri, Bonci et al. 1994).  

 

L-type calcium currents provide the depolarising drive to these membrane oscillations and in 

particular, their voltage-dependence supports pacemaker-like spontaneous firing in SNc dopamine 

neurons (Nedergaard, Flatman et al. 1993; Mercuri, Bonci et al. 1994; Amini, Clark et al. 1999; 

Puopolo, Raviola et al. 2007; Guzman, Sanchez-Padilla et al. 2009). While they are not thought to 

be essential for autonomous firing, in some of these neurons, blocking L-type channels abolishes 

spontaneous firing (Nedergaard, Flatman et al. 1993). L-type channels also provide the bulk of 

accumulation of [Ca2+]
i (Durante, Cardenas et al. 2004) that in turn activates SK channels (Wilson 

and Callaway 2000) which in turn hyperpolarises the neuronal membrane and standardises the time 

to next action potential, thus contributing to pacemaker-like firing, but see (Putzier, Kullmann et al. 

2009).  

 

The hyperpolarisation-activated cyclic nucleotide gated current (Ih) is known to underlie 

spontaneous firing in cardiac and some neuronal cells (Luthi and McCormick 1998; Robinson and 

Siegelbaum 2003) because of its sub-threshold activation to provide an excitatory inward drive 

towards action potential threshold. However, in dopamine neurons, the role of Ih in spontaneous 

firing is limited. Only in a subset of SNc dopamine neurons that are calbindin negative, Ih is 

involved in regulating spontaneous firing, where an inhibition of Ih reduces firing frequency 

(Neuhoff, Neu et al. 2002). Some depolarising currents are particularly active during high frequency 

firing. For example, additional depolarisation resulting from non-selective cations entering through 

transient receptor potential (TRP) channels that are activated by the rise in intracellular calcium due 



	   45	  

to calcium entry through NMDAR activation is believed to give a boost to burst firing (Mrejeru, 

Wei et al. 2011) in these neurons. 

 

Hyperpolarising currents 

Many types of voltage-gated potassium channels have been described in midbrain dopamine 

neurons including the tetra-ethyl-ammonium (TEA) sensitive delayed-rectifier (Kdr)-like slow and 

non-inactivating potassium current (Grace 1990; Silva, Pechura et al. 1990), and the 4-

aminopyridine (4-AP) sensitive A-type fast activating, slowly inactivating potassium current (Silva, 

Pechura et al. 1990; Koyama and Appel 2006; Khaliq and Bean 2008). Kdr is mainly responsible for 

repolarising the action potential while the A-type current provides a sub-threshold hyper-polarising 

drive to delay the subsequent depolarisation of the neuron to reach the next action potential 

threshold (Bunney 2000), thus regulating the firing frequency (Silva, Pechura et al. 1990; Chiodo 

and Kapatos 1992; Khaliq and Bean 2008). It has also been hypothesised that the A-type current 

also regulates the height and width of the action potential itself (Segev and Korngreen 2007).  

 

Several other types of potassium channels have recently been described in dopamine neurons and 

more importantly been associated with modulating burst firing. The M-type voltage-gated 

potassium channel (Hansen, Ebbesen et al. 2006) preferentially regulates burst firing by activating 

only during the prolonged plateau potential that is typically believed to underlie a burst and 

modulates the number of short ISIs within the burst (Drion, Bonjean et al. 2010). ATP-sensitive 

potassium channels are widely expressed in midbrain dopamine neurons and their role in burst 

firing appears to be population-specific; in medial-SNc dopamine neurons they are burst-promoting 

when co-activated with NMDARs (Schiemann, Schlaudraff et al. 2012). ERG (ether-a-go-go related 

gene) potassium channels seem to terminate bursts in dopamine neurons and limit cessation of 
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firing by depolarisation block (Canavier, Oprisan et al. 2007; Ji, Tucker et al. 2012) by repolarising 

the plateaux potentials.  

 

While a number of these ion channels play important roles in shaping the firing properties of 

midbrain dopamine neurons, I have chosen only a few of them most relevant to my study to be 

included in my model. My model includes the fast sodium and delayed rectifier potassium channels 

owing to their roles in generating and maintaining the action potential. While the A-type potassium 

channel regulates firing frequency, the L-type calcium channel provides the necessary calcium 

influx to activate the SK channel. In my view, these ion channels are sufficient to reproduce key 

electrophysiological properties of midbrain dopamine neurons, and specifically allows me to create 

a simple reduced model to easily test my hypotheses outlined in Chapter 1. 
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2.2	  Methods	  

2.2.1	  The	  stochastic	  dopamine	  neuron	  model	  
 

I developed a hybrid biophysical dopamine neuron model driven by a combination of stochastic and 

deterministic ion channels. A single spherical compartment of diameter 10µm and capacitance 

1µF/cm2 represents the dopamine neuron soma and holds some of the ionic conductances known to 

be present in midbrain dopamine neurons (Figure 2.4 A) and more importantly those that are 

sufficient to reproduce the basic electrophysiological features associated with these neurons as 

described in detail Section 2.1.5. The model follows HH formalism (Hodgkin and Huxley 1952) 

that considers the neuronal membrane as an electrical circuit where ionic conductances are in 

parallel with the membrane capacitance representing the phospholipid bilayer of the neuronal 

membrane (Figure 2.4 B). The membrane is considered as an iso-potential patch with ion channels 

distributed uniformly across the membrane. Ion channel activation-inactivation parameters have 

been adapted from existing deterministic models and modified to fit the dynamics of our model 

(See section 2.4.2 for equations describing the rate functions for all the ion channels included in our 

model). While most of the ion channels in the model are deterministic (i.e., their gating describes 

the behaviour of a population of ion channels as a single lumped conductance), each individual fast 

sodium and delayed rectifier potassium channel in our model has been described as a stochastic 

Markov process (Hille 1992). This means that each sodium and potassium channel can be in one of 

many states such as open, closed, inactivated, the transitions between which are determined by 

associated voltage-dependent probability rate functions (Faisal 2013). This gives rise to Markovian 

gating schemes like the 8-state scheme for a sodium channel and 5-state scheme for a potassium 

channel (Figure 2.5 A&B). In the case of the sodium channel, the transition rate from the third 

closed state to the open state is αm, the inverse transition has a rate 3βm, and the transition away 

from the open state would have rate 3βm + βh (Figure 2.5 A). The stochastic channel gating is 

modelled using continuous-time, discreet-state Markov chains, implemented using the Binomial 
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algorithm (Faisal et al, 2009). There are many algorithms that have been used to implement ion 

channel stochasticity, broadly classed as synchronous or asynchronous. Synchronous algorithms 

such as the Langevin for example, update the model’s state at a common time interval. It makes a 

stochastic approximation of the underlying gating Markovian scheme in terms of channel kinetics 

reduced to Focker-Planck-type equations, adding a Gaussian noise term to the deterministic ODE 

that solves the transition rate. However, the white noise term does not capture all the properties of 

channel noise. Moreover the continuous approximation of conductance by the algorithm breaks 

down due to the discrete nature of the ion channel states.  

 

The single channel and binomial algorithms on the other hand model each channel separately, 

accounting for the transition probabilities of each channel to transit from one state to another during 

a fixed time step. The binomial algorithm that is used in my model assumes that ion channels of the 

same type belong to a binomial population and a binomially distributed number of channels 

transition from one state to another at a given time. This means that a single binomially distributed 

random number determines how many channels switch state at each iteration of the simulation. The 

binomial algorithm is faster than the single channel algorithm due to the fewer random numbers 

involved. 

 

The Gillespie algorithm is one of the most commonly used asynchronous algorithms where channel 

kinetics are described by Markov processes and the probability of time a channel spends in a 

particular state decreases exponentially with time. Two random numbers, one to determine when a 

particular state ends, and another to determine which transitions occur are used to determine the 

transition rates for all transitions in a single population of channels. 
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Figure	  2.4:	  Dopamine	  neuron	  model	  schematic	  and	  equivalent	  electrical	  circuit	  

A.	  The	  schematic	  is	  a	  single	  compartment	  representative	  of	  the	  dopaminergic	  soma	  consisting	  of	  

five	   ion	   channels	   namely,	  Na:	   sodium	  and	  K:	   delayed	   rectifier	   potassium,	   responsible	   for	   action	  

potential	   generation	   and	   repolarisation	   respectively;	   A:	   A-‐type	   potassium,	   responsible	   for	   firing	  

rate	  and	  spike	  rate	  adaptation;	  CaL:	  L-‐type	  calcium,	  that	  is	  the	  only	  source	  of	  calcium	  ions	  in	  the	  

model;	   SK:	   calcium-‐activated	   potassium,	   that	   regulates	   firing	   precision.	   B.	   Equivalent	   electrical	  

circuit	   for	   the	  model	   in	  A,	  where	  CM:	  membrane	  capacitance;	  E:	   reversal	  potential	   for	   respective	  

ion;	   I:	   current	   through	   respective	   channel.	   Note	   that	   the	   sodium	   and	   potassium	   channels	   have	  

been	  modelled	  as	  stochastic	  while	  the	  remaining	  ion	  channels	  are	  deterministic.	  
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Figure	  2.5:	  Markov	  gating	  schemes	  for	  sodium	  and	  delayed	  rectifier	  potassium	  channels	  

A.	   8-‐state	   Markov	   scheme	   for	   sodium	   channel	   gating.	   B.	   5-‐state	   Markov	   scheme	   for	   delayed	  

rectifier	  potassium	  channel.	  O:	  open	  state;	  I:	  inactivated	  state;	  C:	  closed	  state.	  a,	  b:	  rate	  functions;	  

m,	   n	   are	   activation	   variables	   for	   sodium	   and	   potassium	   channels	   respectively,	   while	   h	   is	   the	  

inactivation	  variable	  for	  the	  sodium	  channel. 
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Intracellular calcium dynamics are modelled as a single pool of calcium ions coming into the 

neuron through the opening of voltage-gated L-type calcium channels. Calcium ions are 

subsequently removed using a decay term that lumps together more complex phenomena like 

extrusion by pumps and intracellular buffering (Yamada 1989; Anwar, Hong et al. 2012). The 

activation of SK channel is modelled by assuming that calcium binds to the SK channel with 

Michaelis-Menton type kinetics with a Hill coefficient of 4 (Xia, Fakler et al. 1998). 

2.2.2	  Model	  parameters	  and	  rate	  functions	  	  
 

Model parameters 

The model parameters were initially adapted from existing computational models of dopamine 

neurons (Amini, Clark et al. 1999; Canavier and Landry 2006; Kuznetsova, Huertas et al. 2010) and 

subsequently modified to fit my model’s dynamics.  

	  
 Na Kdr KA CaL SK leak 

𝑔 
(mS/cm2) - - 4 5 5 0.3 

E 
(mV) 55 -72 -75 50 -75 -45 

	  
For stochastic sodium and potassium channels,  

Single sodium channel conductance, γNa = 12pS; 

Sodium channel density, ρNa = 3/µm2; 

Single potassium channel conductance, γKdr = 2pS; 

Potassium channel density, ρKdr = 2/µm2. 

The ion channel densities for the stochastic sodium and potassium channels that have been taken 

from the literature suggest that these relatively small densities combined with the small diameter of 

midbrain dopamine neurons would yield an overall small number of ion channels (less than 4000 
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sodium channels) for the patch of iso-potential membrane being simulated and promise the 

stochastic effects we expected. 

 

Rate functions 

Ion channel open and close primarily in a voltage-dependent manner and the pioneering work by 

Hodgkin and Huxley made it possible to model these ion channel dynamics using mathematical 

equations such as ones described here called rate functions. These equations describe how ion 

channels activate and inactivate with respect to membrane voltage thus allowing current to flow 

through them. The variables m, a and h, b represent the activation and inactivation variables 

respectively, and [Ca]I is the intracellular calcium level.  

 

Sodium channel - INa 

αm = -0.1(Vm+35-5.3)/(exp(-(Vm +35-5.3)/10)-1) 

αh = 0.07 (exp(-(Vm + 60 - 12)/20)) 

βm = 4 (exp(-(Vm +60-5.3)/18)) 

βh = 1 / (1+exp(-(Vm +30-12)/10)) 

Delayed rectifier potassium channel - IKdr 

αn = -0.01  (Vm +50-4.3)/(exp(-(Vm + 50 - 4.3)/10)-1) 

βn = 0.125 (exp(- (Vm + 60 - 4.3)/80)) 

A-type potassium current - IA 

IA = 𝑔A a4 b (V − EA) 

𝑎! = 1 / (1 + exp((60- Vm -42)/15)); 𝜏! = 10 

𝑏! = 1 / (1 + exp(-(Vm +43)/20)); 𝜏!  = 2 * exp(-pow((Vm +50),2)/50) + 1.1 
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L-type calcium current - ICaL  

ICaL  = 𝑔CaL aCaL (V − ECaL) 

𝑎! = 1 / (1 + exp((-Vm +55)/5)); 𝜏! = 18 * exp(-pow((Vm +45),2)/625) + 1.5 

 

Calcium-activated potassium current - ISK 

ISK  = 𝑔SK aSK (V – ESK) 

aSK = [Ca]i
 4 / [Ca]i

 4 + 0.24 

where [Ca]i is intracellular calcium concentration governed by the equation 

d[Ca]i / dt = (-ICaL / 2Fv) – β [Ca]i 

where F is Faraday constant, v is volume of the soma and β is the time constant of [Ca]i extrusion. 

Background leak - IL 

IL  = 𝑔L(V – EL) 

The above is a description of the model used in both the projects for this thesis. Where there were 

modifications made to the ion channel currents, this is mentioned in the Methods section of the 

respective chapters, as also are details of spike train and action potential analyses. 

2.2.3	  Calibration	  of	  in	  silico	  ion	  channel	  currents	  
 

We calibrated our model by simulating current approximations to voltage-clamp data obtained from 

published dopamine neuron literature (Silva, Pechura et al. 1990; Durante, Cardenas et al. 2004; 

Seutin and Engel 2010) for all of the ion channels included in our model. When recording simulated 

currents from an individual ion channel type, the maximum conductance of all the remaining 

channels was set to 0, including leak, so that the current responses represented leak-subtracted 

values as is normally done in experiments. Voltage clamp protocols were adapted from existing 

published studies characterising ion channels expressed in midbrain dopamine neurons either in 

SNc or VTA.	   	  
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2.3	  Results	  

2.3.1	  Spontaneous	  spike	  train	  characteristics	  and	  response	  to	  simulated	  pharmacological	  
manipulations	  
 

Our stochastic model dopamine neuron fires at a slow spontaneous rate of 3.6 Hz with variability in 

ISI (Figure 2.6 A (left)), that closely resembles some of the average values reported experimentally 

(3.1 ± 0.9 Hz (Shepard and Bunney 1988), 3.7 ± 0.67 Hz (Brischoux, Chakraborty et al. 2009), 3.43 

± 0.25 Hz (McCutcheon, Conrad et al. 2012), 4.5 ± 1.7 Hz (Grace and Bunney 1984) and within the 

range 1 – 8 Hz (Grace and Bunney 1983). The CV of ISI is 0.13 (Figure 2.6 A (right)), which also 

falls within ranges reported in experiments for dopamine neurons showing a ‘regular’ firing pattern 

for example, 0.01 – 0.02 (Tateno 2010), 0.06 and 0.18 (Wolfart, Neuhoff et al. 2001), 0.13 (Herrik, 

Christophersen et al. 2010). This also demonstrates that adding stochasticity to sodium and delayed 

rectifier potassium channels is sufficient to produce a physiologically realistic spike train as 

compared to the deterministic version of the model that does not give rise to variability in ISI 

(Figure 2.6 B). Action potentials are broad with a half-maximal width of 2.4ms (2.7 ± 0.5 ms 

(Grace and Onn 1989); 1.74 ± 0.7 ms to 2.71 ± 0.19 ms (Margolis, Mitchell et al. 2008) and are 

characterised by a slowly rising depolarisation preceding the action potential followed by a 

prolonged AHP (Figure 2.6 B). An average action potential obtained from the simulations is 

compared to those obtained from experiments in Figure 2.6 C. 

