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ABSTRACT

Regulation of autonomous pacemaking and high frequency fi ring in 
the basal ganglia

Jeff rey Neil Mercer

Following dopaminergic denervation in Parkinson’s Disease, fi ring patterns in several 

basal ganglia neuron populations are pathologically altered. In the globus pallidus (GP), this 

manifests as a loss of autonomous, rhythmic, high–frequency pacemaking and an appearance of 

correlated, oscillatory bursting. Th is oscillatory bursting is best disrupted through high–frequency 

stimulation of aff ected nuclei in the basal ganglia. Th e goal of this research was to understand the 

intrinsic mechanisms by which the GP and other autonomous pacemakers establish their discharge 

patterns and how regulation of these mechanisms through electrical, pharmacological and genetic 

manipulations can alter fi ring properties. Th is was accomplished by integrating current–clamp 

recordings of activity patterns in pacemaking neurons with voltage–clamp recordings isolating 

important channel types. 

By direct, high–frequency stimulation of GP neurons, we demonstrate that they are capable 

of sustaining high frequency fi ring during stimulation, suggesting that the therapeutic eff ect of this 

technique is a disruption of the pathological discharge pattern, not cessation of fi ring. Analysis of 

Na+ channel biophysics in these neurons identifi es a novel resurgent gating mode present only in 

channels of pacemaking neurons (GP neurons, striatal cholinergic interneurons and dopaminergic 

neurons). As a result of the unique properties underlying this gating mode, the Na+ channels in 

autonomous pacemakers recover more rapidly from the previous spike, increasing availability during 

the interspike interval and increasing the depolarizing current that drives the membrane towards 

spike threshold. Without this gating mode, the ability of GP neurons to fi re autonomously and at 

high frequencies is signifi cantly reduced. Activation of D2 receptors also aff ects channel availability 
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by increasing entry into the slow inactivated state, leading to a reduction in excitability of cholinergic 

interneurons. 

Another channel important for autonomous spiking is the HCN channel, which is 

responsible for keeping the membrane depolarized enough for Na+ channels to drive spiking. 

Following dopamine depletion, HCN channel density is reduced, leading to silencing of GP activity. 

Th is reduction in discharge from the GP can potentially have global eff ects on network connections 

throughout the basal ganglia.
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Terminology
General

AHP — after–hyperpolarization

AP — action potential

CNS — central nervous system

DBS — deep brain stimulation

F–I — plots of output frequency as a function of injected current

V–I — plots of output voltage as a function of injected current

I–V — plots of output current as a function of injected voltage

IC50 — concentration needed for 50% inhibition

PD — Parkinson’s Disease

scRT–PCR — single–cell reverse–transcription polymerase chain reaction

Basal ganglia structures
Th e terminology applied to the divisions of the basal ganglia is particularly confusing because 
a) the nomenclature is based on the anatomical location and gross appearance of individual 
nuclei and b) diff erences in the gross anatomy of primate and rodent brains. For the purposes 
of this thesis, I will use the commonly used nomenclature for rodents: GP and EP for the 
external and internal globus pallidus of primates, respectively

CPu — Caudate & Putamen, also referred to as the striatum

MSN — medium spiny neuron

TAN/ChAT cell —tonically active neuron / choline acetyltransferase–expressing cholinergic  
interneuron

EP — entopeduncular nucleus (GPi in primates)

GP — globus pallidus (GPe in primates)

SNc — substantia nigra pars compacta

SNr — substantia nigra pars reticulata

STN — subthalamic nucleus
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Channels

BK — big conductance Ca2+–dependent K+ channels

SK — small conductance Ca2+–dependent K+ channels

Cav — voltage–gated Ca2+ channel 

Cav1.3–/– — neurons lacking Cav1.3 L–type Ca2+ channel

HCN — hyperpolarization activated, cyclic nucleotide–gated, nonselective cation channel

Nav — voltage–gated Na+ channel

SCN8A — gene encoding the Nav1.6 α–subunit

medTG — transgenic mutation of SCN8A, leads to motor endplate disease

Nav1.6–/– — neurons lacking Nav1.6 (medTG)

Kir/IRK — inward rectifying K+ channel

Kv — voltage–gated K+ channel

Signaling molecules/Drugs

6–OHDA — 6–hydroxydopamine, DA analog that kills DA neurons

αMT — α–methyl–tyrosine, inhibits tyrosine hydroxylase (enzyme that synthesizes DA)

calphostin C — PKC inhibitor

cBIMPS — Sp 5,6–DCl–cBIMPS, membrane–permeant cAMP analog.

ChAT — choline acetyltransferase

DA — dopamine, neuromodulator 

D1 family receptor — stimulatory DA receptor family (includes D1 and D5)

D2 family receptor — inhibitory DA receptor family (includes D2, D3 and D4)

Quinpirole — selective D2 receptor agonist

NPA — (r)–(–)–apomorphine hydrochloride, selective D2 receptor agonist

Sulpiride — (s)–(–)–sulpiride, selective D2 receptor antagonist

DAG — diacylglycerol

ENK — enkephalin, endogenous opioid
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GABA — γ–amino butyric acid, inhibitory signaling molecule

GABAA — ionotropic GABA receptor

GABAB — metabotropic GABA receptor

GAD67 — 67 kD form of glutamatic acid decarboxylase, synthesizes GABA

G
βγ

 — inhibitory G–protein subunit

βark–Cp — β–adrenergic receptor kinase 1 c–terminal peptide, scavenges G
βγ

–subunits

IP3 — inositol triphosphate

Mibefradil — modestly selective T–type Ca2+ channel blocker

pCPA — dl–p–chlorophenylalanine, selective serotonin depleting molecule

PKC — protein kinase C

OAG — 1–oleoyl–2–acetyl–sn–glycerol, PKC activator

PKA — protein kinase A

PLC — phospholipase C

PV — parvalbumin, Ca2+ chelating protein

Reserpine — monoamine depleting molecule, used in models of PD

SR 95531 — gabazine, selective GABAA antogonist

TTX — tetrodotoxin, selective Na+ channel blocker
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Chapter One

Introduction

Autonomous pacemakers — neurons capable of periodic spiking in the absence of synaptic 

input — are important participants in a wide array of neural networks in both vertebrates and 

invertebrates. Th e basal ganglia are particularly rife with spontaneously active neurons. Th is network 

is unique in the brain in that it is dominated by sequential tiers of GABAergic neurons (Oertel and 

Mugnaini, 1984). Initially, being the only excitatory element within the circuit, the autonomously 

active glutamatergic subthalamic nucleus (STN) was thought to drive this inhibitory network 

(Kitai and Kita, 1987), but we now know that the activity in all of the structures downstream of the 

striatum, namely the globus pallidus (GP), the entopeduncular nucleus (EP) and substantia nigra 

pars reticulata (SNr), is due to autonomous pacemaking. Th ese output nuclei in turn send their 

GABAergic projections to the thalamus and premotor areas of the CNS critically involved in motor, 

associative, cognitive and mnemonic functions (Albin et al., 1989; Bolam et al., 2000).

In addition to the autonomous pacemakers populating the output structures of the basal 

ganglia, neurons of this type are strategically positioned in two major nuclei processing incoming 

neural signals. In the striatum, the giant cholinergic interneurons are autonomous pacemakers. 

Pauses in their activity are thought to generate a learning signal (dopamine, DA) in the striatum. Th e 

pause in cholinergic interneuron activity is generated by synaptically accelerated activity in another 

basal ganglia pacemaker; the DAergic neuron of the substantia nigra pars compacta (SNc) (Graybiel 

et al., 1994). 

Within the basal ganglia, pacemakers can be divided into two broad categories formed upon 

the basis of the type of pacemaking they exhibit and their intrinsic properties. Principal neurons in 

the GP, STN and SNr are nominally fast–spiking pacemakers; they maintain high level of ambient 
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spiking in vivo and capable of discharge rates in excess of 200 Hz for sustained periods. In contrast, 

striatal cholinergic interneurons and DAergic neurons are slow spiking pacemakers, typically spiking 

at low frequencies (0.2–10 Hz) both in vitro and in vivo. 

Fast–spiking pacemakers 

 Na+ currents drive autonomous pacemaking 

Autonomous pacemaking in GP and STN neurons relies upon voltage–dependent Na+ 

channels (Beurrier et al., 2000; Cooper and Stanford, 2000; Do and Bean, 2003; Chan et al., 2004). 

Th at is, application of a Na+ channel blocker (tetrodotoxin [TTX]) abolishes autonomous activity 

and subthreshold oscillations in membrane potential. In this respect, these basal ganglia neurons 

resemble cerebellar Purkinje neurons and deep cerebellar nuclei neurons (Raman et al., 2000; 

Afshari et al., 2004). Similar to these cerebellar cell types, the Na+ currents in GP and STN neurons 

are unusual in that they exhibit ‘resurgence’ (Raman and Bean, 1997). Resurgent current develops 

from an open channel block at depolarized membrane potential. While spiking, channels block 

during the up–stroke and then unblock upon repolarization, leading to a late, inward, depolarizing 

current. Because blocked channels do not inactivate and recover faster and at more depolarized 

potentials, the addition of this voltage–dependent state has two eff ects relevant to autonomous 

fast spiking. Th e fi rst eff ect is to reduce the amount of inactivation during a spike, increasing Na+ 

channel availability for the next spiking cycle. Th e second eff ect is to reduce the ‘depth’ of the 

postspike after–hyperpolarization (AHP), shortening the depolarizing ramp to the next spike. Th e 

functional expression of resurgence during the inter–spike interval in GP or STN neurons (and 

in Purkinje neurons) is enhanced by their reliance upon very rapidly deactivating Kv3 channels 

for spike repolarization, therefore minimizing outward currents that would slow repolarization of 

the membrane toward spike threshold. Experimental and computational studies have shown that 

resurgent current increases excitability and promotes sustained, autonomous pacemaking (Khaliq 

et al., 2003). Direct examination of this gating mode of Na+ channels has not been made in EP 

and SNr neurons; however, based on comparisons of the fi ring properties of these neurons to their 



15

non–autonomous counterparts, the expression of resurgence is likely to be a general theme for 

autonomous pacemakers within the basal ganglia.

Th e molecular mechanism underlying resurgence is something of a mystery. Originally, it 

was thought to depend upon the Nav1.6 α–subunit because resurgence was largely lost in Purkinje 

neurons from mice lacking this subunit (Raman et al., 1997). GP and STN neurons express Nav1.6 

subunits, in addition to Nav1.1 and Nav1.2 (see below). However, because many neurons that 

express Nav1.6 channels don’t have resurgent current, and heterologously expressed Nav1.6 channels 

don’t express resurgence, these subunits cannot be suffi  cient. Recent work in STN neurons has 

shown that Nav1.6 is not necessary either because resurgent current is intact in the mice originally 

used for the work with Purkinje neurons (Do and Bean, 2004). What else is involved? Although 

there have been several ideas generated, the most intriguing hypothesis is that the auxiliary β–subunit 

of the channel is involved (Grieco et al., 2005). Peptides mimicking the cytoplasmic C–terminus 

of Navβ4 restore a resurgent–like current to Purkinje neurons in which resurgent current has been 

eliminated by protease treatment, and introduce it in hippocampal pyramidal neurons that normally 

have no resurgent current. Although this hypothesis is compelling, there are bothersome parallels 

to the Nav1.6 story. Navβ4 is expressed in neurons that have no resurgence (e.g. striatal medium 

spiny neurons), and heterologous expression of this subunit with Nav1.2 subunits doesn’t produce 

resurgence (Yu et al., 2003); this suggests that if Navβ4 is necessary, it isn’t suffi  cient. 

In most other respects, the Na+ channel currents in GP and STN neurons are not unusual. 

Th e macroscopic voltage–dependence of activation and fast inactivation is similar to regular spiking 

neurons. Th e relative magnitude of the persistent current is similar to that found in neurons that 

aren’t autonomously active (0.2–4% of the peak transient current) — which is contrary to the 

notion that Na+ channel–dependent pacemaking neurons require an unusually large current of this 

type. Several lines of evidence suggest that the persistent Na+ current does not arise from a channel 

diff erent from the one generating the transient Na+ current underlying the spike (coming up with 

an operational defi nition of the current does not make it ‘a distinct entity’) (Taddese and Bean, 
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2002). Simulations of GP neurons show that only a single Na+ channel, displaying a normal level 

of persistent current, is necessary to mimic autonomous pacemaking (Chan et al., 2004). Th at said, 

both GP and STN neurons co–express several pore–forming α– subunits (Nav1.1, 1.2 and 1.6) and 

auxiliary β–subunits (Navβ1–4) (see section 1). Genetic deletion of Nav1.6 leads to a preferential 

loss of resurgent and persistent Na+ current in STN and Purkinje neurons (Raman et al., 1997; Do 

and Bean, 2004). Nevertheless, spontaneous and driven activity of STN neurons lacking Nav1.6 

is remarkably normal. It is possible that the similarity in discharge properties says as much about 

intrinsic homeostatic plasticity — that is, up or downregulation of channels that compensate for the 

loss of Nav1.6 channels — as it does about the normal role of Nav1.6 channels themselves. 

Slow inactivation and autonomous pacemaking 

Another mechanism by which Na+ channel heterogeneity could play an important role 

in pacemaking is in the response to neuromodulators. Both Nav1.1 and Nav1.2 subunits are 

phosphorylated by both protein kinase A (PKA) and protein kinase C (PKC), leading to enhanced 

slow inactivation (Cantrell and Catterall, 2001; Carr et al., 2003), whereas Nav1.6 lacks a crucial 

PKA site, making it refractory to modulation by this protein kinase. Slow inactivation of Na+ 

channels could be particularly important to GP and STN neurons, the in vivo discharge rates of 

which hover in the 50–90 Hz range. High frequency stimulation of STN neurons leads to signifi cant 

elevations in Na+ channel slow inactivation, reducing transient, persistent and resurgent currents (Do 

and Bean, 2003). Th us, enhancement of slow inactivation could compromise their ability to spike in 

the normal frequency range.

Subcellular localization of Na+ channels 

Th e roles of dendritic and initial segment or axonal Na+ channels in pacemaking have 

yet to be defi ned. It is clear that channels near the soma (which are preserved when neurons 

are acutely isolated) are capable of sustaining pacemaking (Do and Bean, 2003). Th ere are also 

indirect suggestions that the dendrites of GP neurons (and possibly STN neurons) also have a rich 
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investment of Na+ channels that are capable of supporting spikes and integration of synaptic input 

(Goldberg et al., 2003; Hanson et al., 2004). Furthermore, as discussed below for slow–spiking 

pacemakers, the initial segment might contain a high concentration of Nav1.6 channels (Boiko et al., 

2001; Boiko et al., 2003), making it a low–threshold point capable of driving pacemaking in intact 

neurons (Stuart and Hausser, 1994; Stuart et al., 1997). Th e absence of Nav1.6 in medTG neurons 

signifi cantly disrupts pacemaking in several neuron types, despite the introduction of Nav1.1 and 1.2 

in the axon and initial segment to replace Nav1.6 (Van Wart and Matthews, 2006).

HCN and SK channels in pacemaking 

Although Na+ channel currents are necessary for autonomous activity in GP and STN 

neurons, several other channels contribute to the rate and regularity of discharge. Small conductance 

Ca2+–dependent K+ channels (SK class) slow and regularize the discharge of STN neurons (Hallworth 

et al., 2003). A similar dependence is found in GP neurons (unpublished observations). By contrast, 

hyperpolarization–activated, cyclic nucleotide–gated cation (HCN) channels are important for GP 

neuron pacemaking but not that of STN neurons (Do and Bean, 2003; Chan et al., 2004). In GP 

neurons, the mixture of HCN1 and HCN2 subunits endows these dendritic, hyperpolarization–

activated cation channels with gating properties that enable their participation in pacemaking and 

in the integration of inhibitory synaptic input from the striatum. By activating HCN channels, this 

GABAergic input is capable of resetting the pacemaking cycle in individual neurons and generating 

synchronous discharge in neurons with temporally correlated input (Chan et al., 2004). GABAergic 

input to STN neurons from the GP has a similar eff ect, but the ionic mechanisms appear to depend 

more on the persistent Na+ current (Bevan and Wilson, 1999; Bevan et al., 2002a; Baufreton et al., 

2005). Th e basis for the diff erences between GP and STN neurons in this regard is not known yet. It 

might refl ect diff erences in the gating properties of STN HCN channels (e.g. reliance upon HCN2 

channels). 

Kv3 channels are also common to GP and STN neurons, in addition to fast–spiking neurons 

elsewhere in the brain (Baranauskas et al., 1999; Wigmore and Lacey, 2000; Baranauskas et al., 
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2003). Th ey are thought to enable fast spiking by virtue of their ability to keep spikes brief (reducing 

Na+ channel inactivation) and rapidly deactivate once the membrane has repolarized, thereby 

enabling the cell to rapidly depolarize to spike threshold again (Rudy and McBain, 2001). Th ese 

channels are not necessary for ordinary pacemaking but might be important for sustained, high–

frequency pacemaking. As mentioned above, the co–expression of Kv3 channels and Na+ channels 

with resurgence creates a potent biophysical mechanism for high–frequency discharge (Akemann and 

Knopfel, 2006). 

Fast spiking neurons in pathologic conditions 

What is less clear is how important the capacity to spike at more than 100 Hz is to the 

functioning of the GP or STN. Th is capacity might be an evolutionary accident that can lead to 

pathophysiological consequences. For example, in parkinsonian humans and animal models at rest, 

GP and STN neurons often discharge in rhythmic, high frequency bursts (Bergman and Deuschl, 

2002). Simulation studies have shown that this type of activity can arise in a reciprocally connected 

network of pacemakers such as that found between the GP and the STN (Terman et al., 2002). 

Th is aberrant activity is thought to be crucial to motor symptoms of the disease, because either GPi 

and/or STN lesioning or high frequency (90–150 Hz) electrical stimulation alleviates symptoms 

(Benabid et al., 2002). 

Deep brain stimulation re–patterns aberrant high–frequency pacemakers 

Th e nominal equivalence of lesioning and electrical stimulation is a bit of a puzzle. 

Recordings done in the STN suggest that deep brain stimulation (DBS) of the STN inhibits 

autonomous activity either through ‘depolarization block’ of Na+ channels (Beurrier et al., 2001; 

Magarinos-Ascone et al., 2002; Tai et al., 2003), stimulation of GPe axons (Boraud et al., 1996; 

Wu et al., 2001) or a decrease in spontaneous activity during stimulation (Bevan and Wilson, 

1999), making it functionally equivalent to lesioning (Bergman et al., 1990; Benazzouz et al., 1993; 

Limousin et al., 1995; Gill and Heywood, 1997). At the same time, stimulation of the STN leads to 
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increases in activity in GPe and GPi neurons (Jech et al., 2001; Hashimoto et al., 2003), as well as an 

increase in glutamate and GABA release in the GPi (Windels et al., 2003; Windels et al., 2005). One 

mechanism by which these apparently contradictory results could be explained is that DBS locally 

inhibits cell bodies within the STN while stimulating aff erent fi bers from the GPe and eff erent 

fi bers to the GPe and GPi (McIntyre et al., 2004a). Th e capacity of high frequency pacemakers to 

sustain this high frequency excitation remains to be elucidated. Th e ability to improve parkinsonian 

symptoms through lesioning or excitation suggests that the major disruption in PD is not the change 

in rate by the oscillatory burst pattern of activity. STN stimulation at 130 Hz should eff ectively 

eliminate the pathological activity and reset a more normal, rhythmic pattern that relies on the 

stimulation to drive the membrane potential to threshold instead of subthreshold Na+ currents. 

Slow–spiking pacemakers 

Both striatal cholinergic interneurons and SNc DAergic neurons are slow spiking (0.1–10 

Hz) autonomous pacemakers. Although similar in this respect, the ionic mechanisms underlying 

pacemaking in the two cells appear to be diff erent. 

Cholinergic pacemakers 

Cholinergic interneurons display two pacemaking modes (Bennett et al., 2000). Th e most 

commonly encountered is the single spiking mode at 0.1–5 Hz. Blockade of voltage–dependent 

Na+ channels with TTX eliminates this pacemaking mode and underlying membrane potential 

oscillations. Similar to fast–spiking pacemakers, interneurons express Nav1.1, 1.2 and 1.6 subunit 

mRNA, in addition to Navβ1– 4 (section 3.1). Th e normal range of persistent current (1–4% of 

peak transient current) is found in the somatodendritic membrane of these neurons but they do 

not manifest resurgent Na+ current. Th e pacemaking rate in these neurons is tightly governed by 

the density of functional channels, because blocking even 10% of the channels with TTX slows 

pacemaking (section 3.2). In principle, pacemaking could be slowed or stopped transiently by 

any lowering of functional channel density. For example, excitatory synaptic input that increases 
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channel inactivation could induce a pause in activity (Reynolds et al., 2004). Activating G–protein 

coupled receptors linked to signaling cascades controlling the phosphorylation state of Na+ channel 

α–subunits could accomplish the same result by increasing channel phosphorylation at sites that 

promote slow inactivation (Wilson, 2005). Th is mechanism could be important for DA signaling 

in the striatum and other areas of the basal ganglia, as DA is in the same class of catecholamines as 

serotonin and DA receptors activated G–protein pathways. 

In addition to Na+ channels, several other channels have pivotal roles in controlling 

interneuron single–spike pacemaking. HCN channels help to maintain the rate and regularity of 

discharge by providing a depolarizing current at the negative membrane potentials reached during 

the spike AHP. Th is AHP is largely mediated by Ca2+–activated K+ channels of the SK class (Bennett 

et al., 2000). Burst of APs also generate a long–lasting slow AHP, with properties similar to those 

found in cortical and hippocampal pyramidal neurons (Goldberg and Wilson, 2005). 

Wilson (Wilson, 2005) has shown that the less common burst pacemaking mode can be 

triggered by hyperpolarization. Th e Na+ channel independent oscillation appears to depend upon 

an interaction among Kir2 (IRK/KCNJ) channels, HCN channels and a leak conductance (e.g. 

TASK3). Kir2 channels are K+ selective, inwardly rectifying channels possessing a negative slope 

conductance region above the potassium equilibrium potential. Hyperpolarization deactivates Na+ 

channels and moves the membrane potential into a range dominated by the negative slope region 

of the Kir2 channels, producing a regenerative event that further hyperpolarizes the cell, driving it 

towards the K+ equilibrium potential. Th is hyperpolarization activates the kinetically slower HCN 

channels and drives the membrane potential back toward –55 mV. Deactivation of the HCN 

channels returns the cell to the state dominated by the Kir2 channels and starts the cycle again. 

TASK3 channels have also found to be expressed at high level in these cells (Talley et al., 2001). 

Th e factors controlling the tendency to exhibit this slow oscillation have yet to be worked out 

but modulation of HCN, Na+, Kir2 or TASK3 channels certainly could be important. Transient 

GABAergic inhibition appears not to be suffi  cient (Bennett and Wilson, 1998). 
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Dopaminergic neurons as Ca2+ pacemakers 

Similar to cholinergic interneurons, DAergic neurons of the substantia nigra are slow–spiking 

pacemakers (Grace and Bunney, 1983b, a; Grillner and Mercuri, 2002). Although they exhibit burst 

or irregular fi ring in response to synaptic input, autonomous pacemaking is predominantly in the 

single–spike mode (0.2–10 Hz). Th e ionic mechanisms underlying autonomous activity in these 

neurons are debated. Membrane potential oscillations are reduced in amplitude and frequency by 

TTX, suggesting that spiking and Na+ channel currents contribute to pacemaking (Wilson and 

Callaway, 2000). However, Na+ currents are not necessary for oscillation. In the presence of TTX 

and in the absence of strong extrinsic Ca2+ buff ers, DAergic neurons continue to oscillate at a low 

frequency. Moreover, blockade of Cav1/ L–type channels stops autonomous pacemaking without 

disrupting the responsiveness to extrinsic input (Harris et al., 1989; Nedergaard et al., 1993; Mercuri 

et al., 1994). Th is has posed some conceptual diffi  culties, because Cav1 channels are thought of as 

‘high–threshold’, requiring spiking or strong depolarization for their activation. However, it appears 

that SNc DAergic neurons express a type of Cav1 channel (Cav1.3/class D) that begins to open in 

the appropriate, subthreshold voltage range (–50 mV) and inactivates slowly (Xu and Lipscombe, 

2001; Olson et al., 2005). Immunocytochemical work has shown that SNc DA neurons robustly 

express Cav1.3 channels in the soma and dendrites, whereas Cav1.2/class C L–type and Cav2.2/

N–type channels are found at much lower densities (Takada et al., 2001). Th e hyperpolarizing phase 

of the subthreshold oscillation seen in TTX is disrupted by Ca2+ chelation or blockade of apamin–

sensitive Ca2+–dependent K+ channels (Ping and Shepard, 1996). Th ese channels appear to be 

composed largely of SK3 subunits (Wolfart et al., 2001). Th us, it would seem that two channels — 

Cav1.3 and SK3 — are all that is necessary for the oscillations underlying autonomous pacemaking 

in SNc DA neurons. 

Is this plausible? Recent work suggests that it is (Amini et al., 1999; Wilson and Callaway, 

2000). Th e work by Wilson and Callaway thoughtfully blends computational, imaging and 

electrophysiological approaches to show how the oscillations might arise. An important insight 
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is that the natural oscillation frequency that this type of mechanism produces is dependent upon 

the surface area–volume ratio of a cellular compartment. Th is means that smaller dendrites have a 

higher natural frequency than do larger dendrites or the soma. Th eir model predicts that normally 

pacemaking is driven by Ca2+ oscillations in proximal dendrites. Voltage–dependent Na+ channel 

currents amplify the Ca2+ channel–driven oscillation in the subthreshold voltage range and generate 

spikes that terminate the oscillatory cycle. Th eir ‘coupled oscillator’ model provides a means of 

explaining regular, single spike pacemaking and other activity patterns (irregular or burst fi ring) that 

are normally thought to depend upon synaptic input. 

One of the controversies that has arisen in the fi eld involves selective coupling of SK channels 

to Ca2+ channels. Th e Wilson and Callaway model builds a mechanistic foundation for the long held 

belief that Cav1.3 channels carry the fl ux that activates SK channels underlying the oscillation. Th eir 

work suggests that diff use changes in Ca2+ concentration are crucial to the kinetics of the oscillation, 

something that would be diffi  cult to achieve with tight spatial coupling between Ca2+ and SK 

channels. Work by Wolfart and Roeper (Wolfart and Roeper, 2002) challenges this view, arguing that 

Cav3/T–type—not Cav1 or Cav2 — channels carry the Ca2+ necessary for SK gating. Th e case is 

made largely on pharmacological grounds, using nickel and mibefradil to diff erentiate Cav3 channels 

from the others. Th e readily apparent chink in Roeper’s armor is the reliance upon ligands that are 

not strongly selective for Cav3 channels. Better pharmacological tools or genetic approaches will be 

required to unequivocally resolve the controversy. 

As noted above, HCN channels have been implicated in pacemaking in several cell types. 

HCN channels are robustly expressed in both SNc and ventral tegmental area (VTA) DA neurons. 

Neuhoff  et al. (Neuhoff  et al., 2002) have used an elegant combination of single cell reverse 

transcriptase– polymerase chain reaction (RT–PCR), electrophysiology and anatomy to make the 

case that the functional expression of HCN channels is negatively correlated with the expression 

of the Ca2+–binding protein calbindin in DA neurons. In the SNc, the majority of DA neurons do 

not have detectable calbindin mRNA, and have a relatively high density of slow HCN (HCN2–4) 
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channels (Franz et al., 2000). In these neurons, blockade of HCN channels signifi cantly slows 

pacemaking. However, eliminating HCN channels has little eff ect on pacemaking in the small 

population of SNc DA neurons that have high calbindin expression (and low HCN density) or in 

VTA DA neurons, both of which have lower HCN density. Th ese results can be reconciled with 

the Wilson and Callaway model by simply assuming that HCN channel currents accelerate the 

depolarizing phase of the Cav1.3 and SK3–driven oscillatory cycle in most SNc DA neurons, as do 

Na+ channels. 

Disease states 

A wide variety of neurological disorders can be traced to altered function of the basal 

ganglia. Parkinson’s disease, Huntington’s disease, dystonia, Tourette’s syndrome, attention defi cit 

hyperperactivity disorder (ADHD) and schizophrenia are among the most prominent neurological 

diseases with strong links with the basal ganglia. Clear links between these diseases and alterations 

in pacemaking have not been made, but there are few or no data to refer to. In Parkinson’s disease, 

the most dramatic pathophysiology is found in the fast–spiking pacemakers of the GP and STN, 

where synchronous, rhythmic bursting emerges (Bevan et al., 2002b). How this arises is not clear. As 

mentioned above, the alterations in behavior can be simulated without modifi cations in pacemaking. 

But experimental data on this point are still lacking. Certainly, the channels underlying pacemaking 

in all of the involved structures are subject to modulation by G protein receptor signaling cascades, 

similar to those used by DA. 

