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ABSTRACT 

Voltage-activated Ca2+ channels and group I metabotropic glutamate receptors (mGluRs) are 

important determinants of  neuronal excitability and repetitive discharge behaviour. They are also 

implicated in perinatal developmental processes and Ca2+-dependent excitotoxic cascades 

thought to contribute to neurodegeneration. To understand the role that these channels/receptor 

systems play in the physiology, ontogeny and pathophysiology of  MNs, it is necessary to 

characterise them, during development, in MNs that differ  functionally  in the behaviours they 

control, the firing  behaviour they produce, their rate of  maturation, and their vulnerability to 

degeneration in ALS. Surprisingly few  studies, however, have characterised these 

channels/receptor systems in MNs, particularly beyond early postnatal stages. I therefore 

compared voltage-activated Ca2+channels and group I mGluRs in brain slices from  neonate (Pl-

5) and juvenile (P14-19) rat, in oculomotor (III) and hypoglossal (XII) MNs using whole-cell 

patch-clamp recording and immunohistochemical techniques. Ill MNs innervate extraocular 

muscles, control eye movements that are not fully  functional  in rat until 2 weeks postnatal, fire 

at high frequency  for  sustained periods, and are resistant in ALS. In contrast, XII MNs innervate 

tongue muscles, control behaviours that are functional  at birth, fire  bursts of  low frequency 

action potentials, and are vulnerable to degeneration in ALS. 

In neonates, low voltage-activated (LVA) Ca2+ current densities are similar in III and XII 

MNs but high voltage-activated (HVA) Ca2+ current densities are ~2-fold  higher in XII MNs. 

While N- and P/Q-type HVA Ca2+ channels are present in both MN pools, greater expression of 

P/Q-type channels in XII MNs accounts for  their greater HVA Ca2+currents. Developmentally, 

LVA and HVA Ca2+ current densities decrease ~2-fold  by PI4-19 in III MNs, but remain 

unchanged in XII MNs. Thus, in juveniles the HVA Ca2+ current density is ~3-fold  greater and 

the LVA Ca2+ current density ~2-fold  greater in XII compared to III MNs. 
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The group I mGluR agonist, DHPG, induces inward currents in ID and XII MNs of  neonatal 

and juvenile rat, which are mediated by the reduction of  a resting K+ conductance. Antagonism 

of  these currents by the mGluR 1 antagonist LY367385, but not the mGluR5 antagonist MPEP, 

and immunohistochemical labelling for  mGluR la but not mGluR5 protein on III and XII MNs, 

suggest that currents primarily result from  the activation of  mGluRl. In neonatal rat the current 

density of  DHPG-induced currents is similar between III and XII MNs. However, in juvenile rat 

DHPG-induced current density is ~3-fold  greater in XII compared with III MNs. 

Differential  expression of  LVA and HVA Ca2+ currents and varying effects  of  group I mGluR 

activation in III and XII MNs during development supports a role for  these channels and 

receptor systems in determining the distinct firing  patterns of  these two different  classes of  MNs. 

The greater voltage-activated Ca2+ currents and group I mGluR-mediated effects  in XII MNs, 

particularly in juvenile MNs, may also contribute to the greater sensitivity of  XII MNs to 

pathophysiological processes, predisposing them to degeneration as seen in ALS. 
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Chapter 1 

An overview of  voltage-activated Ca2+ channels 
and group I metabotropic glutamate receptors in 

motoneurons 



INTRODUCTION 

Motoneurons (MNs) are highly specialised cells of  the central nervous system (CNS) that are 

critical to the control of  all skeletal movements. They exist in discrete nuclei in the brainstem 

and spinal cord and innervate specific  muscle groups in the periphery to form  the final  pathway 

by which the CNS controls muscular contraction. The activity of  MNs is influenced  by motor 

commands originating from  higher regions of  the brain, including the motor cortex, cerebellum 

and basal ganglia, as well as from  local brainstem or spinal motor networks, and by sensory 

feedback  from  muscles and tendons. However, MNs are more than simply the last relay point for 

motor commands generated by higher regions of  the CNS. In fact  motor output from  the CNS is 

highly modulated by the complex input-output transduction processes of  MNs. Thus, studies of 

MN excitability, or how MNs transform  inputs into output, and how this processing is 

modulated, will further  our understanding of  motor control as well as neuronal information 

processing throughout the CNS. Not only is exploration of  MN function  important for 

understanding the physiology of  motor control and information  processing in the normal, healthy 

brain, it is also important for  understanding the pathophysiology of  neurodegenerative disorders 

such as Amyotrophic lateral sclerosis (ALS) in which MNs exhibit selective vulnerability 

(DePaul etal.,  1988; Gizzi etal.,  1992). 