 
Slow and regular firing rate and broad action potentials are considered hallmark 

electrophysiological properties that are used to identify putative dopamine neurons in the midbrain 

(Sanghera, Trulson et al. 1984; Silva and Bunney 1988; Grace and Onn 1989; Margolis, Lock et al. 

2006; Ungless and Grace 2012) and since our model reproduces these features, we can infer that the 

model captures ion channel dynamics underlying these features of firing. I next wanted to test if my 

model dopamine neuron responds to simulated pharmacological manipulations in a manner similar 
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to those seen in experiments in order to further demonstrate that the model is a good representation 

of an average midbrain dopamine neuron. 
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Figure	  2.6:	  Spontaneous	  spike	  train	  and	  action	  potential	  characteristics	  obtained	  from	  
simulations	  

A.	   Spontaneous	   spike	   train	   produced	   by	   the	   stochastic	   model.	   The	   in	   silico	   dopamine	  

neuron	   fires	  at	  a	  pacemaker	   rate	  of	  3.6Hz	  and	  CV	  of	   ISI	  equal	   to	  0.13.	  The	  spike	   train	   is	  

characterised	  by	  slow	  depolarisation	  leading	  to	  the	  spike,	  followed	  by	  a	  pronounced	  AHP.	  

B.	   Spontaneous	   spike	   train	   produced	   by	   the	   deterministic	   version	   of	   the	   same	   model	  

demonstrating	  a	  lack	  of	  variability	  in	  ISI.	  C.	  Average	  action	  potential	  waveforms	  obtained	  

from	  the	  model	  superimposed	  with	  those	  obtained	  from	  the	  SNc	  and	  VTA.	  (Experimental	  

waveforms	  adapted	  from	  (Ungless	  and	  Grace	  2012).	  The	  average	  waveforms	  are	  alligned	  

at	  the	  point	  of	  maximum	  rate	  of	  rise.	  

	   	  



	   58	  

2.3.2	  Ion	  channel	  currents	  regulating	  the	  characteristics	  of	  spontaneous	  firing	  	  
 
The A-type potassium channel controls spontaneous firing frequency 
 
A-type potassium channels have been shown to regulate firing frequency by opposing the 

depolarising current during an ISI in order to delay the subsequent action potential (Connor and 

Stevens 1971). They are also involved in regulating action potential duration (Zhang and McBain 

1995) and latency to first action potential after recovery from membrane hyperpolarisation (Shibata, 

Nakahira et al. 2000; Koyama and Appel 2006). Midbrain dopamine neurons also express A-type 

transient potassium currents (Silva, Pechura et al. 1990; Liss, Franz et al. 2001; Koyama and Appel 

2006) and have been associated with regulation of pacemaker firing frequency (Liss, Franz et al. 

2001; Hahn, Tse et al. 2003). Simulating an inhibition of A-type potassium channels in the model 

neuron by reducing its maximal conductance by 50% from 4mS/cm2 to 2mS/cm2 the firing 

frequency increased by 1.8-fold from 3.6 Hz (Figure 2.7 A (left)) in control to 5.4 Hz (Figure 2.7 B 

(left)).  While this is similar to some of the reported values (Kuznetsova, Huertas et al. 2010) it is in 

contrast to a nearly three-fold increase observed in (Liss, Franz et al. 2001). The increase in firing 

rate did not affect the firing regularity as seen in Figure 2.7 B (right), compared to control (Figure 

2.7 A (right)). 

 

4-AP induced inhibition of A-type potassium channels causes a hyperpolarisation in action potential 

threshold (Grace and Bunney 1983). This could be due to the rapid increase in rate of rise of 

membrane potential due to lack of any opposing currents. However, we did not observe such a 

change in spike threshold with a simulated inhibition of this fast potassium channel.  
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Figure	  2.7:	  Effects	  of	  simulated	  inhibition	  of	  ion	  channels	  regulating	  spontaneous	  firing	  in	  the	  
model	  dopamine	  neuron	  

A.	  Under	  control	   conditions	   the	   in	   silico	  neuron	   fires	   spontaneously	  at	  a	   rate	  of	  3.6	  Hz	   (left).	  B.	  

When	  the	  maximal	  conductance	  of	  A-‐type	  potassium	  channels	  is	  reduced	  by	  50%	  from	  4mS/cm2	  to	  

2mS/cm2	  we	  observed	  a	  1.8%	  increase	  in	  firing	  rate.	  As	  we	  can	  see	  from	  the	  ISI	  histogram,	  there	  

was	  no	  change	   in	   the	  CV	  of	   ISI	   (right),	   indicating	   that	  A-‐type	  channels	  are	   involved	   in	   regulating	  

firing	  rate	  and	  not	  firing	  regularity.	  C.	  When	  the	  L-‐type	  calcium	  channel	  was	  inhibited	  by	  reducing	  

the	   maximal	   conductance	   from	   15mS/cm2	   to	   5mS/cm2	   there	   was	   a	   marked	   decrease	   in	   firing	  

regularity	   as	   can	   be	   seen	   from	   the	   spike	   (left)	   train	   and	   the	   ISI	   histogram	   (right).	   The	   CV	   of	   ISI	  

increased	  from	  0.13	  to	  0.35,	  which	  is	  a	  similar	  increase	  observed	  during	  SK	  channel	  inhibition.	  D.	  

Simulating	  a	  sodium	  channel	  block	  results	   in	  cessassion	  of	   firing	   indicating	  that	  sodium	  channels	  

are	  essential	  for	  spike	  production.	  	  
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Inhibiting L-type calcium channels decreases firing regularity 

Midbrain dopamine neurons especially in the SNc fire single spikes in a regular manner. One of the 

mechanisms underlying this regular firing is a sub-threshold oscillatory potential, depolarised by L-

type calcium channel current and repolarised by SK channel current (Amini, Clark et al. 1999; 

Drion, Massotte et al. 2011) and blocking L-type calcium channels results in the abolishment of 

spontaneous firing (Nedergaard, Flatman et al. 1993; Mercuri, Bonci et al. 1994). However, some 

studies have also shown that such a pacemaker-like firing can continue even in the absence of L-

type calcium channel current with co-operation from other ion channel types (Guzman, Sanchez-

Padilla et al. 2009; Drion, Massotte et al. 2011) suggesting that L-type channels are not essential for 

spontaneous firing. 

 

In my model neuron, inhibition of the L-type calcium channel results in a decrease in firing 

regularity (Figure 2.7 C (left)), similar to the decrease in firing regularity observed with inhibition 

of SK channels. This is because L-type calcium channels are the only source of intracellular 

calcium used to activate SK channels in our model neuron (Figure 3.4 C). Reducing the maximal 

conductance of the L-type calcium channel from 15mS/cm2 to 5mS/cm2 results in an increase in CV 

of ISI to 0.35 (Figure 2.7 C (right)) from 0.13 in control (Figure 2.7 A (right)). 

 

Sodium channel inhibition abolishes spontaneous firing 

Sodium channels are essential for spike production in midbrain dopamine neurons (Bunney 2000; 

Puopolo, Raviola et al. 2007). In agreement with this, our in slico neuron stops firing and the 

membrane potential rests at -45mV when the sodium channel conductance is reduced to zero 

(Figure 2.7 D) simulating a sodium channel block in TTX (tetrodoxin, a selective sodium channel 

blocker). While some dopamine neurons especially in the SNc continue to oscillate at a sub-
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threshold level after sodium channel inhibition in TTX, not all dopamine neurons exhibit this 

oscillatory behaviour, especially in the VTA.  
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2.4	  Discussion	  

	  
My simulation results suggest that the stochastic dopamine neuron model produces 

electrophysiological features commonly associated with midbrain dopamine neurons and responds 

well to simulated pharmacological manipulations thereby reinforcing that the model captures 

underlying ion channel dynamics in accordance with those reported in experiments. The 

spontaneous firing properties, such as the firing rate and more importantly the firing regularity, 

associated with the model dopamine neuron, agree well with experimental values suggesting that 

adding stochasticity to sodium and delayed rectifier potassium channels alone is sufficient to 

capture the physiological variability present in these neurons. 

 

While majority of the results from the pharmacological manipulations that I simulated agreed well 

with experimental results and reinforced that the ion channels driving the model were calibrated 

well, inhibition of the L-type calcium channel conductance produced decreased firing regularity in 

the model that has not been reported often in experiments, except see (Nedergaard, Flatman et al. 

1993). While L-type calcium channels provide the bulk of intracellular calcium in dopamine 

neurons (Durante, Cardenas et al. 2004), and are associated with SK channel activation 

(Nedergaard, Flatman et al. 1993), many other types of calcium channels also serve as a source of 

intracellular calcium (Wolfart and Roeper 2002; Durante, Cardenas et al. 2004) that is used in turn 

by calcium-dependent SK channels for their activation. Therefore when one type of calcium 

channel is inhibited there may be other calcium channels that compensate for the loss in 

intracellular calcium and therefore SK channels would still be activated to provide the 

hyperpolarisation after a spike to regulate firing precision. For example, T-type calcium channels 

have also been shown to be functionally coupled to SK channels (Wolfart and Roeper 2002). 

Because in my model, I only included the L-type calcium channel as the primary source of 
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intracellular calcium that activates SK channels, it is intuitive to see a decrease in firing regularity 

with its inhibition. 

 

Having calibrated and tested my model, I next wanted to test and analyse whether and more 

importantly how SK channel inhibition results in a decrease in firing regularity in midbrain 

dopamine neurons. 	   	  
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Chapter	  3 SK	  channels	  control	  firing	  precision	  in	  midbrain	  dopamine	  
neurons	  by	  regulating	  the	  availability	  of	  sodium	  and	  potassium	  channels	  
 

3.1	  Introduction	  

3.1.1	  Calcium-‐activated	  potassium	  channels	  and	  their	  role	  in	  dopamine	  neuron	  firing	  
 

One of the important downstream effects of action potential-mediated calcium influx is activation 

of calcium-sensitive ion channels, in particular potassium channels (Sah 1992). Two main subtypes 

based on their molecular and electrophysiological properties have been identified (Sah 1996). The 

big-conductance (BK) channels have a single channel conductance of 100–200 pS and are both 

voltage- and calcium-gated and contribute to the repolarisation of the action potential and the initial, 

fast component of the AHP (fAHP) (Storm 1987; Sah 1996; Faber and Sah 2003). In contrast, small 

conductance (SK) channels have a unitary conductance of 10-20 pS and are purely activated by an 

increase in [Ca2+]i
 (Sah 1996) and underlie the medium AHP (mAHP). SK channels are selectively 

blocked by the bee venom apamin (Hugues, Romey et al. 1982). SK channels have been described 

in many central neurons including midbrain dopamine neurons (Shepard and Bunney 1991; Seutin, 

Johnson et al. 1993; Ping and Shepard 1996; Tateno 2010), hippocampal pyramidal neurons 

(Stocker, Krause et al. 1999), cerebellar Pukinje neurons (Womack and Khodakhah 2003), 

suthalamic nucleus (Hallworth, Wilson et al. 2003), and globus pallidus neurons (Deister, Chan et 

al. 2009) to name a few.   

 

Midbrain dopamine neurons have a pronounced AHP that is mediated by the SK current and fire in 

a regular spontaneous manner (Shepard and Bunney 1991; Seutin, Johnson et al. 1993; Ping and 

Shepard 1996; Tateno 2010). The observation that dopamine neurons in brain slices in vitro (in the 

absence of any synaptic inputs) fire single spikes in a pacemaker like manner (Figure 3.1 A (left)) 

(Silva, Pechura et al. 1990; Hainsworth, Roper et al. 1991) indicates that maintaining firing 
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regularity is an intrinsic property of these neurons. However in the presence of negative modulators 

of SK channels like apamin in vitro, and in vivo, a significant decrease in firing regularity is 

observed (Figure 3.1 B (left), C), as measured by an increase in CV of ISI (Figure 3.1 A, B (right)). 

This is sometimes accompanied by an increase in burst firing both in vivo (Figure 3.1 C (right)) and 

in vitro, although often only in the presence of excitatory inputs (Shepard and Bunney 1988; 

Shepard and Bunney 1991; Gu, Blatz et al. 1992; Nedergaard and Greenfield 1992; Seutin, Johnson 

et al. 1993; Nedergaard 1999; Waroux, Massotte et al. 2005; Herrik, Christophersen et al. 2010). 

This is primarily due to a significant decrease in the SK channel mediated AHP (Figure 3.1 D). The 

fact that VTA dopamine neurons fire more spikes in bursts when compared to SNc dopamine 

neurons has also been attributed to a lower expression of the SK channel protein in VTA dopamine 

neurons (Wolfart, Neuhoff et al. 2001) suggesting that SK channels are important for firing 

regularity. 

 

Although there is experimental evidence that a pharmacological block of SK channels results in a 

decrease in firing precision in midbrain dopamine neurons (Shepard and Bunney 1988; Ping and 

Shepard 1996; Waroux, Massotte et al. 2005; Deignan, Lujan et al. 2012), none of these studies 

predict how SK channels might mediate this effect. Understanding the ionic basis of firing 

regularity is important as decrease in firing regularity, as a result of SK channel hypofunction, has 

been linked to decreased motor co-ordination in an ataxia mouse model (Walter, Alvina et al. 2006). 

More importantly, in dopamine neurons in the SNc and the VTA, decreased firing regularity along 

with the often associated shift in firing pattern from single spiking to burst firing have been 

observed in rodent models of PD and schizophrenia (Bishop, Chakraborty et al. 2010; Schiemann, 

Schlaudraff et al. 2012; Krabbe, Duda et al. 2015). In particular, SK channel dysfunction has been 

observed in a genetic model of PD where by a significant decrease in firing regularity and increase 
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in burst firing accompanied by a reduction in SK channel mediated AHP, indicating that SK 

channel function is vital for the healthy firing activity of dopamine neurons (Bishop et al. 2010).  
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Figure	  3.1:	  SK	  channels	  control	  firing	  precision	  in	  physiological	  midbrain	  dopamine	  neurons	  

A.	  Baseline	  firing	  pattern	   in	  an	  example	  dopamine	  neuron	  from	  the	  SNc	  that	  fires	  regular	  action	  

potentials	   (left)	   with	   low	   CV	   of	   ISI	   (right).	   B.	   However	   the	   firing	   regularity	   is	   decreased	   in	   the	  

presence	   of	   apamin	   (left)	   thus	   increasing	   the	   CV	   of	   ISI	   (right).	  C.	   Sometimes	   a	   change	   in	   firing	  

pattern	   from	   single	   spike	   firing	   to	   burst	   firing	   is	   also	   observed	  when	   SK	   channels	   are	   inhibited,	  

especially	   in	  vivo.	  D.	  These	  effects	  of	  SK	  channel	  block	  are	  primarily	  due	  to	  the	  reduction	  of	   the	  

AHP	   that	   is	  mediated	   by	   the	   potassium	   current	   flowing	   through	   SK	   channels.	   Figures	  A,	   B	   have	  

been	   adapted	   from	   (Wolfart,	   Neuhoff	   et	   al.	   2001)	   and	   Figures	   C,	   D	   have	   been	   adapted	   from	  

(Seutin,	  Johnson	  et	  al.	  1993). 	  
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 Many computational and dynamic clamp studies have also indicated that SK channels regulate 

pacemaker-like firing in deterministic models of dopamine neurons, with special emphasis on their 

role in repolarising the SOP that is thought to underlie pacemaking and/or to uncover why SK 

channel block facilitates a transition to burst firing (Li, Bertram et al. 1996; Amini, Clark et al. 