Is it possible that sustained activity can lead to premature death? Th ere is no reason to believe 

that spiking per se is stressful. Th e only basal ganglia pacemaker that appears to be living on the 

edge is the principal DA neuron in the SNc. Th is cell type appears to be particularly vulnerable to 

environmental stress and genetic mutations that aff ect mitochondria or protein processing (Liang et 

al., 1996; Dawson and Dawson, 2003). Death of these neurons is the cause of Parkinson’s disease 

and altered function is connected to many of the other basal ganglia diseases. Is there a link to 

pacemaking? Th is neuron is the only Ca2+–dependent pacemaker in the group. Elevated intracellular 
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Ca2+ interferes with mitochondrial function and protein folding. Could the conjunction of these two 

stressors be what pushes DAergic neurons over the edge? 

Organization of the dissertation

   While Na+ channels are clearly important in the pacemaking properties of some neurons, 

like fast–spiking GP neurons and slow–pacemaking striatal cholinergic interneurons, but not others, 

like Ca2+ pacemaking nigral DAergic neurons and quiescent striatal medium spiny neurons, no direct 

and systematic comparisons have been made analyzing the biophysical properties of these diff erent 

classes of neurons. Specifi c interest was placed on mechanisms that would shape channel availability 

in neurons that rely on Na+ channels during the interspike interval to drive pacemaking, such as 

voltage dependence of fast inactivation, kinetics of fast inactivation, development of slow inactivation 

and presence of the resurgent current (section 3.1). Once a thorough understanding of the 

biophysical properties was complete, I investigated the impact reduction in Na+ channel availability 

by DAergic modulation has on spontaneous activity. Th is addressed whether modest modulation 

of Na+ channels can have signifi cant impacts on fi ring properties of autonomous pacemakers 

(section 3.2). I then delved further into the mechanisms of resurgent current and its role in the high 

frequency activity of GP neurons. Studies on the eff ectiveness of DBS in treating PD were focused 

around whether GP neurons are able to maintain activity during high frequency stimulation or if 

they are silenced because of accumulation of Na+ channel inactivation and depolarization block. 

Th is research addressed this by directly stimulating GP neurons at high frequencies and observing 

the fi ring properties that emerged (section 3.3). Th is high frequency fi ring in the GP is adapted to 

its specifi c role in the basal ganglia as a central nucleus that has connections with all other nuclei. 

In PD, this fi ring pattern is severely disrupted and the GP transitions into a “burst–pause” mode of 

fi ring, that potentially entrains intranuclear correlated activity and oscillatory behavior with other 

neurons in the basal ganglia (Bergman et al., 1998; Raz et al., 2000; Raz et al., 2001; Bar-Gad et 

al., 2004). It is unclear whether this transition is from alterations in intrinsic membrane properties 

or a downstream result of increased synaptic activity from other nuclei. I addressed this issue by 
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creating diff erent DA depletion models and studying the fi ring properties of GP neurons from tissue 

slice using cell–attached, current and voltage clamp recording in conjunction with pharmacological 

manipulations. Th e role and adaptation of HCN channels in pacemaking of GP neurons after DA 

depletion was also explored (section 3.4). 
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Chapter 2

Methods and Methods

Animals. Two– to four–week old Male C57Bl/6 mice (Charles River, Wilmington, MA) were used 

in the present study. C57Bl/6 mice with the medTG mutation (Nav1.6–/–) were obtained from the 

Meisler Laboratory at the University of Michigan (Kohrman et al., 1995). BAC D2 EGFP mice were 

acquired from the Heintz Laboratory at Rockefeller University (Gong et al., 2003). Cav1.3–/– mice 

were obtained from Joerg Striessnig (Institut für Biochemische Pharmakologie, Innsbruck, Austria) 

(Platzer et al., 2000), rederived and backcrossed onto a C57Bl/6 background in the Northwestern 

University barrier facility. Th e acute dopamine depletions were produced in C57BL/6 mice (17–25 

day old) by administering reserpine (5 mg kg–1) intraperitoneally (i.p.) for 5 successive days. Th e 

mice were decapitated for experiments 2–4 h after the fi nal injection. Partial dopamine depletion 

was achieved with α–Methyl–DL–tyrosine methyl ester hydrochloride (α–MT) with three daily 

injections of 100 mg kg–1 (Lydiard et al., 1975). Th e serotonin depletions were produced in mice 

of the same age with three daily injections of 300 mg kg–1 DL–p–chlorophenylalanine methyl ester 

(pCPA) (Koe and Weissman, 1966; Steigrad et al., 1978; Steinman et al., 1987; Tohyama et al., 

1988; Datla and Curzon, 1996). Th ese mice were killed for experiments 24 h after the fi nal pCPA 

injection. Saline–injected controls were prepared in the same conditions. To achieve unilateral lesions 

of the nigrostriatal system, C57BL/6 mice were anaesthetized using ketamine/xylazine anesthesia 

and place into a stereotaxic frame (David Kopf Instruments, Tujunga, CA ) with an adaptor specially 

fi tted for mice (Cunningham Mouse Adaptor, Harvard Apparatus, USA). 6–OHDA (Sigma) was 

dissolved at a concentration of 4 μg/μl saline with 02mg/ml ascorbic acid and injected in fi nal 

dosages of 4–6 μg. Th e lesion was performed using a glass pipette at the following coordinates: AP: 

–0.4mm (from Bregma); ML: +1.6mm (from midline); DV: +3.3mm (from surface of skull). Th e 
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injection was conducted at a rate of 1 μl/30 min and the pipette was left in place for another 30 min 

after the injection before it was slowly retrieved. Experiments were performed 4–6 days postsurgery. 

Th e handling of mice and all procedures performed on them were approved by the Northwestern 

University's Animal Care and Use Committee and were in accordance with the National Institutes of 

Health Guide to the Care and Use of Laboratory Animals and Society for Neuroscience guidelines. All 

eff orts were made to minimize the number of animals used and the suff ering of those killed. 

Tissue preparation. Animals were anesthetized with a mixture of ketamine and xylazine and 

transcardially perfused with ice–cold artifi cial cerebral spinal fl uid (ACSF) containing (in mM): 

125 NaCl, 2.5 KCl, 1 MgCl2, 2 CaCl2, 1.25 NaH2PO4, 13 glucose, and 25 NaHCO3, bubbled 

continuously with carbogen (95% O2 and 5% CO2) (slice experiments) or isofl urane (acute 

experiments), followed by decapitation. Brains were removed rapidly and placed immediately in 

ice–cold aCSF (slice experiments) or ice–cold sucrose solution containing (in mM): 250 sucrose, 11 

glucose, 15 HEPES, 4 MgSO4, 1 NaH2PO4, 2.5 KCl, 1 kynurenic acid, 0.1 N–nitro–L–arginine 

and 0.005 glutathione, pH 7.4, 300–305 mOsm/L bubbled continuously with oxygen (acute 

experiments). Th in coronal or parasagittal slices (250–350 μm) containing GP, striatum or SNc were 

made using a vibrating microtome (VT1000s; Leica Instrument, Leitz, Nussloch, Germany) and 

equilibrated in fresh aCSF at 34°C for 30 min, followed by room temperature for 0.5–4 hrs (slice 

experiments) or sodium bicarbonate–buff ered Earle's balanced salt solution (EBSS) bubbled with 

carbogen (acute experiments). EBSS also contained the following (in mM): 23 glucose, 1 kynurenic 

acid, 0.1 N–nitro–L–arginine, and 0.005 glutathione.

For the acute preparation, individual slices were transferred to a low–Ca2+ buff er containing 

(in mM) 140 Na isethionate, 23 glucose, 15 HEPES, 2 KCl, 4 MgCl2, 0.2 CaCl2, 1 kynurenic acid, 

0.1 N–nitro–L–arginine, and 0.005 glutathione, pH 7.4, 300–305 mOsm/L, the GP was dissected 

and incubated at 30°C for 25 min in oxygenated Hanks’ buff ered salt solution (HBSS) containing 

(in mM): 11 HEPES, 4 MgCl2, 1 CaCl2, 1 pyruvic acid, 1 kynurenic acid, 0.1 N–nitro–L–arginine, 

0.005 glutathione and 1 mg/ml protease XIV, pH 7.4 300–305 mOsm/L, bubbled with O2. 
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Although protease treatment may partially degrade surface proteins, reducing the responsiveness of 

G–protein coupled receptors, there is no viable alternative to extracting cholinergic interneurons 

from tissue slices. Th ere is no evidence that protease alters the properties of Na+ channels. After 

enzyme incubation, the tissue was transferred to the low–Ca2+ HEPES–buff ered saline, rinsed and 

mechanically dissociated using fi re–polished Pasteur pipettes. Th e resulting cell suspension was 

plated onto a 35 mm Petri dish mounted onto an inverted microscope. During the course of the 

experiment, non–recorded cells were constantly perfused with a background solution containing (in 

mM): 140 NaCl, 23 glucose, 15 HEPES, 2 KCl, 2 MgCl2 and 1 CaCl2, pH 7.4, 300–305 mOsm/L.

Whole–cell and cell–attached recording in slices. Slices were transferred to a small–volume (<0.5 

ml) recording chamber that was mounted on a fi xed–stage, upright microscope (BX51; Olympus 

America, Melville, NY) equipped with IR–DIC [0.9 numerical aperture (NA)] with de Sénarmont 

compensation (Olympus). Experiments were performed at 34 °C ± 1 unless specifi ed otherwise. 

Recording chamber was superfused with carbogen–saturated ACSF with a fl ow rate of 2–3 ml/min. 

Neuronal somata and proximal dendrites were visualized by videomicroscopy at high magnifi cation 

(60x, 0.9 NA water immersion objective; Olympus) with a back–thinned, frame–transfer cooled–

CCD camera (Micromax EBFT512; Roper Scientifi c, Trenton, NJ) aided by a contrast enhancement 

system (Argus–20; Hamamatsu Photonics, Bridgewater, NJ). 

Conventional tight–seal (>3 GΩ) whole–cell patch–clamp and cell–attached recordings 

were made on visually identifi ed, GP neurons, based on size and somatodendritic morphology. 

Only neurons in the rostral to midlevel GP were studied (Shammah–Lagnado et al., 1996). GP 

neurons were further identifi ed by their physiological features (Chan et al., 2004), including resting 

level of discharge (~12 Hz during cell–attached recording) and a prominent voltage–sag during 

hyperpolarizing current injection.

Patch electrodes (1.5 mm outer diameter) were fabricated from fi lamented, thick–wall 

borosilicate–glass (Sutter Instruments, Novato, CA) pulled on a Flaming–Brown puller (P–97; 

Sutter) and fi re polished immediately before use. Pipette resistance was typically ~3–6 MΩ when 
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fi lled with recording solution. Th e recording internal solution consisted of (in mM): 140 KMeSO4, 

5 KCl, 10 Na–phosphocreatine, 0.025–0.05 EGTA, 2.0 Mg–ATP, 0.4 Na3–GTP, 10 HEPES, pH 

7.25–7.30, 280 mOsm/L. Th e liquid junction potential in our slice recordings was ~7 mV and not 

corrected for. Somatic whole–cell patch–clamp recordings were obtained via a MultiClamp 700B 

amplifi er (Molecular Devices, Union City, CA) interfaced to a Pentium–based PC running pClamp9 

(Molecular Devices). Th e signal was fi ltered at 1–4 kHz and digitized at 5–20 kHz with a Digidata 

1322A (Molecular Devices). For current–clamp recordings, the amplifi er bridge circuit was adjusted 

to compensate for electrode resistance and monitored. Electrode capacitance was also compensated. 

If series resistance increased >20% during recording, the data were discarded. All experiments were 

done at 22°C except for DA neurons, which were done at 34°C. 

Whole–cell recording in the acutely dissociated preparation: Voltage clamp recordings were performed 

using electrodes pulled from Corning (Corning, NY) 7052 glass, coated with R–6101 (Corning) 

and fi re polished immediately before use. Electrodes were typically 2–3 MΩ in the bath. Recordings 

were obtained via an Axopatch 200B amplifi er (Axon Instruments, Foster City, CA) interfaced to a 

Macintosh computer running Pulse software (HEKA, Lambrecht, Germany) through an ITC–16 

(Instrutech, Port Washington, NY). After the gΩ seal was formed and the cell membrane was 

ruptured, series resistance was compensated (75–80%) and frequently monitored. Th e intracellular 

recording solution contained (in mM): 60 mM N–methyl–D–glutamine, 20 HEPES, 50 Cs2SO4, 

2 MgCl2, 0.5 Na2SO4, 22 phosphocreatine, 3 mM Mg–ATP, 0.7 Na2–GTP and 0.1 leupeptin, pH 

7.25 (with H2SO4), 265–270 mOsm/L. During recording, cells were bathed in extracellular solutions 

applied via a gravity–fed capillary perfusion array positioned several hundred micrometers away from 

the cell under study. Bathing solutions were changed by adjusting the position of the array using a 

DC actuator (Newport, Irving, CA). Solution changes were complete within <1 sec. For recording 

transient Na+ currents, the external solution contained (in mM): 10 NaCl, 110 tetraethylammonium 

(TEA) chloride, 10 HEPES, 10 CsCl, 0.3 CdCl2, 1 MgCl2 and 2 BaCl2, pH 7.4, 300–305 mOsm/

L. For recording subthreshold Na+ currents, the external solution contained (in mM): 115 NaCl, 
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45 TEA–Cl, 10 HEPES, 0.3 CdCl2, 1 MgCl2 and 2 BaCl2, pH 7.4, 300–305 mOsm/L. Protocols 

were repeated in external solution plus 300 nM TTX, and these recordings were subtracted from the 

control records to isolate TTX–sensitive sodium current. Th e liquid junction potential for the acute 

preparation (~1 mV) was not compensated for. Unless noted otherwise, all chemicals were obtained 

from Sigma (St. Louis, MO). All recordings were performed at room temperature (22°C). 

To ensure adequate voltage control, several steps were taken. Only cells with relatively 

short (25–50 μm) processes were selected for recording; after entering whole–cell mode, often 

the processes retracted, making cells nearly spherical. In each cell, current activation plots were 

generated, and any evidence of loss of voltage control (discontinuities in the current–voltage 

relationship that would yield slope factors <5 mV) resulted in the cell being discarded. Also, 

variation in the activation kinetics of test pulse currents evoked in inactivation protocols was taken 

for evidence of bad space clamp. In several experiments, reversal potentials were examined. Th ese 

invariably fell within a few mV of the prediction based upon the Goldman–Hodgkin–Katz equation; 

suggesting that the transmembrane voltage was adequately controlled. In the ramp experiments, 

where external Na+ was near physiological levels, discontinuities in the rising phase of the currents 

were taken as evidence of bad control; in the worst case, this was manifested as spiking. In the ramp 

experiments where external Na+ was near physiological levels, discontinuities in the rising phase of 

the currents was taken as evidence as bad control in the worst case, this was manifested as spiking. 

In some cases, particularly with the larger cholinergic interneurons and DA neurons, control was 

achieved by reducing the Na+ current driving force and the experiments were repeated. 

Solutions and pharmacology: KMeSO  4 was purchased from MP Biomedicals (Solon, OH); SR95531 

were purchased from Tocris Cookson (Ballwin, MO); TTX from Alomone Laboratories (Jerusalem, 

Israel). Calphostin C and 1–oleoyl–2–acetyl–sn–glycerol (OAG) were obtained from Calbiochem 

(San Diego, CA). Drugs were dissolved as stock solutions in either water or DMSO, aliquoted 

and frozen at –30°C before use. Each drug was diluted in the perfusate immediately before the 

experiment. When used, the fi nal concentration of DMSO was always <0.1%. Stock solutions were 
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dissolved in 0.1% sodium metabisulfi te to prevent oxidation. When drugs were dissolved in DMSO 

or sodium metabisulfi te, equivalent amounts were added to all internal or external solutions as 

controls. BAPTA was obtained from Molecular Probes, (Eugene, OR). βARK–C peptide (βARK–

Cp) is comprised of residues 548–671 of the rat homologue of βARK. βARK–Cp (4.9 mg/mL) was 

dialyzed against the recording internal solution by Dr. Heidi Hamm. Th is solution was diluted in 

the recording internal solution for a fi nal concentration of 1 mg/ml. All other drugs were purchased 

from Sigma (St. Louis, MO).

Histology for light microscopy. Some cells were recorded with 0.1% biocytin for later morphological 

identifi cation. Following recording, pallidal slices containing labeled neurons were fi xed for 48 h at 

4°C in 2–4% paraformaldehyde and 15% picric acid in 0.1 M phosphate buff er (pH 7.3–7.4). Th ey 

were subsequently reacted in a 1:100 dilution of avidin–biotin complex conjugated to horseradish 

peroxidase (ABC Elite kit, Vector Laboratories, Burlingame, CA) overnight and incubated in 0.1 M 

Tris–buff ered saline containing 0.025% 3–3–diaminobenzidine tetrahydrochloride (DAB, Sigma, St. 

Louis, MO), 0.05% nickel chloride, and 0.006% hydrogen peroxide. Slices were dehydrated through 

graded series of alcohol and xylene, coverslipped in DPX (Fluka), and permanently mounted for 

morphological examination.

Data analysis. Data were plotted and analyzed with IgorPro (Wavemetrics, Lake Oswego, OR) or 

Mathematica (Wolfram Research, Champaign, IL). Transient Na+ currents evoked by depolarizing 

steps were fi t with a modifi ed Hodgkin–Huxley formalism of the form g=gmaxm
3(V,t)h(V,t)(V–Vrev); 

where g is the conductance, gmax is the maximal conductance, V is transmembrane voltage, t is time, 

Vrev is the Na+ reversal potential, m(V,t)=α(1–exp(–t/τm)), h(V,t)=β(exp(–t/τh1))+(1–β–γ)(exp(–t/

τh2))+γ, where α is a scalar, 0<β<1 (the component of inactivation that decays with a τh1 time 

constant), and γ is scalar representing the component of the current that is persistent (typically 0.01–

0.05), τm is the activation time constant, τh1 and τh2 are the fast and slow inactivation time constants. 

Th e development of inactivation between –60 and –40 mV was estimated by stepping into this 
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voltage range for a variable period before delivering a test step to assay for de–inactivated channels. 

Inactivation kinetics were determined by fi tting measurements of peak current as a function of 

prepulse duration. Deactivation kinetics were estimated by briefl y depolarizing the membrane to 

open channels and then repolarizing to hyperpolarized membrane potentials. Th ese tail currents 

were fi t with simple mono– or bi–exponential functions. Nominally steady state conductance–

voltage and inactivation–voltage curves were fi t with a Boltzmann function of the form: g(V) = 

1/(1+exp((V–V1/2)/ Vc))C where V1/2 is the half–activation or inactivation voltage and Vc is the slope 

factor. Activation data were fi t with a third–order (c=3) and inactivation was fi t with a fi rst–order 

(c=1) Boltzmann function. Window current estimates and fi ts of persistent currents were generated 

assuming that the current was given by ζ(m3(V,∞)(h(V,∞)+γ))(V–Vrev). Driving force was estimated 

from the Nernst equation (as described above) or from the Goldman–Hodgkin–Katz equation 

(Hille, 2001); there were only small diff erences in the estimates of conductance or permeability 

(respectively) derived from these choices in driving force estimates with the ionic concentrations 

employed. Activation and deactivation time constants were plotted as a function of voltage and 

fi t with an equation of the form: c1+c2/(α1exp(–(V–α2)/α3)+β1exp((V+β2)/β3)), where V is 

transmembrane voltage and α1–3, β1–3 and c1–2 are fi tted constants. Th is equation is derived 

from the Hodgkin–Huxley formalism and assumes a single voltage–dependent state transition. 

Slow inactivation–voltage curves were fi t with a modifi ed Boltzmann equation of the form: I/Imax = 

(1 – Iresid)/((1+exp(–(V–V1/2)/VC))+Iresid where Iresid is the residual (non–inactivating) fraction of the 

current and VC is the slope factor. Time constants for the entry into the slow inactivated state were 

reasonably fi t with a single exponential function; exit from the slow inactivated state required a 

double exponential fi t. 

Statistical analyses were performed using Systat (SPSS, Chicago, IL). Sample statistics are 

given as mean ± SE or median if accompanied with a non–parametric box plot of data spread. In 

data presented as box plots, the central line represents the median, the edges of the box represents 

the interquartile range (25-75%) and the “whisker lines” show the extent of the overall distribution, 
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excluding outliers (points > 1.5 x interquartile range). 

Interneuron computer simulation: Although the Hodgkin–Huxley (HH) formalism yielded accurate 

fi ts to the data generated by voltage steps, it does not account for a number of gating properties, 

including the voltage dependence of persistent Na+ currents. Th erefore, a Markov model of channel 

gating was fi t to the data (Raman and Bean, 2001; Taddese and Bean, 2002; Carr et al., 2003) 

using Neuron (ver. 5.5) (Hines and Carnevale, 1997, 2001). Using the MultiRun Fitter in Neuron, 

the Markov model was constrained by the experimental data as abstracted by the HH description. 

To fi t the bi–exponential decay of recorded currents, currents were modeled as the sum of two 

channels (this was consistent with the molecular profi ling – see below); models were constructed 

with fast and slow kinetics (as well as slow inactivation (Carr et al., 2003)). Th e fast current had 

the following parameters: α=37exp((V–45)/40) ms–1, β=10exp(–(V+50)/10) ms–1, γ=40 ms–1, δ=30 

ms–1, Con=0.001 ms–1, Coff =0.1 ms–1, Oon=1.6 ms–1, Ooff =0.01 ms–1. α=((Coff /Con)/(Ooff /Oon), 

αS1= 0.0025, αS2=0.0002, βS=0.00017; the slow channel parameters were: α=37exp((V–45)/40) 

ms–1, β=10exp(–(V+50)/20) ms–1, γ=40 ms–1, δ=30 ms–1, Con=0.001 ms–1, Coff =0.1 ms–1, Oon=0.7 

ms–1, Ooff =0.01 ms–1. α=((Coff /Con)/(Ooff /Oon), Slow time constants. Th e ratio of the slow to fast 

channel density was adjusted to 0.4 to match macroscopic currents. 

To simulate the pacemaking of cholinergic interneurons, a simplifi ed model was constructed 

in Neuron using a spherical soma (30 μM) and two dendrites (200 μm long, 2 μm diameter) 

invested with ionic conductances known to participate in pacemaking based upon published (Song 

et al., 1998; Bennett et al., 2000) and unpublished studies. Membrane resistance was 1KΩcm2, 

capacitance was 1 μF/cm2 and axial resistivity was 70 Ωcm. In addition to the Na+ channels 

described above, somatic currents included voltage–dependent K+ channels (Kv4, Kv2, KCNQ), 

Ca2+–dependent K+ channels (BK, SK), voltage–dependent Ca2+ channels (Cav1.3, Cav2.1); these 

channels and voltage–dependent/cyclic AMP modulated cationic channels (HCN) also were placed 

in the dendrites, albeit at diff erent densities. Intracellular Ca2+ handling and the model of SK 

currents was as described by Lazarewicz et al. and the model of BK channels was taken from Khaliq 
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et al. (Lazarewicz et al., 2002; Khaliq et al., 2003). Mod fi les for the other conductances (Kv4, Kv2, 

KCNQ, Cav1.3, Cav2.1, HCN1, HCN2) were generated from experimental data as described above 

for the Na+ currents. Th e kinetic models for HCN1 and HCN2 channels were adapted from Wang 

et al. (Wang et al., 2001). Relative densities of the channels were adjusted to yield a pacemaking 

waveform and rate similar to that found in whole cell recordings from cholinergic interneurons in 

the slice (Bennett et al., 2000). Th e densities in the soma were (in mS/cm2): fast Na 1.0, slow Na 0.4, 

Cav1.3 0.003, Cav2.1 0.05, Kv4 0.4, Kv2 0.1, KCNQ 0.002, BK 1, SK 0.003; in the dendrites: fast 

Na 0.25, slow Na 0.1, Cav1.3 0.003, Cav2.1 0, Kv4 0.4, Kv2 0.1, HCN1 0.01, HCN2 0.03, BK 1, 

SK 0.003. Copies of the mod fi les describing these channels are available upon request.

GP computer simulations. Experimentally recorded currents were modeled with Neuron, version 5.9 

(Hines and Carnevale, 1997, 2001). All experimental data on TTX–sensitive sodium currents were 

obtained in this study and incorporated into a kinetic scheme based on previously derived models 

(Kuo and Bean, 1994; Raman and Bean, 2001; Taddese and Bean, 2002; Carr et al., 2003). Th e 

factor a from previous models was replaced with m and n, where m=((Oon/Ooff )/(Con/Coff ))^(1/2), 

which preserves microcircuit reversibility, and n=2. Furthermore, the rates Oon, Ooff , ζ, αSX (where 

x is either o, b or i, depending on the states between which the transition occurs) were made voltage 

dependent. Th e rates were calculated by Oon=Oon0*exp((v–hOon)/cOon), Ooff =Ooff 0*exp((v–

hOoff )/cOoff ), ζ=exp(–(v–bvh)/bslope) and αSX=SXR*exp((v–SXH)/SXC). Th e single slow inactivated 

states from Carr et al. were replaced with ten slow inactivated states (Fig. 3.8f ). Th e values of all 

rate constants have been altered to more accurately fi t the adjustments made to the model scheme. 

Neuron mod fi les containing these descriptions are available upon request. Na6 was modifi ed from 

Na1 by increasing bl0 from 0.08 to 0.15 and decreasing Ooff 0 from 3 to 0.77.

 Th e model GP neuron was constructed of (in μm) a cylindrical soma (25x25), a conical 

axon hillock (L=10, D1=5, D2=1.4) initial segment (L=40, D=1.4) an axon (L=500, D=1.1) with 

fi ve nodes (L=1, D=1.1) at 100 μm intervals and four tapering dendrites (L=500, D1=1.25). Axial 

resistivity between compartments were 200 Ω–cm. For wild–type simulations, Na1 was inserted 
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into the soma and hillock with a conductance density (Scm–2) of  0.04 and into the dendrites with a 

conductance density of 0.02.  It was not inserted into the nodes/initial segment. Na6 was inserted 

into the nodes/initial segment with a conductance density of 0.9, into the soma and hillock at 0.01. 

For Nav1.6–/– simulations, Na6 was eliminated and Na1 was adjusted to 0.9 in the nodes/initial 

segment. For the no–resurgent simulations, the densities were identical to the wild–type simulation, 

but ε was set to 1e–9 and Ooff  for both channels was set to 3 to mimic the experimental data. 

Also inserted into these compartments were channels known to be important to the spiking 

of GP neurons; mod fi les for HCN1, HCN2, BK, SK, Kv2, Kv3, Kv4, Kv7 (KNCQ) and Kir2 

channels, as well as a Ca2+ buff ering system were constrained by experimental data (Baranauskas 

et al., 1999; Tkatch et al., 2000; Baranauskas et al., 2003; Chan et al., 2004; Shen et al., 2005) or 

acquired from the Neuron database mod fi les from previous simulations (Migliore et al., 1995; Wang 

et al., 2002; Khaliq et al., 2003) and incorporated into the appropriate compartments. Neuron mod 

fi les providing a complete description of the model are available upon request. All experiments were 

done at 23°C and with an ENa of 50 mV.