This study has concentrated on factors  that affect  Ca2+ dynamics in MNs since intracellular 

Ca2+ signals and associated second-messenger cascades are not only critical in determining MN 

excitability (Rekling, 1990), but are also believed to be important contributors to a number of 

developmental (Spitzer et al.,  2000) and pathophysiological (Tymianski & Tator, 1996) 

processes. Dynamic fluctuations  in intracellular Ca2+ are important determinants of  MN 

excitability and contribute to a range of  developmental processes. In addition, chronic 
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Chapter 1: Overview of  Ca2+ channels and mGluRs in MNs 

disruptions of  intracellular Ca2+ concentration are implicated in a number of  neurodegenerative 

diseases affecting  MNs, including ALS (Krieger et al.,  1996). 

Neuronal intracellular Ca2+ dynamics are determined by the interaction of  a range of  factors 

(summarised in Hille, 2001), which are poorly characterised in MNs. They can be broadly 

grouped into Ca2+ influx  and efflux  pathways, Ca2+ buffering  mechanisms and factors  regulating 

intracellular Ca2+ stores. Pathways for  Ca2+ influx  include high and low voltage-activated Ca2+ 

channels, NMDA, kainate and Ca2+- permeable AMPA ionotropic glutamate receptors and ATP 

receptors. The influence  of  Ca2+ influx  on the concentration of  free  Ca2+ in the cytoplasm is in 

turn determined by: the rate at which it is actively pumped back into the extracellular space by 

transporters including the Na+-Ca2+ exchanger and the plasma membrane Ca2+ ATPase pump; 

the degree to which a specialised family  of  proteins, Ca2+ buffering  proteins, buffer  the 

transients; and the influence  of  the Ca2+ transients on second messenger systems controlling 

intracellular Ca2+ stores. In addition, Ca2+ release from  intracellular stores can be stimulated by a 

range of  receptors linked to second messenger pathways, including group I mGluRs (Bordi & 

Ugolini, 1999). 

The general goal of  the present study was to increase our understanding of  factors  controlling 

Ca2+ dynamics in MNs by characterising voltage-activated Ca2+ channels and group I mGluR 

effects  in two functionally  distinct classes of  MNs. The MNs studied were oculomotor (ID) and 

hypoglossal (XII) MNs. Ill MNs innervate extraocular muscles to control eye movements, 

mediate behaviours that are not fully  functional  in rat until 2 weeks postnatal, generate sustained 

high frequency  discharge, and are resistant to degeneration in ALS. XII MNs innervate tongue 

muscles, mediate behaviours that are operational from  birth, generate rhythmic bursts of  low 

frequency  action potentials, and are vulnerable to degeneration in ALS. 

I focussed  on voltage-activated Ca2+ channels because in MNs studies of  these channels are 

surprisingly limited, especially in light of  the crucial role they play in controlling excitability 
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Chapter 1: Overview of  Ca2+ channels and mGluRs in MNs 

(see below). Moreover, with one exception (Carlin et al.,  2000a), all studies of  voltage-activated 

Ca2+ channels in MNs have been performed  in embryonic or neonatal tissue. 

I also focussed  on group I mGluRs, which are linked to Ca2+ dynamics via their stimulation of 

Ca2+ release from  intracellular stores (Bordi & Ugolini, 1999), because research concerning 

glutamatergic transmission in MNs has mainly focussed  on ionotropic receptors, and the 

expression patterns and roles of  mGluRs in physiological and pathophysiological processes in 

MNs is poorly understood (Rekling et al.,  2000). Furthermore, as mentioned regarding Ca2+ 

channels, little is known of  the ontogeny of  mGluRs in MNs. 

In the following  sections of  this introduction I will outline the characteristics of  voltage-

activated Ca2+ channels and mGluRs, the systems investigated in this study, and discuss current 

knowledge regarding their roles in MN excitability, development and pathophysiology. I will 

then outline and contrast the anatomy, function  and membrane properties of  III and XII MNs, 

the two pools under investigation in this study. I will end by summarising the rational for  my 

experimental approach. 