1999; Canavier and Landry 2006; Guzman, Sanchez-Padilla et al. 2009; Kuznetsova, Huertas et al. 

2010; Tateno 2010; Oster and Gutkin 2011). While one computational study did demonstrate the 

effect of a decrease in firing regularity with a simulated block of SK channels, this model 

introduced variability in ISI using a noisy external current injection representative of synaptic 

inputs (Drion, Massotte et al. 2011). Their model did not account for the intrinsic ion channel noise 

that we hypothesise is important for firing regularity in dopamine neurons and moreover, studying 

the underlying mechanisms mediating this effect of SK channel block was not their primary topic of 

investigation. However another modelling study, using a stochastic leaky conductance, 

demonstrated that decreased availability of sub-threshold sodium and potassium channels during 

SK channel inhibition results in a decrease in firing regularity in globus pallidus neurons (Deister, 

Chan et al. 2009). This seems plausible and could be extended to dopamine neurons as well because 

the AHP mediated by the SK current provides the hyperpolarised voltage range needed for other 

voltage-gated ion channels, especially sodium channels to recover from inactivation. Then during 

the next depolarisation wave, these channels are available for activation and give rise to the next 

spike. Therefore when the AHP is absent during SK channel inhibition, we hypothesised that due to 

the stochasticity of ion channels, a variable number of sodium channels would be available for 

activation thus giving rise to an irregular spike train.  

3.1.2	  Hypothesis	  and	  Aim	  of	  the	  project	  
 

The post-spike AHP provided by the current through SK channels standardises the availability of 

other voltage-gated ion channels such as sodium and potassium channels in order to time each 
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action potential. With SK channel inhibition, reduced AHP results in a variable amount of sodium 

channels remaining in the inactivated state, due to ion channel stochasticity, thereby resulting in an 

irregular spike train. 

 

It is easier to have precise control over individual ion channels and simulate pharmacological 

effects in silico as against experimental settings and therefore our aim was to develop a biophysical 

stochastic model of a dopamine neuron to study the underlying mechanisms of SK channel block. 

Existing computational models have not been able to demonstrate and/or predict how SK channels 

might contribute to firing regularity because these models are deterministic in nature; i.e. they do 

not capture the stochastic gating of ion channels thereby not being able to simulate the different 

states an ion channel is capable of existing in. Deterministic models do not produce a 

physiologically realistic spike train without the addition of an external noisy synaptic input. 

Stochastic models not only produce spike trains with variability in ISI, but also simulate the 

probabilistic nature of ion channel gating to capture the different states that each ion channel can 

exist in.  
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3.2	  Methods	  
	  
To test our hypothesis I have used the hybrid computational model (as described in Chapter 2) of a 

dopamine neuron with stochasticity in the gating characteristics of sodium and potassium channels 

in order to evaluate how the SK channel mediated AHP controls the availability of individual ion 

channels in order to regulate firing regularity.	  

3.2.1	  Data	  analysis	  
 
Customised software was written in MATLAB (MATLAB and Statistics Toolbox Release 2012b, 

The MathWorks, Inc., Natick, Massachusetts, United States) for all spike train and action potential 

related analyses. Spike train histograms and CV of ISI were computed in the presence of SK 

channel current, (𝑔 = 5mS/cm2) and with SK channel inhibition (𝑔 = 0.5mS/cm2) in order to study 

the effects of a simulated block of SK channels. CV of ISI has historically been used as an effective 

measure of firing regularity (Abbott 2005) and is calculated as the standard deviation (SD) of ISI 

divided by the mean of ISI.  Action potential threshold was measured post-hoc as the voltage at 

which the third temporal derivative of membrane voltage reaches maximum (Sekerli, Del Negro et 

al. 2004) (Figure 3.3). This method of threshold calculation is more robust and precise compared to 

choosing a safe, yet arbitrary, value of membrane voltage that appears to be the threshold upon 

close visual inspection of spikes and/or phase-plane plots. All statistical analyses were performed 

on a spike train consisting of 100 consecutive spikes unless mentioned otherwise. Statistics was 

performed in GraphPad PRISM version 6, GraphPad Software, San Diego California USA, 

www.graphpad.com. Group means are presented as mean ± SEM and two group comparisons were 

performed using paired student’s t-test with probability level of p < 0.05 qualifying as statistically 

significant. 
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	  Figure	  3.2:	  Method	  for	  calculation	  of	  action	  potential	  threshold	  

Action	  potential	  threshold	  is	  calculated	  as	  the	  voltage	  corresponding	  to	  the	  maximum	  value	  of	  the	  

third	  derivative	  of	  the	  membrane	  potential.	  This	  method	  is	  more	  precise	  and	  robust	  compared	  to	  

an	   arbitrarily	   chosen	   value	   of	   dV/dt,	   voltage	   corresponding	   to	  which	   is	   considered	   as	   the	   spike	  

threshold.	  	  
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3.3	  Results	  
	  

We saw in Chapter 2 that my dopamine neuron model successfully reproduces electrophysiological 

features common to midbrain dopamine neurons. I next wanted to use this model to test our 

hypothesis and demonstrate how SK channel inhibition results in a decrease in firing regularity in 

midbrain dopamine neurons. 

3.3.1	  A	  simulated	  inhibition	  of	  SK	  channels	  decreases	  firing	  regularity	  and	  increases	  firing	  rate	  
 

While the model produces a spontaneous regular spike train (Figure 3.3 A (left)), a simulated 

inhibition of the SK channel (reducing SK conductance from 5mS/cm2 to 0.5mS/cm2) results in a 

significant decrease in firing regularity (Figure 3.3 B (left)). Decrease in firing regularity is apparent 

in the spike train as well as quantified by an increase in the CV of ISI to 0.32 (Figure 3.3 B (right)) 

from 0.13 (Figure 3.3 A (right)). This decrease in regularity is accompanied by a significant 

decrease in the amplitude of the AHP following the spikes (peak AHP: without SK channel 

inhibition = -60.31 ± 0.03 mV; with SK channel inhibition = -46.36 ± 0.06 mV, p < 0.05) (Figure 

3.3 C) as compared to control. This result indicates that the AHP provided by the SK current is 

crucial for maintaining the firing precision in these neurons.  

 

I also observed an increase in the firing rate after a simulated block of SK channels. The firing rate 

increases by ~36% from 3.6 Hz to 5.6 Hz (Figure 3.3 A, B (left)). This is in line with increase in 

firing rate seen with a pharmacological block of SK channels using apamin in several experiments 

(Shepard and Bunney 1991; Herrik, Christophersen et al. 2010; Deignan, Lujan et al. 2012). 

However it is not always the case (Shepard and Bunney 1988; Ji, Hougaard et al. 2009). The 

discrepancy in firing rate changes observed experimentally could be attributed to a differential 

expression of SK2 and SK3 subtypes (Deignan, Lujan et al. 2012). 	  
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Figure	  3.3:	  Simulated	  inhibition	  of	  SK	  channels	  decreases	  firing	  regularity	  and	  increases	  firing	  
rate	  

A.	   The	  model	  dopamine	  neuron	   fires	   spontaneously	  at	  a	   slow	  and	   rhythmic	   rate	  of	  3.6	  Hz	   (left)	  

with	  CV	  of	   ISI	  =	  0.13	  (right).	  B.	  Simulated	  SK	  channel	   inhibition	  results	   in	  a	  decrease	  in	  the	  firing	  

regularity	  (left)	  and	  the	  CV	  of	  ISI	  increases	  to	  0.32	  (right).	  C.	  This	  is	  accompanied	  by	  a	  decrease	  in	  

the	  AHP	  of	  the	  action	  potential	  (left),	  quantified	  by	  a	  significant	  decrease	  in	  peak	  AHP	  (right).	  Error	  

bars	  represent	  mean	  ±	  S.E.M,	  not	  visible	  due	  to	  small	  range.	   	  
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It is intuitive that SK channel inhibition would result in an increase in firing rate, as it is the most 

prominent current during the ISI that prevents depolarisation to next action potential. 

3.3.2	  SK	  channels	  determine	  action	  potential	  threshold	  and	  minimise	  its	  variability	  
 

A plot of membrane voltage against its rate of change (phase-plane plot) is another way of looking 

at membrane voltage dynamics that can shed light on channel availability and action potential 

threshold, which may not be easily deciphered from a spike train. I therefore wanted to compare the 

average phase-plane plot obtained from spontaneous firing with that produced after SK channel 

inhibition (Figure 3.4 A). Indeed the rate of rise in membrane voltage was also significantly reduced 

(Figure 3.4 B) with a simulated block of SK channel (maximum rate of rise: without SK channel 

inhibition = 0.49 ± 0.003 mV/ms; with SK channel inhibition = 0.43 ± 0.004 mV/ms, paired 

student’s t-test, p < 0.05), which is a strong indication of reduced availability of sodium channels. 

This also suggested that if indeed there were reduced sodium channels available during spiking, 

action potential threshold must also be depolarised. We therefore next analysed action potential 

threshold. 

 

I observed a depolarisation in the average threshold for action potential generation when SK 

channel is blocked in our model (Figure 3.5 A, B). The mean action potential threshold depolarises 

from -45.06 ± 0.08 mV to -43.83 ± 0.08 mV (p < 0.05, paired student’s t-test). A visual inspection 

of the thresholds as plotted on individual spikes (Figure 3.5 B) showed spike-to-spike variability 

and so I wanted to quantify this. The CV of spike threshold increases from 0.06 to 1.8. The effect of 

apamin on action potential threshold has not been reported in experiments in midbrain dopamine 

neurons and so this effect is also an important prediction of our model. 
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Figure	  3.4:	  SK	  channel	  inhibition	  causes	  a	  decrease	  in	  rate	  of	  change	  in	  membrane	  voltage	  

A.	   Phase-‐plane	   plot	   shows	   a	   clear	   reduction	   in	   rate	   of	   change	   in	   membrane	   voltage	   during	   a	  

simulated	   SK	   channel	   inhibition	   (red)	   compared	   to	   control	   (black).	   B.	   This	   is	   quantified	   by	   a	  

significant	  decrease	  in	  the	  maximum	  value	  of	  rate	  of	  rise	  of	  membrane	  voltage,	  which	  is	  indicative	  

of	  sodium	  channel	  unavailability.	  Error	  bars	  indicate	  mean	  ±	  S.E.M,	  not	  visible	  due	  to	  small	  range. 
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Figure	  3.5:	  Action	  potential	  threshold	  depolarises	  and	  becomes	  more	  variable	  with	  simulated	  SK	  
channel	  inhibition	  

A,	   B.	  When	   SK	   channels	   are	   inhibited	   in	   the	  model,	   action	   potential	   threshold	   depolarises	   and	  

becomes	   more	   variable	   (B)	   compared	   to	   control	   (A).	   The	   red	   and	   black	   dots	   indicate	   spike	  

threshold.	  C.	  Quantification	  of	  depolarisation	  in	  spike	  threshold	  as	  an	  effect	  of	  SK	  channel	  block	  in	  

the	  model.	  Error	  bars	  represent	  mean	  ±	  S.E.M.	  The	  dots	  are	  individual	  threshold	  values	  obtained	  

from	  the	  spikes.	  
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3.3.3	  SK	  channel	  inhibition	  causes	  insufficient	  recovery	  from	  inactivation	  of	  sodium	  channels	  
	  
Now that we had an indication of reduced sodium channel availability, we were able to investigate 

exactly how and why there was such a reduction in sodium channel availability because of the 

underlying Markov gating scheme used in my model for sodium channels. We therefore looked at 

the number of sodium channels in each of the open, closed, and inactivated states during the action 

potential (Figure 3.6 A (i)). I found that as the membrane remains hyperpolarised before the spike, a 

large number of sodium channels remain closed; as the membrane begins to depolarise, a number of 

sodium channels begin to open to fire the spike (Figure 3.6 A (ii), black, red). Once the spike begins 

to repolarise, the number of open channels returns to minimum, thereby increasing the number of 

channels moving into the inactivated state (iii). However, when SK channels are inhibited, the 

number of channels in the closed state is reduced (iv) and more variable in the AHP region as 

shown by the shaded region due to a large number of them failing to recover from inactivation (iii). 

Moreover, there is increased variability in the number of channels open during the post-spike AHP, 

during SK channel inhibition, indicating that sometimes there maybe enough sodium channels to 

open in order to fire a spike while sometimes there may not (Figure 3.6 A (ii), red). This is 

primarily because those sodium channels that did not go back to the closed state, failed to recover 

from inactivation, due to the decreased AHP portion of the spike (Figure 3.6 A (iii, iv)). This means 

that there are fewer channels available to open during the subsequent spikes.  

 

We also found that the total number of open channels during the spike is reduced, and while the 

amount of reduction is only small, it is still statistically significant (Figure 3.6 B (left)). Moreover, 

the variability in the number of ion channels in the open state is of greater importance because this 

shows that sometimes there are enough channels open to fire a spike while sometimes this is not the 

case. This is what is instrumental in giving rise to the irregularity associated with the spike train 

during SK channel inhibition.  
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The inactivation variable h in sodium channel dynamics indicates amount of recovery from 

inactivation – a value of 1 indicating complete recovery. We therefore also looked at the amount of 

recovery from inactivation for both cases with and without SK channel inhibition at the point of 

peak AHP. We can see from Figure 3.6 B (right) that during SK channel inhibition, recovery from 

inactivation at peak AHP is significantly reduced compared to control.	  
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Figure	  3.6:	  Failure	  of	  recovery	  from	  inactivation	  of	  sodium	  channels	  underlies	  decrease	  in	  firing	  
regularity	  with	  SK	  channel	  inhibition	  

A.	  Shows	  the	  availability	  of	  sodium	  channels	  (ii	   -‐	   iv)	  during	  the	  course	  of	  the	  action	  potential	   (i).	  

The	  number	  of	  sodium	  channels	  open	  increases	  steadily	  with	  depolarisation	  (ii)	  following	  the	  start	  

of	   the	   action	   potential.	   This	   is	   accompanied	   by	   a	   steady	   increase	   in	   the	   number	   of	   inactivated	  

channels	  (iii).	  While	  the	  number	  of	  open	  channels	  goes	  back	  to	  zero	  as	  soon	  as	  the	  action	  potential	  

has	  passed,	   there	   is	  a	  significant	  difference	  between	  the	  number	  of	  channels	   that	  remain	   in	  the	  

inactivated	  state	  (iii).	  As	  the	  channels	  recover	  from	  inactivation,	  they	  become	  closed	  (iv);	  however	  

once	   again,	   a	   large	   number	   of	   channels	   fail	   to	   go	   to	   the	   closed	   state	   because	   they	   remained	  

inactivated.	  Shaded	  region	  in	  A	  represents	  standard	  deviation	  around	  the	  mean.	  B.	  Although	  we	  

cannot	  see	  a	  reduction	   in	  the	  number	  of	  open	  channels	  during	  the	  peak	  of	  the	  action	  potential,	  

there	   is	   small	   yet	   statistically	   significant	   reduction	   in	   the	   number	   of	   open	   channels	   during	   the	  

spike	   (i).	   The	   reduction	   in	   recovery	   from	   inactivation	   is	   explained	   by	   the	   reduction	   in	   the	   h	  

parameter	   of	   sodium	   channels	   inactivation	   dynamics	   (ii).	   Error	   bars	   represent	   mean	   ±	   S.E.M,	  

sometimes	  not	  visible	  due	  to	  extremely	  small	  range. 
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3.3.4	  SK	  channel	  inhibition	  causes	  reduction	  in	  A-‐type	  sub-‐threshold	  potassium	  current	  

	  
A-type potassium channels activate at sub-threshold membrane voltages after they have recovered 

from inactivation during the AHP. Insufficient AHP due to SK channel inhibition must result in 

insufficient activation of A-type potassium channels, thereby promoting further increase in firing 

rate observed with SK channel block. In our model, SK channel inhibition results in a significant 

decrease in A-type potassium channel current (average peak current: without SK channel inhibition 

= 0.035 ± 0.0004 nA; with SK channel inhibition = 0.031 ± 0.0004 nA; p < 0.05, paired student’s t-

test) that reflects a lack of A-type potassium channel activation (Figure 3.7). This is an important 

prediction of the model.   