Tissue and single cell RT–PCR (scRT–PCR) analysis. Th ese procedures were as previously 

described (Yan et al., 1997). Briefl y, dissociated, individual cholinergic neurons were aspirated 

into sterile glass micropipettes containing diethyl pyrocarbonate (DEPC)–treated water and 

1.5 U/μl SUPERase–In (Ambion, Austin, TX). Th e contents of the pipette were transferred 

to thin walled PCR tubes containing dNTPs (1 μl, 10mM), BSA (0.7 μl, 143 μg/μl), random 

hexamers  or oligodT (2.6 μl, 50 ng/μl) and Superase–In (0.7 μl, 40U/μl). All RT reagents 

were obtained from Life Technologies. Th is mixture was heated to 65ºC for 5 min to linearize 

mRNA and then placed on ice for 2 min. To each tube was added: 10x RT buff er (1 μl), MgCl2 

(2 μl, 25 mM), DTT (1 μl, 0.1 M), RNAse Out (0.5 μl), and 200U Superscript II reverse 

transcriptase. cDNA transcription was performed by heating the reaction mixture to 25ºC for 

10 min and 42ºC for 50 min. Th e reaction is terminated by incubation at 70ºC for 15 min 

and then placed on ice. RNA was then removed by adding 0.5 μl RNAseH to each tube and 
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incubating for 20 min at 37ºC. All reagents except Superase–IN (Ambion) were obtained from 

Invitrogen (Gaithersburg, MD). Single–cell cDNA was amplifi ed using a conventional PCR 

approach with a programmable thermal cycler (MJ Research, Watertown, MA). Amplifi cation 

cDNAs for glutamate decarboxylase (67 KD isoforms, GAD67), choline acetyltransferase (ChAT), 

D2 dopamine receptor, parvalbumin (PV), enkephalin (ENK)  and Na+ channel alpha subunit 

cDNA (Nav1.1, 1.2, 1.5 and 1.6) was performed as previously described (Surmeier et al., 1996; 

Yan et al., 1997; Song et al., 1998; Tkatch et al., 1998; Maurice et al., 2001). Th e PCR primers 

for Na+ cannel beta subunits (Naβ1, Naβ2, Naβ3 and Navβ4) were developed from GenBank 

sequences using OLIGO software (National Biosciences, Plymouth, MN). Th e primers for Naβ1 

cDNA (GenBank accession number M91808) were AGAAGGGCACAGAGGAATTTGTCA 

(position 401) and GACGCTGGTGTTGTGCTCGTAAT (position 611). Th e predicted product 

length was 233. Th e primers for Naβ2 cDNA (GenBank accession number U37026) were 

CTGCCCTGTACCTTCAACTCCTG (position 308) and CCATCCGTCTTGCCTTCCTC 

(position 764). Th e predicted product length was 476. Th e primers for Naβ3 cDNA (GenBank 

accession number AJ243395) were TGAGGGCGGTAAAGATTTCCTT (position 560) 

and CTTCGGCCTTAGAGACCTTTCTGT (position 904). Th e predicted product length 

was 368. Th e primers for Naβ4 cDNA (Gen–Bank accession number BK001031) were 

GGATCGTGAAGAACGATAAGT (position 245) and AGCCAGGATGATGAGAGTCACCG 

(position 482). Th e predicted product length was 260. After amplifi cation, PCR products were 

labeled by ethidium bromide and separated by electrophoresis on agarose gels. Amplicons were of the 

expected size and sequence. Negative controls for extraneous and genomic DNA contamination were 

run for each experiment. To verify that genomic DNA was not being amplifi ed, reverse transcriptase 

was omitted during the RT reaction and the resulting reaction mixture was processed for PCR 

amplifi cation as described above. Extraneous contamination during the PCR amplifi cation was 

examined by replacing the cDNA template with buff er solution. If either control was found to be 

positive, the material from that experiment was discarded.
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Chapter Th ree

Results

Section 3.1: Th e ability to conduct a resurgent current 
distinguishes voltage dependent Na+ channels of pacemaking 

neurons

Introduction

 Th e dynamics of communication within neurons of the basal ganglia are unique in that they 

rely predominantly on high levels of spontaneous activity. Th is autonomous activity is important 

because, except for glutamatergic neurons of the subthalamic nucleus (STN) and dopaminergic 

neurons of the substantia nigra pars compacta (SNc), all projection neurons are GABAergic. 

Pacemaking ensures that information is transmitted through the basal ganglia and to downstream 

recipients even in the face of inhibitory GABAergic input. While the machinery behind autonomous 

activity in various subpopulations is unique (overviewed in Chapter 1), the basic principle rests 

on the balance of depolarizing and hyperpolarizing currents conducted by the neuron. Within the 

basal ganglia, there are three diff erent classes of pacemaking neurons: fast–spiking neurons of the 

globus pallidus (GP), entopenduncular nucleus (EP), substantia nigra pars recticulata (SNr) and 

STN, slow–spiking cholinergic interneurons of the striatum and slow–spiking dopaminergic neurons 

of the SNc. Th e dopaminergic neurons are unique in that their pacemaking activity is driven by 

subthreshold Ca2+ oscillations, while the other two classes rely on voltage–gated Na+ channels to drive 

pacemaking. A fourth class of neurons contains the one major cell population that is conspicuously 

silent, the striatal medium spiny neurons. Th ese neurons typically sit near –80 mV and require 
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transition to a depolarized upstate before action potentials can be triggered.

 While several voltage–gated channels have been implicated in the variability of excitability in 

these four types of neurons, recent research in Na+ channel properties suggest that unique biophysical 

alterations in the functionality of Na+ channels expressed on the diff erent neuron types could 

account for these variations. In cerebellar Purkinje neurons, which are the classical fast–spiking Na+ 

pacemakers (Llinas and Sugimori, 1980; Hausser and Clark, 1997; Raman et al., 1997; Raman and 

Bean, 1999), Na+ channels possess an additional mechanism that competes with the fast–inactivation 

gate at the intracellular mouth of the pore during depolarization of the membrane. Due to its novel 

recovery kinetics whereby the blocking particle must be removed before deactivation can occur, a 

resurgent Na+ current is conducted upon repolarization once the blocking particle is removed and 

deactivation or fast–inactivation can occur. When a similar protocol is performed on quiescent 

(non–spontaneous) hippocampal CA3 neurons, no resurgent current is conducted (Raman and 

Bean, 1997). Since it’s initial discovery, the resurgent current has been identifi ed in other fast–

spiking pacemaker neurons and neurons that have bursting or high–frequency fi ring patterns upon 

stimulation (Do and Bean, 2003; Afshari et al., 2004; Enomoto et al., 2006; Magistretti et al., 

2006). Th is resurgent activity is believed to assist in autonomous, high–frequency fi ring through 

two processes. First, by competing with the fast–inactivation gate and exhibiting faster, more 

depolarized recovery kinetics, blocked channels are potentially ‘rescued’ from inactivation and made 

available sooner for the subsequent spike. Second, the presence of a depolarizing current during the 

downstroke and after–hyperpolarization potential (AHP) of the action potential could potentially 

prevent further hyperpolarization and prolongation of the AHP and jumpstart the Na+–current 

driven depolarizing ramp towards threshold. In addition to this, previous work in the hippocampus 

suggests that Na+ channels in fast spiking cells have slower inactivation kinetics than do regular 

spiking neurons (Martina and Jonas, 1997). By slowing inactivation kinetics, fewer Na+ channels 

would be fast–inactivated during a spike, allowing for more channels available for the following 

spike. Furthermore, the ambient membrane potential between spikes between –65 and –45 mV. 
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In this potential range, Na+ channels undergo fast inactivation, resulting in an inability of Na+ to 

pass through the channel with further depolarization (Hille, 2001). If the biophysical properties 

of Na+ channels in autonomous pacemakers were similar to those in regular spiking neurons (e.g., 

hippocampal and cortical pyramidal neurons), then only 20% of the Na+ channels would be available 

to participate in pacemaking because of high levels of ‘resting’ channel fast inactivation (Maurice et 

al., 2001). Th is would make Na+ channel dependent pacemaking very ineffi  cient. A positive shift in 

the half–inactivation voltage in pacemaking neurons would allow for more channel availability at 

these near threshold potentials.

 In addition to fast–inactivation, Na+ channels are also susceptible to a more prolonged 

form of inactivation that develops during long periods at depolarized potentials and long trains of 

action potentials (Colbert et al., 1997; Jung et al., 1997; Mickus et al., 1999; Carr et al., 2003). Th e 

removal of Na+ channels from the available pool by slow inactivation is particularly important to 

Na+–driven pacemaking neurons because of their increased demand for subthreshold Na+ currents 

to drive activity (Do and Bean, 2003). In prefrontal cortex neurons, 20% of the channels are 

slow–inactivated at –60 mV. In autonomous pacemakers, this is in addition to the slow inactivation 

that would be generated as a result of activity. By reducing the amount of slow inactivation, 

Na+ pacemakers could increase the availability of Na+ channels and thus increase the amount of 

depolarizing Na+ current conducted during the inter–spike interval.

By analyzing the biophysical properties of Na+ channels in Na+–driven fast spiking (GP), 

Na+–driven slow spiking (striatal cholinergic interneurons), Ca2+–driven slow spiking (DA neurons) 

and quiescent neurons (striatal medium spiny neurons), we sought to determine the attributes 

important for distinguishing the fi ring patterns present in each neuron type. 

Results

Molecular composition and fast gating kinetics of Na+ channels in GP neurons

To understand how Na+ channels contribute to high frequency autonomous activity in GP 

neurons, their gating properties and molecular composition were studied following acute isolation 
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from tissue slices. Th is preparation allows Na+ channel currents in the somatic and proximal 

dendritic membrane to be pharmacologically isolated and accurately voltage–clamped for biophysical 

analysis and also allows cellular mRNA to be effi  ciently harvested for molecular profi ling with single 

cell RT–PCR (scRT–PCR). As mentioned above, cells located within the physical confi nes of the 

GP are heterogeneous. Th ree cell types were identifi ed visually and with scRT–PCR: medium sized 

neurons that expressed the 67 kDa isoform of glutamatic acid decarboxylase (GAD67) and either 

enkephalin (ENK) or parvalbumin (PV); large neurons that expressed choline acetyltransferase 

(ChAT) but low or undetectable levels of GAD67, ENK or PV (Fig. 1.1a). Th ese large cholinergic 

neurons were excluded from further study. Profi ling for the GABAergic (GAD67+) population was 

also performed for the most commonly expressed pore forming α–subunit mRNAs in the adult 

brain: Nav1.1, Nav1.2 and Nav1.6, as well as for the four β–subunit mRNAs (Navβ1–4) (Isom et 

al., 1992; Isom et al., 1995b; Isom et al., 1995a; Goldin, 1999; Yu et al., 2003). GP neurons express 

all three Na+ channel α–subunits (particularly with high level of Nav1.1 and Nav1.6 α–subunit) and 

the four Navβ accessory subunits (Fig. 1.1b). 

Th e transient current typically associated with Na+ channels was elicited with voltage steps 

from a holding potential of –80 mV (Fig. 1.2a). For the purposes of description, currents were fi t 

with a Hodgkin–Huxley (HH) formalism (Fig. 1.2a, inset). Plots of the peak conductance estimates 

from these fi ts as a function of step voltage were fi t with a third order Boltzmann function (Fig. 

1.2b). Th e median half–activation voltage of a sample of GP neurons was –38.8 mV and the slope 

factor (Vc) was 7.3 mV (n=15) (data is summarized in non–parametric format in Figure 1.2b). 

Deactivation of Na+ channels was examined by activating them with a brief step to –20 mV 

and then stepping to more hyperpolarized membrane potentials (Fig 1.2c). Currents deactivated 

mono–exponentially at all potentials (at more depolarized potentials, inactivation accounted for the 

slower component of the bi–exponential decay seen in the traces). Time constants obtained by fi tting 

these deactivation currents were plotted together with those obtained from the HH fi ts described 

above (Fig. 1.2d). 
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Figure 1.1. Morphological and molecular identifi cation of GP neurons.
a. Light micrographs of two neuron types and mRNA expression from scRT–PCR of 

representative GP neurons. Th e GABAergic projection neuron on the left is roughly 10μm 
in diameter and expresses glutamic acid decarboxylase–67 (GAD) and enkephalin (ENK) or 
parvalbumin (PV) (cells 1 and 2). Th e larger cell on the right is a cholinergic basal forebrain 
neuron – it is roughly twice the diameter of GP projection neurons and expresses choline–
acetyltransferase (ChAT).

b. Molecular phenotyping of GP neurons. GP neurons show high levels of expression of 
Nav1.1, 1.2 and 1.6, as well Navβ1, 2, 3 and 4. 
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Figure 1.2. Th e kinetics of activation can be accurately measured in the 
dissociated, voltage–clamped GP neuron.

a. Transient currents measured by depolarizing steps from –80 mV can be accurately fi t with a 
Hodgkin–Huxley formalism (inset). 

b. Th e peak conductances as a function of step voltage are fi t with a third order Boltzmann 
equation with a median half activation voltage (Vh) of –38.8 mV and slope factor (Vc) of 
7.3 mV. Grayed lines are from individual neurons. 

c. Deactivation is measured by brief steps to –20 mV and then repolarization of the membrane. 
Th e curve can accurately be fi t with either a double exponential (if inactivation is occurring 
at that potential) or a single exponential (just deactivation).

d. Time constants of activation and deactivation can be compiled into a curve that predicts the 
kinetics of the activation gate at a given potential.
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 To characterize the steady–state voltage dependence of fast inactivation, the membrane 

potential was stepped to voltages between –110 and –30 mV for a period suffi  cient to allow this 

process to equilibrate (250 ms) and then a test pulse was given (Fig. 1.3a). Plots of the peak current 

evoked by the test pulse as a function of pre–pulse voltage were accurately described by a fi rst–order 

Boltzmann function (Fig. 1.3b). Th e half–inactivation voltage(median) and slope factor(median) were Vh 

=–53 mV and Vc=5, respectively (data is summarized in non–parametric format in Figure 1.3b, 

n=21).

Th e kinetics of inactivation were determined using three diff erent protocols. At depolarized 

potentials, the time constant for development of inactivation was determined from the Hodgkin–

Huxley fi ts to the currents evoked in response to step depolarization (Fig. 1.2a, inset). Plotting 

currents evoked by steps to –30 mV and 0 mV on a log scale revealed two exponentials in the decay 

of the Na+ current (Fig. 1.3e). Least squares analysis of the HH fi ts agreed with this inference, as the 

error of the curve fi ts reduced signifi cantly with the addition of a second exponential component (at 

–30mV, χ2
(median)=1.39x10–19 and 9.5x10–20 for single and double exponential fi ts, respectively; p<0.05 

Wilcoxon signed rank test). Adding a third exponent did not signifi cantly improve the fi t over 

the double exponential (χ2
(median)=9.4x10–20; p>0.05 Wilcoxon signed rank test). Th e development 

and recovery of inactivation near the foot of the activation curve were determined using standard 

multistep conditioning protocols. Plots of test step current as a function of time and voltage were 

best fi t with bi–exponential equations (Figs. 1.3c,d). Th e fast and slow time constants from protocols 

were compiled into a single plot (Fig. 1.3f ) and fi t with a two state model derived from the HH 

formalism. Th e relative amplitude of the fast and slow time constants varied only modestly with 

membrane voltage (Fig. 1.3f, inset). 

Properties of Na+ channels in striatal cholinergic interneurons support pacemaking

Acutely isolated murine striatal cholinergic interneurons were identifi ed by their relatively 

large somatic diameter (Fig. 1.4a). As in previous studies (Yan et al., 1997), scRT–PCR profi ling 

of these neurons revealed that they express choline acetyltransferase (ChAT) and D2 receptor 
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Figure 1.3. Th e fast inactivation kinetics of GP Na+ channels are best described 
with two time constants.

a. Th e voltage dependence of inactivation was measured by 250 ms voltage steps, followed by a 
test pulse to –20 mV to measure peak amplitude.

b. Th e peak amplitude as a function of voltage is plotted and fi t with a fi rst order Boltzmann 
function. Th e half–inactivation voltage (Vh) was –53.7 mV and the slope factor (Vc) was 5.0 
mV. Grayed lines are from individual neurons. 

c. Th e development of inactivation at subthreshold potentials was measured by voltage steps 
of increasing length and fi t with double exponential equations (–70 mV: blue triangles. –60 
mV: red triangles. –50 mV: green squares. –40 mV: black circles).

d. Th e recovery of inactivation is measured by hyperpolarizing steps of increasing length, 
followed by a test pulse to –20 mV. Peak amplitudes as a function of time are best fi t with 
a double exponential (–100 mV: orange diamonds. –90 mV: blue triangles. –80 mV: green 
triangles. –70 mV: red squares. –60 mV: black circles).

e. Th e decay of the sodium current generated by a step to –30 mV is most accurately fi t with a 
double exponential fi t (top trace, blue line). Decay at 0 mV could more accurately be fi t with 
a single exponential than the step to –30 mV (bottom trace, red line), but was still better fi t 
with a double exponential (blue line).

f. Th e fast and slow time constants (closed and open circles, respectively) for inactivation 
(measured from fi ts in fi g. 1.2a inset and fi g. 1.3c,d) are plotted as a function of voltage. Th e 
relative abundance of the fast time constant at each voltage is plotted in the inset.
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mRNAs but not mRNA for 67kD isoform of glutamic acid decarboxylase (GAD67) (Fig. 1.4b). To 

determine the molecular identity of the Na+ channel subunits expressed by cholinergic interneurons, 

single neurons were profi led for mRNAs contributing to Na+ channels. ScRT–PCR profi ling was 

performed for the four β subunit mRNAs (Navβ1–4, n=10) — all four were consistently co–

expressed in cholinergic interneurons (Fig. 1.4e,f, 1.9a)— and the three commonly expressed pore 

forming α–subunit mRNAs: Nav1.1, Nav1.2 and Nav1.6, as well as Nav1.5 (Goldin, 1999). Nav1.1 

mRNA was detected in all cholinergic interneurons examined (n=16); Nav1.6 mRNA was detected 

in a large subset of the sample (12/16) whereas Nav1.2 mRNA was detected in only half (8/16) and 

Nav1.5 was rarely detected (1/6) (Fig. 1.4c,d). Th is detection profi le diff ers from that previously 

reported in cortical pyramidal neurons only in the frequency of Nav1.2 mRNA detection (Maurice 

et al., 2001). Th e most parsimonious interpretation of these results is that cholinergic interneurons 

co–express signifi cant levels of Nav1.1, 1.2 and 1.6 α subunit mRNAs, but that Nav1.2 mRNA 

abundance is relatively low. Th e relatively high level of Nav1.6 subunits in cholinergic interneurons 

may lead to relatively larger persistent Na+ currents and an enhancement of pacemaking capacity 

(Raman et al., 1997; Maurice et al., 2001). 

To determine if there was a high level of Na+ channel inactivation during cholinergic 

interneuron pacemaking, whole–cell voltage clamp experiments were performed. To obtain an 

accurate biophysical characterization of the transient current, Na+ currents were kept small by 

recording in a low (10 mM) external Na+ concentration and with the internal Na+ concentration 

near 4 mM. Th is modest concentration gradient ensured good voltage control and minimized 

series resistance errors. TTX–sensitive currents evoked by depolarizing voltage steps of increasing 

amplitude had kinetic features that were voltage dependent (Fig. 1.5a). Th ese currents were fi t 

with a modifi ed Hodgkin–Huxley model (see Materials and Methods) to generate estimates of 

maximum conductance as a function of membrane voltage (Fig. 1.5c). Th ese conductance estimates 

were well–fi t with a third order Boltzmann function having a half–activation voltage near –40 mV 

(mean=–39.8 ± 0.8 mV, n=8) and a slope factor near 8 mV (7.6±0.2 mV) (Fig. 1.5d). As can be 
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Figure 1.4. Identifi ed cholinergic interneurons co–express Na+ channel α– and 
β–subunit mRNAs.

a. Photomicrograph of an acutely isolated cholinergic interneuron and a neuron with an 
appearance resembling that of a medium spiny neuron. Scale bar is 8 μm. 

b. Gel showing scRT–PCR amplicons for ChAT, GAD67 and D2 receptor mRNAs. Note the 
neuron expressed ChAT and D2 receptor mRNAs but not GAD67. 

c. Gel showing scRT–PCR amplicons from a ChAT–expressing neuron. Th e neuron co–
expressed Navβ1–3 mRNAs. At the right is a summary from 10 neurons.  

d. Gel showing scRT–PCR amplicons from a ChAT–expressing neuron. Both Nav1.1 and 
Nav1.6 mRNAs were detected. At the right is a detection summary for Nav1.1, 1.2 and 1.6 
mRNAs in a sample of 16 neurons.
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Figure 1.5. Activation properties of Na+ channels in cholinergic interneurons.
a. Currents evoked in a cholinergic interneuron by a series of depolarizing steps from –65 mV 

to +10 mV from a holding potential of –70 mV. 
b. Current evoked by a test step to –20 mV from increasingly more depolarized prepulse 

potentials. Prepulse was 200 ms and the holding potential was –70 mV. 
c. Hodgkin–Huxley model fi ts to the data shown in a. Maximum conductance estimates from 

these fi ts were used to generate the activation plot in d. 
d. Steady–state inactivation and activation data from a sample of neurons (n=8) are plotted and 

fi t with Boltzmann functions of either fi rst order (inactivation) or third order (activation). 
Grayed lines are from individual neurons. Also shown is the steady state inactivation plot 
derived from a sample of cortical pyramidal neurons. 

e. Deactivation tail currents generated by briefl y stepping to –20 mV and then repolarizing to 
potentials between –110 and –40 mV. 

f. Plot of activation (n=8) and deactivation (n=4) time constants for a sample of neurons. Data 
were fi t with a function of the form: (7.8e–5)+(6.1e–3)/((2.9e–6)exp(–(V–204.6)/16.4)+(4
.9e2)exp((V–63.9)/28.6)) and V is membrane voltage. Also shown is the fi t of steady–state 
activation conductance from panel d. 
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seen by inspection of this plot, the macroscopic conductance was half maximal at about –30 mV. 

Th ese parameters are similar to those obtained from a variety of other neurons from this study (Fig. 

1.13a), including those that lack pacemaking ability and are regular spiking (Magistretti and Alonso, 

1999; Maurice et al., 2001). Activation kinetics at depolarized potentials (>–40 mV) were extracted 

from Hodgkin–Huxley fi ts to the currents shown. Deactivation (the reversal of activation) kinetics 

were estimated by briefl y depolarizing the membrane to activate channels and then repolarizing the 

membrane quickly to generate deactivation tail currents (Fig. 1.5e). Th ese tail currents were well fi t 

with a double exponential function; the fast component was taken as deactivation whereas the slow 

component was attributable to inactivation development (as slow time constant was identical to that 

reported in Fig. 1.6a). Pooled kinetic estimates were plotted and fi t with a function derived from 

the Hodgkin–Huxley formalism assuming a single voltage–dependent state transition (Fig. 1.5f, See 

Materials and Methods). 

Th e voltage dependence of Na+ channel fast inactivation in cholinergic interneurons was 

studied with a combination of approaches. Using conditioning pulses of suffi  cient duration to 

reach equilibrium (250 ms), the voltage dependence of fast inactivation gating was extracted from 

the amplitude of currents evoked by a test voltage step to –20 mV (Fig. 1.5b). Th e amplitude of 

the current evoked by the test step was plotted as a function of conditioning voltage and fi t with a 

fi rst–order Boltzmann function (Fig. 1.5d). Half–inactivation voltages were near –55 mV (Vh=–52.9 

± 1.8 mV, n=8) and slope factors were near 5 mV (Vc = 5.1 ± 0.2 mV). 

Th e development of fast inactivation at depolarized potentials (>–30 mV) was taken from 

the modifi ed HH fi ts to currents activated by voltage steps, as shown above. In this potential range, 

current inactivation was voltage–dependent and invariably bi–exponential (see semi–log plot in 

Fig. 1.6a), with the fast component being the dominant component (although this fraction varied 

as a function of membrane potential – see inset Fig. 1.6a). At membrane potentials near threshold 

(–70 mV to –40 mV), inactivation rates were measured with a prepulse protocol (Fig. 1.6b). De–

inactivation of Na+ channels was measured by hyperpolarizing the membrane for variable durations 
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Figure 1.6. Inactivation kinetics of Na+ currents in cholinergic interneurons are 
bi–exponential and voltage–dependent.
a. Summary showing fast inactivation development and recovery kinetics over a range of 

membrane potentials between +10 and –100 mV. Data points above –40 mV were derived 
from HH fi ts to currents evoked by depolarizing steps (see Fig. 1.5). Th e decay of these 
currents was typically bi–exponential as shown in the semi–log plot at the right. Here, 
currents evoked by a step to –40 mV are plotted after conversion to absolute values. Data 
were fi t with a function as in 1.5f: fast time constant: (2e–3)+(5.5e–3)/((1e–6)exp(–
(V–180)/20)+(4e3)exp((V–40)/10)); slow time constant: (7e–4)+(5.5e–3)/((6e–8)exp(–
(V–140)/18)+(4e4)exp((V–90)/11)). Inset is a plot of the relative amplitude of the fast 
component as a function of membrane potential. 

b. Th e development of fast inactivation at potentials between –70 and –40 mV was estimated 
by plotting the amplitude of the current evoked by a test step to –20 mV that followed a 
pre–pulse of variable duration (n=8). Data points were fi t with a bi–exponential function.  

c. Th e recovery from fast inactivation at potentials between –60 and –100 mV was determined 
by using a similar strategy to that shown in b. Peak current plots for a sample of neurons 
are shown along with bi–exponential fi ts (n=11). Th e parameters derived from b and c are 
plotted in panel a. 
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after a depolarizing step (Fig. 1.6c). Data derived from these protocols were well–fi t only with a bi–

exponential function, as with inactivation development. Data from all three protocols were pooled 

and then fi t using a single state transition model (Fig. 1.6a).

Slow inactivation of Na+ channels is governed by a power law

In addition to fast inactivation, another mechanism that reduces the availability of Na+ 

channels is slow inactivation. Although relatively little is known about the molecular mechanisms of 

slow inactivation, channels are capable of entering this state from either the open or fast–inactivated 

states (Jung et al., 1997; Mickus et al., 1999; Carr et al., 2003; Chen et al., 2006). Th us, slow 

inactivation could be particularly important for GP neurons that, like their neighbors in the STN, 

spike autonomously at high rates and rarely hyperpolarize more than –65mV in a slice preparation 

(Do and Bean, 2003). 

Entry of channels into the slow inactivated state from the fast–inactivated state was studied 

using long depolarizing steps, while entry from the open state was demonstrated with trains of short 

pulses (5 msec step to –20 mV at 20 Hz). Occupancy in the slow inactivated states is estimated 

by measuring channel availability after a one second step to –80 mV, a suffi  cient time to allow full 

recovery from fast inactivation. During pulse trains, entry of channels into the slow inactivated state 

from the open state occurs with a time constant of 4.5±1.0 seconds, and plateaus at 25% within 15 

seconds. With prolonged steps to –20 mV, the entry into the slow inactivated state was comparable, 

at 4.0±0.5 seconds, but steps inactivated signifi cantly more Na+ channels after 15 seconds and 

inactivation continued to grow (Fig. 1.7a). However, if one accounts for the diff erence in time spent 

at the depolarized potential where the transition to the slow inactivated state is occurring (one tenth 

of the time during the 20 Hz train), the time constant of entry appears to be 10 times faster from 

the open state than from the fast inactivated state. So, while entry is faster, there is less overall entry 

from the open state during a pulse train for several reasons. First, because the channels spend so little 

time in the open state, there is insuffi  cient time to accumulate. Second, recovery can occur between 

pulses, reducing accumulation. Th ird, though not tested here, it is possible that recovery into the 
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Figure 1.7. GP Na+ channels undergo slow inactivation during extended periods 
at depolarizing potentials or long trains of depolarizing pulses.

a. Slow inactivation can be generated both by prolonged steps to depolarized potentials (closed 
circles) and trains of brief pulses (open circles), as measured by test pulses after increasing 
lengths of pulses or trains. Th e time constants for development during the pulse trains and 
steps are 4.5±1sec and 4.0±0.5sec, respectively.

b. Th e pseudo–steady state of slow inactivation after 5 seconds is measured by a test pulse one 
second after an inactivating step. Th e peak current is plotted as a function of voltage and 
fi t with a fi rst order Boltzmann equation. Th e half–inactivation voltage at this time point is 
–50.4±2.6 mV, with a slope factor of 20±2 mV. Scale bars for traces (inset) are 200 pA and 2 
ms.

c. Th e kinetics of entry into the slow inactivated state are not voltage dependent (–50 mV: 
4.0±2.1 sec. –40 mV: 4.3±0.7 sec. –30 mV: 3.7±0.5 sec. –20 mV: 4.0±0.5 sec [n=5]).  
seccale bar sec for trace sec (in secet) are 200 pA and 2 m sec.

d. Th e kinetic sec of recovery from  seclow inactivation are not voltage dependent (–100 mV: 
4.0±0.6 sec. –90 mV: –3.9±0.7 sec. –80 mV: 3.7±0.5 sec. –70 mV: 3.2±0.7 sec [n=5]).  
seccale bar sec for trace sec (in secet) are 200 pA and 2 m sec.

e. Th e recovery from slow inactivation is measured by test pulses every 2 seconds after 
increasing lengths of inactivating steps to –20 mV (2 sec: black. 4 sec: red. 8 sec: green. 16 
sec: navy blue. 32 sec: brown. 64 sec: purple. 128 sec: sky blue). Scale bars for traces (inset) 
are 200 pA and 2 ms.

f. Th e time constants for recovery as a function of time at inactivating voltage obeyed a power 
law with τ=t0.6, where t is the length of the step to –20 mV.  



55

open state is accelerated as well.

Estimating the voltage dependence of Na+ channel availability at depolarized potentials over 

long periods is problematic because dissociated neurons do not tolerate prolonged depolarization 

well, but a quasi–steady state can be calculated by using 5 sec conditioning steps. Th ese data were 

reasonably fi t with a single Boltzmann function having a half–inactivation voltage of –50.4±2.6 mV 

and a slope factor of 20±2 mV (Fig. 1.7b). 

While the amount of slow inactivation appears to show a dependence on voltage, the kinetics 

of entry and recovery from this state do not. Unlike fast inactivation, where entry into the fast–

inactivated state is faster at more depolarized potentials and recovery is faster at more hyperpolarized 

potentials, the kinetics of slow inactivation are constant throughout the voltage range. With a step to 

–20 mV, slow inactivation developed with a time constant of 4.0±0.5 sec, while at –50 mV, the time 

constant of development is 4.0±0.6 sec (Fig. 1.7c). At –80 mV, the rate of recovery from a 5 second 

step is 3.7±0.5 sec, and at –100mV it is 4.0±0.6 sec (Fig. 1.7d).

In hippocampal dentate granule cells, the recovery from slow inactivation is dependent on 

the length of step used to produce inactivation. Th e longer the time spent at a depolarized potential, 

the slower the recovery kinetics (Ellerkmann et al., 2001). Recovery from slow inactivation in pallidal 

neurons is also dependent on the length of inactivating step. Plotting the time constant of recovery 

as a function of pre–pulse duration revealed a power law relationship of the form τ=t0.6, where t is the 

length of the inactivating step to –20mV (Fig. 1.7d,e). Th e deviation from the power law function at 

short pre–pulse durations is probably a measurement artifact, as there is a mixture of recovery from 

fast– and slow– inactivated states with shorter inactivating steps. Th is is not as crucial for longer 

inactivating steps because relatively little slow inactivation recovery occurs during the fi rst second. 

Persistent and Resurgent Na+ currents in pacemaking neurons 

Sub–threshold Na+ currents have an important role in governing the excitability of neurons. 

Persistent Na+ currents have well characterized roles in shaping excitability and action potential 

generation (Pennartz et al., 1997; Bevan and Wilson, 1999; Raman and Bean, 1999; Agrawal et al., 
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2001; Taddese and Bean, 2002; Do and Bean, 2003). In addition to persistence, Na+ channels in 

Purkinje and other fast spiking neurons display a gating mode that leads to a resurgent current upon 

repolarization after a spike (Raman and Bean, 1997; D’Angelo et al., 2001; Do and Bean, 2003; 

Afshari et al., 2004; Cummins et al., 2005; Enomoto et al., 2006; Magistretti et al., 2006). 

Both sub–threshold persistent and resurgent Na+ currents are present in GP neurons. Th e 

persistent current is present in the voltage range where activation of Na+ channels has begun but 

inactivation is incomplete. During a four second ramp from –80 mV to 0 mV, persistent current 

is evident at potentials more depolarized than –65 mV and peaks at –40 mV with an amplitude of 

55.3±6.4 pA in physiological external Na+ concentration (Fig. 1.8e). Th is voltage range matches that 

between the trough of the AHP (–61±1mV) and the threshold for fi ring (–44±1mV) in GP neurons, 

suggesting that Na+ channel currents play an important role in driving autonomous pacemaking.

Resurgence is thought to be created by removal of an open channel blocking particle as the 

membrane repolarizes (Raman and Bean, 1997). Th is blocking particle has been hypothesized to 

be the cytoplasmic tail region of the auxiliary β4 subunit (Grieco et al., 2005). As expected from 

their ability to spike at high frequencies and their expression of β4 subunit, GP neurons display 

a prominent resurgent Na+ current (Fig. 1.8a). Th e kinetics of the current were similar to those 

described for Purkinje and STN neurons (Fig. 1.8b,c,d) (Raman and Bean, 1997; Do and Bean, 

2003). As in STN neurons, slow inactivation reduced transient, persistent and resurgent Na+ channel 

currents to similar extents, suggesting that the channels underlying these currents all were subject to 

this process (Fig. 1.8f ).

Th e dependence of this gating mode on the β4 subunit is not clear in the basal ganglia. 

Immunocytochemistry studies show that β4 subunit is highly expressed in the striatum and not 

in the substantia nigra pars compacta (SNc) (Yu et al., 2003). Single cell RT–PCR confi rmed that 

medium spiny neurons and cholinergic interneurons of the striatum express β4 mRNA and SNc 

neurons do not (Fig. 1.9a). However, electrophysiological study of dissociated neurons revealed that 

medium spiny neurons had no discernible resurgent current, while cholinergic interneurons and SNc 



57

C
U

R
R

E
N

T
 (

pA
)

VOLTAGE (mV)

TTX-sensitive

-70 -60 -50 -40 -30 -20 -10 0

-50

-40

-30

-20

-10

0

E
0

-70

-80

30
-20

-60

10 ms

10
0 

pA

-60 -50 -40 -30 -20

in
ac

t (
m

se
c)

VOLTAGE (mV)

VOLTAGE (mV)

A

D

300

200

100

0
-60 -50 -40 -30 -20

VOLTAGE (mV)

Ip
ea

k 
(p

A
)

1.0

0.6

0.2

-60 -50 -40 -30 -20

30

20

10

ac
t (

m
se

c)

B

C

1.0

0.9

0.8

0.7

0.6

-80 -60 -40 -20 0
VOLTAGE (mV)

C
U

R
R

E
N

T

-80

0

-100

30
-30

TRANSIENT
RESURGENT
PERSISTENT

10
0 

pA

10 ms

F

-50

-20
-30

-40

-60

Figure 1.8. Na+ channels in the GP conduct both persistent and resurgent 
currents.

a. Upon repolarization of the membrane from depolarized potentials, a ‘resurgent’ Na+ current 
is conducted by channels that are transitioning from the blocked state to the inactive or 
closed states.

b. Th e amplitude of the resurgent current peaks near –30 mV at 260 pA (median, see Fig. 3.3b 
for boxplot). 

c. Th e time constant of activation is plotted against repolarization potential. Th e activation 
kinetics are roughly fi ve times slower than the activation kinetics of the transient current.

d. Th e time constant of decay of the resurgent current as a function of repolarization potential. 
Th e kinetics are in the range of the slow time constant for fast inactivation.

e. Th e persistent current is generated by a 4 second ramp from –80 mV to 0 mV. Th e 
conductance peaks at –40 mV with an amplitude of 55.3±6.4 pA. 

f. Slow inactivation of transient (black circles, measured at depolarizing step to +30 mV), 
resurgent (blue triangles, peak current upon repolarization to –30 mV) and persistent (red 
squares, steady state current measured at end of repolarization step) are plotted as a function 
of prepulse potential and fi t with a Boltzmann equation. Th e half inactivation for transient, 
resurgent and persistent currents were –49±3 mV, –45±5 mV, –51±2 mV, respectively, and 
the slope factors were 7±2 mV, 8±3 mV and 6±1 mV.
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Figure 1.9. Comparisons of molecular profi ling and resurgent current amplitudes 
of a subset of basal ganglia neurons.

a. Left, neurons from the GP and striatum (medium spiny neurons (MS) and cholinergic 
interneurons (ChAT)) express β4 while DA neurons of the SNc do not contain mRNA for 
the β4 protein (GP: 19 of 25 neurons, MSN: 9 of 9, ChAT: 3 of 10, SNc 0 of 20). Right, 
GP, ChAT and SNc neurons all exhibit resurgence, while MSNs do not (n=25 [GP], 5 
[MSN], 6 [ChAT], 10 [SNc]). 

b. Representative traces of resurgent current elicited by repolarizing the membrane from a 
depolarized potential in medium spiny neurons.

c. Representative traces of resurgent current elicited by repolarizing the membrane from a 
depolarized potential in cholinergic interneurons.

d. Representative traces of resurgent current elicited by repolarizing the membrane from a 
depolarized potential in DA neurons of the SNc.
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neurons had prominent resurgent currents (Fig. 1.9b,c,d). Th e lack of resurgent current in medium 

spiny neurons could be a refl ection of the restricted sampling of the somatodendritic membrane and 

not the axon, but it is more diffi  cult to reconcile the inability to detect signs of the β4 subunit in 

SNc neurons with the prominence of the resurgent gating mode. Th is suggests that β4 in medium 

spiny neurons is not suffi  cient, nor necessary in SNc neurons, to produce the resurgent current. 

Regardless, the presence of resurgence in all three spontaneously active neurons and absence of it in 

quiescent neurons suggest an important role of resurgence in autonomous activity. Th is issue will be 

further addressed in the section 3.3.

Striatal projecting neurons have similar properties to the GP neuron population

Morphological and electrophysiological studies performed in rodents and primates are in 

agreement that there is one predominant cell type within the GP (DeLong, 1971; Bergstrom and 

Walters, 1981; Iwahori and Mizuno, 1981; Difi glia et al., 1982; Nambu and Llinas, 1994, 1997; 

Cooper and Stanford, 2000). Th ese GP neurons express GAD67 and parvalbumin, have discoidally 

arborizing dendrites, and project an axon to the subthalamic nucleus (STN) (Kita, 1994; Kita 

and Kitai, 1994; Yelnik et al., 1996; Hoover and Marshall, 1999; Parent et al., 2000; Kita and 

Kita, 2001; Hoover and Marshall, 2002; Chan et al., 2004). Th is population of GP neurons is 

intermixed with ENK–expressing GABAergic neurons that predominantly project back to the 

striatum (Ruskin and Marshall, 1997; Hoover and Marshall, 1999; Voorn et al., 1999; Kita and 

Kita, 2001; Marshall et al., 2001; Hoover and Marshall, 2002). Th roughout the course of random 

sampling of GP neurons, this subpopulation was occasionally encountered, as revealed by the 

biocytin visualization procedure, in which the axon of striatal–projecting neurons were recovered 

within the confi ne of dorsal striatum (Fig. 1.10a). However, due to the ineffi  cient sampling of this 

population, studying the physiology of this subgroup of neurons with random sampling proved too 

ineffi  cient. To better understand whether this subgroup of GP neurons exhibit membrane properties 

(i.e. Na+ channels) with unique biophysical properties, these neurons were retrogradely labeled with 

intrastriatal injection of rhodamine microspheres. 3 days were then allowed for retrograde transport 
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of rhodamine microspheres back to the somata of pallidostriatal neurons (Bevan et al., 1998). 

Th rough this technique, we were able to visually identify striatal–projecting GP neurons both in the 

slice and in the acutely dissociated preparation (Fig. 1.10b,c,e). Whole–cell current–clamp recordings 

demonstrate that the cellular physiology of these neurons is similar to those observed in the general 

population of typical pallidal neurons recorded previously (Fig. 1.10d). Voltage–clamp recordings 

of Na+ currents in the acute preparation also showed similar biophysical properties and amplitudes 

to the general population of globus pallidus neurons (Fig. 1.10f,g). Th ese neurons do not appear 

to be cholinergic basal forebrain neurons because these rhodamine–labeled neurons share obvious 

similarities in their morphological and biophysical properties to typical GP neurons. Neurons in 

this class were not subjected to molecular fi ngerprinting of phenotypic markers, as there is evidence 

that neither the projection target nor the neurochemical content of GP neurons are distinct. Our 

preliminary data as well as others have suggested that some PV–expressing neurons co–express ENK. 

Moreover, striatal–projecting GP neurons also send their axon downstream to STN and SNr (Bevan 

et al., 1998; Parent et al., 2000).

Na+ currents are not enhanced in SNc Cav1.3–/– neurons despite transition to Na+ pacemaking

 Similar to striatal cholinergic interneurons, dopaminergic neurons of the substantia nigra 

are slow–spiking pacemakers (Grace and Bunney, 1983b, a; Yung et al., 1991; Grillner and Mercuri, 

2002). Although they exhibit burst or irregular fi ring in response to synaptic input, autonomous 

pacemaking is predominantly in the single spike mode (0.2–10 Hz). Th e ionic mechanisms 

underlying autonomous activity in these neurons are debated. Membrane potential oscillations are 

reduced in amplitude and frequency by TTX, suggesting that spiking and Na+ channel currents 

contribute to pacemaking (Yung et al., 1991; Wilson and Callaway, 2000). However, Na+ currents 

are not necessary for subthreshold oscillations. DA neurons were identifi ed in coronal slices of the 

mesencephalon that included the SNc (Fig. 1.11a,b) and their fi ring rates during pharmacological 

manipulation were measured. In the presence of TTX and in the absence of strong extrinsic Ca2+ 

buff ers, dopaminergic neurons continue to oscillate at a low frequency (Fig. 1.11c). Moreover, 
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Figure 1.10. Anatomical and physiological features of pallido–striatal neurons. 
a. Somatodendritic morphology (red) and axon trajectory (blue) of a typical mouse striatal–

projecting GP neuron.  Visualization of biocytin (injected via patch electrode) revealed 
Golgi–like labeling. Th is neuron emitted three aspiny, long, sparsely branched primary 
dendrites. Th e axon gave off  two collaterals (a1, a2) that both extended into the caudate 
putamen.  Inset represents the location of the neuron (red arrowhead). Inset shows location 
of cell with respect to other brain structures.

b. A light micrograph of a coronal mouse striatal slice showing the site (red) of rhodamine 
microsphere injection. 

c. A retrogradely–labeled striatal–projecting GP neuron visualized with a Texas Red fi ler cube 
set.

d. Striatal–projecting neurons have physiological properties indistinguishable from other 
GABAergic projection neuron within the nucleus. Plotted are spontaneous autonomous 
pacemaking and membrane responses to current injection (+100 and –100 pA) of the neuron 
shown in c.

e. Identifi cation of pallido–striatal neurons in the acute dissociation prep. Top, a light 
micrograph showing the morphology of a typical dissociated GP neuron under Hoff man 
modulation contrast.  Middle, intrastriatal injection of rhodamine revealed retrograde 
transport of microspheres, as visualized with a Texas Red fi lter cube set. Bottom, overlay of 
brightfi eld and fl uorescence images.

f. Voltage protocols (bottom) and representative traces (top) of transient, persistent and 
resurgent Na+ currents recorded from typical rhodamine bead labeled GP neurons.

g. Population data on Na+ current amplitudes from control and reserpine–treated animal 
groups. Th ese parameters are not signifi cantly diff erent from their corresponding controls 
(p values > 0.05, Mann–Whitney Rank Sum Test). Transient(median): control=677 pA (n=31), 
rhodamine=831.5 pA (n=12). Persistent(median): control=52.1 pA (n=15), rhodamine=73.0 pA 
(n=15). Resurgent(median): control=255 pA (n=36), rhodamine=269.3 pA (n=12).
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blockade of Cav1/L–type channels stops autonomous pacemaking (Fig. 1.11d). Th is termination 

of spontaneous and oscillatory behavior does not disrupt their responsiveness to extrinsic input 

(Harris et al., 1989; Nedergaard et al., 1993; Mercuri et al., 1994). Th e hyperpolarizing phase of the 

subthreshold oscillation seen in TTX is disrupted by Ca2+ chelation or blockade of apamin–sensitive 

Ca2+–dependent K+ channels (Ping and Shepard, 1996). Th ese channels appear to be composed 

largely of SK3 subunits (Wolfart et al., 2001). Th us, it would seem that two channels — Cav1.3 and 

SK3 — are all that is necessary for the oscillations underlying autonomous pacemaking in SNc DA 

neurons.

 Th is conclusion is supported by neurons from medTG animals, which lack Nav1.6 subunits, 

which have been found to be important in the autonomous activity of Purkinje and GP neurons but 

not STN neurons (Khaliq et al., 2003; Do and Bean, 2004). Autonomous activity is only modestly 

reduced in Nav1.6–/– SNc neurons (frequency(median) of Nav1.6–/– neurons = 2.0 Hz, frequency(median) 

of wild–type = 2.5 at 34°C;p<0.05, Kruskal–Wallis), likely because there is a decreased demand for 

subthreshold Na+ currents to drive spontaneous discharge (Fig 1.11e,f ).

 It would follow from acute pharmacologic studies where blockade of L–type Ca2+ channels 

terminates spontaneous activity that genetic deletion of this channel would have a similar result. 

However, Cav1.3–/– neurons do not show any reduction in their fi ring rates, still fi ring at a 

frequency(median) of 2.4 Hz (Fig 1.11e,f ). One potential mechanism by which Cav1.3–/– DA neurons 

could compensate for a loss of Ca2+ channel activity is by increasing their Na+ currents. Whole–cell 

voltage clamp studies show that Na+ channels in these neurons possess all the attributes suggested to 

be necessary for autonomous activity in the Na+ pacemakers. However, neither voltage dependence 

of gating or amplitudes of transient, persistent and resurgent currents are altered in the Cav1.3–/– 

neurons (Fig. 1.12b,c,d,f ).
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Figure 1.11. Pacemaking properties of SNc DA neurons from WT, Cav1.3–/– and 
Nav1.6–/– neurons.

a. Light micrograph showing the location of the substantia nigra pars compacta (SNc) and 
adjacent structures in mouse coronal slice.  Th e SNc is situated dorsal to the substantia nigra 
pars reticulata (SNr) and medial to the ventral tegmental area (VTA). 

b. Visualized whole–cell recordings from SNc DAergic neurons were made under IR–DIC 
videomicroscopy. 

c. Under whole–cell confi guration, application of saturating concentration of TTX (1 μM) 
abolishes spiking but leaves intact the Ca2+–dependent pacemaker potentials.

d. Application of a Cav1/L–type Ca2+ blocker, nimodipine (10 μM), abolishes autonomous 
pacemaking in WT DA neurons.

e. Non–invasive, tight seal (>3 GΩ) cell–attached patch recordings showing a similar (p>0.05, 
Mann–Whitney Rank Sum Test) fi ring rate in WT (median=2.49 Hz, n=73) and Cav1.3–/– 
(median=2.39 Hz, n=42). A signifi cant reduction in autonomous pacemaking rate is noted 
in Nav1.6–/– (median=1.99 Hz, n=15, p<0.001, Mann–Whitney Rank Sum Test). 

f. Non–parametric summary of fi ring rates in control (top, black), Cav1.3–/– (middle, green) 
and Nav1.6–/– neurons (bottom, red). 
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Figure 1.12. Biophysical properties of Na+ channels are not altered in Cav1.3–/– 
SNc DAergic neurons. 

a. Left, transient Na+ currents evoked in a SNc neuron by a series of depolarizing steps from 
–65 to +10 mV from a holding potential of –70 mV. Right, current evoked by a test step to 
–20 mV from increasingly more depolarized prepulse potentials. Prepulse was 200 msec, and 
the holding potential was –70 mV. 

b. Steady–state inactivation  (WT: Vh (median) =–55.0 mV, Vcmedian=5.7 mV, n=18; Cav1.3–/–: 
Vh(median) =–51.6 mV, Vc (median) =6.4, n=9) and activation (WT: Vh(median) =–39.4mV, Vc(median) 
=8.7 mV, n=18; Cav1.3–/–: Vh(median) =–35.2mV, Vc(median) =9.0 mV, n=9) data from WT 
(black) and Cav1.3–/– (red) are plotted and fi t with Boltzmann functions of either fi rst order 
(inactivation) or third order (activation), no signifi cant diff erence was noted (p>0.05, Mann–
Whitney Rank Sum Test). 

c. Plotting peak transient current amplitude as a function of cell capacitance suggests adequate 
voltage control in our preparation, despite the relatively large somatic diameter of SNc. No 
systematic diff erence in the Na+ channel density. 

d. Left, ramping somatic potential from –80 to 0 mV revealed a TTX–sensitive persistent 
current. Blue line represents the best fi tting to the current trace with an extended Boltzmann 
function as follows: I=A{[1+exp[(Vm–Vh)/Vc]}*(Vm–VNa), where VNa is the reversal 
potential of sodium current. Th e fi tting parameters are Vh=–49.4mV, k=3.8. No change 
(p>0.05, Mann–Whitney Rank Sum Test) in the peak amplitude of persistent currents was 
seen between WT (amplitudemedian=–60 pA, n=11) and Cav1.3–/– (amplitude(median) =–50 pA, 
n=9).

e. A light micrograph showing the morphology of a typical dissociated SNc DAergic neuron 
under Hoff man modulation contrast. 

f. TTX–sensitive resurgent currents were evoked from a holding potential evoked by a 20 msec 
step from –90 to +30 mV, after which the membrane was repolarized to voltages between –20 
and –60 mV. No change (p>0.05, Mann–Whitney Rank Sum Test) in the peak amplitude of 
resurgent currents was seen between WT (amplitude(median) =–172.5 pA, n=10) and Cav1.3–/– 
(amplitude(median) =–187.0 pA, n=7).
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Discussion

Properties of the transient and persistent Na+ current are not signifi cantly altered among the diff erent 

neuron populations.

Contrary to initial predictions that the properties of Na+ channels would be remarkably 

diff erent between Na+–pacemakers, Ca2+–pacemakers and quiescent neurons, very few distinctions 

could be made between the transient currents of the various neuron groups. Perhaps most striking, 

the voltage dependence of the activation and inactivation gates were similar among neurons studied 

(Fig. 1.13a). It was previously reported that the half–inactivation voltage of another quiescent 

neuron population, prefrontal cortex neurons, was found to be 10 mV more hyperpolarized 

than reported here, at –65 mV (Carr et al., 2003). During the course of study, we observed that 

the half–inactivation voltage shifted considerably during the period of time patched onto the 

cell in whole–cell mode. Upon fi rst patching onto the cell and allowing the cell to stabilize, the 

half–activation voltage was in the –55mV range. 20 minutes later, the half–inactivation voltage 

was roughly –70mV. Numerous unsuccessful eff orts were taken to adjust the internal to prevent 

this drift, but no technique provided consistent improvement. Th is can be result of perturbation in 

the phosphorylation of Na+ channel or dialysis of a critical cellular component (e.g. PIP2) during 

whole–cell recording. As a result, all fast–inactivation protocols were taken as soon after breaking 

into the neuron as possible (after allowing ~ fi ve minutes for the neuron and current to stabilize). It 

is possible that such measures were not taken previously, allowing for a diff erent half–inactivation 

voltage to be reported. Regardless, the inclusion of several types of neurons with distinct fi ring 

properties in this study is suffi  cient to support the conclusion that the voltage dependence of 

activation and inactivation is not unique to any particular neuron group studied. 

Th e only statistically signifi cant values were increases in the slope factors of inactivation and 

activation for the DA neurons of the SNc, with conductance showing shallower voltage dependence 

(p<0.05, Kruskal –Wallis). Th is could be explained by the lack of Navβ4 expression in DA neurons. 

During expression profi ling of the four neuron populations, all expressed the full complement 
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           ACTIVATION             INACTIVATION

        Vh             Vc               Vh  Vc

GPe -38.3±0.7         7.2±0.2 -55.5±3.6         5.0±0.2

MSN -40.8±0.9         8.0±0.4 -56.0±2.3         5.4±0.2

ChAT -39.8±0.8         7.6±0.2 -52.9±1.8         5.1±0.2

SNc -40.1±0.8         8.4±0.3* -54.3±1.2         5.7±0.1**
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Figure 1.13. Comparison of activation and fast–inactivation properties in basal 
ganglia neurons.

a. Th e half–activation voltages and slope factors for globus pallidus neurons (GP), striatal 
medium spiny neurons (MSN), striatal cholinergic interneurons (ChAT) and nigral 
dopaminergic neurons (SNc), were calculated by a third order Boltzmann equation fi t to 
conductance measurements of the transient current as a function of holding potential. Th e 
half–inactivation voltages and slope factors were calculated by a fi rst–order Boltzmann 
equation fi t to normalized peak amplitudes as a function of prepulse voltage. All values 
except the slope factors in SNc neurons*/** were not signifi cantly diff erent (p>0.05, Kruskal 
Wallis, p<0.05 for Vc of activation* and inactivation** of SNc neurons, Kruskal Wallis).

b. Fast (closed circles) and slow (open circles) time constants of inactivation, as calculated 
by Hodgkin–Huxley fi ts of transient currents generated by activation steps. All four 
neuron types, GP (black), MSN (red), ChAT (green) and SNc (blue) showed similar fast–
inactivation kinetics.
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of common brain Nav α–subunits as well as three of the four Navβ subunits (β1–3). Th e only 

subunit that was conspicuously missing was the β4 subunit in DA neurons (Fig. 1.9a). Because of 

the involvement of β subunits in fast–inactivation properties (Isom et al., 1992; Isom et al., 1995b; 

Tammaro et al., 2002), a lack of β4 could fl atten the voltage–dependence of inactivation. Th is result 

is interesting, not only because of the lack of β4 in DA neurons, but because of the presence of β4 in 

MSN, where there is no sign of resurgent current. Previous studies on β4 have suggested a signifi cant 

role in the generation of resurgent current. Introduction of a β4–like peptide introduces a resurgent 

current to Purkinje neurons that previously had the blocked state removed by trypsin treatment and 

CA3 neurons, which normally lack resurgent current (Grieco et al., 2005). Our results suggest that 

Navβ4 is neither suffi  cient in MSNs nor necessary in DA neurons to generate a resurgent current.

As with the steady–state voltage dependence, the kinetics of Na+ channel activation and 

inactivation in pacemaking neurons were not distinctive, resembling those found in quiescent, 

non–pacemaking medium spiny neurons, striatal cholinergic interneurons and slow pacemaking 

substantia nigra neurons. Plots of fast and slow time constants (calculated by Hodgkin–Huxley fi ts 

of activation plots) as a function of step voltage for the four neurons show no signifi cant diff erences 

(Fig. 1.13b). 

At fi ve–second voltage steps to –20 mV, 31±2% of the Na+ channels are slow–inactivated 

in GP and MS neurons (n=25 and 10, respectively). Cholinergic interneurons have fewer channels 

impacted by this form of inactivation, as only 22±2% of the channels are slow inactivated (n=8, 

p<0.05, Kruskal–Wallis [between only GP and ChAT]). At –60 mV (near the modal membrane 

potential during single–spike pacemaking), less than 10% of the Na+ channel population appears 

to be in the slow inactivated state and this proportion is likely to be smaller at physiological Na+ 

concentrations (Townsend and Horn, 1997). Th is distinctive feature of cholinergic interneuronal 

Na+ channels was not an obvious consequence of the rate of entry into the slow inactivated state or 

the voltage–dependence of the process. It may be that basal serine/threonine kinase phosphorylation 

of Na+ channels in cholinergic interneurons is low (Carr et al., 2003). Th is could result from 
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relatively high levels of protein phosphatase activity targeting Na+ channels or by reliance upon 

Na+ channels that have a low probability of being phosphorylated by protein kinases responsible 

for setting the basal tone. Despite this, the similarity in GP and MSN slow inactivation properties 

suggest that autonomous pacemakers do not have less slow inactivation than quiescent neurons.

In many Na+–pacemaking neurons, persistent currents are key determinants of the rate and 

regularity of spiking (Raman and Bean, 1999; Taddese and Bean, 2002). After spike repolarizing 

currents wane, these Na+ currents provide the inward depolarizing force necessary to bring the 

membrane potential to spike threshold again. Because the slope of the current–voltage relationship 

in the sub–threshold voltage region becomes very shallow (Bennett et al., 2000), even small changes 

in the amplitude of the persistent Na+ current can have profound eff ects on pacemaking rate. Th e 

importance of the persistent current would suggest an increase in amplitude for Na+–pacemaking 

neurons. However, the persistent current in these four neuron types is strikingly similar. If the 

persistent current were defi ned as a window current by the overlap of the steady–state activation 

and inactivation curves (Maurice et al., 2001), this result would not be surprising because of the 

similarity of these neurons’ voltage dependence parameters. Th e inactivity and hyperpolarized resting 

potential during the downstate of MSNs is likely not as much a result of altered Na+ currents as it is 

the presence of increased Kir2 and TREK1 expression levels (Nisenbaum and Wilson, 1995; Talley et 

al., 2001), which keep the membrane potential out of the range where the Na+ persistent current can 

depolarize the membrane towards spike threshold.

Th e resurgent current is important for the activity patterns of autonomous pacemakers

Th e signifi cant result from the parametric analysis of these four neuron classes is the presence 

of the resurgent current in all autonomously active neurons and the absence of it in quiescent MSNs. 

Because blocked channels do not inactivate, the addition of this voltage–dependent state has two 

eff ects relevant to autonomous spiking. Th e fi rst eff ect is to reduce the amount of inactivation during 

a spike, increasing Na+ channel availability for the next spiking cycle. Th e second eff ect is to reduce 

the ‘depth’ of the postspike AHP, shortening the depolarizing ramp to the next spike. Experimental 
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and computational studies have shown that resurgent current increases excitability and promotes 

sustained, autonomous pacemaking (Khaliq et al., 2003). 

Diff erences within the fi ring properties of the pacemakers are likely a result of varied 

expression levels of other channel types. Th e functional expression of resurgence during the inter–

spike interval in fast spiking GP neurons, and in fast–spiking neurons elsewhere in the brain is 

enhanced by their reliance upon very rapidly deactivating Kv3 channels for spike repolarization, 

therefore minimizing outward currents that would slow repolarization of the membrane toward 

spike threshold (Baranauskas et al., 1999; Wigmore and Lacey, 2000; Rudy and McBain, 2001; 

Baranauskas et al., 2003). Kv3 are thought to enable fast–spiking by virtue of their ability to 

keep spikes brief (reducing Na+ channel inactivation) and rapidly deactivate once the membrane 

has repolarized, thereby enabling the cell to rapidly depolarize to spike threshold again (Rudy 

and McBain, 2001). Th ese channels are not necessary for slow pacemaking, as their absence in 

cholinergic interneurons and DA neurons demonstrates (Song et al., 1998), but might be important 

for sustained, high frequency pacemaking. As mentioned above, the co–expression of Kv3 channels 

and Na+ channels with resurgence creates a potent biophysical mechanism for high frequency 

discharge (Akemann and Knopfel, 2006). Without the rapid repolarization of the membrane 

following the spike, the action potentials are signifi cantly wider and result in more Na+ channel 

inactivation per spike. Furthermore, the high level of Kv4 expression in cholinergic interneurons and 

DA neuron, relative to GP neurons, creates a larger A–type K+ current that fi ghts the subthreshold 

Na+ currents and leads to a slower ramp towards threshold, so there are less Na+ channels fi ghting a 

larger hyperpolarizing current, which slows the cell down signifi cantly. DA neurons also have greater 

levels of Ca2+ activated channels of the SK class, which are responsible for the post–spike AHP and 

the hyperpolarization phase of the Ca2+ oscillations seen in TTX (Amini et al., 1999; Wilson and 

Callaway, 2000; Wolfart et al., 2001). Th e combination of high Kv4 and SK tone likely overpower 

the Na+ channel machinery enough that it is unable to drive activity. With the elimination of the 

Ca2+ conductance through genetic deletion or prolonged pharmacological antagonism, SK channels 



72

are suffi  ciently dampened and other depolarizing currents are activated (HCN channels) to push the 

membrane depolarized enough to initiate Na+ pacemaking (our unpublished observation).