	  
Decrease in firing regularity is accompanied by increased firing rate in many experiments with 

apamin-induced block of SK channels in midbrain dopamine neurons however this has not been 

related to decreased A-type potassium channel activity. However, (Deister, Chan et al. 2009) do 

give evidence of reduced availability of A-type potassium channels during SK channel inhibition in 

their model of globus pallidus neurons that was also related to the increase in firing rate they 

observed with a simulated SK channel inhibition. 
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Figure	  3.7:	  Simulated	  inhibition	  of	  SK	  channels	  results	  in	  a	  significant	  decrease	  in	  the	  peak	  sub-‐
threshold	  activated	  A-‐type	  potassium	  current	  

The	  peak	  A-‐type	  potassium	  channel	  current	  is	  significantly	  reduced	  when	  SK	  channel	  are	  blocked	  
in	  the	  model.	  Error	  bars	  indicate	  mean	  ±	  S.E.M.	   	  
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3.4	  Discussion	  
 

The firing pattern of a neuron is both a result of its intrinsic membrane properties as well as the sum 

of its synaptic inputs from other neurons (Stemmler and Koch 1999; Koch and Segev 2000). Most 

midbrain dopamine neurons fire spontaneously in the presence and absence of extrinsic synaptic 

inputs (Llinas, Greenfield et al. 1984; Grace and Onn 1989; Harris, Webb et al. 1989; Blythe, 

Wokosin et al. 2009) and dynamically modulate their firing activity by changing their firing rate 

and pattern in response to stimuli such as rewards (Schultz 1998) and aversive events (Brischoux, 

Chakraborty et al. 2009). While many experimental studies have demonstrated that SK channels 

appear to selectively control firing regularity in midbrain dopamine neurons, no hypotheses have 

been put forth as to why or how this effect is mediated by SK channels.  

 

Sodium ions are essential for spike generation in midbrain dopamine neurons (Grace and Bunney 

1983). As the membrane is depolarised, increasing numbers of sodium channels are activated until 

enough are available to fire an action potential in an all-or-none manner; once the action potential 

peaks, sodium channels begin to inactivate (Hille 1992; Abbott 2001). Once inactivated, the 

neuronal membrane needs to be hyperpolarised to facilitate recovery of these channels from 

inactivation in order to be available for activation when the next round of depolarisation occurs 

(Abbott 2001). Potassium currents flowing through calcium-activated potassium channels provide 

the bulk of the post-spike hyperpolarising drive that helps in recovery from inactivation. 

 

We therefore hypothesised that the AHP mediated by SK channel current provides enough 

hyperpolarisation to help sodium channels recover from inactivation after the preceding spike such 

that there are always enough available to activate/open to fire subsequent spikes at regular intervals. 

Our stochastic model not only produces a spike train with variability in ISI as seen in biological 

dopamine neurons but also demonstrates the changes in regularity of firing when we simulate an SK 
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channel inhibition. The reduction in AHP gives rise to irregularity in firing, and also increases the 

number of action potentials fired, a feature that is commonly observed in experiments, but not 

always. At the molecular level, it has been demonstrated that two different subtypes of SK channels 

also present in dopamine neurons – SK2 and SK3 - differentially control the firing rate (SK3) and 

precision (SK2 and SK3) (Deignan, Lujan et al. 2012). The inconsistent effect of SK channel block 

on firing rate observed in experiments could depend on the relative and/or co-expression of these 

two SK channel subtypes in the neurons recorded from.  

 

In our model dopamine neuron, an increase in firing rate is expected because of a reduction in the 

time to reach action potential threshold as a result of a reduction in the AHP. In addition, the 

relative availability of sub-threshold ion channels is also critical in determining the effect on firing 

rate after SK channel inhibition as demonstrated in their computational study (Deister, Chan et al. 

2009) in globus pallidus neurons where the proportion of open sub-threshold sodium and potassium 

channels determines the firing rate after a simulated SK channel inhibition. Similarly, our 

simulations also demonstrate a reduction in sub-threshold activated A-type potassium channel, 

which explains the increase in firing rate, which is an important prediction of our model. While SK 

channel inhibition resulted in a reduction in A-type potassium current thereby perhaps resulting in 

an increase in the firing rate of the model neuron, modulation of the A-type potassium conductance 

can have other important consequences in vivo, such as increased excitability in turn making the 

neuron more susceptible to burst firing. This could support the fact that pharmacological inhibition 

of SK channels sometimes facilitates burst firing (Shepard and Bunney 1988; Shepard and Bunney 

1991). 

 

Another interesting result from our modelling study is that of SK channel’s role in regulating and 

maintaining action potential threshold. SK channels not only maintain variability in firing, but also 
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seem to minimise variability in spike threshold. This however seems intuitive because if SK 

channels control availability of spike producing ion channels such as the sodium channels, it is 

expected to have an effect on spike threshold as sodium channel inactivation alone has been shown 

to cause variability in spike threshold (Platkiewicz and Brette 2011). Moreover, the depolarisation 

in threshold due to slowing of membrane dynamics after SK channel block also agrees well with the 

fact that membrane voltage and spike threshold have an inverse correlation (Henze and Buzsaki 

2001). This is referred to as threshold adaptation and has profound effects on the neurons input-

output properties such as enhanced coincidence detection (Azouz and Gray 2000), improved feature 

selection (Wilent and Contreras 2005), and temporal coding (Kuba, Ishii et al. 2006). Therefore our 

results suggest that SK channels regulate and reduce the variability of spike threshold in midbrain 

dopamine neurons. 

 

Our results have demonstrated how a single ion channel exerts its influence on a number of other 

ion channels and regulates the firing properties of the neuron. Our results also illustrate the 

importance of ion channel noise in dopamine neuron electrophysiology and that channel noise is 

sufficient to explain how SK channels regulate the neurons’ firing precision.  
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Chapter	  4 Quantitative	  analysis	  of	  burst	  waveforms	  from	  VTA	  dopamine	  
neurons	  

 

4.1	  Introduction	  
 

In vivo, dopamine neurons in the SNc and VTA fire bursts of action potentials both spontaneously 

as well as in response to unexpected rewards (Schultz 1998). Burst firing is associated with large 

phasic increases in dopamine levels in target regions (Chergui, Suaud-Chagny et al. 1994) that play 

a major role in orchestrating a variety of behaviours. This is in part due to a non-linear increase in 

dopamine as a result of saturation of dopamine transporters because of a difference in time scales 

between release and uptake (Gonon 1988; Chergui, Suaud-Chagny et al. 1994; Prasad and Amara 

2001). One of the most widely investigated functions of dopamine neuron burst firing is related to 

reinforcement learning by encoding reward prediction errors (Glimcher 2011). Abnormal burst 

firing has been reported in mouse models of schizophrenia (Fabricius, Helboe et al. 2010), and PD 

(Bishop, Chakraborty et al. 2010; Schiemann, Schlaudraff et al. 2012). Therefore burst firing in 

dopamine neurons is vital for its role in regulating mental health and that understanding 

mechanisms controlling burst firing is an important step towards developing treatment modalities 

for disorders.  

	  

4.1.1	  Characteristics	  of	  burst	  firing	  in	  midbrain	  dopamine	  neurons	  in	  vivo	  
	  
Bursts are characterised as two or more closely spaced spikes, defined as starting with an ISI of 80 

ms or less and terminating with an ISI of greater than 160ms (Grace and Bunney 1984), typically 

with decreasing amplitude and increasing ISI with intra-burst frequencies reaching up to 50Hz in 

vivo (Tepper, Martin et al. 1995; Paladini, Iribe et al. 1999; Hyland, Reynolds et al. 2002). An ISI 

histogram for a neuron displaying high levels of burst firing typically consists of two peaks 



	   89	  

(whereas for a neuron that fires single spikes is uni-modal); the first peak represents the shorter 

intra-burst ISIs and the second peak corresponds to longer duration inter-burst ISIs.  

 

While burst firing is generally associated with higher rates of firing in many neuronal types, in 

dopamine neurons there does not seem to be a correlation between baseline firing rates and bursting 

(Grace and Bunney 1984). In fact, slowly firing neurons have been shown to fire large number of 

bursts and vice versa, sometimes, fast firing neurons do not show any bursts (Grace and Bunney 

1984). Dopamine neurons fire anywhere between a handful of bursts to more than 70% of their 

spikes in bursts (Grace and Bunney 1984; Robinson, Smith et al. 2004; Zweifel, Parker et al. 2009). 

The number of spikes within a burst varies with two-spike bursts (doublets) being more common. 

On average, there seem to be between 3 and 4 spikes within a burst (Grace and Bunney 1984; 

Hyland, Reynolds et al. 2002), with a maximum of 22 spikes in a burst in freely moving rats 

(Hyland, Reynolds et al. 2002). Some of the qualitative observations of in vivo intracellular burst 

waveforms were that bursts ride on a ‘depolarising wave’, progressively shorten in height and 

become broader as the burst progressed (Grace and Bunney 1984). Using pharmacological 

manipulations it was hypothesised that burst firing arises from the calcium-induced inactivation of a 

potassium conductance due to increased calcium entry into the neuron during a burst and that a 

burst is terminated by a calcium-dependent potassium current, such as the SK, that is possibly 

activated by the sustained depolarised wave a burst is superimposed on (Grace and Bunney 1984). 

 

While dopamine neurons fire bursts spontaneously in vivo, they do not do so in vitro. Somatic 

current depolarisation does not reliably generate burst firing due to depolarisation block (Grace and 

Bunney 1983; Richards, Shiroyama et al. 1997; Blythe, Wokosin et al. 2009). Burst firing can 

however be reliably induced by electrical stimulation of glutamatergic afferents, bath application of 

NMDA and AMPA receptor agonists, and sometimes SK channel inhibition, though often only in 
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the presence of NMDA (Ping and Shepard 1996; Johnson and Wu 2004; Kim, Choi et al. 2004). 

There is also evidence for a preferential role of NMDARs in burst firing (Chergui, Charlety et al. 

1993; Christoffersen and Meltzer 1995; Tong, Overton et al. 1996).  

 

Some of the mechanisms that have been postulated for burst firing in dopamine neurons include the 

coupled oscillator model (Wilson and Callaway 2000), where the dendrites and somatic 

compartments maintain an intrinsic oscillation driven by the co-ordination of L-type calcium 

channels and SK channels. When there is no synaptic activation, the neuron fires at the frequency of 

the larger compartment, the soma, however, synaptic stimulation of the dendrites gives rise to high 

frequency firing due to amplification of the dendritic firing frequency (Kuznetsov, Kopell et al. 

2006). Preferential role for NMDARs has been attributed to its voltage-sensitive magnesium block 

that allows for hyperpolarising currents to dampen the effects of synaptic depolarisation whereas 

AMPAR activation does not elicit bursts always due to depolarisation block (Kuznetsov, 2006). A 

number of potassium channels have been hypothesised to terminate bursts including SK channels 

(Li, Bertram et al. 1996), M-type channels (Drion, Bonjean et al. 2010), and ERG (Canavier, 

Oprisan et al. 2007). While most of these studies have been conducted in vitro, in vivo intracellular 

data is lacking. Analysis of in vivo intracellular membrane voltage dynamics could shed light on 

mechanisms that drive endogenous bursts and can help elucidate ion channels underlying this mode 

of firing.   

	  

4.1.2	  Hypothesis	  and	  aim	  of	  the	  project	  

	  
As mentioned previously, although there have been many studies both experimental and 

computational that have tried to elucidate mechanisms underlying burst firing, in vivo intracellular 

recordings are lacking. While extracellular recordings are the most commonly used method in 

neuronal electrophysiology especially in vivo and can be sufficient to study firing patterns and 
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response to stimuli, intracellular waveforms can be valuable for analysing neuronal membrane 

dynamics that are a reflection of the currents flowing through ion channels in the neuron as we saw 

in Figure 1.2. We wanted to analyse the in vivo whole-cell recordings that were obtained from seven 

immunohistochemically identified dopamine neurons in the VTA (experiments performed by 

Frederic Brischoux) in anesthetised rats, in order to provide a comprehensive quantitative 

description of membrane dynamics during endogenous burst firing and try to relate changes in 

membrane voltage trajectory to underlying ion channel dynamics. 

 

Aim 

I used the following approach to analyse the in vivo membrane voltage waveforms during burst 

firing: 

 

i) Since ion channel currents define membrane voltage trajectory, any differences in action 

potential waveforms could be related to dynamic changes in the respective ion channel 

mechanisms that would be driving the respective portion of the action potential. Therefore, 

as a first step, I compared average membrane voltage waveforms of non-burst single spikes 

with spikes from within bursts, using simple statistical measures, to look for differences, if 

any, in action potential features such as height, width, rate of change in membrane voltage, 

threshold, and AHP. 

ii) PCA is a powerful mathematical technique used for feature extraction from high 

dimensional data. I therefore used PCA, as a complementary technique, of the membrane 

voltage data to extract features, if any, of spikes within a burst that were different from non-

burst single spikes, that could not be deciphered from simple analysis of average waveforms 

as in (i).  
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iii) I then used my computational model of dopamine neuron to test whether I could relate 

results from PCA analysis to ion channels. In order to this, I took advantage of the fact that 

because the PCs are a linear combination of the underlying variables, reconstructing the 

membrane voltage waveforms after modifying the PCs will be reflected as changes in the 

underlying currents. Therefore by reconstructing the spike trains after modifying the 

important PCs and using those reconstructed waveforms as voltage commands to my model, 

I would be able to extract ion channel currents that are modified as a result. This is a novel 

idea and has never been used before in such an analysis in neurophysiology. This technique 

is detailed in the Methods section.  

iv) I next used the model neuron again to run the original spike trains with the endogenous 

bursts in a spike train clamp protocol and have a direct look at the evolution of ion channel 

currents underlying single spikes and spikes within a burst. 
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4.2	  Methods	  

4.2.1	  Waveform	  analysis	  and	  spike	  statistics 
 

In this study, our primary aim was to perform a quantitative analysis of in vivo whole-cell bursts 

recorded from immunohistochemically identified VTA dopamine neurons in anesthetised rats, in 

order to elucidate differences in membrane and current dynamics, if any, between non-burst single 

spikes and spikes from within a burst. To this effect and as a first step, customised software was 

written for the automated detection and analysis of all burst and non-burst waveforms and other 

parameters associated with spikes in MATLAB (MATLAB and Statistics Toolbox Release 2012b, 

The MathWorks, Inc., Natick, Massachusetts, United States). Spike trains from all seven neurons 

were imported into MATLAB using the open-source sigTOOL package (Lidierth 2009).  A spike 

was detected each time the membrane voltage crossed a threshold value of -20mV in the positive 

direction. Bursts in a spike train were detected using the ISI criterion, in which a burst starts with an 

ISI < 80ms and ends with ISI > 160ms (Grace and Bunney 1984); i.e. the first two spikes in a burst 

are temporally coupled to each other with an interval of <80ms between them. As the burst 

proceeds, spikes within the burst progressively decrease in amplitude and become further apart, 

finally ending with a large ISI > 180ms (Grace and Bunney 1984). Firing patterns were visualised 

using ISI histograms that were compiled using all spikes detected in a thirty-second baseline 

recording for each neuron. Firing regularity was measured as the CV of ISI and was computed as 

standard deviation of ISI divided by the mean of ISI. 