Conclusions

 Th e gating properties of Na+ channels in basal ganglia neurons are highly similar, despite 

their distinct fi ring properties. Neither the voltage dependence (for both activation and inactivation) 

nor fast– and slow–inactivation properties among these neurons are signifi cantly diff erent. Instead, 

the presence of the resurgent Na+ current in all three autonomous pacemakers and its absence in the 

regular spiking neurons suggest it is important for autonomous pacemaking. However, the expression 

of β4 in MSNs and the lack in SNc DA neurons suggesting that β4 is neither suffi  cient in MSNs nor 

necessary in DA neurons in creating resurgence. Nevertheless, in the absence of resurgence, there is 

likely insuffi  cient recovery from a spike to supply enough Na+ channels during the interspike interval 

to create a large enough depolarizing current to drive the subsequent spike. Section 3.3 will further 

address these issues through the use of genetic mutations, high frequency protocols and computer 

simulations.
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Section 3.2: D2 dopamine receptor mediated modulation of voltage–
dependent Na+ channels contributes to the suppression of autonomous 

activity of striatal cholinergic interneurons

Introduction

Cholinergic interneurons are critical elements of the striatal circuitry controlling motor 

planning, movement and associative learning (Graybiel et al., 1994). Th eir central role was fi rst 

inferred from clinical observations that striatal cholinergic tone was elevated in Parkinson’s Disease  

(PD) and that the restoration of a balance with the dopaminergic aff erent system was important 

in alleviating the motor symptoms of the disease (Hornykiewicz, 1976). Although they appear to 

receive a sparse dopaminergic innervation (Smith et al., 1994), cholinergic interneurons express 

both D2 and D5 dopamine receptors, making them responsive to volume–transmitted dopamine 

(Levey et al., 1993; Bergson et al., 1995; Yan et al., 1997). Th e best characterized eff ect of dopamine 

on cholinergic interneurons is mediated by activation of D2 receptors, which inhibit N–type Ca2+ 

channel opening and the Ca2+–dependent release of acetylcholine (Lehmann and Langer, 1983; 

Bertorelli et al., 1992; Stoof et al., 1992; DeBoer et al., 1993; Di Chiara et al., 1994; Yan et al., 

1997).

Th ere are reasons to believe that dopamine acts to shape cholinergic interneuron function 

in other ways as well. Perhaps the most intriguing evidence for additional mechanisms comes from 

studies of behaving monkeys. Unconditioned reinforcers that are known to activate dopaminergic 

neurons (Schultz, 2002) inhibit the activity of tonically active neurons (TANs) that have been 

identifi ed as cholinergic interneurons (Aosaki et al., 1994; Graybiel et al., 1994; Bennett and Wilson, 

1999). In associative learning paradigms, the activity of dopaminergic neurons – and the suppression 

of TAN activity – becomes bound to conditioned stimuli. Lesioning dopaminergic neurons disrupts 

conditioning and the linkage between TAN activity and behaviorally relevant stimuli (Aosaki et al., 
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1994). Th ese fi ndings make a strong case that dopamine not only reduces the release of acetylcholine 

but also reduces cholinergic interneuron spiking, but how? 

Electrophysiological studies of cholinergic interneurons in slices have shown that they are 

autonomous pacemakers – they are capable of maintained spike discharge in the absence of synaptic 

input (Bennett and Wilson, 1999). Th is fi nding argues that the pause in cholinergic interneuronal 

discharge must come from either synaptic inhibition or suppression of the intrinsic mechanisms 

underlying the autonomous activity. D5 dopamine receptor activation does enhance cholinergic 

interneuronal GABAA receptor currents (Yan et al., 1997) and spike after–hyperpolarization (Bennett 

and Wilson, 1998), but studies in vivo suggest that the cholinergic interneuronal pause is dependent 

primarily upon D2 receptors (Watanabe and Kimura, 1998). If this is the case, there are no known 

synaptic mechanisms involving ionotropic receptors by which dopamine could induce a pause. 

Could D2 receptors suppress the pacemaking mechanism? Pacemaking in cholinergic 

interneurons is dependent upon voltage–gated Na+ channels (Bennett et al., 2000). Phosphorylation 

of Na+ channel alpha subunits by protein kinase C (PKC) is a particularly potent means of reducing 

Na+ channel currents (Cantrell and Catterall, 2001; Carr et al., 2003). As a consequence, G protein–

coupled receptors that activate PKC are potential regulators of autonomous activity. As D2 receptors 

fall into this class (Hernandez-Lopez et al., 2000), it is possible that they are capable of suppressing 

Na+ channel currents and slowing autonomous activity in cholinergic interneurons. Th e studies 

reported here provide support for this view.

Results

D2 receptor stimulation reduces evoked and autonomous spiking

 Cholinergic interneurons were identifi ed in tissue slices by their large somal diameter 

and spontaneous activity (Bennett and Wilson, 1999). D2 receptor class agonist R(–)–

propylnorapomorphine (NPA, 10 μM) consistently suppressed spiking evoked by somatic current 

injection in cholinergic interneurons recorded in tissue slices without changing resting membrane 
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potential (Fig. 2.1a,b). On average, NPA reduced the number of spikes evoked by near rheobase 

current injection by near half (Fig. 2.1c, n=4, p<0.05, Kruskal–Wallis). To gain a better idea of how 

this modulation would aff ect the relationship between discharge frequency and injected current, 

slow current ramps were delivered (Fig. 2.1d,e). NPA reduced discharge frequency across a range of 

current intensities. Th e frequency–intensity plots were shifted toward higher currents and down on 

the frequency scale (Fig. 2.1f ). A similar alteration was seen in all of the cholinergic interneurons 

tested (n=3). 

As discussed above, cholinergic interneurons are capable of sustained, autonomous 

pacemaking. In the tissue slice, this pacemaking is completely independent of synaptic input, 

being unaltered by blockade of either glutamatergic or GABAergic receptors (Bennett and 

Wilson, 1999). To determine if D2 receptor stimulation could infl uence autonomous pacemaking, 

cholinergic interneurons were recorded in cell–attached patches in tissue slices. Bath application 

of the D2 receptor–class agonist quinpirole (10 μM) slowed cholinergic interneuron discharge 

(Fig. 2.2a). Th e average behavior of our sample (n=6) can be seen in Figure 2.2b, where the 

discharge rates were normalized and the mean (across the sample) plotted as a function of time 

after quinpirole application. Th e median suppression of discharge rate was 43% (Fig. 2.2c, n=6, 

p<0.05, Kruskal–Wallis). As discharge rate slowed following receptor activation, the variability of 

the discharge also increased. One measure of irregularity in interspike intervals is the coeffi  cient of 

variation; this measure increased signifi cantly following receptor activation (Fig. 2.2d, n=6, p<0.05, 

Kruskal–Wallis). Because pacemaking is independent of synaptic activity and no other neuronal 

class in striatal slices is spontaneously active, D2 receptor agonists are likely to be acting directly 

to suppress pacemaking. Single spike pacemaking in cholinergic interneurons is dependent upon 

voltage–dependent Na+ channels (Bennett et al., 2000), suggesting that D2 receptors may be acting 

to suppress these currents. As a fi rst step toward testing this hypothesis, the properties of the Na+ 

channels underlying pacemaking were studied. 
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Figure 2.1. D2 receptor activation suppresses evoked activity. 
a. Repetitive spiking evoked in a cholinergic interneuron by intrasomatic current injection 

during a recording in a tissue slice. 
b. Th e same neuron after bath application of NPA (10 μM). Note the reduction in evoked 

discharge.
c. Statistical summary of NPA induced reduction in evoked spiking.
d. Repetitive activity evoked by somatic injection of a current ramp. 
e. Th e response to the same stimulus was reduced after application of NPA (10 μM). 
f. Instantaneous discharge frequency–current injection plot for the neuron shown in d, e. Data 
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b. An average time course of quinpirole’s action on spontaneous fi ring rate of cholinergic 
interneurons. Inset represents the activity of the neuron that was shown in a. 

c. A summary of the modulation in fi ring rate and coeffi  cient of variation in six cholinergic 
interneurons.
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D2 receptor stimulation reduces Na+ currents at depolarized potentials in cholinergic interneurons

As shown in the previous chapter, cholinergic interneurons express mRNA for the D2 

dopamine receptor. In most cholinergic interneurons tested (12/13), the application of the D2–class 

receptor agonist NPA (10 μM) rapidly and reversibly suppressed the rapidly inactivating Na+ 

currents evoked by a step from –70 mV (mean suppression=10.5±1.2%; n = 12, p<0.05, Kruskal–

Wallis, Fig. 2.3a,e). Th e D2–class receptor antagonist sulpiride (10 μM) signifi cantly reduced this 

modulation (median suppression=2%; interquartile range: 0–5%, n=5, p<0.05 Kruskal–Wallis); 

lower concentrations of sulpiride (1 μM) gave partial block of the NPA (10 μM) modulation (n=3, 

range 20–80% block), possibly because of alterations in the receptor during enzymatic dissociation 

of the tissue. Because cholinergic interneurons do not express detectable levels of mRNA for other 

members of the D2 receptor class (D3, D4) that bind NPA and sulpiride with high affi  nity (Yan et 

al., 1997), these results argue that the modulation observed is mediated by D2 receptors. Dialysis 

with the G
βγ

–subunit scavenger βark–Cp (Koch et al., 1994) also attenuated the modulation 

(median suppression=4%, interquartile range: 1–5%, n=4). In agreement with this inference that 

the signaling was mediated by G
βγ

–subunits and the demonstration that striatal D2 receptors couple 

though these subunits to phospholipase Cβ isoforms (Hernandez-Lopez et al., 2000), application of 

the protein kinase C (PKC) activator 1–oleoyl–2–acetyl–sn–glycerol (OAG, 2 μM) mimicked the 

eff ect of D2 receptor agonists – rapidly and reversibly suppressing peak Na+ currents evoked by a step 

from –70 mV (median suppression =16%; interquartile range: 13–20%, n = 7; p<0.05 Kruskal–

Wallis, data not shown ). Dialysis with the PKC inhibitor calphostin C (1 μM) eliminated the eff ects 

of D2 receptor agonist application (median modulation=2%, interquartile range: 0–4%, n=4, p>0.05 

Kruskal–Wallis, data not shown). 

Th e D2 receptor mediated modulation of Na+ channel currents resulted in an apparent 

reduction in maximal conductance without prominently shifting the voltage dependence of fast 

inactivation (Fig. 2.3b,c) (control: Vh=– 55 mV, interquartile range: 53–56 mV, NPA: Vh=–56 mV, 

interquartile range: 54–58 mV, n = 6). Slope factors were unaltered by NPA as well (control: k=5.5 
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a. Application of the D2 receptor class agonist NPA (10 μM) reversibly suppressed Na+ currents 
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b. Currents evoked before and after application of NPA by a fast inactivation protocol. Peak 

current data derived from these traces are shown at the right. 
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functions (see text); although peak conductance was reduced there was no change in voltage 
dependence. 

d. In another neuron, NPA had a smaller eff ect when holding at –70 mV; changing the holding 
potential to –55 mV increased the magnitude of the modulation. 

e. Time course showing the increase in modulation at more positive holding potentials. Th is 
modulation reversed very slowly at positive potentials; however, the modulation was reversed 
by a brief step to –90 mV. 
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mV, interquartile range: 5.2–5.8 mV, NPA: Vh=5.8 mV, interquartile range: 5.4–6.1 mV, n = 6). 

Direct activation of PKC with OAG had very similar eff ects (control: Vh=– 54 mV, interquartile 

range: 52–55 mV, OAG: Vh=–56 mV, interquartile range: 54–58 mV, n = 6). Slope factors were 

unaltered by OAG (control: k=5.4 mV, interquartile range: 5.1–5.7 mV, OAG: Vh=5.4 mV, 

interquartile range: 5.3–5.6 mV, n = 6).

 Although D2 receptor stimulation consistently reduced Na+ currents evoked from –70 mV, 

the magnitude of the modulation was modest. Holding the membrane potential at more negative 

membrane potentials (ca. –90 mV), further reduced the modulation of current amplitudes (data 

not shown). In contrast, when cholinergic interneurons were held at –55 mV (near their normal 

resting membrane potential) and the D2 receptors activated, the reduction in current amplitude 

nearly doubled from that seen in the same cell at –70 mV (Fig. 2.3d,e). Similar results were obtained 

in every neuron examined (median increase in modulation at –55 mV = 342%, range 168–680%, 

n=18). However, at depolarized membrane potentials, unlike the situation at –70 mV, reversal of 

the modulation was typically very slow after washing off  the agonist (Fig. 2.3e). To test whether this 

sustained reduction was due to a voltage–dependent, reversible process, neurons were hyperpolarized 

to –90 mV for 30 seconds after agonist application and then the membrane potential returned to 

–55 mV. In all of the neurons examined with this protocol (n=7), brief hyperpolarization reversed 

the modulation (Fig. 2.3e). Th e hyperpolarization was not accompanied by any discernible change in 

input or series resistance. As shown below, this reversal was presumably accomplished by promoting 

exit of Na+ channels from a slow inactivated state.  

D2 receptor stimulation reduces persistent Na+ currents

Activation of D2 receptors on cholinergic interneurons with NPA (10 μM) also reversibly 

diminished persistent Na+ currents evoked by a slow voltage ramp from –80 mV to 0 mV 

(8/10 neurons tested) (Fig. 2.4a). At –25 mV, the peak current was suppressed by around 30% 

(median=29%, interquartile range: 25–39, n=8). Th is was substantially larger than the reduction in 

transient Na+ current seen even at a holding potential of –55 mV (see Fig. 2.3).  Th is modulation 
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model.  
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was mimicked by application of OAG (2 μM), which reduced ramp currents at –25 mV by a similar 

amount (median=30%, interquartile range: 21–34, n=6). To estimate changes in conductance, 

currents were converted using the assumption that currents were ohmic and driving force was 

determined by the Nernst equation (Hille, 2001). Th e median reduction in the peak persistent 

conductance was larger than that for current, being near 41% (interquartile range: 28–62%, n=5). 

D2 receptor stimulation reduces Na+ currents by enhancing a process resembling slow inactivation

What type of mechanism could explain the voltage dependence of the Na+ channel 

modulation? Recent work has shown that PKC and protein kinase A (PKA) mediated modulation 

of Na+ channel currents in cortical pyramidal neurons and heterologous expression systems is 

produced by enhancing channel entry into a slow inactivated state (Carr et al., 2003). To test 

whether a similar process was at work here, the voltage dependence and kinetics of slow inactivation 

were examined in the presence and absence of D2 receptor class agonists. Na+ channel currents in 

cholinergic interneurons exhibited slow inactivation, but the extent of slow inactivation was less 

than that seen in cortical pyramidal neurons (Carr et al., 2003). In pyramidal neurons, a 5 second 

depolarization to –20 mV forces roughly 60% of the Na+ channels into a slow inactivated state, 

whereas the same protocol converted only about 20% of the cholinergic interneuronal channels 

into this state. In this protocol, channels are allowed to recover from fast inactivation by holding the 

membrane potential at –80 mV for 1 second before delivering a test pulse (see inset Fig. 2.5a). Any 

reduction in current amplitude with this protocol is attributable to slow inactivation. NPA (10 μM) 

signifi cantly increased the extent of slow inactivation measured using 5 second voltage steps to –20 

mV (mean control slow inactivation (SI) =19%+1% (sem), SI in NPA=30%+2%, n=18, p<0.05, 

Kruskal–Wallis). D2 receptor activation did not discernibly change the voltage dependence of slow 

inactivation (Fig. 2.5a) or the rate of entry into the slow inactivated state produced by a voltage 

step to –20 mV (Fig. 2.5b). Entry in the SI state was mono–exponential in both cases with time 

constants equal to 5 seconds (Fig. 2.5b). D2 receptor activation did not alter the rate of recovery 

from slow inactivation either (Fig. 2.5c); recovery was bi–exponential in both cases with a fast time 
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Figure 2.5. D2 receptor activation enhances slow inactivation of Na+ currents. 
a. NPA (10 μM) increased the extent of slow inactivation evoked by a 5 s voltage step 

to potentials between –35 mV and –60 mV but did not change the apparent voltage 
dependence of the process. Boltzmann fi ts to normalized data are shown for control (open 
circles) and NPA (fi lled circles) data (n=4). Representative current traces are shown at the 
right. 

b. Th e rate of entry into the slow inactivated state was unchanged by NPA (10 μM). Single 
exponential fi ts to control (open circles) and NPA (fi lled circles) data are shown (n=5). Both 
data were well–fi t with a single exponential having a time constant near 5 s. Th e extent of 
slow inactivation was greater in NPA however. Representative current traces are shown at the 
right. Protocol is shown inset. 

c. NPA did not signifi cantly alter the rate of recovery from slow inactivation at –80 mV. 
Double exponential fi ts to control (open circles) and NPA (fi lled circles) data are shown 
(n=8). Both data sets were well–fi t with a double exponential having a time constant of 1.9 
and 13.5 s. Representative current traces are shown at the right. Protocol is shown inset. 
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constant of 1.9 seconds and a slow time constant of 13.5 seconds. However, D2 receptor activation 

modestly increased the fraction of the current that recovered rapidly (control: 63%; NPA: 72%; n=8, 

p>0.05, Kruskal–Wallis). 

Similar eff ects of D2 receptor activation are seen in GP and MS neurons

 GP and MS neurons are diff erent from cholinergic interneurons in that only a subpopulation 

of neurons express D2 receptors (Surmeier et al., 1996; Ruskin and Marshall, 1997; Marshall et al., 

2001). To identify neurons that could potentially be modulated by D2 agonists, we utilized a strain 

of mice generated by the Heinz and Greengard labs that co–expressed GFP under the D2 receptor 

promoter, which enabled us to easily identify neurons with the use of fl uorescent fi lters (Gong et al., 

2003). Th is method was readily utilized in the striatum, where D2 receptor + medium spiny neurons 

were clearly fl uorescent (Fig. 2.7c). However, despite scRT–PCR data showing expression of D2 

receptor mRNA in a population of GP neurons (Fig. 2.6a), fl uorescence was not readily detectable 

in the acutely dissociated GP prep of D2 BAC mice, so cells lacking any modulation by NPA were 

assumed to lack D2 receptors and were eliminated from analysis. 

Similar to the observations seen in cholinergic interneurons, transient Na+ currents in GP 

and MS neurons were only modestly reduced by NPA (10 μM) at hyperpolarized potentials, but 

signifi cantly reduced at more depolarized potentials (Figs. 2.6b,  2.7d,e). In GP neurons, NPA 

reduced transient Na+ currents by 52±10% at –50 mV, 33±8% at –60 mV, 22±4% at –70 mV and 

only 11±1% at –80 mV (Fig. 2.6b, n=5). In MSNs, NPA reduced the transient current by 20% at 

–60mV and only 7% at –80 mV (Fig. 2.7d, n=8). Th is voltage dependence of modulation was more 

for the persistent current in MSNs, where NPA reduced the peak amplitude by 35% at –60 mV and 

14% at –80 mV (Fig. 2.7e). 

Th e mechanism of modulation is similar to that of cholinergic interneurons in that NPA 

increases entry into the slow inactivated state, thus blocking more channels at more depolarized 

potentials because of the increased amount of slow inactivation that occurs (Figs. 2.6c,d and 

2.8a,b,c). For MSNs, this voltage dependence of modulation is important because of the state 
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Figure 2.6. D2 receptor activation suppresses Na+ current in GP neurons by 
enhancing slow inactivation.
a. ScRT–PCR profi ling of two representative neurons, showing that subpopulations of 

GP neurons express D2 or D5 receptors, PV, ENK and GAD67. Th ere was no signifi cant 
correlation between PV and ENK expression and D2 and D5 receptors in the entire 
population.

b. NPA (10 μM) reduced Na+ current by 52±10% at –50 mV, 33±8% at –60 mV, 22±4% at 
–70 mV and only 11±1% at –80 mV. Histogram showing the amount of modulation as a 
function of holding potential.

c. NPA does not appear to shift the half–inactivation voltage of slow inactivation. Th e pseudo–
steady state Vh at 5 seconds is near –45 mV with and without NPA. Th e curves are the best 
fi t to a modifi ed Boltzmann equation control.

d. NPA did not signifi cantly alter the rate of recovery from slow inactivation at –80 mV. Single 
exponential fi ts to control (open circles) and NPA (fi lled circles) data are shown. Th e time 
constant for recovery is 5.9±0.3 sec for control and 6.1±0.4 sec for NPA.
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Figure 2.7. D2 receptor activation reduces Na+ channel availability in MS neurons 
is dependent on holding potential.
a. Th e striatum is composed of two groups of medium spiny neurons — those that express 

D1 receptors and P and project to the substantia nigra, and those that express D2 receptors 
and enkephalin and project to the pallidus. Using GFP under the control of the D2 receptor 
promoter allows us to identify this latter group easily (Gong et al., 2003). 

b. Brightfi eld image of two medium spiny neurons. 
a. Same fi eld viewed using fl uorescence optics. 
c. NPA (10 μM) reduced the peak amplitude of Na+ currents evoked by a step to –20 mV. At 

a holding potential of –80 mV, NPA only reduced the current by 6±1%, while at a holding 
potential of –60 mV the peak current was reduced by 19±2%. 

d. Modulation of the persistent current, measured with a ramp protocol from –80 mV to –60 
mV, showed a similar dependence on holding potential. Th e current was reduced by 11±2% 
at a holding potential of –80 mV and 33±3% at –60 mV.

e. An upstate created by a cell’s response to current injection was fed back into a voltage–
clamped cell as a voltage command. During the 4 seconds in the upstate, the peak amplitude 
of the Na+ current during a spike was reduced more when D2 receptors were activated by 
NPA, as measured by comparing the ratio of peak amplitude with and without NPA.
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for NPA). Th e curves are the best fi t to a single exponential equation (n=4). 

b. NPA does not appear to shift the half–inactivation voltage of slow inactivation. Th e pseudo–
steady state Vh at 5 seconds is near –45 mV with and without NPA (p>0.05, Kruskal–
Wallis). Th e curves are the best fi t to a modifi ed Boltzmann equation (n=8). 

c. NPA increases the fraction of Na+ channels in the slow inactivated state, but did not 
signifi cantly alter the time course of recovery kinetics. Th e curves are the best fi t to a single 
exponential equation (n=8).
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transitions that are inherent in the membrane properties of this neuron. Typically, MSNs sit in 

a down–state near –80 mV, where relatively little modulation is taking place. During activation, 

they transition to an upstate near –60 mV from which action potentials can be generated. Since 

signifi cantly more D2 receptor–mediated modulation occurs at –60 mV, D2 acts in a state dependent 

manner in MSNs. To understand the increase in NPA modulation during the upstate, a trace of a 4 

second stimulus–generated upstate with action potentials was used as a voltage command to measure 

transient Na+ currents generated during the action potentials. When NPA was applied to the neuron, 

the reduction in peak Na+ current amplitude of the last pulse was reduced more relative to the fi rst 

pulse. Over the course of the upstate, the amount of modulation by NPA for transient currents 

generated by the action potential waveform was increased (Fig. 2.7e). Th is shows that D2 receptor 

activation acts as a state dependent modulator of Na+ channels, reducing activity in the upstate and 

having signifi cantly less of an impact during the downstate. 

Impact of NPA modulation on rebound spiking in cholinergic interneurons

 Distinguishing features of the D2 receptor modulation of Na+ channels are slow kinetics and 

voltage dependence. Long–lasting but not short hyperpolarization of the membrane should reverse 

the modulation. To test this conjecture, the eff ect of D2 receptor activation on ‘post anode–break’ 

spiking – like that triggered by termination of somatic GABAergic inhibitory input – was examined. 

Th is post anode–break depolarization is generated by slowly deactivating, hyperpolarization activated 

cation (HCN) channels in cholinergic interneurons (Bennett and Wilson, 1999). With strong 

enough HCN activation, the rebound depolarization is accompanied by spiking (Fig. 2.9a). NPA 

(10 μM) had no discernible eff ect on HCN channel activation, as judged by the sag in membrane 

potential with membrane hyperpolarization, but it did suppress spiking during the rebound 

depolarization. With a 1 second hyperpolarization to around –80 mV (Fig. 2.9b); similar results 

were obtained in other neurons (median reduction in rebound spike number=63%, n=5, p<0.05, 

Kruskal–Wallis, Fig. 2.9c). In the presence of TTX, the rebound depolarization produced by HCN 

activation was unaff ected by NPA (data not shown, n=4). If the suppression of rebound discharge 
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Figure 2.9. D2 receptor activation suppresses rebound spiking. 
a. Hyperpolarizing current pulse (1 s) induces rebound discharge in a cholinergic interneuron. 
b. Application of the D2 receptor agonist NPA reduces the rebound discharge (red line); control 

data from a is shown in background. 
c. Statistical summary of the inhibition of rebound discharge following application of NPA 

(n=5). 
d. Rebound discharge after a longer hyperpolarizing prepulse (10 sec). 
e. NPA failed to noticeably alter the rebound discharge. 
f. Statistical summary showing that NPA produced only a modest inhibition of discharge with 

the long prepulse, in contrast to the short prepulse (n=5). 
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was a consequence of enhanced slow inactivation of Na+ channels, increasing the duration of the 

hyperpolarizing pulses should reverse the eff ects of NPA. To test this hypothesis, the current steps 

were lengthened to 10 seconds, a period that at 35 °C should de–inactivate roughly 90% of the Na+ 

channel population. In this situation, NPA did not have a signifi cant impact on rebound spiking 

(Fig. 2.9d,e,f; n=5, p>0.05, Kruskal–Wallis). 

Is the D2 receptor mediated suppression of pacemaking attributable to modulation of Na+ channels?

 Th e data presented are consistent with the hypothesis that the eff ects of D2 receptor activation 

on evoked activity and pacemaking are attributable to an enhanced slow inactivation of voltage–

dependent Na+ channels. Is this plausible? Th e suppression in the transient Na+ current produced by 

D2 receptor activation was modest — 15–20%. Th e suppression of persistent Na+ current was twice 

as large — 30–40%. But is this suffi  cient to explain the change in pacemaker rate? If so, then simply 

blocking 10–30% of the Na+ channels with tetrodotoxin (TTX) should reproduce the eff ects of D2 

receptor agonists (recall that interneuron spiking in the slice is not aff ected by blocking synaptic 

input). To determine what concentration of TTX would suffi  ce to test this hypothesis, the affi  nity 

of interneuron Na+ channels for TTX was determined using whole cell voltage clamp recordings. 

Th e data were well fi t with a Langmuir isotherm having an IC50 value of approximately 5 nM (Fig. 

2.10a), a value very close to that found in other preparations (Goldin, 2001). Th is data suggests that 

the application of 1 nM TTX should block 10% of the interneuron Na+ channels. Doing so slowed 

interneuronal discharge rate in the slice preparation by over 20%, on average (Fig. 2.10b,c). Th ese 

data argue that even modest suppression of Na+ channel currents can have signifi cant eff ects on 

pacemaking.

 To provide an additional test, a computational approach was used that allowed selective 

manipulation of Na+ channels. A simple Neuron simulation was constructed using a soma, two 

dendrites (see Fig. 1.4a) and a complement of channels known to contribute to pacemaking and 

repetitive discharge in cholinergic interneurons (see Materials and Methods). To match the bi–

exponential kinetic features of macroscopic currents, the Na+ channel population was broken into 
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Figure 2.10. Modest suppression of Na+ channel currents mimics D2 receptor 
eff ects on pacemaking. 
a. Dose response for relationship for TTX in acutely isolated cholinergic interneurons (n=5). 

Peak transient Na+ current evoked by a step to –20 mV from a holding potential of –80 mV 
as a function of TTX dose were fi t with a Langmuir isotherm having a slope of 1 and an 
IC50 of 5 nM. 

b. Cell–attached patch recording in tissue slices before and after bath application of 1 nM TTX. 
c. Th e median reduction in discharge rate was just greater than 20% (n=5), data are shown in 

box plot format. 
d. Simulation of Na+ channel currents evoked by a step to –20 mV before and after enhancing 

entry into the slow inactivated state from the fast inactivated state (Carr et al., 2003) 
(αS2=0.0002 –> 0.005); the modulation was restricted to the kinetically slow current. 
Total (fast+slow) Na+ current evoked by the step was reduced by 20% as in experimental 
observations. 

e. Th e same change produced a larger reduction (~40%) in the total current evoked by a voltage 
ramp because of the relatively large contribution of the slower channel to these currents. 

f. Th e reduction in autonomous discharge rate increased monotonically as the percent 
reduction in transient current was increased from 5–20%. Channel densities from 1.0 to 2.1 
mS/cm2 yielded qualitatively similar relationships. 

g. In a simulation of pacemaking (Na+ channel density of 1.4 mS/cm2), mimicking the D2 
receptor modulation by selectively increasing Na+ channel entry into a slow inactivated state 
(as in d,e) slowed the discharge rate by over 40%. Restoration of the control values for this 
rate constant restored the discharge rate. Th e bar depicts the onset and off set of the change 
in slow inactivation. At the bottom, the change in slow inactivation in the aff ected channel 
population is plotted. 
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fast and slow channel types, an assumption that was consistent with the molecular heterogeneity of 

Na+ channel subunit expression (see above and Materials and Methods). Th e cell model accurately 

reproduced the autonomous discharge of interneurons and yielded membrane trajectories resembling 

those found in whole cell recordings (Fig. 2.10g). Enhancing entry of the slower channel population 

into the slow inactivated state (Carr et al., 2003) accurately reproduced the macroscopic modulation 

– decreasing peak transient current by 20% and persistent Na+ current by 40% (Fig. 2.10d,e). Th is 

modulation led to an obvious slowing of autonomous discharge (Fig. 2.10g). Alteration in no other 

channel was necessary to produce this change in discharge rate. Grading the modulation to produce 

transient current reductions of 5–20% produced a graded reduction in pacemaker rate over a wide 

range of Na+ channel densities (Fig. 2.10f ). At lower channel densities, a modulation suffi  cient to 

produce a 20% suppression in transient Na+ current almost completely stopped spiking, producing 

a greater than 90% reduction in spike rate. At intermediate channel densities, a modest suppression 

of Na+ currents led to a suppression of discharge rates like that seen experimentally (~40%) with 

the application of D2 receptor agonists. Th ese fi ndings, together with those derived from TTX 

application, provide direct support for the conclusion that modulation of Na+ channel currents 

in cholinergic interneurons is a major component of the D2 receptor mediated modulation of 

interneuron excitability and the reduction in autonomous spiking.

Discussion

D2 receptor activation suppresses cholinergic interneuronal pacemaking

In associative learning paradigms, the ongoing, spontaneous activity of primate cholinergic 

interneurons (or TANs) is suppressed by presentation of unconditioned, positive stimuli and by 

learned, conditioned stimuli (Aosaki et al., 1994; Graybiel et al., 1994; Raz et al., 1996). In both 

cases, the suppression is dependent upon stimulus–linked elevations in dopamine cell activity and 

dopamine release in the striatum (Aosaki et al., 1994). Work in vivo has shown that the pause in 

cholinergic interneuronal discharge is primarily mediated by D2 receptors (Watanabe and Kimura, 

1998). In agreement with this conclusion, the application of D2 receptor agonists to cholinergic 
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interneurons in the slice preparation suppressed autonomous spiking. In this preparation, activity 

is independent of synaptic connectivity (Bennett and Wilson, 1999), arguing that the D2 receptors 

expressed by the cholinergic interneurons themselves are critical to the response. Th e experiments 

reported here provide a direct linkage between these interneuronal D2 receptors and the ionic 

mechanism underlying their spontaneous activity.  

D2 receptor activation decreases Na+ channel currents

In isolated neurons, activation of postsynaptic D2 receptors reduced the Na+ currents 

underlying pacemaking. Th e suppression did not depend upon an alteration in the voltage–

dependence of channel opening or fast inactivation. Rather, the reduction in Na+ channel current 

was brought about by an enhanced entry into a slow inactivated state (Carr et al., 2003). Th is 

endowed the modulation with profound voltage dependence. Holding the membrane potential at 

–55 mV, rather than –70 mV, tripled the magnitude of the modulation of peak Na+ current, whereas 

holding at –90 mV virtually eliminated the development of the modulation or quickly reversed it. 

Th is feature should maximize the impact of the D2 receptor modulation on pacemaking, where the 

modal membrane potential of cholinergic interneurons is near –55 mV. On the other hand, the 

modulation should have much less of an impact on rhythmic bursting where slow inactivation of Na+ 

channels should be less prominent (Bennett and Wilson, 1999). 

Th e D2 receptor modulation appeared to be accomplished through a G
βγ

–signaling pathway 

that activated PKC. Th is inference is based upon 1) the ability of a G
βγ

 scavenger (βark–Cp) to 

reduce the modulation, 2) the mimicry of the modulation by PKC activators (OAG) and 3) the 

blockade of the modulation by intracellular dialysis with a PKC inhibitor (calphostin C). Although 

at variance with the conventional model of D2 receptor coupling (Stoof et al., 1992), this signaling 

linkage aligns with several recent lines of study. For example, D2 receptors have been shown to 

preferentially couple through G
βγ

 subunits associated with G
οα

 to activate phospholipase C (PLC) 

isoforms (Hernandez-Lopez et al., 2000; Jiang et al., 2001). PKC activation is a well–characterized 

consequence of PLC stimulation, resulting from the generation of diacylglycerol (DAG) and 
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mobilization of Ca2+ from inositol trisphosphate (IP3) sensitive intracellular stores. Th is linkage also 

is consistent with the recent demonstration that phosphorylation of Na+ channels enhances entry 

into a slow inactivated state (Carr et al., 2003).
 

Is the suppression of Na+ channel currents suffi  cient to explain D2 receptor mediated changes in 

pacemaking?

Although it is clear that activation of D2 receptors led to a suppression Na+ channel currents, 

the modulation of transient Na+ currents was modest. Although within the range reported in 

previous studies (Cantrell and Catterall, 2001), peak transient current at –55 mV was reduced 

by only about 15–20% by D2 receptor agonists or PKC activators. Th e maximal persistent Na+ 

conductance was more substantially reduced (~30–40%) by the same manipulations, but is this 

suffi  cient to account for the suppression in pacemaking seen in tissue slices? Th ere are two lines of 

evidence that suggest so. First, application of the specifi c Na+ channel blocker TTX a concentration 

adequate to block only 10% of the Na+ channel population (with full penetration of the tissue) 

reduced pacemaking by over 20% on average. Since pacemaking is not dependent upon synaptic 

input (Bennett and Wilson, 1999), this reduction is directly attributable to blockade of the Na+ 

channels underlying pacemaking. Second, computer simulation of the pacemaking process in 

cholinergic interneurons revealed that a modest enhancement of Na+ channel slow inactivation 

– one suffi  cient to bring about reductions in transient and persistent current like those seen 

experimentally – had profound eff ects on pacemaking. At intermediate channel densities that gave 

discharge rates like that seen in vivo (3–6 Hz), suppression of the transient Na+ channel current by 

15% and the persistent current by about 30% brought about a 30–50% reduction in spiking rate. 

Given the likelihood that acute isolation and whole cell dialysis attenuates the D2 receptor mediated 

modulation of Na+ channels, the degree of agreement between the experimental results (where D2 

receptor agonists decreased the discharge rate by around 40%) and the simulation is remarkable. 

Th e simulations also showed that the relationship between channel inactivation and discharge rate 

was monotonic over a wide range, providing a potential readout of the intensity of D2 receptor 
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stimulation. Th e sensitivity of pacemaking to Na+ channel modulation isn’t surprising given that the 

slope of the current–voltage relationship in cholinergic interneurons is very shallow in the voltage 

range were Na+ channels begin to open (Bennett et al., 2000), allowing small changes in current to 

signifi cantly change the trajectory of the membrane potential to the next spike. Th is appears to be a 

common feature of Na+ channel dependent pacemakers (Raman and Bean, 1999; Taddese and Bean, 

2002; Do and Bean, 2003). 

Th ere are undoubtedly collateral mechanisms by which dopamine acts to suppress the 

activity of cholinergic interneurons. Th e best characterized of these is the D5 receptor–mediated 

augmentation of spike after–hyperpolarization, which should slow discharge (Bennett and 

Wilson, 1998). Th is modulation could account, in part, for conjectured involvement of D1–class 

receptors in generation of the pause (Watanabe and Kimura, 1998). Th ese alterations in intrinsic 

properties governing autonomous spiking complement the direct D2 receptor mediated inhibition 

of acetylcholine release (Lehmann and Langer, 1983; Bertorelli et al., 1992; Stoof et al., 1992; Di 

Chiara et al., 1994; Yan et al., 1997), further reducing the impact of cholinergic interneurons on 

striatal circuitry. 

Although dopamine acts directly on interneurons, it may also sculpt synaptic inputs to 

cholinergic interneurons that contribute to the generation of pauses during learning. Th alamic 

inputs carrying sensory information are important participants in the regulation of cholinergic 

interneuronal activity (Matsumoto et al., 2001). Although there are direct thalamic projections 

to cholinergic interneurons (Wilson et al., 1990; Lapper and Bolam, 1992), the most important 

synaptic linkage in this context may be through intrastriatal GABAergic interneurons. Th alamic 

activation of these neurons following presentation of a sensory cue could act to suppress cholinergic 

interneuron discharge. But, because thalamic activity does not appear to be contingent upon reward, 

this linkage would have to be gated by dopamine. Th is could be accomplished by dopaminergic 

enhancement of GABAergic interneuron activity (Bracci et al., 2002) and of cholinergic interneuron 

sensitivity to this input (Yan et al., 1997; Yan and Surmeier, 1997). 
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Conclusions

Th e studies reported here show that activation of D2 dopamine receptors suppresses evoked 

activity and autonomous pacemaking in identifi ed cholinergic interneurons. PKC– dependent 

enhancement of Na+ channel slow inactivation appears to make a major contribution to this 

reduction in activity. Th e voltage dependence and kinetics of the change in Na+ channel gating 

state create a novel form of short–term, activity–dependent plasticity that may contribute to striatal 

alterations in associative and instrumental learning paradigms. 



100

Section 3.3: Resurgent Nav1.6 channel gating is critical to pacemaking 
and fast spiking in globus pallidus neurons

Introduction

Th e external segment of the globus pallidus (GP) is a key component of the basal ganglia 

circuitry controlling movement (Albin et al., 1989). Principal, GABAergic GP neurons normally 

exhibit sustained high frequency spiking that is interrupted by pauses that are associated with 

movement (DeLong, 1971; Wichmann and DeLong, 1999; Raz et al., 2000; Bevan et al., 2002b). In 

Parkinson’s disease (PD), the activity of many GP neurons change. Rhythmic, high frequency bursts 

of spiking becomes the predominant fi ring pattern (Filion and Tremblay, 1991; Raz et al., 2000). 

Similar patterns of activity emerge in the synaptically coupled entopeduncular nucleus (EP) and the 

subthalamic nucleus (STN). Th is pathological pattern of spiking is thought to be responsible for 

motor symptoms as they are alleviated by lesioning or deep brain stimulation (DBS) of these nuclei 

(Wichmann and DeLong, 1999). Th e factors controlling the emergence of this pathological activity 

are not clear, but modeling studies have implicated interplay between the intrinsic properties of GP 

neurons and their synaptic interaction with STN neurons (Terman et al., 2002). 

Th e intrinsic properties of GP neurons that contribute to the emergence of rhythmic burst 

fi ring in PD are not well understood. What is known is that these neurons are unusual in that they 

are fast spiking, autonomous pacemakers (Chan et al., 2004; Surmeier et al., 2005). In other cell 

types, voltage dependent Na+ channels are primary determinants of these behaviors. In cerebellar 

Purkinje neurons for example, Nav1.6 Na+ channels reopen during the falling phase of the spike, 

giving rise to a resurgent current that promotes high frequency spiking (Raman and Bean, 1997; 

Khaliq et al., 2003). Th is gating mode also is important for the maintenance of autonomous 

pacemaking in these cells. Although voltage–dependent Na+ channels are critical to autonomous 

pacemaking in GP neurons (Kita and Kitai, 1991; Nambu and Llinas, 1994; Chan et al., 2004), it 
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is not known to what extent resurgent gating contributes to this capacity and that of fast spiking. In 

the neighboring subthalamic nucleus (STN), neurons are minimally aff ected by the loss of Nav1.6 

subunits, unlike Purkinje neurons (Raman et al., 1997; Do and Bean, 2004). 

Not only should Na+ channels be primary determinants of rhythmic bursting in PD, but 

they should also be critical to how GP neurons respond to DBS. DBS was originally thought to 

functionally inactivate neurons by producing enough Na+ channel inactivation to prevent the 

generation of a spike (depolarization block) (Benabid et al., 1998; Beurrier et al., 2001; Tai et al., 

2003). Although more recent work has questioned this inference (Benabid et al., 2002; Lozano et al., 

2002; Hashimoto et al., 2003; McIntyre et al., 2004b; McIntyre et al., 2004a; Vitek et al., 2004), 

the prevailing view remains that functional activity of targeted structures is suppressed by DBS. 

Direct electrophysiological examination of changes produced by high frequency stimulation revealed 

a substantial reduction in Na+ channel availability in acutely isolated STN neurons, largely mediated 

by slow inactivation (Do and Bean, 2003). It is not clear whether this result can be generalized to 

other fast spiking basal ganglia neurons, like GP neurons.

Th e studies reported here employ electrophysiological, molecular and modeling approaches 

to characterize Na+ channels in GP neurons that underlie fast spiking and pacemaking, as well as 

the response to DBS. Although similar in many respects to those found in regular spiking neurons, 

Na+ channels in GP neurons were distinctive in the prominence of their resurgent gating mode. 

Th is gating mode was strongly, but not exclusively, dependent upon channels with a pore–forming 

Nav1.6 subunit. Nav1.6 channels with resurgent gating were critical to the ability of GP neurons 

to spike autonomously at normal frequencies and to respond to extrinsic stimulation with high 

frequency spiking for sustained periods. In their absence, GP neurons respond to DBS as originally 

envisioned, with depolarization block and cessation of spiking. 
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Results

Autonomous discharge rate in GP neurons grades with Na+ Channel availability

 In tissue slices held at room temperature (20–22°C), medium sized, GABAergic GP 

projection neurons spike autonomously at just over 10 Hz (12.3±0.3 Hz) in a very regular manner 

(CV=0.18±0.01) (Fig. 3.1a). In contrast, large basal forebrain cholinergic neurons found along 

the medioventral border of the GP with the internal capsule were quiescent; these cells were 

excluded from this study. Although previous work had established the Na+ channel dependence of 

autonomous pacemaking in GP neurons, the quantitative features of this relationship have not been 

examined. To fi ll this gap, the effi  cacy of Na+ channel block tetrodotoxin (TTX) was determined 

using acutely isolated GP neurons where the Na+ channel currents could be isolated and voltage–

clamped (Narahashi et al., 1960). Similar to fi ndings in other cell types (Goldin, 2001; Maurice et 

al., 2004), the TTX dose–response relationship was fi t with a single site Hill–Langmuir equation 

having an IC50 of near 3 nM (Fig. 3.1b).  Next, to determine the eff ect of Na+ channel block on 

pacemaking, increasing doses of TTX were applied and the eff ect on autonomous discharge of GP 

neurons in tissue slices was measured. Surprisingly, the eff ect of TTX on Na+ channel availability 

predicted its eff ect on discharge rate (Fig. 3.1e). Autonomous pacemaking was more sensitive to 

Na+ channel block than was spiking per se, as blocking roughly 95% of Na+ channels eliminated 

pacemaking without preventing generation of a spike in response to a brief current pulse (Fig. 3.1d).

Neurons lacking the Nav1.6 subunit display reduced resurgence and slowed autonomous pacemaking

 Channels composed of the Nav1.6 α subunit have been shown to be critical in the 

physiology of active neurons. First, studies in heterologous systems have demonstrated that Nav1.6 

channels yield a larger sub–threshold current than do Nav1.1 or Nav1.2 channels (Smith et al., 

1998; Smith and Goldin, 1998). Second, the preferential axonal localization of Nav1.6 channels 

suggest an important role in action potential initiation (Caldwell et al., 2000; Krzemien et al., 

2000; Tzoumaka et al., 2000; Boiko et al., 2001; Boiko et al., 2003; Wittmack et al., 2004). Th ird, 
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Figure 3.1. Firing rate of GP neurons is sensitive to Na+ channel availability
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b. IC50 curve for TTX in the dissociated, voltage–clamped prep. Na+ current was measured by 5 
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mutations of the Na1.6 gene (SCN8A) that result in loss of function have been connected with 

motor endplate disease (Burgess et al., 1995; Kohrman et al., 1995; Kohrman et al., 1996). One 

such mutation, medTG, results in lack of functional Nav1.6 channels in homozygous cells (Nav1.6–/–

). In Purkinje neurons from Nav1.6–/– mice, resurgent Na+ current is lost and there is a signifi cant 

reduction in spontaneous fi ring (Khaliq et al., 2003). In STN neurons, loss of Nav1.6 channels 

leads to a less drastic reduction in resurgence and a modest reduction in spontaneous fi ring (Do 

and Bean, 2004). In MS neurons, Nav1.6–/– neurons have a signifi cant reduction in both transient 

and persistent Na+ current (Fig. 3.2a,b). In dissociated GP neurons from Nav1.6–/– mice, there 

was a prominent (~40%) reduction in the amplitude of resurgent current (Fig. 3.3a,b) without a 

similar reduction in transient and persistent current amplitudes or alterations in voltage dependence 

or slow inactivation (Fig. 3.4a,b,c,d). Although transient and persistent currents were unchanged 

in Nav1.6–/– neurons, autonomous pacemaking was dramatically slowed. Wild–type GP neurons 

spiked autonomously near 12 Hz in the intact slice at room temperature (frequency(median)=12.4 Hz, 

n=101), while Nav1.6–/– neurons spiked at half that rate (frequency(median)=5.9 Hz, n=35, p<0.05, 

Mann–Whitney; Fig. 3.3c,e). Action potential threshold was also elevated, shifting from –44±1 mV 

in wild–type neurons to 37±1 mV in Nav1.6–/– neurons (measured as the voltage at which there was 

a discontinuity or kink in the dV/dt vs. V phase plot, see Fig. 3.3d; p<0.05, Mann–Whitney). Th ese 

observations of reduced discharge and shifted spike threshold are commonly attributed to reduced 

Na+ channel availability. 

Nav1.6 channels enhance the response to intracellular current injection

 Since resurgent Na+ current is thought to play an important role in high frequency spiking, 

maximal spiking rates of Nav1.6–/– neurons were examined using current ramps. Wild–type neurons 

were frequently able to sustain spiking throughout the ramp, often reaching maximal frequencies 

over 130 Hz at room temperature (129.6±10 Hz, n=8, 3 of these 8 sustained fi ring throughout the 

ramp). In contrast, none of the Nav1.6–/– neurons were able to sustain spiking throughout the ramp 

and had signifi cantly lower maximal fi ring frequencies (99.7±7.8 Hz, n=8; p<0.05, Mann–Whitney; 
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b. Box plots of resurgent current amplitude in dissociated GP neurons from WT (left) and 
Nav1.6–/– (right). Th e median amplitude, measured as peak from baseline at –30 mV, for 
wild–type is 260 pA (n=37), while the median for Nav1.6–/– GP neurons is reduced 40% to 
158 pA (n=11)(p<0.005, Mann–Whitney Rank Sum Test).

c. Traces of spontaneous activity in wild–type (top trace, 18 Hz) and Nav1.6–/– (bottom trace, 
8 Hz) GP neurons recorded in whole–cell mode in an intact slice.

d. Th e phase plot of the spike wave form, generated by plotting the derivative of the voltage as 
a function of membrane potential, shows a clear shift in spike threshold between wild–type 
and Nav1.6–/– neurons, –44±1mV and –37±1mV (p<0.001, Mann–Whitney Rank Sum 
Test, n=11).

e. Population data on spontaneous fi ring frequency of wild–type (left, median=12.4 Hz, 
n=101) and Nav1.6–/– (right, median=5.9 Hz, n=35) GP neurons, as measured in the cell 
attached mode. Th e basal fi ring rate is signifi cantly reduced in Nav1.6–/– neurons  (p<0.001, 
Mann–Whitney Rank Sum Test).
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Figure 3.4. Nav1.6–/– neurons show similar transient and persistent current 
properties.

a. Representative traces of currents elicited by a voltage step to –20 mV for wild–type (black) 
and Nav1.6–/– GP neurons (amplitudemedian=673.5 pA [n=30] and 667.6 pA [n=20] for 
wild–type and Nav1.6–/–, respectively, p>0.05 Mann–Whitney).

b. Na+ channel steady state voltage dependence of activation (closed red circles) and inactivation 
(open red circles) of Nav1.6–/– neurons are similar to wild–type neurons (black lines). 
Activation: Vh=–40.2±0.7 mV, Vc=8.4±0.2. Inactivation: Vh=–54.8±1.1, Vc=4.3±0.3.

c. Th e persistent current trajectory and amplitudes of Nav1.6–/– neurons were similar to wild–
type (amplitudemedian=52.1 pA [n=18] and 51.9 pA [n=12] for wild–type and Nav1.6–/–, 
respectively, p>0.05 Mann–Whitney) 

d. Amount of channels slow–inactivated by a 5 second step to –20 mV in Nav1.6–/– neurons 
and recovery kinetics at –80 mV are similar to wild–type neurons. Th e time constants 
for recovery at –80 mV for wild–type and Nav1.6–/– neurons are 3.7±0.5s and 4.4±0.5, 
respectively.
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Fig. 3.5a,c). 

Another prominent diff erence between wild–type and Nav1.6–/– neurons was the magnitude 

of the hysteresis in their response to current injection. Wild–type neurons displayed relatively little 

hysteresis in their response to the ramp protocol, spiking at nearly the same rate during the falling 

phase of the rate as the rising phase. In contrast, Nav1.6–/– neurons frequently were completely 

silent during the falling phase, typically spiking only briefl y at the very end of the pulse. Th is 

diff erence in performance is illustrated in a cumulative frequency plot (Fig. 3.5e). 

Were the loss of Nav1.6 important solely for the reduction in resurgent current, it would be 

predicted that the fi rst spike of the ramp in Nav1.6–/– neurons would have a similar spike threshold 

to wild–type neurons, since holding the neuron at –70 mV would recover more fast–inactivated 

channels, normalizing the availability. However, with a ramp speed of 1 nA/sec, the fi rst spike 

was delayed in Nav1.6–/– neurons and had a more depolarized threshold than wild–type neurons 

(latency time of 102±10 ms versus 57±8 ms for wild–type, p<0.05, threshold of –46±2 mV for 

Nav1.6–/– and –52±1 mV for wild–type, p<0.05; Mann–Whitney; Fig. 3.5b,c). Th is shift in the 

threshold of the fi rst spike could result from incomplete localization of Nav1.1 and 1.2 to the initial 

segment and nodes of the axon, such that the density of Na+ channels at the spike initiation site is 

reduced. A second explanation is that Nav1.6, in addition to conducting a larger resurgent current, 

has other unique gating kinetics that allow for increased conduction of Na+ current during the 

ramp towards threshold, allowing it to reach threshold faster before more inactivation has occurred. 

Th is explanation would suggest that the gap between spike thresholds of the Nav1.6–/– and the 

wild–type neurons would be larger at slower ramp speeds, when the neurons are more dependent 

on subthreshold currents to push the membrane towards threshold. When the ramp speed is slowed 

to 25 pA/sec, the spike threshold in wild–type neurons is shifted by less than 1 mV, to –51±1 mV, 

while the spike threshold of Nav1.6–/– is reduced by almost 3 mV, to –43±1 mV (the diff erence 

between wild–type and Nav1.6–/– spike threshold at 1 nA/sec is 6 mV, at 25 pA/sec it is 9 mV). 

While localization of Nav1.6 is likely important for proper activity, this data suggests that the unique 
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Figure 3.5.  Nav1.6–/– GP neurons have reduced peak frequencies when driven to 
fi re at high frequencies by a depolarizing ramp current.

a. Voltage traces from a wild–type (black) and Nav1.6–/– neuron (red) during a 1 second ramp 
to 1 nA current. Th e ramp protocol was 2 seconds long from a baseline near –70 mV (to stop 
spontaneous activity): 1 second depolarizing with varying speeds (from 0–1nA/sec) and 1 
second relaxing back to 0 pA current.

b. Enlargement of the initial phase of the ramp shows a longer latency for Nav1.6–/– (red, 
median=103.8 ms) than for wild–type neurons (black,median=46.35 ms)(p<0.005, Mann–
Whitney Rank Sum Test, n=8). Boxplots on the right show population data of wild type 
(left) and Nav1.6–/– neurons (right).

c. Phase plots of the wave forms from a show a shift in the threshold of the fi rst spike from a 
median of –50 mV for wild type (black) to –42 mV for Nav1.6–/– neurons (red)(p<0.001, 
Mann–Whitney Rank Sum Test, n=8). 

d. Th e fi rst and maximum fi ring frequency as a function of ramp speed reveals a decrease in 
maximum frequency reached in Nav1.6–/– neurons (mean±SEM=99.7±7.8 Hz) versus wild–
type neurons (mean±SEM=129.6±10 Hz)(p<0.05, Mann–Whitney Rank Sum Test, n=8).

e. Cumulative frequency plot showing a signifi cant shift in the fi ring frequency of Nav1.6–/– 
neurons. Also evident is a signifi cant hysteresis in the Nav1.6–/– population generated by the 
signifi cant period spent in depolarization block where no spiking occurred (n=5).
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gating properties of Nav1.6 are also crucial for the availability of channels during the ramp towards 

threshold and the lower threshold necessary to drive spike initiation in the initial segment.

Nav1.6 channels govern the response to DBS–like stimulation

 Despite the proven therapeutic benefi t of high frequency deep brain stimulation, the cellular 

mechanisms by which it alleviates symptoms is unclear. Th e similarities of outcomes between 

surgical ablation and DBS suggest it works through inactivation of the targeted nuclei (Bergman 

et al., 1990; Gill and Heywood, 1997). Direct recordings in the STN during and immediately 

following DBS support this, proposing that depolarization block (Na+ channel inactivation) inhibits 

the pathologically hyperactive STN (Beurrier et al., 2001; Tai et al., 2003). Contradictory to this, 

nuclei downstream of the STN are activated during DBS of the STN (Jech et al., 2001; Hashimoto 

et al., 2003; Windels et al., 2003). Th is suggests that stimulation in the STN might be activating 

pallidosubthalamic axons running through the STN, leading to simulation of GP neurons (McIntyre 

et al., 2004a). However, because of the diffi  culties inherent in interpreting intrinsic activities in 

the intact network of the basal ganglia, there have been no direct tests as to whether GP neuron 

can eff ectively respond to this high frequency stimulation. To test this hypothesis, long trains of 

brief pulses (2 ms, 500 pA) were applied to GP neurons recorded in the whole cell confi guration 

at 22°C. At 50 Hz, GP neurons were fully capable of following every stimulus (Fig. 3.6a). At 100 

Hz, neurons followed the stimuli for a while and then settled into a regular discharge at a lower 

preferred frequency (Fig. 3.6b). At 250 Hz, again GP neurons followed the stimulus train briefl y and 

then settled into a regular discharge at their preferred frequency near 50 Hz (Fig. 3.6c). Th us, high 

frequency stimulation did not induce depolarization block and cessation of fi ring but rather regular 

spiking at a preferred frequency (Fig. 3.6d). Assuming a Q10 of 3 for the gating of channels in the 

membrane (Hodgkin and Huxley, 1952; Jonas, 1989; Rodriguez et al., 1998), this result suggests 

that at body temperature (37° C), GP neurons should be capable of sustained spiking at over 150 

Hz (50 Hz X 3), within the range of 100–180 Hz used in PD patients (Wu et al., 2001; Vitek et al., 

2004). 
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Figure 3.6. High frequency stimulation establishes a set frequency near 50 Hz in 
wild–type neurons.

a. Raster plot of output frequency as a function of time during 50 Hz high frequency 
stimulation trains for wild–type (black circles) and Nav1.6–/– (red circles) neurons. Stimulus 
was a 100 second train of 2 ms, 500 pA pulses.

b. Raster plot of output frequency as a function of time during 100 Hz stimulation.
c. Raster plot of output frequency as a function of time during 250 Hz stimulation.
d. Population data of output frequency as a function of input frequency. Wild–type neurons 

(black circles) were capable of maintaining fi ring near 50 Hz, regardless of the stimulus 
frequency, while Nav1.6–/– neurons (red circles) were incapable of keeping up with the 
stimulus at frequencies as low as 25 Hz, and became unresponsive to the stimulus at high 
frequencies. Wild–type neurons bathed in 10 nM TTX (blue circles) showed a similar profi le 
as Nav1.6–/– neurons.
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Unlike wild–type neurons, Nav1.6–/– GP neurons were not capable of sustained high 

frequency discharge. Even at 25 Hz, Nav1.6–/– neurons failed to spike with every pulse. At higher 

stimulation rates, neurons were essentially unresponsive, fi ring in a random, intermittent fashion 

(Fig. 3.6d). Why was there such a dramatic diff erence between the two cell types when there was no 

diff erence in the density of somatodendritic transient and persistent Na+ current? Spike initiation 

is widely held to occur in the axon initial segment or fi rst node of Ranvier (Colbert and Johnston, 

1996; Fohlmeister and Miller, 1997; Stuart et al., 1997; Colbert and Pan, 2002; Clark et al., 2005; 

Palmer and Stuart, 2006). Th ese subcellular locations appear to be enriched in Nav1.6 channels 

(Caldwell et al., 2000; Krzemien et al., 2000; Tzoumaka et al., 2000; Boiko et al., 2001; Boiko et 

al., 2003; Wittmack et al., 2004). In an attempt to mimic the depletion of Nav1.6 channels at these 

key sites, TTX was applied to wild–type neurons and the response to high frequency stimulation 

measured. Only when roughly 80% of all the Na+ channels were blocked did wild–type neurons 

perform as poorly as did Nav1.6–/– neurons (Fig. 3.6d). Th ese results suggest that the ability of GP 

neurons to spike at high frequencies and maintain spiking in response to clinically eff ective DBS 

frequencies depends upon their expression of Nav1.6 channels.