 

All statistical analyses were performed in GraphPad PRISM version 5, GraphPad Software, San 

Diego California USA, www.graphpad.com.	   For comparisons between burst and non-burst 

waveforms, spikes were separated as belonging to one of three groups – first spike of a burst, last 

spike of a burst and, non-burst single spike. Group means are presented as mean ± SEM unless 

stated otherwise.	  Comparison of group means between two groups were performed using the paired 
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student’s t-test while the means of multiple groups were compared using repeated measures one-

way ANOVA followed by the Newman-Keuls test for multiple comparisons.	   

 

To analyse and compare membrane voltage dynamics, average membrane voltage and phase plane 

waveforms (first temporal difference of membrane voltage plotted against membrane voltage), were 

computed by aligning single spikes at the point of maximum rate of rise. Quantitative 

measurements were obtained from all spikes within each of the three groups. Action potential 

height was measured as the absolute maximum value of membrane voltage. Action potential width 

was measured at half of peak height. Maximum rate of rise and fall of membrane voltage were 

obtained from maximum and minimum values of its first temporal derivative respectively. To 

understand changes in AHP, the AHP was divided into three segments. Minimum membrane 

voltage values at 5ms (corresponding to fast-AHP mediated by the BK current), 25ms and 80ms 

(corresponding to medium/slow AHP mediated by the SK current) from peak of action potential 

were obtained. Time to peak (TTP) for AHP was measured as the time elapsed between action 

potential peak and the minimum trough of the action potential. Action potential threshold was 

measured as the voltage at which the third temporal derivative of membrane voltage reaches 

maximum (Sekerli, Del Negro et al. 2004). 

 

As a complementary and novel approach, I also used PCA to extract differences between 

waveforms present in the above three groups. In general, mathematical analysis of neural 

waveforms has been mostly applied to identifying and separating spikes belonging to different 

neuronal populations from multi-unit recordings, referred to as spike sorting. The most common 

and computationally inexpensive methods that were initially used for this purpose were based on 

spike amplitude, or spike shape using window discriminators (Rey, 2015), and template matching 

techniques (Gerstein, 1964; Lewicki, 1998). However these techniques did not prove effective 
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because spike amplitude and width were not found to be the best predictors of spike shape, thus 

requiring manual intervention to sort out spikes accurately. More recently, PCA (Lewicki, 1998; 

Adamos, 2008) and wavelet transforms (Shoham, 2003) have been more successfully used for 

feature extraction and subsequently spike sorting.  

4.2.2	  Principal	  Components	  Analysis	  (PCA) 
 

PCA is a mathematical concept that enables meaningful representation and visualisation of high 

dimensional data in a lower dimensional space (Dunteman 1989). It is a series of steps that first 

normalises the data and then using algebraic concepts, produces a new representation of the original 

data in the principal components (PC) space. Each PC represents the data in the direction of 

maximum variance of the underlying variables. Usually the first few PCs explain greater than 80% - 

90% of the variability in a data set. The data is then reconstructed using these first few important 

PCs rather than all the variables that originally described the data. In other words, a multi-

dimensional data (that is difficult to visualise) can now be reduced to a few dimensions that can be 

visualised in a 2-D or 3-D space. Furthermore, since each of the PCs is a linear combination of all 

the underlying variables that describe the original data, a loadings plot can be used to visualise how 

much each of these underlying variables contributes to respective PCs.  

 

While PCA has often been used to cluster spikes from multi-unit recordings (Lewicki 1998), it has 

not been used to analyse membrane voltage dynamics. Our approach of using PCA as a method to 

extract features of action potential waveform in terms of differences in epochs of membrane voltage 

between the different groups of spikes, i.e. non-burst and burst spikes, is a novel data-driven 

technique for such analysis. Further, because the changes in membrane voltage epochs during a 

spike reflect changes in ion channel currents, we use PCA as an indirect method to relate changes in 

spike waveforms to ion channel dynamics, as described in more detail in the following sub-section. 



	   96	  

4.2.3	  Spike	  train	  clamp	  using	  PC-‐reconstructed	  and	  raw	  waveforms	  
 

Each PC in our analysis is computed as a linear combination of the underlying membrane voltage 

values. We therefore hypothesised that the PCs could be inferred as one or more ion channel 

currents that drive the changes in membrane voltage. In order to test this hypothesis, all the spikes 

used in PCA were reconstructed after increasing each of the four PCs by a factor of 50%. These 

reconstructed waveforms were then used as voltage commands in a computational model of a 

midbrain dopamine neuron (model described in Chapter 2). Peak currents underlying these 

reconstructed waveforms were compared with the original currents before reconstruction using the 

standard t-test. The currents that were modified as a result of the PC reconstruction were believed to 

represent the PC that was increased by 50%. Once again, this method of relating changes in PC 

loadings to changes in ion channel currents is a novel and interesting technique that can be used in 

the future to perform waveform analysis to understand ion channel dynamics driving changes in 

action potential waveforms in any neuronal type. 

 

Furthermore, as a complementary approach to waveform analysis and PCA, we also simulated 

voltage clamp using the original spike trains in order to study underlying currents that operate 

during a burst. In other words, we used the raw spike trains from the in vivo recordings as voltage 

command to the model neuron and analysed how the underlying ion channel currents evolved, 

especially during burst firing. The clamp was simulated in the same mathematical model mentioned 

above. As we did for membrane voltage, current spikes were detected for all the ion channels 

present in the model. Current spikes were separated as first spike of burst, last spike of burst and 

non-burst single spike. Peak currents were compared across the groups using repeated measures 

one-way ANOVA followed by post-hoc Newman-Keuls test to correct for multiple comparisons in 

PRISM.	   	  
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4.3	  Results	  

	  
I analysed action potential waveforms recorded from seven immuno-histochemically identified 

VTA dopamine neurons from anesthetised rats, in the whole-cell configuration, in order to compare 

differences in membrane dynamics between single spikes and spikes during bursts. I used two 

methods for my analysis – PCA to look at membrane voltage dynamics and burst clamp using my 

computational dopamine neuron model to study ion channel currents underlying burst firing. PCA 

based feature extraction helped in identifying epochs of membrane voltage trajectory before, during, 

and after the action potential that were different between burst spikes and single spikes. Spike train 

clamp (or burst clamp) using the whole-cell recordings were used as voltage command to my model 

dopamine neuron to analyse the currents flowing through non-burst single spikes and during bursts 

in order to uncover the role of ion channels during burst firing in these neurons. However, before 

performing PCA and clamping experiments, I performed basic statistical analyses on some of the 

parameters that could be extracted from the intracellular membrane voltage traces.  

 

4.3.1	  Spike	  train	  and	  action	  potential	  characteristics	  
 

A variety of spike train characteristics with varying degrees of bursting and irregularity in firing 

were observed among the seven neurons that were recorded from. Qualitatively, majority of burst 

contained two to four spikes and resembled the example shown in Figure 4.1 A. However, 

sometimes a burst appeared to ride on a depolarised “wave”, especially in long-duration bursts as 

well as in neurons that fired majority of their spikes in bursts (Figure 4.1 B). The neurons fired at an 

average rate of 4.91 ± 1.89 Hz. They displayed a fairly irregular firing pattern with average CV of 

ISI of 0.56 ± 0.07. All seven neurons recorded from displayed at least some amount of bursting 

(Figure 4.2 A), with average percentage of spikes appearing as bursts being 39.11% (Range: 8.2% - 

73.73%). Average number of spikes within a burst was 3.97, with majority of the bursts being fired 
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as doublets (two-spike bursts) (Figure 4.2 B). All of these measures were found to be very similar to 

those reported for extracellular as well as intracellular studies in vivo (Grace and Bunney 1984; 

Chergui, Charlety et al. 1993; Floresco, West et al. 2003; McCutcheon, Conrad et al. 2012), 

highlighting the fact that the intracellular configuration does not adversely affect the physiology of 

the neuron.  
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Figure	  4.1:	  Spike	  train	  characterisitcs	  of	  in	  vivo	  whole-‐cell	  recordings	  from	  dopamine	  neurons	  in	  
the	  VTA	  

A.	   Majority	   of	   neurons	   fired	   bursts	   consisting	   of	   two-‐four	   spikes.	   B.	   Some	   neurons	   that	   fired	  

majority	  of	  their	  spikes	   in	  bursts	  fired	  bursts	  that	  appeared	  to	  ride	  on	  a	  “depolarising	  wave”.	  All	  

bursts	  appeared	  to	  have	  spikes	  with	  increasing	  ISI	  and	  decreasing	  spike	  height	  (A,	  B).	  	    
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Figure	  4.2:	  Burst	  statistics	  

A:	  All	  neurons	  displayed	  bursting	  activity	  with	  more	  than	  2	  neurons	  firing	  greater	  than	  30%	  of	  their	  

spikes	  in	  bursts.	  B:	  Doublets	  or	  two-‐spike	  bursts	  were	  the	  most	  common	  type	  of	  bursts	  and	  there	  

were	  no	  bursts	  with	  more	  than	  10	  spikes	  in	  them.	  
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We next separated spikes into three groups to analyse differences in membrane voltage dynamics 

between spikes within a burst and non-burst single spikes – first spikes of bursts, last spikes of 

bursts and non-burst single spikes and looked at specific action potential features that qualitatively 

appear to be modified during a burst, namely, spike height, width and threshold and certain 

additional parameters such as AHP, and rate of change in membrane voltage. Membrane voltage 

differences between first spikes of bursts and non-burst single spikes could reflect ion channels 

facilitating burst generation, while differences between last spikes of bursts and non-burst single 

spikes could reflect ion channels underlying burst termination. 

 

4.3.2	   Reduced	   post-‐spike	   AHP	   is	   the	   first	   detectable	   change	   in	  membrane	   dynamics	   during	   a	  
burst	   
	  
 

When we averaged action potential waveforms for non-burst single spikes, first spikes of bursts and 

last spikes of bursts and superimposed them, we could distinctly observe that there was a marked 

difference between the averages of these three groups especially in the approach to action potential 

threshold and in particular the AHP region (Figure 4.3 A). We therefore measured the amplitude of 

the AHP at three specific time stamps from the peak of action potential – 5ms (fast-AHP), 25ms 

(medium-AHP) and 85ms (slow-AHP) (Figure 4.3 A). These time stamps also have a physiological 

interpretation; calcium and voltage activated potassium BK channels are known to be present in 

many central neurons including midbrain dopamine neurons and are responsible for the 

repolarisation of the action potential and also contribute to the fast component of the AHP (Faber 

and Sah 2003) that generally lasts between 3ms to 7ms from action potential upstroke.  

 

Therefore analysing the AHP at the 5ms position, we could relate any changes in the AHP in this 

region to BK channel activity. AHP at 25ms from action potential peak represents the AHP 

mediated by SK channels that are expressed in midbrain dopamine neurons that peak at few tens of 
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milliseconds from action potential peak (Faber and Sah 2007). We also looked the AHP at 85ms to 

determine if a prolonged AHP terminates a burst and so we wanted to assess the AHP long after the 

spike has passed and around the duration in which SK channels would have inactivated (50ms – 

100ms). 
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Figure	  4.3:	  Reduction	  in	  endogenous	  is	  the	  first	  detectable	  change	  in	  membrane	  dynamics	  
during	  burst	  firing	  

A:	   A	   superimposition	  of	   the	   average	  non-‐burst	   single	   spike	   (black),	   average	   first	   spike	  of	   bursts	  

(cyan),	  and	  the	  average	   last	  spike	  of	  bursts	   (magenta)	   reveals	   that	  a	   reduction	   in	   the	  post-‐spike	  

AHP	  is	  the	  first	  detectable	  change	  in	  membrane	  dynamics	  during	  a	  burst.	  The	  average	  first	  spike	  of	  

bursts	   looks	   identical	  to	  the	  average	  non-‐burst	  single	  spike	  all	  the	  way	  from	  the	  beginning	  up	  to	  

the	  end	  of	  the	  repolarisation	  phase,	  including	  the	  fast	  AHP.	  However,	  after	  this,	  the	  average	  first	  

spike	   of	   bursts	   does	   not	   show	   the	   typical	   AHP	   but	   begins	   to	   depolarise	   again	   to	   fire	   the	   next	  

closely	   spaced	   spike.	   B:	   At	   5ms	   from	   peak	   of	   action	   potential,	   which	   represents	   the	   fast	   AHP	  

mediated	  by	  the	  BK	  current,	  there	  is	  no	  difference	  in	  the	  amplitude	  of	  AHP	  between	  average	  non-‐

burst	   single	   spike	   and	   average	   first	   spike	   of	   bursts,	   however	   there	   is	   a	   significant	   difference	  

between	   the	   average	   first	   spike	   and	   average	   last	   spike	   indicating	   that	   the	   fast	   AHP	   perhaps	   is	  

inactivated	   during	   a	   burst.	   C:	   At	   25ms	   from	   action	   potential	   peak,	   the	   amplitude	   of	   AHP	   is	  

significantly	  depolarised	  for	  the	  average	  first	  and	  last	  spikes	  of	  bursts	  compared	  to	  average	  non-‐

burst	   single	   spikes,	   indicating	   a	   reduction	   in	   the	  medium	  AHP	  mediated	   by	   SK	   channel	   current.	  

Error	  bars	  represent	  mean	  ±	  S.E.M.	  
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I found a significant difference in the peak AHP measured at 5ms from peak of action potential 

(Figure 4.3 A) between the three average waveforms (one-way repeated measures ANOVA, p < 

0.05). Post-hoc multiple comparisons using Neuman-Keuls test revealed that the peak AHP was 

significantly depolarised for the average last spike of bursts compared to both average non-burst 

single spike and average first spike of bursts (peak AHP at 5ms from peak of action potential; 

average non-burst single spike = -45.58 ± 1.89 mV; average first spike of bursts = -44.92 ± 2.05 

mV; average last spike of bursts = -41.61 ± 2.58 mV) (Figure 4.3 B). This could indicate 

inactivation of a repolarising current during the course of burst firing. Dopamine neuron action 

potentials are primarily repolarised by the currents mediated by delayed rectifier potassium 

channels (Silva, Pechura et al. 1990),  but it is possible that BK channels known to be present in 

dopamine neurons (Su, Song et al. 2010) also contribute. In particular, 5ms from action potential 

peak represents the fast component of the AHP (fAHP) that is mediated by BK channels in many 

neuronal types. Reduction in BK currents during burst firing has also been demonstrated in 

hippocampal pyramidal neurons (Shao, Halvorsrud et al. 1999). Reduction in fAHP could either be 

a consequence of inhibition by modulators acting during burst firing or simply because of failure of 

recovery from inactivation due to the fast succession of spikes.  

 

The most striking difference we found was the significant reduction in AHP in the average first 

spike of a burst (Figure 4.3 A) mediated by the SK current. The AHP measured at 25ms from peak 

of action potential was significantly different between the average waveforms (one-way repeated 

measures ANOVA, p < 0.05). Post-hoc multiple comparisons using Neuman-Keuls test revealed 

that the peak AHP for the average first spike of bursts was depolarised by 7% compared to the 

average non-burst single spike (peak AHP at 25ms from peak of action potential; average first spike 

of bursts = -42.92 ± 2.25 mV; average non-burst single spike = -46.54 ± 1.64 mV; p < 0.05) (Figure 

4.3 C). This reduction in SK channel mediated AHP at 25ms from action potential peak appears to 
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be the first detectable change in membrane dynamics leading up to endogenous bursting in 

dopamine neurons. 	  