Computer simulation confi rms the importance of resurgent gating

To better understand the contribution Nav1.6 channels and resurgent gating to the ability 

of GP neurons to spike at high rates, biophysically accurate channel models were constructed that 

could be incorporated into a simulation of pacemaking and high frequency spiking. Using the 

Neuron platform (Hines and Carnevale, 1997, 2001), two Na+ channel models were constructed. 

Both models had a topology similar to previous models (Kuo and Bean, 1994; Taddese and Bean, 

2002; Carr et al., 2003), but added blocked (resurgent) states (Raman and Bean, 2001; Khaliq et 

al., 2003)  and had multiple slow inactivated states to attempt to capture the power law behavior of 

slow inactivation (Ellerkmann et al., 2001) (Fig. 3.7a). One of these, referred to as the Nav1.1/1.2 

model (Na1), accurately reproduced the currents seen in Nav1.6–/– GP neurons. Th e second model, 

referred to as Na6, was added to the fi rst to give an accurate reproduction of the wild–type Na+ 



114

currents (Fig. 3.7a; see Fig. 3.9 for a more detailed comparison of the modeled Na+ currents to those 

generated in the acutely dissociated preparation). 

To generate an estimate of how Na+ channel availability was aff ected by pacemaking and 

DBS, channels were inserted into a spherical soma and the membrane potential driven with a 

simulated patch electrode. First, pacemaking was studied. Using the voltage trajectory of a GP 

neuron pacemaking at 12 Hz, Na+ channel state was monitored by measuring the probability of 

being in closed or open (not inactivated) states. At steady–state, Na6 availability reached 40% 

whereas that of Na1 channels never was above 12%. Using the 4.25:1 proportion of Na1:Na6 

channels predicted from the change in resurgent current seen following Nav1.6 loss (Fig. 3.7b), the 

maximum Na+ channel availability during pacemaking is just under 20% (~17%; Fig. 3.7c,d). Th e 

diff erence in channel availability during pacemaking is largely attributable to the resurgent gating 

mode. In the fi rst two milliseconds following the repolarization of the spike, the modNa1.6 channel 

recovers much faster than the Na1 channel, with 16% of these channels becoming available after two 

milliseconds. Only about 1% of the Na1 channels recover in the same period. When resurgent gating 

is eliminated (by changing Ob0 to 1x10–9 and Oon of both channel types to 3), recovery over the fi rst 

2 ms was less than 1% and the maximal Na+ channel availability only 11% (Fig. 3.7c,d). 

Th e same discrepancy in channel occupancy was seen during DBS–like stimulation. Using 

the voltage of a GP neuron recorded during the experiments described above, channel availability 

was measured in the simple model. At 50 Hz, Na+ channel availability stabilized at roughly half that 

of basal fi ring (Fig. 3.7e). Na6 channels recovered about 7% in the 2 ms following the stimulus–

evoked spike and 17% by the next stimulus. Na1 channels recovered only 2% during the fi rst 2 ms 

and only 4% by the next stimulus. Combined, total Na+ channel availability was 7% by the next 

stimulus, well above the availability threshold determined by the TTX experiments (see Fig. 3.1d). 

However, without resurgence, channel availability only reached 4% by the time of the next stimulus, 

below the 5% threshold seen in the TTX experiments. 

To extend these simulations to a more realistic setting, a more anatomically correct model 
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Figure 3.7. Two Na+ channel model of wild type and Nav1.6–/– neurons.
a. Markov model based on previous work (Kuo and Bean, 1994; Raman and Bean, 2001; 

Carr et al., 2003) modifi ed by adding additional slow inactivated states to better mimic 
the time–dependence of this process (see Fig. 3.9e,f for a more complete analysis) as well as 
adjusting some rate constants to better predict the kinetic properties measured in this paper 
(see methods & materials for a more complete description of model parameters). 

b. Transient (top), persistent (middle) and resurgent (bottom) current traces generated by a 1 
Na1:1 Na6 ratio of insertion (left), 4.25 Na1:1 Na6 ratio (middle) and 5 Na1:0 Na6 ratio 
(right) of the Na1 (red) and Na6 (blue) channels. Na6 is a modifi ed version of Na1 with ζ 
increased and Oon decreased to enlarge the relative amplitude of the resurgent current. In 
the middle column, the WT Na+ current is shown as a sum of the Na1 and Na6 traces.

c. Availability of Na+ channels, measured as the sum of channels in the O and C1–5 states during 
a voltage command created by basal fi ring at 12 Hz, followed by the voltage response of a 
representative neuron to 50 Hz high frequency stimulation for 100 seconds. Plotted are Na1 
(red), Na6 (blue), the wild–type population estimate calculated by (4.25*Na1+Na6)/5.25 
(black) and the wild–type estimate with no resurgence (green).

d. An enlarged view of the availability of Na+ channels in the model neuron during basal fi ring.
e. An enlarged view of the availability of Na+ channels in the model neuron during the 50 Hz 

DBS protocol.
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was created that had an axon, initial segment, soma and four primary dendrites (see Materials and 

Methods). Th e axon and initial segment were populated with Na6 channels whereas the dendrites 

and soma were largely populated with Na1 channels (densities [in S/cm2]: axonal nodes/initial 

segment= 0 Na1, 0.9 Na6; soma/axon hillock=0.04 Na1, 0.01 Na6; dendrites=0.02 Na1, 0 Na6). In 

addition, K+, Ca2+ and cationic (HCN) channels were inserted at densities similar to those used in 

previous models (Chan et al., 2004); see Materials and Methods). Th e model displayed autonomous 

pacemaking, spiking in a regular way at around 12 Hz (Fig. 3.8a). Replacing Na6 channels with Na1 

channels (mimicking the Nav1.6–/– situation) reduced the autonomous rate to 7 Hz. In parallel, 

there was a positive shift in spike threshold (Fig. 3.8b). In response to a current ramp similar to that 

shown in Figure 3.5, the model responded in a similar manner, increasing its spike rate through the 

rising phase of the ramp and then decelerating in the falling phase with relatively little hysteresis. In 

contrast, replacing the Na6 channels created a model incapable of smooth acceleration in spiking as 

the injected current increased; spiking failed entirely relatively early in the rising phase of the ramp 

and showed signifi cant hysteresis during the falling phase, much like Nav1.6–/– GP neurons (Fig. 

3.9c). Th ese results demonstrate that the loss of Nav1.6 alone is suffi  cient to explain the diminished 

spiking capacity of Nav1.6–/– GP neurons. 

Discussion

Resurgence distinguishes Na+ channels in pacemakers 

Despite previous reports suggesting alterations in Na+ channel properties in autonomous 

pacemakers, a direct comparison of Na+ channels in quiescent and pacemaking neurons in the 

basal ganglia reveals that the ability to conduct a resurgent current is the only distinguishing 

characteristic. All three pacemaking neurons analyzed here   — GP neurons, striatal cholinergic 

interneurons and dopaminergic neurons — exhibit resurgence in their Na+ channels. Is this enough 

to drive spontaneous activity? Looking at the other types of neurons that possess this Na+ channel 

quality suggest a correlation. After being initially discovered in fast–spiking Purkinje neurons of the 

cerebellum (Raman and Bean, 1997), the resurgent current has only been reported in other neurons 
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Figure 3.8. Model neuron stresses importance of axonal localization of a channel 
with large amounts of resurgent current.

a. Spontaneous activity in the model neurons, as measured in the soma. Top trace – fi ring of 
the model neuron at 12.2 Hz when the complete complement of Na+ channels is present on 
the membrane, with Na6 localized to the axon and Na1 in the soma (mimicking wild–type 
neurons). Bottom trace – fi ring of the model neuron at 7.2 Hz when only Na1 is inserted on 
the membrane (mimicking Nav1.6–/– neurons).

b. Phase plot of the fi ring activity from a showing a signifi cant positive shift in threshold in the 
model neuron containing only Na1 (red).

c. Model neuron response to a ramp stimulus. Th e maximum frequency obtained by Na1+Na6 
(black) was 125 Hz, while the Na1–only model failed after reaching only 50 Hz.
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Fig. 3.9. Th e kinetics of the model neuron accurately mimic the characteristics of 
currents measured in acute preparation. 

a. Transient current traces from acute prep (a1) and the model neuron (a2).
b. Persistent current traces from acute prep (b1) and the model neuron (b2).
c. Resurgent current traces from acute prep (c1) and the model neuron (c2).
d. Steady state voltage dependence of Na1, Na6 and WT (4.25:1 Na1:Na6 ratio) channels from 

the neuron are consistent with those recorded in the acute prep.
e. Development kinetics of slow inactivation measured in the acute prep (black traces) were 

signifi cantly better predicted by the ten–state model (green) than the one–state model 
(brown), while recovery kinetics of the ten–state model were only accurate at the longer 
prepulse lengths and kinetics of the one–state model were only accurate at the shorter 
prepulse lengths. Th e dependence on time was partially achieved, with the time constants of 
recovery for the ten–state model slowed with longer prepulse lengths, but not as signifi cantly 
as measured in the acute preparation. Slow inactivation kinetics were not diff erent between 
Na1 and Na6 channels.

f. Complete kinetic model of the ten slow inactivation states.
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with elevated levels of excitability, either in high frequency pacemakers like STN and cerebellar 

nuclear neurons (Raman et al., 2000; Do and Bean, 2003), neurons that fi re at high frequency upon 

stimulation, as in the cerebellar granule cells (Afshari et al., 2004; Magistretti et al., 2006), and 

in bursting cells found in the trigeminal mesencephalic nucleus, sensory dorsal root ganglion and 

cerebellum (Afshari et al., 2004; Cummins et al., 2005; Enomoto et al., 2006). 

In order to conduct a resurgent current, these neuron types must contain a unique molecular 

product that functions as a blocking particle. Th e fi rst place to look would be at the Na+ channel 

subunits. Na+ channels in the brain are composed of one of three diff erent α–subunits, Nav1.1, 

1.2 and 1.6, and a heterogeneous collection of one or more accessory β subunits, Navβ1, 2, 3 or 4. 

Of these, Nav1.6 and the β4 subunit have been proposed to play an active role in the development 

of resurgence. In medTG Purkinje neurons lacking functional Nav1.6 channels on the membrane, 

the resurgent current is almost completely eliminated (Raman et al., 1997; Khaliq et al., 2003). 

In Purkinje neurons where the blocking particle has been eliminated by Trypsin treatment, the 

resurgent current is rescued by addition of a peptide composed of the cytoplasmic tail of the Navβ4 

subunit (Grieco et al., 2005). However, in medTG GP and STN neurons, elimination of Nav1.6 

does not completely eliminate resurgence, though it does selectively reduce resurgence more than 

the other currents (Do and Bean, 2004). Furthermore, expression levels of Navβ4 in the basal 

ganglia do not correlate with neurons displaying resurgence. In resurgent–lacking striatal medium 

spiny neurons, Nav1.6 and Navβ4 are abundantly expressed, while dopaminergic neurons exhibit 

resurgence despite the absence of Navβ4. Regardless, the Nav1.6 subunit and its ability to conduct a 

sizable resurgent current is important in the discharge patterns of GP neurons.

Nav1.6 and the blocked state accommodate pacemaking by accelerating recovery following an action 

potential

Application of the Na+ channel blocker TTX to spontaneously active GP neurons 

demonstrates that the fi ring rate of these neurons is correlated with the availability of Na+ channels. 

In order to maintain spontaneous activity, GP neurons require their Na+ channels to rapidly recover 
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from the previous spike to conduct enough current during the interspike interval (ISI) to drive the 

subsequent action potential. With the unique recovery kinetics from the blocked state AHP, Na+ 

channels that are blocked instead of inactivated have two potential ways at which they contribute 

to high frequency discharge. First, since reentry into the open state leads to conduction of a 

depolarizing current during the AHP, the resurgent current can lessen hyperpolarization and jump–

start the voltage trajectory back towards threshold. Second, channels that are blocked are more easily 

recovered and returned to the available pool than channels that are inactivated. During repolarization 

from a spike, recovery from the blocked state begins at –10 mV (evident by the presence of a current 

upon repolarization to that voltage), whereas recovery from the fast–inactivated state does not begin 

until near –40 mV. In addition to recovering at more depolarized potentials, blocked channels also 

recover faster. Th e time constant of recovery from the blocked state is in 0.6–1.0 ms (τact for the 

resurgent current, Fig. 1.8c), whereas recovery from the fast–inactivated state is ten times slower 

(τfast, Fig. 1.3f ) in the same voltage range. As a result, channels that were blocked are quickly made 

available following a spike, but channels that were fast–inactivated require more time to be made 

available for the subsequent spike. 

A reduction in the number of Na+ channels that undergo block during the action potential 

would result in more channels being inactivated and a reduction in the availability of channels 

during the following ISI. With fewer Na+ channels conducting depolarizing current during the 

ISI, the ramp towards threshold would be slowed and autonomous pacemaking would be reduced. 

Th is is seen in the medTG GP neurons, where a 40% reduction in resurgent current decreases the 

spontaneous discharge rate 50%. 

Th e model predicts the decrease in activity with elimination of Nav1.6

Th is behavior can be accurately described using the two–channel model we generated. 

Channel one, Na1, has biophysical properties similar to those recorded in the medTG neurons in the 

dissociated, Na+ channel isolated preparation. With the addition of the second channel, Na6, at a 

ratio of 4.25 Na1 to 1 Na6, we can reconstruct the Na+ channel biophysical characteristics recorded 
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in the wild–type GP neuron. By using the traces of basal fi ring rate at high–frequency stimulation 

as voltage commands, we can track the availability of Na+ neurons during spontaneous and driven 

fi ring. Under both conditions, Na6 availability was four times greater than Na1, signifi cantly 

contributing to the total availability of Na+ channels immediately following a spike. Th is increase 

in availability is especially apparent in the fi rst few milliseconds following a spike, when channels 

that were blocked return to the open state before channels can recover from fast–inactivation. 

Th is stresses the importance of ‘rescue’ from inactivation over actual conductance of current, since 

subthreshold currents do not play a major role in fi ring during high frequency stimulation because 

the depolarizing pulse supplies the necessary current to reach threshold if there are enough Na+ 

channels available.

 When combined at the 4.25:1 ratio, the estimate of Na+ channel availability is roughly 

7% at the beginning of the subsequent stimulus, which is greater than the threshold predicted to 

be necessary by the TTX–titration experiment. But even 7% is a conservative estimate, because it 

assumes homogenous distribution of Na+ channels throughout the membrane, while localization 

studies demonstrate that Nav1.6 is localized to the axon and initial segment. Th is means that in 

this particular region, Na+ channel availability would be closer to that predicted by the Na6 curve, 

making it signifi cantly more excitable than the predominantly Na1 containing soma. Also suggestive 

of a localized role of Nav1.6 subunits in the intact neuron is the shift in spike threshold of the fi rst 

spike during the ramp protocol. By holding the neuron at –70 mV prior to injecting the depolarizing 

ramp, Na+ channels should be able to recover from fast–inactivation and channel availability between 

wild–type and Nav1.6–/– neurons should be comparable. Nevertheless, Nav1.6–/– neurons have 

signifi cantly positive–shifted thresholds and require more current injection to initiate a spike. Th is is 

suggestive that local channel density at the spike initiation site is reduced, possibly because Nav1.1 

and 1.2 insuffi  ciently compensate for Nav1.6 in the initial segment and axon, where spike initiation 

is believed to occur (Palmer et al., 2006; Stuart et al., 1997ab; Clark et al., 2005; Colbert and 

Johnston, 1996; Van Wart and Matthews, 2006). 
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With this in mind, we inserted Na1 and Na6 into a more complete cell model that, when the 

axon contained only Na6 and the soma predominantly Na1, as would be predicted by localization 

studies, the model neuron is capable of fi ring spontaneously at a frequency of 12 Hz. When Na6 

is removed and Na1 is put in the axon in its place, the model neuron only fi res at 7 Hz. Th is 

demonstrates that both the unique biophysical properties and localization of Nav1.6 subunits are 

crucial for the proper fi ring properties in GP neurons. Th e elevated presence of the blocked state in 

Nav1.6 neurons enables this subtype to be more readily available to initiate spiking activity in the 

initial segment and drive spontaneous activity in GP neurons.

Nav1.6 and the blocked state sustain high frequency fi ring

Th e ability to fi re at elevated frequencies is also correlated with Na+ channel availability. 

During driven fi ring by a ramp stimulus, Nav1.6–/– neurons are much less capable of sustaining 

activity at higher frequencies, failing at around 100 Hz, and remain in depolarization block until 

the depolarizing current injection is suffi  ciently reduced to allow enough recovery of Na+ channels 

to reinitiate spiking. Meanwhile, GP neurons with a full complement of Na+ channels and currents 

are less susceptible to depolarization block and are capable of sustaining activity throughout the 

depolarizing ramp and showing very little hysteresis during the falling phase of the ramp. Th is is 

made possible through the increased ability to recover blocked channels quickly at depolarized 

potentials. 

 During a DBS–like high frequency stimulation, when wild–type GP neurons stabilize at 

50 Hz fi ring frequency in response to higher stimulating frequencies, Nav1.6–/– neurons are barely 

capable of responding to 10 Hz stimulation, fi re half the time during 25 and 50 Hz stimulations and 

become less and less responsive to stimulation with higher frequencies, failing completely by 200 Hz. 

Implications of high–frequency fi ring

Th is ability of wild–type GP neurons to re–establish rhythmic discharge at an elevated 

frequency during high frequency stimulation has signifi cant implications for the treatment of 
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Parkinson’s Disease. PD is precipitated by a loss of dopaminergic neurons in the midbrain that results 

in loss of a modulatory signal and changes in excitability and activity patterns in neurons of multiple 

sites within the basal ganglia that lead to serious motor symptoms (Miller and DeLong, 1988). In 

the GP, neurons switch from uncorrelated, rhythmic, autonomous pacemakers to bursting neurons 

that are more correlated with their neighbors as well as establishing oscillatory network activity with 

neurons from other nuclei, such as cholinergic interneurons of the striatum and neurons of the STN 

(Miller and DeLong, 1987; Plenz and Kitai, 1999; Magill et al., 2000; Raz et al., 2001). Impalement 

of an electrode in one of the involved nuclei and stimulating at high frequencies (>90Hz) can 

disrupt this oscillatory behavior. Th is method, known as deep brain stimulation (DBS), is believed 

to either result in depolarization block, thus inhibiting output from the stimulated nuclei (Beurrier 

et al., 2001; Tai et al., 2003), or by overriding the cellular machinery and resetting fi ring properties 

to a new rhythm dictated by the stimulus (Bar-Gad et al., 2004; McIntyre et al., 2004a). Th e ideal 

downstream eff ect of DBS in the STN is an increase in and re–patterning of GP activity that would 

be more eff ective at inhibiting the GPi and SNr and reducing the inhibitory output of the basal 

ganglia.

Th is work demonstrates that GP neurons re–pattern their discharge properties in response to 

direct high frequency stimulation and can sustain high frequency fi ring for extended periods of time 

without undergoing depolarization block. Th is stabilization of activity supports evidence that DBS of 

the STN can increase output from GP neurons (Jech et al., 2001; Hashimoto et al., 2003; Windels 

et al., 2005). Much like normal activity patterns, stimulated GP neurons are phase locked to the 

stimulation in a very rhythmic fashion, fi ring every 20 milliseconds regardless of how many stimuli 

occur between spikes. Th is return to rhythmic fi ring from the pathological oscillatory bursting 

observed in PD could potentially trigger the therapeutic benefi t of DBS for those affl  icted with PD.
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Conclusions

 Th e unique properties and localization of Nav1.6 channels enables GP neurons to 

spontaneously fi re and to sustain high–frequency fi ring. With this intact machinery, GP neurons 

are capable of attaining enough availability to prevent depolarization block during DBS, instead 

establishing a new, high frequency rhythm. Th is supports the theory that the mechanism behind 

DBS stimulation is not cessation of fi ring but disruption of pathological fi ring and reestablishing a 

new rhythm that allows for a more physiological output from the basal ganglia. 
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Section 3.4: Intrinsic silencing of globus pallidus neurons in a 
Parkinson’s Disease model is mediated by diminished HCN channel 

activity

Introduction

Parkinson’s Disease (PD) is a common neurodegenerative disorder whose motor symptoms 

include bradykinesia, rigidity and resting tremor. Th ese symptoms are a result of pathological changes 

that take place within the basal ganglia following the loss of midbrain dopamine (DA) neurons. 

Within this network, neurons in the striatum are the primary recipients of this dopaminergic 

innervation, as striatal levels of DA, synthesizing enzymes and DA receptors are among the highest 

of any brain region (Hornykiewicz, 1982; Gerfen et al., 1990; Graybiel et al., 1990). Despite this, 

only subtle changes in membrane properties and activity patterns of striatal medium spiny neurons 

have been described following depletion of DA (Nisenbaum et al., 1996; Tseng et al., 2001; Mallet 

et al., 2006). In contrast, extracellular unit recordings from DA depleted animal models and human 

patients with PD have found that neurons in the external globus pallidus (GP), which have far less 

dopaminergic input, change their spiking pattern in parallel with the severity of symptoms (Miller 

and DeLong, 1987; Pan and Walters, 1988; Filion and Tremblay, 1991; Nini et al., 1995; Hassani 

et al., 1996; Magnin et al., 2000; Raz et al., 2000; Raz et al., 2001; Wichmann and Soares, 2006). 

Upon DA depletion, activity within GP transitions from rhythmic pacemaking activity to a “burst–

pause” pattern of fi ring, while elevated levels of intra–nuclear correlated activity. 

However, these discoveries of altered fi ring patterns have relied on in vivo recording 

techniques that bias toward sampling from active neurons and, because of restricted pharmacological 

manipulations, are not capable of distinguishing between autonomous and synaptically driven 

activity. Despite the immediate correlations between altered pallidal activity and the motor 

symptoms of PD, relatively little is known about the cellular mechanisms behind this aberrant 
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activity. Th e synchrony among neurons in the DA depleted state is suggestive of an extrinsic 

component, such as a converging synaptic input, that is shared among GP neurons. Computer 

simulations based on observations that there are changes to GABAergic signaling mechanisms within 

the GP support this theory by suggesting that an elevation of striatopallidal GABAergic inhibition 

disrupts the normal autonomous pacemaking of GP neurons (Terman et al., 2002). In addition to 

potentially increased striatal input, neurons of the GP and reciprocally connected glutamatergic 

neurons of the subthalamic nucleus (STN) establish an oscillatory network which could be the 

underlying cause of aberrant pallidal activity (Plenz and Kitai, 1999). While both of these models 

favor a synaptic origin of aberrant activity in the GP, the possibility that alterations in the intrinsic 

membrane properties of these neurons contribute to the pathologic fi ring patterns observed in PD 

has not been explored. In particular, the cellular mechanisms that could underly the generation of 

the “burst–pause” fi ring pattern has not been experimentally determined. 

To pursue this, GP neurons from DA depleted mice were studied using patch–clamp 

recording in tissue slices under direct visual guidance. To our surprise, we found that a consequence 

of DA depletion is the silencing of GP neurons. Th is is not due to an enhanced GABAergic 

transmission predicted by the classical “parallel processing” model, as this silencing is not rescued by 

the addition of GABAA blockers. In contrast, this reduction in spontaneous activity is attributable 

to diminished HCN channel activity following DA depletion. Th is ‘intrinsic’ silencing, rather than 

synaptically mediated silencing, might be a critical trigger in initiating rhythmic bursting in PD.

Results

GP neurons resting activity after dopamine depletion

GP neurons receive DA from collaterals of the nigrostriatal axons that form en passant 

boutons within GP along the projection to the striatum. We thus performed DA depletion by an 

intrastriatal 6–OHDA injection, which led to a widespread lesion of tyrosine hyrdoxylase (TH) 

positive axons (Ding et al., 2006), including those projecting through the GP (Fig. 4.1a). Visually–

identifi ed GP neurons were recorded from tissue slices taken from animals 4–6 days post–injection 
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(Fig. 4.1b). Using the cell–attached recording method, roughly 60% of GP neurons exhibited no 

autonomous activity and another 15% had signifi cantly reduced basal discharge rate (Fig. 4.1c,d, 

n=22). Similar results were found with partial DA depletion by antagonizing TH with a 4 day course 

of α–methyl–tyrosine and broad spectrum monoamine depletion with a 5 day treatment of reserpine 

(Fig. 4.1d, n=19 and 55, respectively). One potential complication of reserpine treatment is the 

collateral depletion of pallidal serotonin, but selective depletion of serotonin by a 3–5 day treatments 

of dl–p–chlorophenylalanine methyl ester hydrochloride (pCPA) did not signifi cantly aff ect the 

autonomous activity of GP neurons (n=13, data not shown). 

Silencing is not dependent upon enhanced GABAergic input

Th e classical circuitry model of the basal ganglia would predict that the doparminergic 

denervation that results in PD would lead to an increase in striatopallidal outfl ow (Albin et al., 

1989). Th is is supported by experimental observations that there are increases in GABAergic 

signaling molecules in PD (Bianchi et al., 2003) and computer simulations that suggest a disruption 

of autonomous pacemaking activity in GP neurons could arise from elevations in GABAergic 

inhibition from striatalpallidal fi bers (Terman et al., 2002). If increased GABAergic tone is 

underlying the signifi cant reduction in excitability and autonomous activity in GP neurons, we 

would predict that addition of blockers of GABAA transmission in our recording solution would 

rescue spontaneous activity in silent neurons and increase activity in slow neurons following DA 

depletion by reserpine. However, SR95531 (gabazine), a competitive, selective GABAA receptor 

antagonist, had no eff ect on rate and regularity of spiking in control or DA depleted active neurons. 

Th e relationship between resting fi ring rate in the presence and absence of SR95531 was close 

to unity (with slope equal to 1; Fig. 4.2a). Similarly, application of SR95531 did not resume 

spontaneous fi ring in silent neurons (n=8). On the other hand, the coeffi  cient of variation of 

interspike intervals was not diff erent between control and reserpine–treated animals in both the 

presence and absence of SR95531 (Fig. 4.2b,c). Th is suggests that the silencing or reduced activity 

of GP neurons after DA depletion is not dependent upon an enhanced GABAergic input onto GP 
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Figure 4.1. Dopamine depletion reduces spontaneous activity of GP neurons.
a. Unilateral intrastriatal 6–OHDA injection leads to massive dopamine dennervation assessed 

by tyrosine hydroxylase immunoreactivity.
b.  Light micrograph of a parasagittal mouse slice showing the site of 6–OHDA injection and 

its relationship with GP (caudal to anterior commissure (ac), rostral to internal capsule 
(ic)). Alexa 594 dextran (MW10,000) was included routinely for visual identifi cation of the 
injection site (red). 

c. Unit activities of visually identifi ed GP neurons from control and 6–OHDA lesioned 
animals.

d. Complete dopamine depletion with intrastriatal 6–OHDA injection and systemic reserpine–
treatment induces the emergence of silencing and a reduction in autonomous pacemaking 
rate of GP neurons.  Similar observations were found following partial lesioning with 
α–methyl–tyrosine.
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b. Relationship between ISI coeffi  cient of variation and discharge frequency under control 
conditions in both naive and reserpine–treated animals. 

c. Relationship between ISI coeffi  cient of variation and discharge frequency in the presence 
of SR95531/gabazine in both naive and reserpine–treated animals. Th e correlation of fi ring 
rate of neurons before and after SR95531 application is close to unity in both naive and 
reserpine–treatment group.
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neurons.

Silent neurons exhibit reduced excitability in response to depolarizing current

 If the reduction in basal fi ring rate is a result of reduced intrinsic excitability, we would 

expect to see a recovery of fi ring upon injection of depolarizing current.  With a +40 pA current 

injection, silent neurons can sustain fi ring at 11 Hz (Fig. 4.3a), which approaches the 12 Hz basal 

fi ring rate of naïve GP neurons (Chan et al., 2004). With increasing amplitudes of current injection, 

silent GP neurons can continue to respond by increasing their fi ring rate respectively (Fig. 4.3a,b). 

However, as a population, silent neurons cannot match the response frequencies of active neurons 

from reserpine–treated animals or naïve animals, maintaining lower activity patterns throughout the 

current–frequency (F–I) curve. Active neurons have similar responses to current injection as that of 

naïve neurons. Similar to that demonstrated using immunocytochemistry (Ruskin and Marshall, 

1997; Marshall et al., 2001), some subpopulations of GP neurons do not respond to D2 receptor 

antagonism, this population of neurons does not appear to be adversely aff ected by DA depletion. 

Studies on medTG GP neurons, which lack functional Nav1.6 subunits, demonstrate that 

neurons with decreased intrinsic excitability are less capable of reaching and sustaining high 

frequency fi ring with injected ramp stimuli (section 3.3). While active neurons show a modest 

reduction from the control group with regards to maximum frequency, silent neurons from 

reserpine–treated animals reach signifi cantly smaller max frequencies, in agreement with a global 

decrease in intrinsic membrane excitability (Fig. 4.3c).

Na+ channel expression and gating are not altered following DA depletion

Th e F–I curves suggest that DA depletion does not compromise the ability of GP neurons to 

spike repetitively, but induces a reduction in excitability of GP neurons but by shifting the balance 

between depolarizing and hyperpolarizing currents to a level that no longer favor spontaneous 

activity. Autonomous activity in GP neurons is normally sustained by expression of specifi c sets of 

voltage–gated channels that provide depolarizing currents, namely Na+ and HCN channels (Chan 
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et al., 2004; Chan et al., 2005; Surmeier et al., 2005). In medTG neurons, there is a direct correlation 

between Na+ channel expression levels (elimination of Nav1.6) and a reduction in membrane 

excitability (reduced basal fi ring rate and reduced ability to maintain high frequency discharge, 

see section 3.3). To further understand whether the compromised spontaneous activity in GP 

neurons after DA depletion is similarly attributable to reductions in functional expression of Na+ 

channels, semi–quantitative, single–cell reverse transcriptase polymerase chain reaction (scRT–PCR) 

experiments measuring Nav1.1 and 1.6 α–subunit mRNA levels and whole–cell voltage clamp 

experiments on acutely dissociated neurons measuring Na+ current amplitudes were performed. 

Expression of mRNA was measured as the detection threshold of PCR product during serial dilution 

of the cDNA acquired from reverse transcription of the mRNA collected from individually aspirated 

GP neurons (Fig. 4.4a). Current amplitudes were measured as peak defl ections from baseline during 

standard protocols used to measure transient, persistent and resurgent Na+ current (Fig. 4.4b). 

Both physiological and molecular profi ling data suggest that there is no change in the functional 

expression levels of Na+ channel α–subunits following DA depletion. Th is data suggest that silencing 

of GP neurons following reserpine treatment is not a result of down–regulation of voltage–gated Na+ 

channels. 

Reduction in HCN channel activity after DA depletion

HCN channels in GP neurons are critical in shaping the autonomous activity and responses 

to striatal input. We have previously found that HCN channels in GP begin to activate at around 

–55 mV and conduct an inward, depolarizing current that ensures the membrane potential does 

not stabilize below Na+ channels voltage of activation (Chan et al., 2004). In addition, HCN 

channel activity and expression levels have been found to be closely linked with perturbed or 

diseased states (Chen et al., 2002; Santoro and Baram, 2003). Initial observations of the resting 

membrane potential upon breaking into the neuron reveals that the silent neurons sat at –62 mV, a 

membrane potential close to the threshold (~–65 mV) for activation of Na+ channels and roughly 

10 mV lower than the resting membrane potential of TTX–treated naïve neurons (section 3.3). 
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not altered following dopamine depletion.

a. Single–cell RT–PCR serial dilution revealed no detectable changes in Na+ α–subunit mRNA 
abundance in GP neurons following reserpine–treatment. No signifi cant diff erence was 
found in the threshold of detection for both Nav1.1 and Nav1.6 α–subunits following 
reserpine–treatment (P values > 0.5, Kolmogorov–Smirnov test). Smooth lines represent best 
fi ts of the threshold distribution with a log–normal function, yielding the modal thresholds 
as follows: Nav1.1(control)=0.11  (n=26), Nav1.1(reserpine)=0.16 (n=24), Nav1.6(control)=0.14 
(n=24), Nav1.6(reserpine)=0.12 (n=21).

b. Voltage protocols (bottom) and representative traces (top) of transient, persistent and 
resurgent Na+ currents recorded from typical reserpine–treated GP neurons.

c. Population data on Na+ current amplitudes from control and reserpine–treated animal 
groups. Th ese paraemeters are not signifi cantly diff erent from their corresponding controls 
(P values > 0.05, Mann–Whitney Rank Sum Test). Transient(median): control=677pA (n=31), 
reserpine=830pA (n=39). Persistent(median): control=70pA (n=27), reserpine=69pA (n=35). 
Resurgent(median): control=255pA (n=36), reserpine=218pA (n=39)
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Furthermore, voltage trajectories during –100 pA hyperpolarizing current injections of neurons 

from reserpine–treated animals showed a signifi cantly larger defl ection in silent neurons than active 

neurons. Th e median voltage defl ection by a –100 pA current for silent neurons was –148 mV, while 

the membrane potential for active neurons reached a minimum of –110 mV (Fig. 4.5a, n=27 and 

18, respectively). Th is maximum voltage defl ection was directly correlated with the spontaneous 

discharge rate of the neuron (Fig. 4.5c). A non–linearity can be observed in the V–I plot of silent 

neurons at –60 mV, which is suggestive of an increase in input resistance to hyperpolarizing current 

injection (Fig. 4.5b). To determine whether these changes in membrane properties were attributable 

to alterations in HCN channels, currents were directly measured under voltage–clamp confi guration 

with a standard 2–step protocol (Chan et al., 2004). Measurement of the maximum HCN current 

amplitude elicited by stepping voltage–clamped cells from –50 to –130 mV revealed that silent 

neurons have smaller HCN current than active neurons (Fig. 4.5d,e,f ). Plotting the peak amplitude 

of the HCN current as a function of the maximum voltage defl ection in response to hyperpolarizing 

current injection suggests a tight correlation between the two observations (Fig. 4.5h). Th is is 

consistent with the idea that HCN channels are sole carriers for an active conductance that controls 

the input resistance and membrane response during modal membrane potential and “inhibitory 

input”. No systemic diff erence in the voltage–dependence is found between control and reserpine–

treated animal groups (data not shown); however, the small HCN current amplitude observed after 

reserpine treatment together with limitations on space clamp and whole–cell dialysis, do not permit 

us to conclude that the voltage–dependence of the HCN currents remained constant under DA 

depletion. Plots of the HCN current amplitude as functions of maximum voltage defl ection with 

–100 pA current injection (Fig. 4.5h) and spontaneous fi ring rate (Fig. 4.5i) shows close correlations 

between the parameters, demonstrating that reduced levels of HCN current in the reserpine–treated 

neurons were responsible for increases in the input resistance and potentially responsible for the 

reduction in fi ring rate seen in these neurons.

Th e HCN2 subunit is the predominant isoform of HCN channels being expressed in GP 
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Figure 4.5. Diminished HCN channel activity in GP neurons following reserpine 
treatment.

a. Membrane response of GP neurons from naïve (black) and reserpine–treated (red) animals 
to hyperpolarization current injection. Th e increased responsiveness following DA depletion 
is indicative of an increase in input resistance. For clarity purposes, action potentials are 
truncated. 

b. Summary of the membrane response of GP neurons to series of current injections. Note 
the discontinuity (arrow) of the membrane response from –60 mV and below in silent 
neurons from reserpine–treated group. A steep increase in trough amplitude in response to 
hyperpolarizing current injection is observed.

c. Plotting minimal trough potential (measured during a –100 pA current injection) 
against basal discharge rate of GP neurons suggests a positive correlation (correlation 
coeffi  cient=0.575 p<0.05, Spearman rank correlation).

d. HCN current evoked by a 2-step voltage-clamp protocol (top; prepulse=-50 to -120 mV, test 
pulse = -130 mV).  Th e amplitude of the HCN current is reduced following DA depletion 
(red traces, p<0.05, Mann-Whitney). 

e. Current traces from d are aligned at the onset of the test pulses (-130 mV) to accurately 
measure the tail current. Fitting the current-voltage relationship of the HCN channel 
with a Boltzmann function reveals no diff erence (p>0.05, Mann-Whitney) in the voltage 
dependence of activation (naivemedian=-90.1 mV, n=5; reserpinemedian=-87.3 mV, n=12; 
data not shown). 

f. Box plot summarizing the HCN current amplitude from naive and reserpine treated animals. 
Th e fi ve reserpine-treated neurons with HCN current amplitudes greater than 180 pA 
(denoted by *) were spontaneously active.

g. Left, two (fast and slow) time constants (t) were extracted from HCN channel activation at 
-130 mV. Th e upper trace is the current record plotted on a log scale and fi t with a single 
expotential function (red line), yielded a time constant of 918.5 msec. Deviation from this 
fi t was subtracted from the single exponential function and plotted on the same coordinates.  
Fitting this with a single expotential function (blue line), yielded a time constant of 165.1 
msec. Right, data is summarized in non-parametric format.

h. A tight correlation (correlation coeffi  cient=0.756, p<0.0001, Spearman rank correlation) 
between maximum HCN current amplitude (Vtest=-130 mV) and minimal through 
potential (with -100 pA at the soma).

i. A positive correlation was seen between maximum HCN current amplitude and basal 
discharge rate of GP neurons (correlation coeffi  cient=0.638, p<0.0001, Spearman rank 
correlation).
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neurons (Chan et al., 2004). Th is subunit is exquisitely sensitive to intracellular cAMP modulation 

(Chen et al., 2001; Wainger et al., 2001; Chen et al., 2005). To exclude the possibility that a decrease 

in intracellular cAMP level is attributable to the silencing and reduced pallidal activity, a saturating 

concentration of a cAMP analog (cBIMPS, 50 μM) on resting fi ring rate of reserpine–treated 

animals was tested. In spontaneously active GP neurons, cBIMPs does not have a consistent eff ect 

on pacemaking (decrease, n=3; increase, n=4). Application of cBIMPS to silent neurons did not 

rescue spontaneous pacemaking (n=6). Th is data suggests that silencing is not due to a lowering of 

intracellular cAMP level but to a reduction in channel conductance due to a down regulation of 

channel expression or membrane insertion following DA depletion.

Discussion

Th e importance of DA in GP function

In this study, we found that an important consequence of DA depletion is the silencing of 

GP neurons. Th e classical basal ganglia circuitry model (Albin et al., 1989; Alexander and Crutcher, 

1990) suggests that DA released from terminals of the nigrostriatal projection is thought to modulate 

basal ganglia output by inhibiting activity along the indirect pathway and enhancing the direct 

pathway. Given the polarity of connections along the direct and indirect pathway, striatal release of 

DA would result in an overall increase in basal ganglia output from the entopeduncular nucleus (EP) 

and substantia nigra pars reticulata (SNr). Within the indirect pathway, loss of striatal dopamine is 

believed to result in increased striatal inhibition of GP, leading to disinhbition of STN neurons and 

subsequent increased basal ganglia output from CPu and SNr (Wichmann and DeLong, 2003). In 

conjunction with these synaptic alterations and network activity in the basal ganglia, fi ndings in this 

study demonstrate that loss of DA has a direct eff ect on GP neurons through a reduction in their 

intrinsic membrane excitability that results from a reduction in HCN current density and leads to 

a silencing of these neurons. Th is ‘intrinsic’ silencing, rather than a synaptically mediated silencing, 

might be a critical trigger for the emergence of rhythmic bursting and the resultant motor symptoms 

in PD.
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Th e importance of a dopaminergic modulation of GP neurons is supported by numerous 

observations. DAergic fi bers traverse GP (Ferre et al., 1996; Gaykema and Zaborszky, 1996) and 

small varicose processes immunoreactive for TH form symmetrical synapses with pallidal neurons 

(Smith et al., 1989). Both D1– and D2–class receptor binding are evident in the rat GP (Mengod 

et al., 1992), and in situ hybridization and scRT–PCR studies have argued that at least some of the 

D2 receptors are postsynaptic, as D2 receptor mRNA is present in GP neurons. Given the absence of 

D1a mRNA in GP neurons, the D1–class binding is either at presynaptic receptors or postsynaptic 

D1b receptors (which are expressed in GP neurons). In MPTP treated monkeys, the loss of DA 

leads to signifi cant alterations in pallidal activity that correlate to diminished motor control (Pan 

and Walters, 1988; Raz et al., 2000; Raz et al., 2001). Furthermore, bilateral infusions of D1 or D2 

receptor antagonists into the GP that induce akinesia and catalepsy (Costall et al., 1972; Hauber 

and Lutz, 1999) and amelioration of the motor symptoms of hemiparkinsonian rats by the infusion 

of DA into the GP (Galvan et al., 2001) suggest direct actions of DA in the GP. Paradoxically, D2 

selective agonists (quinpirole and RU24926) induce only modest rate eff ects on pallidal activity in 

awake, locally anesthetized and gallamine–immobilized rats (Carlson et al., 1987; Walters et al., 

1987). Th e reduction in intrinsic excitability and autonomous pacemaking of GP neurons following 

DA depletion further suggest a potential direct role of DA on the normal activity of pallidal neurons.

Plasticity of HCN channels

HCN channels have a widespread expression pattern and play a critical role in the intrinsic 

excitability of neurons throughout the central nervous system (Santoro et al., 2000; Robinson and 

Siegelbaum, 2003) Th is ranges from setting the resting potential/conductance, generation of rhythm 

and pacemaking, synaptic integration, rebound excitation and synaptic resetting of discharge. Th is 

depends on their heterogeneous molecular composition (with varying affi  nities to intracellular cAMP, 

kinetic features and targeting of the channels), and their partnerships with other ionic conductances 

at specifi c subcellular structures (Chan et al., 2004; Day et al., 2005; Wilson, 2005). 

In addition, HCN channels are also involved in the cellular adaptation and intrinsic 
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plasticity observed in a broad variety of neurons associated with development (Bender et al., 2001; 

Vasilyev and Barish, 2002; Lujan et al., 2005; Brewster et al., 2006), epilepsy (Brewster et al., 2002; 

Bender et al., 2003; Ludwig et al., 2003; Shah et al., 2004; Strauss et al., 2004; Budde et al., 2005), 

denervation (Abdulla and Smith, 2001b, a; Brauer et al., 2001) and other perturbed states and 

insults (Mayer et al., 1986; Ingram and Williams, 1996; Dalle and Eisenach, 2005). 

It has been observed that increased excitatory synaptic drive over a short period of time in 

quiescent pyramidal neurons upregulates HCN currents and alters excitability (van Welie et al., 

2004; Fan et al., 2005). It is thus possible that reductions in HCN channel activity in GP neurons 

following DA depletion could be triggered by in increase in inhibitory input from the striatum and 

lead to a reduction in depolarizing current. If the loss of depolarizing HCN currents is great enough 

that the membrane potential is driven below –60 mV by K+ channels, there would be insuffi  cient 

Na+ current to push the cell towards threshold, leading to a decrease in autonomous activity. Other 

forms of activity–dependent regulation of the HCN channel activity have also been noted. In lobster 

stomatogastric ganglion neurons, overexpression of K+ channels leads to a compensatory increase in 

HCN activity that maintains the appropriate fi ring properties (MacLean et al., 2005). In mibrain 

DA neurons, a positive shift in the voltage dependence of HCN channels following elimination 

of Cav1.3 channels (by pharmacologic manipulation or genetic deletion) results from decreased 

Ca2+–dependent inhibition of adenylyl cyclases (AC5 and AC9) and an increase in intracellular 

cAMP level. Th e resultant upregulation of HCN channel activity at near threshold potentials leads 

to a resumption of autonomous activity in these neurons (unpublished observations). While very 

little is known regarding the AC expression profi le in GP neurons, the lack of a consistent eff ect by 

extracellular application of a cAMP analog on spiking together with the absence of an apparent shift 

in the voltage–dependence in the aggregated current argue against such a scenario in GP neurons 

following DA depletion. Th e exact cellular mechanisms that trigger the reduced HCN function in 

GP neurons following DA depletion await further experiments. 
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Role of GP within the basal ganglia macrocircuit, functional and network consequence of silencing 

Th e centrality of GP neurons to motor activity is highlighted by movement–correlated pauses 

in activity (DeLong, 1971; Heimer et al., 2006) and aberrant activity patterns that are precipitated 

by the loss of dopamine in PD (Filion, 1979; Filion and Tremblay, 1991; Raz et al., 2000; Raz et al., 

2001). While the GP has traditionally been viewed as a mere ‘relay’ in the ‘indirect pathway’ (Albin 

et al., 1989), recent anatomical and electrophysiological studies have shown that the GP is richly 

interconnected with all other major elements in the basal ganglia macrocircuit (Kita and Kitai, 1994; 

Bevan et al., 1998; Kita et al., 1999; Parent et al., 2000). 

Because of the rich interconnections throughout the basal ganglia, alteration of the fi ring 

pattern of GP neurons can result in aberrant activity from numerous mechanisms and disrupt 

several network processing tasks. First, silencing of GP neurons leads to a disinhibiton of neurons 

that typically receive input from pallidal neurons. In the STN, loss of GP activity through lesioning 

of the nucleus leads to a signifi cant increase in fi ring rate and a transition to burst fi ring (Ryan 

and Clark, 1992; Ryan et al., 1992). Th is bursting activity is also seen in PD and not altered by 

subsequent lesioning of the GP (Hassani et al., 1996), suggesting an important role for tonic pallidal 

activity in maintaining physiologic fi ring in the STN. Second, tonic fi ring endows GP neurons with 

greater sensitivity to excitatory inputs, as small inputs are not required to summate with each other 

in order to exceed spike threshold. Silencing increases the threshold necessary for excitation and 

fi lters weak from strong inputs. By starting in the paused state, convergent bursting activity from the 

STN can drive silent GP neurons to exhibit synchronous bursting activity. Th ird, since background 

rates can be modulated bidirectionally, spontaneously fi ring GP neurons can respond to changes 

in levels of inhibition and excitation. Silencing makes GP neurons essentially unresponsive to local 

collateral and striatal GABAergic input.
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Chapter Four

Discussion

Prevalence and motor symptoms of Parkinson’s Disease

Parkinson’s disease (PD) is the most common form of basal ganglia disorders, affl  icting 

roughly 1 in 1000 adults, rising exponentially in incidence after the age of fi fty (Bradford, 1986). 

Th e motor symptoms include bradykinesia, resting tremor and rigidity. Human and animal studies 

have shown that Parkinsonism results from the degeneration of the nigrostriatal dopaminergic 

neurons (Hornykiewicz, 1966; Albin et al., 1989; Wooten, 1990). Th e therapeutic strategies for 

treating PD are limited. Th e most widely used treatment for PD, l–DOPA therapy, attempts to 

restore dopamine levels by enhancing the release of dopamine from the remaining dopaminergic 

terminals (Lloyd and Hornykiewicz, 1970). Although initially eff ective in a subpopulation of PD 

patients, the benefi ts of this therapy are relatively short–lived (Obeso et al., 2000). DBS has been 

found to be extremely eff ective in alleviating symptoms in PD and improving the eff ectiveness of 

pharmacological treatments, though its mechanism of action is not explicitly understood. 

Disruption in GP neuron activity underlies motor symptoms in PD.

  Advances have been made in the past decades in understanding the involvement of diff erent 

basal ganglia nuclei in mediating the motor symptoms seen in PD. One of the most striking fi ndings 

is the alterations in activity patterns of GP neurons from rhythmic spiking to correlated burst 

discharge (Filion, 1979; Filion and Tremblay, 1991; Nini et al., 1995; Lozano et al., 1996; Taha et 

al., 1996; Hutchison et al., 1997; Bergman et al., 1998; Magnin et al., 2000; Raz et al., 2000; Raz 

et al., 2001; Soares et al., 2004). Th is abnormal activity pattern is thought to be closely linked to 
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rigidity and tremor (El-Deredy et al., 2000), as well as dyskinesias (Bergman et al., 1998; Magnin 

et al., 2000; Raz et al., 2000). Disruption of this aberrant activity pattern with DBS alleviates PD 

symptoms, strengthening the causal linkage in PD (Vitek et al., 2004). In this dissertation, focus 

was made on the membrane properties of GP neurons and other pacemakers because of their critical 

role in basal ganglia function and dysfunction. Using a systematic approach, we have analyzed 

ionic condutances of pacemakers in the basal ganglia, paying particular attention to fast spiking 

neurons in the GP to understand what properties are important for the activity patterns observed 

in these neurons and how manipulation of these attributes through the use of pharmacological 

manipulations, transgenic animals and animal models of PD can alter pacemaking. Th is research 

has shed new light on the ionic conductances that govern autonomous activity, the abilities of GP 

neurons to fi re at high frequencies and the impact DA depletion has on intrinsic excitability. 

Major Findings

Availability of Na+ channels is important for pacemaking and high frequency fi ring

 Th e ability for pacemakers to be spontaneously active relies on the presence of depolarizing 

currents that drive the membrane towards spike threshold. In autonomous pacemakers of the basal 

ganglia, the primary channels responsible for this are voltage gated Na+ channels and HCN channels. 

While many of the biophysical properties of Na+ channels in pacemakers are similar to those in 

quiescent medium spiny neurons, the presence of the blocking particle and resultant resurgent 

current is unique to these neurons. Th e blocking particle is capable of releasing from the intracellular 

pore at membrane voltages in the suprathreshold region (–20 mV to –40 mV) at rates signifi cantly 

faster than recovery from inactivation at more hyperpolarized potentials. As a result, channels that 

are blocked during the action potential are made available sooner in the interspike interval than 

those that were inactivated. Th is increase in the total number of available Na+ channels leads to an 

increase in the subthreshold persistent current amplitude and a faster ramp towards threshold. Th is 

accelerated rate of Na+ channel recovery following a spike is increasingly more important the faster 

the neuron fi res, as there is less time for Na+ channels to recover. 
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Th e fi ring rate of GP neurons is likely partially dictated by the ratio of entry into the blocked 

state and inactivated states. In computer simulations, increasing the ratio favoring the blocked state 

leads to increased excitability and fi ring rate, while shifting it towards the inactivated state reduces 

the fi ring rate accordingly. Likewise, during DBS a new ratio of inactivated to blocked entry is 

established that determines the frequency at which neurons can sustain high frequency fi ring. For 

GP neurons at 22°C, the new maximum set frequency for sustained fi ring is 50 Hz. 

 Availability of Na+ channels is compromised in the presence of neuromodulators or 

genetic mutations that alter the interactions between the Na+ channel and the blocking particle. 

In cholinergic interneurons, reducing the availability of Na+ channels by only 10% leads to a 20% 

reduction in fi ring rate. In Nav1.6–/– channels, where availability is signifi cantly reduced because of 

the reduced ratio between blocked to inactivated channels during a spike, fi ring properties are even 

more severely aff ected. Th ese studies demonstrate the delicate balance placed on neurons in the basal 

ganglia to accurately modify their Na+ channel availability in order to get the proper output.

 It is also possible that the increased availability of Na+ channels in the initial segment 

and nodes of the axon is dictated by the density of channels inserted into the membrane, which 

is determined by the unique localization of Nav1.6 to this region. With the loss of functional 

Nav1.6, medTG neurons attempt unsuccessfully to compensate by inserting Nav1.1 and 1.2 into this 

important region, but are unable to match the normal density. Until we are capable of selectively 

eliminating the resurgent current without eliminating a particular channel or global protein 

degradation, we must rely on our modeling techniques to suggest an important role for the unique 

biophysical properties of Nav1.6 at the initial segment and node of the axon to provide enough 

available Na+ channels to drive spontaneous fi ring and eff ectively respond to stimulation.

DA depletion leads to a decrease in excitability

 Animal studies demonstrate that the activity of GP neurons transitions from high frequency, 

rhythmic activity to slightly lower frequency, burst activity with increased intranuclear correlation 

following DA depletion (Filion, 1979; Miller and DeLong, 1987; Pan and Walters, 1988; Filion 
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and Tremblay, 1991; Boraud et al., 1998; Raz et al., 2000; Raz et al., 2001). How this pattern 

is established remains a mystery, as the elaborate interconnections within the basal ganglia make 

specifi c identifi cations of eff ectors diffi  cult, especially under in vivo conditions.  Furthermore, 

because the majority of this early work was done using the extracellular recording technique, which 

presents a potential sampling bias towards active versus silent neurons, the origin of disrupted 

activity was never resolved. In our preparation, visualized recording from tissue slices revealed 

that DA depletion resulted in a reduction of GP activity that is independent of synaptic changes, 

suggesting intrinsic mechanisms are at least partially responsible for the altered fi ring properties 

observed. While this reduction in fi ring is not correlated with any alterations in Na+ channel 

properties, there is a signifi cant reduction in HCN current amplitude. Th is results in a reduction of  

depolarizing current during the interspike interval, leading to a reduction in the modal membrane 

potential below the gating threshold of the persistent Na+ current.

GP neurons are capable of sustained high frequency fi ring during DBS

 Since the use of DBS as a viable treatment for PD was introduced, the mechanism of action 

behind its eff ects has been under debate. Initial studies comparing DBS–induced phenotypes to 

those following resection suggested that DBS mimicked the action of lesion by inhibiting activity 

from the stimulated nuclei. Th is was supported by evidence showing a reduction in activity following 

termination of the high frequency stimulus (Beurrier et al., 2001; Tai et al., 2003). Contrary to this, 

recent work suggests that there is an increase in activity during stimulation (Benabid et al., 2002; Lee 

et al., 2004; Vitek et al., 2004) and a phase–locking of activity in the GP to the stimulus (Bar-Gad et 

al., 2004). Th is is also supported by indirect evidence that shows an increase in GABA from the GP 

and glutamate from the STN in the SNr during DBS (Windels et al., 2000; Windels et al., 2005). 

 In our slice preparation, GP neurons were capable of sustaining activity for long periods 

of time during high frequency stimulation. While incapable of matching the frequency set by the 

stimulus, they were able to adapt their membrane properties to establish a new, high frequency 

rhythm. Th is is important for the ability of DBS to successfully alter the pathological fi ring 
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patterns that are inherent in PD. By re–establishing a pattern more representative of their original 

autonomous activity, DBS could enable the GP to once again properly modulate the information 

it receives from the striatum and integrate it into its own output to the EP and SNr. While naïve 

neurons are capable of resetting their fi ring frequency to near 50 Hz during high frequency 

stimulation, it remains to be seen whether neurons with reduced levels of excitability, as is seen in the 

DA depleted state, are capable of sustained high frequency fi ring. Th e silencing of neurons appears 

to be independent of any alterations in Na+ channels, suggesting that Na+ channel availability is 

still high, but not capable of overcoming the loss of HCN channels without injected depolarizing 

current. As such, silent neurons should still be capable of sustained high frequency fi ring during 

DBS. 

Implications

Silencing of the GP in PD could be a trigger for global aberrant activity 

 Because of its interconnections with multiple nuclei within the basal ganglia, alterations in 

GP fi ring patterns can impact the properties of multiple neuron groups. In physiological conditions, 

tonic GABAergic transmission from GP neurons back to the striatum and to the STN regulates the 

amount of information that is received. Th is, combined with high levels of spontaneous activity, 

the GP can properly function as a fi lter that ensures only coordinated inputs provide a suffi  cient 

enough stimulus to pause GP fi ring and transmit information through. Following DA depletion, 

this high level of discharge is severely reduced, which shifts the balance from autonomous activity 

towards increased synaptic input. Following silencing of the GP either through direct lesion or DA 

depletion, fi ring in the STN shifts to a bursting fi ring pattern that in turn is transmitted to the GP 

and induces burst fi ring in the GP (Ryan and Clark, 1992; Ryan et al., 1992). Th is establishes an 

oscillatory network that leads to motor symptoms in PD. A similar network is established between 

GP and cholinergic interneurons (Raz et al., 2001). GABAergic transmission has shown to be critical 

in generation of rhythm and network synchronization.  It is tempting to speculate that intranuclear 

collaterals of GP neurons help to maintain a low level of synchrony within the nucleus. Since 
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DA–depleted GP neurons transmit less GABAergic information through collaterals to neighboring 

neurons that are receiving the same input from the STN, there is an increase in correlated activity 

within the GP. Again, through their broad connections within the basal ganglia circuit, their 

perisomatic GABAergic input can have far reaching consequence in entraining global synchrony 

and aberrant fi ring within the network. Th is is supported by modeling work showing that recurrent 

collateral GABAergic connections are important to the emergence of rhythmic bursting (Terman et 

al., 2002).
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