4.3.3	  SK	  channels	  may	  not	  contribute	  to	  burst	  termination	  in	  VTA	  dopamine	  neurons	  
 

It has sometimes been suggested that akin to other neurons such as Purkinje neurons (Swensen and 

Bean 2003), bursts in dopamine neurons are terminated due to activation of SK channels (Li, 

Bertram et al. 1996) and are followed by a prolonged AHP. If this were the case, we would find that 

the AHP for the average last spike of bursts, should be more hyperpolarised compared to the 

average non-burst single spike. Contrary to this though, we found no significant difference in the 

AHP at 85ms (since the AHP lasts between 50ms – 100ms) after action potential peak, between the 

average last spike of bursts and average non-burst single spike (peak AHP at 85ms from action 

potential peak; average last spike of bursts = -44.64mV ± 1.6mV; average non-burst single spike = -

45.67mV ± 1.51mV; p > 0.05, paired student’s t-test) (Figure 4.3 A; Figure 4.4 A), indicating that 

perhaps SK channels are not involved in terminating endogenous bursts in dopamine neurons. We 

also do not find AHP of average last spikes more hyperpolarised than the AHP of non-burst single 

spikes at any point after the action potential peak. While there seems to be a prolonged period of 

silence after a burst, as has been suggested (Grace and Bunney 1984) (mean ISI; after non-burst 

single spike = 188.92 ± 74.34 ms; after a burst = 376.34 ± 53.79 ms; p > 0.05, paired student’s t-

test), this is not statistically significant (Figure 4.4 A).  

 

Moreover, when we use the spike trains as voltage commands in our model neuron, there is a 

progressive decrease in the peak SK channel current during bursts (Figure 4.4 B). This however 

could be an anomaly of the model design because SK channels are dependent on incoming calcium 

ions through sub-threshold activated L-type calcium channels, which is the only source of calcium 

in our model. Since there seems to be a reduction in AHP during the beginning of a burst, L-type 
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calcium channels are perhaps unable to activate resulting in a decrease in L-type calcium current 

leading to subsequent decrease in [Ca]i
2+ that in turn results in a corresponding decrease in SK 

channel current. However, in physiological dopamine neurons, although L-type channels carry the 

bulk of calcium current (Durante, Cardenas et al. 2004), it is possible that other calcium channels 

compensate for this reduced L-type calcium channel current. 
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Figure	  4.4:	  VTA	  dopamine	  neuron	  bursts	  are	  not	  terminated	  by	  prolonged	  AHP	  due	  to	  greater	  SK	  
channel	  activation	  

A.	  At	  85ms	   from	  action	  potential	  peak,	   there	   is	  no	  significant	  difference	   in	  peak	  AHP	  amplitude	  

between	  the	  average	  last	  spike	  of	  bursts	  and	  average	  non-‐burst	  single	  spike	  suggesting	  that	  there	  

is	   no	   prolonged	   SK	   channel	   activation	   that	   would	   perhaps	   terminate	   the	   burst.	   B.	   There	   is	   a	  

significant	   decrease	   in	   peak	   SK	   channel	   current	   during	   the	   beginning	   of	   a	   burst	   as	   revealed	   by	  

spike	  train	  clamp	  using	  my	  computational	  model.	  Error	  bars	  represent	  mean	  ±	  S.E.M.	  
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4.3.4	   Progressive	   decrease	   in	   recovery	   from	   inactivation	   of	   sodium	   channels	   results	   in	   slow	  
membrane	  dynamics	  and	  depolarisation	  in	  action	  potential	  threshold	  during	  burst	  firing	  

	  
 

Sometimes, spikes within a burst appear to ride on a depolarising wave, with each successive spike 

having a higher threshold for firing (Grace 1988) (Figure 4.5 A, B). We wanted to validate this 

notion and therefore calculated action potential threshold for non-burst single spikes, first spikes in 

bursts and last spikes in bursts. Indeed, we found that the action potential threshold is significantly 

different between the three groups (one-way repeated measures ANOVA, p < 0.05). Post-hoc 

multiple comparisons using Neuman-Keuls test revealed that the action potential threshold was 

significantly depolarised for average the last spike of bursts compared to both non-burst single 

spikes and first spikes of bursts (mean action potential threshold; average last spike of bursts = -

36.42mV ± 1.74mV; average non-burst single spikes = -38.84mV ± 1.55mV; average first spike of 

bursts -38.23mV ± 1.74mV; p < 0.05) (Figure 4.5 C). We hypothesised that this depolarisation in 

action potential threshold was due to a progressive decrease in rate of change of membrane 

potential as result of failure of recovery from inactivation of sodium channels. 
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Figure	  4.5:	  Action	  potential	  threshold	  progressively	  depolarises	  during	  burst	  firing	  in	  VTA	  
dopamine	  neurons	  

A.	  Example	  of	  a	  spike	  train	  with	  bursts	  where	  we	  can	  see	  a	  progressive	  increase	  in	  spike	  threshold	  

(indicated	  by	  red	  circles)	  during	  bursts.	  B.	  The	  burst	  with	  the	  horizontal	  bar	   in	  A	   is	  expanded	  on	  

the	   time	   scale	   to	   highlight	   the	   progressive	   depolarisation	   in	   spike	   threshold,	   that	   has	   been	  

quantified	  in	  C.	  Error	  bars	  indicate	  mean	  ±	  S.E.M. 
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When we plotted the membrane voltage against its rate of rise (phase-plane plots), it was evident 

that the average last spike of bursts was significantly slower than the average first spike of bursts 

(Figure 4.6 A). Slowing of membrane voltage is indicative of reduced availability of sodium 

channels since maximum rate of rise (dV/dt) of membrane voltage is proportional to sodium 

channel availability (Mann 1997). Maximum dV/dt was reduced from 3.48 ± 0.22 mV/ms in 

average first spikes to 2.98 ± 0.24 mV/ms in average last spike of bursts (paired student’s t-test, p < 

0.05) (Figure 4.6 B). We next used our model to test if it was failure of recovery from inactivation 

of sodium channels during bursts that was underlying the reduction in rate of change in membrane 

voltage and the resulting depolarisation in action potential threshold. We found that there was a 

progressive decrease in recovery from inactivation during a burst as illustrated by Figure 4.7; this is 

dealt with in more detail in section 4.3.5. This also correlates well with what we observed with SK 

channel inhibition in the previous chapter.	  
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Figure	  4.6:	  Rate	  of	  rise	  in	  membrane	  voltage	  is	  reduced	  during	  burst	  firing	  in	  dopamine	  neurons	  

A:	  Phase-‐plane	  plot	  of	  membrane	  voltage	  against	  rate	  of	  change	  of	  membrane	  voltage	  shows	  that	  

there	  is	  no	  difference	  in	  the	  rate	  of	  change	  of	  membrane	  voltage	  between	  the	  average	  first	  spike	  

of	   bursts	   (blue)	   and	   average	   non-‐burst	   single	   spikes	   (black);	   however	   the	   rate	   of	   change	   in	  

membrane	   voltage	   slows	   during	   bursts	   such	   that	   the	   average	   last	   spike	   of	   bursts	   (magenta)	  

appears	  to	  have	  much	  slower	  kinetics	  compared	  to	  the	  other	  two	  groups.	  B:	  This	  is	  quantified	  by	  a	  

significant	   reduction	   in	   maximum	   rate	   of	   change	   in	   membrane	   voltage	   suggesting	   reduced	  

availability	  of	  sodium	  channels.	  Error	  bars	  indicate	  mean	  ±	  S.E.M.	  

	   	  

A

B

ï�� ï�� ï�� ï�� ï�� � ��
ï��

ï��

ï��

ï��

�

��

��

��

��

��

��

�

�

�

�

�

�

Ra
te

 o
f r

ise
m

V/
m

s

Non-burst single spike
First spike of burst
Last spike of burst

Ra
te

 o
f r

ise
m

V/
dt

Membrane voltage
(mV)

*



	   113	  

4.3.5	  Sodium	  channel	  inactivation	  underlies	  burst	  termination	  
	  

The above results suggest that there is a progressive increase in sodium channel inactivation during 

burst firing, resulting in depolarisation of spike threshold and slowing of membrane dynamics. I 

therefore used my stochastic model to look at sodium channel inactivation during burst firing. I 

used the concept of voltage clamp to run the raw in vivo spike trains as command voltage to my 

model dopamine neuron and looked at the progression of sodium channel states during burst firing. 

As we can see for the example burst in Figure 4.7 A, as the burst progresses, the number of open 

sodium channels progressively decreases (Figure 4.7 B) and the number of sodium channels 

inactivated increases (Figure 4.7 C). This gives direct evidence of reduction in sodium channel 

availability that perhaps facilitates burst termination. 
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Figure	  4.7:	  Progressive	  inactivation	  of	  sodium	  channels	  during	  a	  burst	  

A:	  An	  example	  burst	  that	  shows	  a	  progressive	  decrease	  in	  spike	  height	  and	  depolarisation	  in	  spike	  

threshold.	  B:	  This	  decrease	   in	  height	  and	  depolarisation	   in	  spike	  threshold	   is	  perhaps	  due	  to	  the	  

reduction	  in	  the	  number	  of	  sodium	  channels	  open.	  C:	  This	  is	  due	  to	  an	  increase	  in	  the	  number	  of	  

sodium	  channels	  that	  remain	  in	  the	  inactivated	  state. 
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4.3.6	  Other	  changes	  in	  action	  potential	  characteristics	  during	  burst	  firing	  

	  
Action potential width during burst firing 

Bursts are typically defined as a series of spikes of decreasing amplitude and increasing width 

(Grace and Bunney 1984). Action potential width was calculated at half of peak height. While on 

average, action potential width increased by 14.11% between the average first spike of bursts and 

the average last spike of bursts (mean action potential width: first spikes of bursts = 1.63 ± 0.09 ms; 

last spikes of bursts = 1.86 ± 0.19 ms, paired student’s t-test, n.s), this did not reach statistical 

significance across all neurons (Figure 4.8 A, B). However, four out of seven neurons did show a 

significant increase in action potential width for last spikes of bursts compared to first spikes of 

bursts (unpaired student’s t-test for individual neurons, p < 0.05). 

 

Action potential height 

Bursts are also described as consisting of spikes of decreasing amplitude. Indeed, average last spike 

of bursts is significantly shorter than average first spike in bursts (mean action potential height: first 

spikes of bursts = 5.17 ± 2.47 mV; last spikes of bursts = 3.32 ± 1.98 mV, p < 0.05; paired student’s 

t-test) (Figure 4.8 A, C). Such a decrease in spike height can be attributed to reduced sodium 

channel availability as a result of sustained depolarisation during the burst resulting in sodium 

channels being unable to recover from inactivation. 
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Figure	  4.8:	  Action	  potential	  height	  and	  width	  are	  significantly	  reduced	  during	  burst	  firing	  in	  VTA	  
dopamine	  neurons	  

A.	   Average	   action	   potential	   waveforms	   of	   non-‐burst	   single	   spikes	   (black),	   first	   spikes	   of	   bursts	  

(blue),	   and	   last	   spikes	   of	   bursts	   (magenta)	   aligned	   at	   the	   point	   of	   maximum	   rate	   of	   rise.	   B.	  

Decrease	  in	  action	  potential	  height	  for	  average	  last	  spike	  of	  bursts	  is	  evident	  in	  A	  and	  statistically	  

significant	  while	  the	  increase	  in	  spike	  width	  although	  significant	  for	  five	  out	  of	  seven	  neurons,	   is	  

not	  significant	  across	  the	  population.	  Error	  bars	  represent	  mean	  ±	  S.E.M.	  
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4.3.7	  PCA	  of	  action	  potential	  waveforms,	  as	  a	  novel	  method	  for	  studying	  neuronal	  membrane	  
dynamics,	  identifies	  key	  ion	  channels	  implicated	  in	  burst	  firing	  

	  
Neural action potentials are characterised by a large number of membrane voltage values depending 

on the sampling rate and so a single spike can be considered as a multi-dimensional signal, where 

each membrane voltage value is one dimension. PCA extracts, from these waveforms, few 

dimensions that account for maximum variability across all spikes or in other words, those features 

that can be used to differentiate groups of spikes that maybe present in the spike trains. In our case, 

the data consists of in vivo whole cell recordings of action potentials from dopamine neurons in the 

VTA of the midbrain. For using PCA to analyse this data set, we consider each spike as a 300 

dimensional signal, where each dimension is the membrane voltage value at each time point over 

180ms. However it is impossible to visualise this 300-dimension space. For example, if the spike 

was only characterised by two or three membrane voltage values (V1, V2) (Figure 4.9 A), then we 

could use a simple scatter plot (V1 vs V2) to see the relationship between all the spikes based on 

these two variables but this becomes difficult when there are hundreds of variables (Figure 4.9 B). 

Using the first few PCs, however, we can re-represent the data in two or three dimensions and see 

the relationships between spikes. Each spike in the data set has a PC score that places it in the PC 

space (Figure 4.9 C). Once again, spikes were detected as described above and separated into non-

burst single spikes, first spikes of a burst and last spikes of the bursts. These spikes were aligned at 

the point of maximum rate of rise in membrane potential and PCA was performed on all these 

spikes. 
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Figure	  4.9:	  Schematic	  explanation	  for	  PCA	  

A:	  An	  example	  action	  potential	  where	  V1	  and	  V2	  are	  two	  values	  of	  membrane	  voltage.	  B:	  Scatter	  

plot	  of	  V1	  against	  V2,	  where	  each	  spot	   is	  a	   spike	   from	  the	  VTA	  data,	   colour	  coded	  according	   to	  

whether	  a	  spike	  is	  a	  non-‐burst	  single	  spike	  (black),	  first	  spike	  of	  burst	  (cyan)	  or	  last	  spike	  of	  a	  burst	  

(magenta).	  It	  is	  easy	  to	  see	  the	  relationship	  between	  two	  such	  membrane	  voltage	  values,	  however	  

it	  will	  be	  difficult	   to	  visualise	   the	   relationship	  between	  300	  membrane	  voltage	  values.	  C:	  All	   the	  

spikes	  are	  now	  plotted	  as	  a	  linear	  combination	  of	  all	  the	  300	  variables	  using	  just	  the	  first	  two	  PCs	  

that	  account	  for	  maximum	  variance	  in	  the	  data.	  	  
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We used PCA as a novel complementary approach to look for any other changes in membrane 

dynamics during burst firing that we may have missed using the simple methods described in the 

previous analyses. We expected that the first few PCs would explain the variance between spikes 

within a burst and non-burst single spikes based on differences in epochs of membrane voltage that 

could be ultimately related to specific ion channel currents. The scree plot shows the percentage 

variance explained by each of the PCs (Figure 4.10 A). For our analysis we can see that the first 

four PCs account for nearly 100% of the variability in the spikes. We therefore used these four PCs 

for all further analyses. 

 
PC scores – do similar spikes group together? 

Looking at the scores plot (Figure 4.10 B), which is a plot of the reconstructed data set projected in 

the PC-space, using the first two PCs in our analysis, we can see that non-burst single spikes 

(black), first spike of bursts (blue) and last spikes of bursts (magenta) seem to form overlapping yet 

separable groups. However, since all these groups overlap with each other, we also looked at the 

mean PC scores for each PC and see how each of these groups are in relation to one another. We 

visualised this using a spider plot (Figure 4.10 C). This plot helps in visualising multi-dimensional 

data using multiple axes and so can compare how each group’s mean PC score sits on each PC axis. 

From the above spider plots we can clearly see a separation of means of PC scores on all four PCs 

between the groups of spikes. For example, PC1 separates non-burst single spikes from spikes 

within a burst, PC2 captures the variance between first spikes of bursts compared to both non-burst 

single spikes and last spikes of bursts, and finally PC3 and PC4 separate last spikes of bursts from 

both non-burst single spikes and first spikes of bursts. We now looked at which of the underlying 

variables contribute more to the PCs. This would tell us which part of the action potential is 

responsible for the separation that is observed between the groups based on the PCs. 
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Figure	  4.10:	  Principal	  components	  analysis	  of	  burst	  and	  non-‐burst	  waveforms	  

A.	  Scree	  plot	  shows	  the	  percentage	  of	  variance	  explained	  by	  each	  of	  the	  PCs;	  in	  our	  case,	  the	  first	  

four	  PCs	  (blue	  dots)	  explain	  nearly	  99%	  of	  the	  variance	  present	  across	  the	  spikes	  in	  our	  analysis.	  B.	  

Scores	  plot	  shows	  how	  the	  first	  two	  PCs	  are	  able	  to	  separate	  the	  spikes	  into	  three	  overlapping	  yet	  

distinct	  groups	  belonging	  to	  non-‐burst	  single	  spikes	   (black),	   first	  spikes	  of	  bursts	   (cyan),	  and	   last	  

spikes	  of	  bursts	  (magenta).	  C.	  Spider	  plot	  shows	  mean	  values	  of	  PC1	  –	  PC4	  for	  the	  three	  groups	  of	  

spikes	  following	  the	  same	  colour	  coding	  as	  in	  B.	   
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 PC loadings – which variables contribute most to the variability and what is the relationship 

between the variables? 

In our case, there are 300 variables or membrane voltage values and so each PC has 300 values both 

in the negative and positive directions. A high value of a variable in either direction would indicate 

greater contribution of that variable to the PC. This is visualised using the loadings plot in Figure 

4.11. We can see from the loadings plot, that PC1 has larger values around the peak as well as the 

AHP region of the action potential. Because PC1 separates non-burst single spikes from first and 

last spikes of bursts, we can infer that this separation is based on differences in action potential peak 

and AHP. This also agrees well with our previous analysis that last spikes of bursts are significantly 

shorter in peak height and differ in AHP properties. Similarly, PC2 separates first spikes of bursts 

due to the contribution of the slow hyperpolarisation region of the action potential. PC3 seems to 

represent the increased activity before the last spikes of bursts and PC4 captures the variance in 

spike threshold, thus separating last spikes of bursts from the other two groups.  
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Figure	  4.11:	  Temporal	  profile	  of	  the	  first	  four	  PCs	  during	  the	  different	  phases	  of	  the	  action	  
potential	  

The	   PCs	   have	   been	   divided	   into	   specific	   regions	   a	   -‐	   f	   corresponding	   to	   particular	   phases	   of	   the	  

action	  potential.	  The	  region	  during	  which	  each	  of	  the	  PCs	  has	  larger	  values	  can	  then	  be	  related	  to	  

changes	   in	  those	   ion	  channel	  currents	  that	  mediate	  the	  corresponding	  phase	  of	  the	  spike.	   fAHP:	  

fastAHP,	  mAHP:	  mediumAHP,	  sAHP:	  slowAHP.	   
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Spike train clamp using PC-reconstructed waveforms 

I next wanted to see if I could relate each of these PCs to the underlying ion channel currents. I 

therefore reconstructed the individual spike waveforms using the first four PCs after increasing the 

PCs by 50%. We then compared the ion channel currents produced by the model under spike train 

clamp in control and PC-reconstructed modes to see which ion channel currents are modulated in 

the PC-reconstructed mode. Indeed, I found that when the spikes were reconstructed after 

increasing PC1 by 50%, sodium and SK currents were increased (Figure 4.12 A). Similarly, PC3 

reconstructed waveform clamp resulted in an increase in SK current alone (Figure 4.12 B) while 

PC4 reconstructed waveform clamp caused an increase in A-type potassium current (Figure 4.12 

C). While it may appear that the differences are small and may not denote a functional change in the 

neuron, this technique is used merely as a method to identify which ion channel currents are altered 

when a particular PC is altered so that I can justify my method of using PCA as an efficient method 

of waveform analysis for the purpose of my project.  

 

In summary, PCA provided a complementary approach to support our previous analysis well and 

showed that bursts differ from single spikes primarily in the AHP region, spike height, and spike 

threshold. The currents underlying these differences in membrane dynamics as reflected by the 

action potential waveforms were the sodium current that regulates spike height, and the SK current 

that regulates the AHP. It also appears that the A-type potassium current is involved in maintaining 

spike threshold.	  
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Figure	  4.12:	  Peak	  currents	  obtained	  from	  spike	  train	  clamp	  after	  increasing	  PCs	  by	  50%	  

A:	  PC1	   results	   in	   an	   increase	   in	  peak	   sodium	  channel	   and	  SK	   channel	   currents.	   This	   agrees	  well	  

with	  Figure	  4.10	  B	  because	  PC1	  varies	  most	  around	  action	  potential	  peak	  and	  AHP.	  B:	   Similarly,	  

PC3	   appears	   to	   encode	   SK	   channel	   current	   alone	   because	   this	   was	   the	   only	   current	   that	   was	  

increased	   significantly	   after	  modifying	  PC3.	   C:	  PC4	  modification	   results	   in	   an	   increase	   in	  peak	  A	  

type	   current	   implying	   that	   this	   current	   is	   involved	   in	   spike	   threshold	   because	   PC4	   explains	   the	  

variance	  in	  the	  region	  preceding	  threshold	  as	  in	  Figure	  4.10.	  Error	  bars	  represent	  mean	  ±	  S.E.M.	  
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4.3.8	  Burst	  clamp	  –	  voltage	  clamp	  simulation	  using	  the	  raw	  in	  vivo	  spike	  train	  obtained	  
from	  recording	  in	  the	  VTA	  

	  
In order to elucidate ion channel currents during endogenous burst firing, we used burst clamp to 

look at how current flowing through each of the ion channels in our model drive the membrane 

voltage during the course of bursts. The model dopamine neuron was clamped using the spike trains 

as the command voltage for each of the seven neurons and the average peak currents from the ion 

channels included in the model were compared between average non-burst single spikes, average 

first spike of bursts, and average last spike of bursts across all the neurons. As expected, sodium 

channel current differed significantly between the groups (one-way repeated measures ANOVA, p 

< 0.05) (Figure 4.13 A). Post-hoc multiple comparisons using Neuman-Keuls test revealed that 

there was a significant difference in sodium currents between all three groups (peak sodium current; 

average non-burst single spike = -0.48 ± 0.03 nA, average first spike of bursts = -0.39 ± 0.04 nA, 

average last spike of bursts = -0.33 ± 0.03 nA, p < 0.05). The difference between average first spike 

and average last spike sodium current agrees well with our observation of decrease in rate of change 

in membrane rate and depolarisation in action potential threshold, all indicative of reduced 

availability of sodium channels. However, the reduction in sodium current at the average first spike 

compared to non-burst single spikes is not understood. 

 

Burst clamp also revealed that there is a difference in the A-type potassium channel current between 

the groups (one-way repeated measures ANOVA, p < 0.05) (Figure 4.13 C). Post-hoc multiple 

comparisons using Neuman-Keuls test revealed that there is a reduction in A-type current in both 

average first and last spike of bursts compared to average non-burst single spikes (peak A-type 

potassium current; average non-burst single spike = 0.42 ± 0.03 nA, average first spike of bursts = 

0.35 ± 0.05 nA, average last spike of bursts = 0.28 ± 0.04 nA, p < 0.05). This perhaps is due to 

insufficient activation of A-type channels due to the reduction in post-spike AHP during burst firing 
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because A-type potassium channels are activated in the sub-threshold range (Silva, Pechura et al. 

1990). A-type potassium channels regulate firing frequency and so a reduction in this current during 

burst firing could also facilitate in transiently elevating the instantaneous firing frequency during 

bursting. 

 

It also appears that there is a decrease in peak L-type calcium channel current between the three 

groups, although this did not achieve statistical significance (Figure 4.13 D). L-type calcium 

channels are activated sub-threshold to provide the depolarisation drive to bring the membrane 

voltage to action potential threshold after every spike (Amini, Clark et al. 1999). Because we 

previously found that the AHP of the first spike is greatly reduced during the start of a burst, it is 

possible that L-type calcium channels are unable to activate enough because the membrane voltage 

does not reach the hyperpolarised voltage range needed for their activation.  

 

SK channel current was also reduced between the groups (one-way repeated measures ANOVA, p < 

0.05) (Figure 4.13 E). Post-hoc multiple comparisons using Neuman-Keuls test revealed that the 

current was significantly reduced at the average first and last spikes of bursts compared to average 

non-burst single spike (peak SK current; average non-burst single spike = 0.99 ± 0.3 nA, average 

first spike of bursts = 0.76 ± 0.21 nA, average last spike of bursts = 0.73 ± 0.22 nA, p < 0.05). This 

was expected because of the reduction in the AHP at the first spike of burst that I previously found 

in membrane voltage analysis. Burst clamp gives us direct evidence of ion channel currents 

underlying endogenous burst firing in VTA dopamine neurons. 
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Figure	  4.13:	  Burst	  clamp	  

A:	  Peak	  sodium	  current	  is	  reduced	  during	  burst	  firing	  indicating	  unavailability	  of	  sodium	  channels	  

during	  a	  burst.	  B:	  Delayed	  rectifier	  potassium	  current	  is	  also	  reduced	  between	  the	  non-‐burst	  single	  

spike	   and	   first	   spike	   of	   bursts.	  C:	   Peak	   A-‐type	   potassium	   current	   is	   reduced	   during	   burst	   firing	  

perhaps	  because	  of	   reduced	  activation	  as	   a	   result	   of	   reduced	  AHP	  during	  burst	   firing.	  D:	   L-‐type	  

calcium	   channel	   current	   also	   is	   reduced	   even	   at	   the	   start	   of	   a	   burst	   perhaps	   again	   due	   to	  

insufficient	  activation	  as	  a	  result	  of	  reduced	  AHP.	  E:	  SK	  channel	  current	  is	  also	  reduced	  at	  the	  start	  

of	  a	  burst	  that	  results	  in	  the	  reduction	  in	  AHP,	  which	  appears	  to	  be	  the	  first	  detectable	  change	  in	  

membrane	  dynamics	  during	  burst	  firing.	  Error	  bars	  represent	  mean	  ±	  S.E.M.	   	  
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4.4	  Discussion	  

	  
Some computational studies have tried to simulate endogenous bursting in dopamine neurons and 

put forth credible hypotheses for the generation of bursts in these neurons (Penney and Britton 

2002; Komendantov, Komendantova et al. 2004; Canavier and Landry 2006). However, because of 

a lack of experimental whole-cell recordings from the intact brain, we did not have a comprehensive 

view of the membrane dynamics during burst firing. I analysed whole-cell records of endogenous 

burst firing obtained from dopamine neurons in the VTA of anesthetised rats in order to quantify 

membrane voltage features and thereby identify underlying ion channel currents during bursting 

with the aim of hypothesising mechanisms underlying burst firing. I used simple statistical 

comparisons of membrane waveforms during and outside of burst firing, as well as more 

sophisticated methods such as PCA, to better understand the evolution of membrane voltage that 

might lead to and terminate bursts. I also used our model to identify key ion channels implicated 

during burst firing using spike train clamp.  

 

My results primarily suggest that SK channel inhibition is the key event that triggers a burst in vivo, 

and that sodium channel inactivation plays a crucial role in shaping the spikes during a burst, and 

hypothesise that it may also facilitate burst termination. Membrane waveform analysis and PCA 

identified differences in the AHP, spike height, and threshold as the main features that distinguish 

single spikes from spikes within a burst. Therefore PCA also indicates that modulation of the SK 

current underlies endogenous bursting, and reduction in sodium current (that could be due to 

sustained sodium channel inactivation) underlies changes in spike height and depolarisation in spike 

threshold. Interestingly, PCA suggests that the A-type potassium channel plays a crucial role in 

maintaining spike threshold in these neurons. Finally, burst clamp using my stochastic dopamine 

neuron model gives direct evidence of progressive sodium channel inactivation during the burst that 
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underlies slowing of membrane voltage dynamics, reduction in spike height and depolarisation in 

action potential threshold during a burst. 

 

NMDAR-dependent modulation of SK channels 

In vitro, midbrain dopamine neurons do not demonstrate burst firing in the absence of synaptic 

inputs and experimental evidence suggests that NMDAR activation results in an increase in burst 

firing in midbrain dopamine neurons (Johnson, Seutin et al. 1992; Chergui, Charlety et al. 1993; 

Zweifel, Parker et al. 2009). Bursting is further augmented by the selective blockade of SK channels 

in the presence of NMDAR stimulation (Seutin, Johnson et al. 1993); blockade of SK channels 

alone has also been shown to give rise to burst firing in these neurons (Shepard and Bunney 1988; 

Shepard and Stump 1999). In vivo, endogenous bursts also appear to depend primarily on NMDAR 

activation and SK channel inhibition results in an increase in burst firing (Chergui, Charlety et al. 

1993; Waroux, Massotte et al. 2005). 

 

Because, from my results, reduction in SK channel current mediated AHP appears to trigger bursts 

in vivo, I sought to research the published literature for evidence of what might cause this effect. 

While only one study provides direct evidence of a down regulation in SK channel current as a 

direct result of NMDAR activation (Paul, Keith et al. 2003), it does corroborate well with our 

prediction and other studies that have demonstrated increase in burst firing in apamin. However, SK 

channels have primarily been shown to dampen NMDAR-dependent EPSPs due to a negative 

feedback loop formed by tight coupling with calcium influx through NMDAR in some other 

neuronal types (Ngo-Anh, Bloodgood et al. 2005; Nanou, Alpert et al. 2013). The association of SK 

channels with calmodulin (CaM), whose phosphorylated state determines the calcium affinity of the 

SK-CaM protein complex, in turn confers the calcium sensitivity of SK channels (Maylie, Bond et 

al. 2004). There does exist evidence of neurotransmitter-dependent inhibition of SK channels due to 
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decreased calcium sensitivity by the CK2-mediated phosphorylation of SK channel bound CaM 

during activation of adrenergic receptors by norepinephrine (Maingret, Coste et al. 2008). 

Muscarinic inhibition of SK channels has also been shown to enhance excitatory effects NMDAR 

stimulation facilitating long-term potentiation (LTP) (Buchanan, Petrovic et al. 2010).  

 

In VTA dopamine neurons, however, activation of muscarinic receptors results in post-synaptic 

hyperpolarisation due to activation of SK channels as a result of increased intracellular calcium 

release from internal stores (Fiorillo and Williams 2000). Therefore, further experimental work 

needs to be carried out to determine whether there exists an intracellular mechanism that might 

inhibit SK channels via the CK2-pathway on NMDAR stimulation in VTA dopamine neurons. 

  

Sodium channel inactivation during burst firing could facilitate termination of bursts 

TTX-sensitive, action potential generating sodium currents have fast activation and inactivation 

dynamics and play an important regulatory role in determining action potential shape, threshold, 

and height. In my analysis of endogenous burst waveforms from VTA dopamine neurons, I 

observed a progressive decrease in sodium channel current due to failure of recovery from 

inactivation as a result of decrease in the AHP during burst firing. This in turn manifested as a 

progressive decrease in spike height, slowing of membrane rate of change, and depolarisation in 

spike threshold. As the burst progressed, recovery from inactivation progressively decreases until 

there are insufficient sodium channels available to fire any more spikes. This perhaps results in 

burst termination.  

 

Relationship to existing models of bursting 

My thesis uses mathematical techniques and a stochastic dopamine neuron model to analyse 

membrane voltage trajectories and corresponding ion channel currents during endogenous burst 
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firing in VTA dopamine neurons in order to hypothesise mechanisms underlying generation and 

termination of bursts. The first few computational models of dopamine neurons have focussed on 

the role of NMDAR activation and the sodium pump for the generation and termination of bursts 

respectively (Li, Bertram et al. 1996; Canavier 1999).  

 

Mechanisms by which SK channel block facilitates burst firing were explored in some other 

modelling studies that predicted sub-threshold plateaux potentials driven by L-type calcium 

channels and repolarised by ERG current as underlying burst firing (Amini, Clark et al. 1999; 

Canavier, Oprisan et al. 2007; Oster and Gutkin 2011). However with our results we hypothesise 

that a transient inhibition of SK channels, perhaps via NMDAR activation, triggers bursts. 

Moreover, all these studies concentrated on in vitro models of bursting; in vivo models are primarily 

based on electro-tonic coupling between dopamine neurons (Komendantov and Canavier 2002), 

electrical coupling between dendrites and soma (Wilson and Callaway 2000), and summation of 

effects of a concomitant increase in excitatory drive and reduction of inhibitory synaptic 

conductances along with SK channel inhibition (Canavier and Landry 2006). Most existing models 

predict roles for potassium conductances such as SK (Li, Bertram et al. 1996), ERG (Canavier, 

Oprisan et al. 2007), and M-type (Drion, Bonjean et al. 2010) to repolarise bursts in dopamine 

neurons. However our prediction is that sodium channels progressively fail to recover from 

inactivation during the course of a burst until there are insufficient sodium channels available to 

initiate any further action potentials and therefore the burst terminates. 
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Chapter	  5 Conclusions	  and	  Discussion	  
 

Ion channels shape the excitability of neurons and a multitude of ion channels work in concert to 

influence the membrane voltage to give rise to the neuronal action potential. Because of their role in 

reward-related learning and the presence of abnormal firing patterns in disorders such as 

schizophrenia and PD, a lot of work has gone into elucidating the role of ion channels controlling 

the different aspects of firing in midbrain dopamine neurons. We developed a novel stochastic 

model representative of midbrain dopamine neurons in order to uncover mechanism(s) by which SK 

channels maintain firing regularity and further used the model to analyse ion channel currents 

during burst firing in voltage clamp mode using whole-cell membrane voltage spike trains. We also 

employed mathematical techniques like PCA as a complimentary approach to identify epochs 

during spiking, especially during burst firing that differentiated burst waveforms from non-burst 

waveforms and relate these differences to ion channel currents that might be driving those effects. 

5.1	  Summary	  of	  findings	  
 

Our first hypothesis stated that “the post-spike AHP provided by the current through SK channels 

standardises the availability of other voltage-gated ion channels such as sodium and potassium 

channels in order to time each action potential. With SK channel inhibition, reduced AHP results in 

a variable amount of sodium channels remaining in the inactivated state, due to ion channel 

stochasticity, thereby resulting in an irregular spike train.” To test this hypothesis, I developed a 

biophysical model of a midbrain dopamine neuron with ion channel stochasticity (Figure 5.1). My 

primary results suggest that SK channels control the availability of sodium channels by providing a 

hyperpolarising current after each spike in order to facilitate recovery of these channels from 

inactivation such that enough are always available to open during the next depolarising wave to fire 

a spike. When SK channels are blocked, spike timing becomes irregular because, due to the 

stochastic nature of ion channels, sometimes there are enough sodium channels available to open 
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and so the neuron fires a spike whereas at other times, the neuron remains silent for a longer period 

of time to enable enough sodium channels to recover from inactivation an then fires a spike after a 

longer ISI. We also find that decrease in firing regularity is accompanied by a depolarisation and 

increase in variability in spike threshold due to the overall reduced availability of sodium channels. 
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Figure	  5.1:	  Schematic	  representation	  of	  firing	  regularity	  in	  midbrain	  dopamine	  neurons	  

A.	   In	  physiological	  midbrain	  dopamine	  neurons,	  while	  experiments	  demonstrated	  that	   inhibition	  

of	  SK	  channels	  results	  in	  a	  decrease	  in	  firing	  regularity,	  it	  was	  not	  clear	  why.	  B.	  Using	  a	  stochastic	  

dopamine	  neuron	  model	  that	  reproduced	  regular	  spiking	  in	  the	  presence	  of	  SK	  channels,	  revealed	  

that	   a	   simulated	   inhibition	   of	   SK	   channels	   results	   in	   a	   decrease	   in	   the	   availability	   of	   sodium	  

channels	  along	  with	  an	  increase	  in	  the	  variability	  of	  open	  channels	  thus	  giving	  rise	  to	  an	  decrease	  

in	  firing	  regularity.	  
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For the data driven analysis of membrane voltage waveforms to understand burst-firing 

mechanisms, we used mathematical techniques and computational modelling to elucidate ion 

channel mechanisms underlying endogenous bursting in VTA dopamine neurons (Figure 5.2). 

Preliminary analysis of voltage traces led to the following hypotheses:  

i) SK channel current is significantly reduced during burst firing 

ii) There is a progressive depolarisation in action potential threshold during a burst 

iii)     The depolarisation in action potential threshold is due to accumulation of sodium channel 

inactivation 

 

Such a data-driven analysis of whole-cell in vivo bursts revealed that a reduction in the AHP 

mediated by SK channels is the first detectable change in the membrane voltage trajectory during 

the first spike of a burst suggesting that perhaps neurotransmitter and/or NMDAR-activation 

dependent SK-channel inhibition is key for endogenous burst generation in vivo. The other 

significant result demonstrates that decreased recovery of sodium channels from inactivation during 

the course of a burst plays a crucial role in shaping the spikes especially causing reduction in spike 

height, slowing membrane dynamics, and depolarisation in spike threshold. We further predict that 

due to a progressive increase in number of sodium channels that remain inactive, the burst finally 

terminates due to unavailability of sodium channels to fire any further spikes. 
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Figure	  5.2:	  Schematic	  for	  the	  novel	  and	  complementary	  methods	  used	  in	  the	  analysis	  of	  
endogenous	  burst	  firing	  data	  obtained	  from	  dopamine	  neurons	  in	  the	  VTA	  

In	   order	   to	   elucidate	   ion	   channel	   mechanisms	   underlying	   endogenous	   burst	   firing	   in	   VTA	  

dopamine	   neurons,	   complementary	   methods	   of	   membrane	   voltage	   waveform	   analysis	   using	  

average	  waveform	   comparisons	   and	   PCA	  was	   used	   along	  with	   burst	   clamp	   technique	   using	   our	  

model	  dopamine	  neuron.	  
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5.2	  Significance	  of	  computational	  modelling	  

	  
A number of mathematical models have been recently developed, each seeking to answer specific 

questions regarding dopamine neuron physiology and have made important predictions about the 

role of ion channels in a myriad of electrophysiological features of these neurons (Amini, Clark et 

al. 1999; Wilson and Callaway 2000; Komendantov and Canavier 2002; Komendantov, 

Komendantova et al. 2004; Canavier and Landry 2006; Canavier, Oprisan et al. 2007; Kuznetsova, 

Huertas et al. 2010; Drion, Massotte et al. 2011; Ha and Kuznetsov 2013). One of the strengths of 

computational modelling is that it gives control over individual ion channels, in that a number of 

combinations of conductance values, half-activation voltage, and densities can easily be adjusted to 

simulate different conditions. Moreover, the neuron can be reduced to a simple system of variables 

thereby reducing its complexity, yet retaining much of its electrophysiological features such that 

one can concentrate on a particular set of ion channels most relevant to the question at hand. For 

example the model developed for my thesis is a single compartment representation of the 

dopaminergic soma with only those ion channels required to simulate electrophysiological features 

and responses to pharmacological manipulations relevant to our study. Another benefit of a model 

neuron is that it can be used in dynamic clamp experiments to establish a real-time interaction 

between an in silico and a biological neuron (Sharp, O'Neil et al. 1993). This enables easy addition 

or removal of virtual ion channel currents and/or synaptic inputs to the biological neuron to test 

their effects. 

 

Only a few computational studies have successfully developed neuron models with ion channel 

stochasticity, representative of a specific neuronal type (Mercer, Chan et al. 2007; Xu and Clancy 

2008; Deister, Chan et al. 2009; Masoli, Solinas et al. 2015) and my study is the first such model for 

midbrain dopamine neurons. Adding ion channel stochasticity allowed me to reproduce spike trains 

with firing regularity akin to those seen in in vitro and dissociated preparations of midbrain 
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dopamine neurons and then test our hypothesis that it is the availability of ion channels that 

critically controls firing regularity in these neurons (Figure 5.1). Because of the availability of 

whole-cell membrane voltage data from in vivo recordings, using the stochastic model we were also 

able to identify and explain mechanisms underlying some of the features associated with 

endogenous burst firing such as depolarisation in spike threshold, slowing in membrane rate of 

change due to unavailability of sodium channels. 

 

Finally, having developed a biophysical model of midbrain dopamine neurons, with ion channel 

stochasticity, it can be maintained and developed further to test hypotheses and make predictions 

about dopamine neuron physiology in the future. 

 

5.3	  Novel	  methodology	  for	  data-‐driven	  analysis	  of	  membrane	  voltage	  waveforms	  
and	  underlying	  ion	  channel	  currents	  

	  
 

I used PCA as a complimentary approach for the data-driven analysis of in vivo membrane voltage 

waveforms (Figure 5.2). While PCA itself is not a novel technique for data analysis, and has 

sometimes been used in spike sorting after multi-unit recordings (Lewicki 1998), it has not been 

used to identify ion channel mechanisms underlying differences in membrane voltage waveforms 

between groups of spikes. I used my model dopamine neuron to elucidate ion channel currents that 

might be driving the differences in membrane voltage dynamics, that were identified using PCA, as 

a novel method to identify the roles of different ion channels in burst firing in midbrain dopamine 

neurons.  

 

I also extended the concept of voltage clamp (Hodgkin and Huxley 1952) to run the raw whole-cell 

VTA spike trains obtained from dopamine neurons in vivo, through my model dopamine neuron to 

analyse how ion channel currents change with time during burst firing (Figure 5.2). This has 
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allowed me to make predictions about some of the ion channels that may be involved in driving and 

terminating bursts in these neurons. This is a novel technique that can be used to quickly test 

hypotheses arising from experiments and/or make preliminary predictions that can be tested 

experimentally, about ion channel currents that might be regulating specific electrophysiological 

features of a neuron.	  
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5.4	  Predictions	  from	  our	  study	  that	  could	  be	  tested	  experimentally	  
 

Our model predicts that sodium channels become unavailable to open because the membrane does 

not reach hyperpolarised potentials required for recovery from inactivation when SK channels are 

inhibited. Due to the stochastic nature of ion channels, this results in an increase in the variability of 

available sodium channels for activation; in other words, sometimes enough sodium channels 

recover from inactivation and therefore open to fire a spike, whereas sometimes it takes longer for 

enough sodium channels to recover from inactivation and therefore it takes longer to fire the next 

spike, thus giving rise to an irregular spike train. Under experimental conditions, ion channel 

availability can be calculated indirectly using peak current measurements, however these are only 

approximations. Whereas, a computational model with simulated stochastic ion channels can be 

used as a replacement in a dynamic clamp protocol after pharmacologically or genetically silencing 

the equivalent neuronal channels. This way one can monitor exactly the number of ion channels in 

each of the states during the different manipulations performed in the experiments. 

 

The other predictions from our modelling study such as depolarisation in spike threshold with SK 

channel inhibition can be tested by recording spiking activity and comparing spike thresholds in the 

presence and absence of SK channel inhibitors like apamin. Our model predicts that the increase in 

firing rate observed after SK channel inhibition could be facilitated due to the associated reduction 

in A-type potassium current in our model. In an experimental setting, when SK channel inhibition 

with apamin results in an increase in firing rate, using dynamic clamp, we could inject virtual A-

type potassium current from our model to test if this facilitates a reversal of firing rate to baseline 

before application of apamin.  

 

An important hypothesis from our analysis of whole cell bursts is that a transient SK channel 

inhibition as a result of NMDAR activation triggers burst firing in vivo (Figure 5.3). As discussed in 
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Chapter 4, such a hypothesis is plausible because similar neurotransmitter dependent inhibition of 

SK channels has been observed in other neurons and linked to LTP (Maingret, Coste et al. 2008). 

Only one study gives evidence of SK channel inhibition as a direct result of NMDAR stimulation in 

VTA dopamine neurons (Paul, Keith et al. 2003) however they do not demonstrate nor hypothesise 

what the intracellular mechanisms might be. While this result has not gained much attention, it is 

worth testing and if indeed SK currents are reduced with NMDAR stimulation, then the pathway via 

which NMDAR activation results in SK channel inhibition needs to be investigated further. The 

first candidate could be the CK2-PP2A pathway because SK channels are known to form protein 

complexes with these kinases and phosphatases (Allen, Fakler et al. 2007) in association with CaM. 

Calcium sensitivity of SK channels is indirectly reduced due to the phosphorylation of SK-bound 

CaM by CK2. However there is no evidence to suggest that NMDAR activation directly causes 

such a downstream effect in midbrain dopamine neurons. 
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Figure	  5.3:	  Schematic	  to	  demonstrate	  our	  prediction	  that	  NMDAR-‐dependent	  SK	  channel	  
inhibition	  triggers	  endogenous	  burst	  firing	  in	  VTA	  dopamine	  neurons	  

SK	  channels	  are	  activated	  by	  incoming	  calcium	  ions	  through	  L-‐type	  calcium	  channels	  via	  binding	  of	  

CaM.	  Because	  a	  reduction	  in	  AHP	  is	  the	  first	  change	  in	  membrane	  voltage	  waveform	  during	  burst	  

firing	   in	   VTA	   dopamine	   neurons,	   we	   predict	   that	   during	   synaptic	   stimulation,	   activation	   of	  

NMDARs	   inhibits	   SK	   channels	   via	   CK2-‐mediated	   phosphorylation	   of	   SK-‐bound	   CaM	   thereby	  

decreasing	  the	  calcium	  sensitivity	  of	  SK	  channels	  and	  inhibiting	  them,	  thus	  resulting	  in	  a	  burst.	  	   	  
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Once again, dynamic clamp could be used to study sodium channel inactivation related predictions 

during burst firing using our stochastic model. We showed that spike threshold progressively 

depolarises due to inactivation of sodium channels during the course of burst firing and predict that 

it is perhaps complete failure of recovery from inactivation that results in the termination of bursts 

(Figure 5.4). It has been demonstrated in other models of dopamine neurons that depolarisation 

block occur due to sodium channel inactivation where the neuron ceases to fire after discharging a 

series of closely spaced spikes similar to bursts (Kuznetsova, Huertas et al. 2010; Qian, Yu et al. 

2014; Yu and Canavier 2015). Therefore our prediction seems plausible and can be tested by 

introducing virtual sodium channels just before burst termination to see if that prevents termination 

by producing further spiking. 
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Figure	  5.4:	  Schematic	  for	  endogenous	  burst	  generation	  and	  termination	  in	  VTA	  dopamine	  
neurons	  

My	  analysis	  predicts	  that	  bursts	  are	  generated	  due	  to	  the	  transient	  inhibition	  of	  SK	  channels	  due	  

to	  NMDAR	  activation	  via	  the	  CK2-‐mediated	  phosphorylation	  of	  SK-‐bound	  CaM.	  I	  also	  predict	  that	  

bursts	   are	   terminated	   due	   to	   a	   failure	   of	   recovery	   from	   inactivation	   of	   sodium	   channels	   during	  

burst	   firing,	   such	   that	   enough	   sodium	   channels	   are	   not	   available	   to	   fire	   further	   spikes.
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