VOLTAGE-ACTIVATED Ca2+ CHANNELS 

Properties of  voltage-activated Ca2+ channels 

Structure  and nomenclature  of  voltage-activated  Ca2+  channels 

The structure and nomenclature of  voltage-activated Ca2+ channels has been extensively 

reviewed (Perez-Reyes, 1999; Randall & Benham, 1999; Catterall, 2000; Ertel etal.,  2000). 

Briefly,  voltage-activated Ca2+ channels exist as heteromeric structures made up of  cti, c^S, (3 

and y subunits, with neuronal voltage-activated Ca2+ channels likely lacking the y subunit. The 

4 



Chapter 1: Overview of  Ca2+ channels and mGluRs in MNs 

0Ci subunit is composed of  four  homologous repeats that each contains six putative 

transmembrane a-helices. Associated with the ai subunit are the (3 subunit, which is entirely 

intracellular, the y subunit, which crosses the membrane four  times, and the OC25 subunit, which 

consists of  the 5 subunit that crosses the membrane once, and the entirely extracellular CLi 

subunit. The ai subunit forms  the channel pore, voltage sensor, and activation and inactivation 

gates of  voltage-activated Ca2 + channels, and can actually form  functional  channels when 

expressed by itself.  The additional subunits regulate and modulate channel function. 

Voltage-activated Ca2+ channels are divided into two main classes, high voltage-activated 

(HVA) Ca2 + channels, which include P/Q, N, L and R-subtypes, and low voltage-activated 

(LVA) Ca2 + channels, which are also named T-type channels. The distinct biophysics and 

pharmacology of  these channels are primarily determined by the ai subunit. At present ten 

different  ai subunits have been identified  and linked to each of  the electrophysiologically and 

pharmacologically defined  voltage-activated Ca2 + channel subtypes. LVA Ca2 + channels, which 

lack specific  blockers, are made up of  OCIG, H or AN subunits. HVA Ca2 + channels include: CO-

agatoxin-sensitive P/Q-type channels that are composed of  0CiA subunits, co-conotoxin GVIA-

sensitive N-type channels that are composed of  am subunits, dihydropyridine-sensitive L-type 

Ca2 + channels consisting of  ocis,c,DoraiF subunits, and antagonist-resistant R-type Ca2 + channels 

that are made up of  a 1 E subunits. 

Electrophysiological  properties  of  voltage-activated  Ca2+  channels 

The main division of  voltage-activated Ca2 + channels into either low-voltage activated (LVA) 

or high voltage-activated (HVA) types is based on the membrane potential at which they are 

activated. In addition, LVA and HVA Ca2 + channels differ  in their inactivation properties and 

single channel conductance. It should be noted, that in MNs, which express both LVA and HVA 
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Chapter 1: Overview of  Ca2+ channels and mGluRs in MNs 

Ca2+ channels, separate analysis of  activation and inactivation properties of  these channels is 

difficult  due to their overlapping voltage activation ranges and the lack of  specific  antagonists. 

However, current knowledge of  contrasting LVA and HVA Ca2+ channel properties is 

summarised below. 

LVA Ca2+ channels open at more negative potentials (-50 to -60 mV), typically require 

hyperpolarisation from  resting membrane potential to remove their inactivation (Huguenard, 

1996), and once activated exhibit transient kinetics with complete inactivation occurring with a 

time constant of  30 ms in XII MNs (Umemiya & Berger, 1994). Furthermore LVA Ca2+ currents 

have small single channel conductance measured at 7 pS in XII MNs (Umemiya & Berger, 

1995). 

In contrast, HVA Ca2+ channels are activated at more positive potentials (positive to -30 mV) 

and show only partial inactivation (Hille, 2001). They have single channel conductance ranging 

from  14 to 28 pS in XII MNs (Umemiya & Berger, 1995). 

HVA Ca2+ channels can be further  subdivided into L, N, P/Q and R -types. The main 

distinction of  these different  channel subtypes is their varying sensitivities to Ca2+ channel 

antagonists (see above). However, as evidenced by single channel studies in XII MNs (Umemiya 

6 Berger, 1995), these subtypes also vary in their conductance and activation and inactivation 

properties. L-type channels have the highest conductance at 28 pS, a half-activation  potential of 

7 mV and show little inactivation. P/Q-type channels have a conductance of  20 pS, a half-

activation potential of  -7 mV, and also show little inactivation. Finally, N-type channels have a 

single channel conductance of  14 pS, a half-activation  potential of  about 25 mV and inactivate 

during maintained depolarisations. 
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Chapter 1: Overview of  Ca2+ channels and mGluRs in MNs 

Voltage-activated Ca2+ channels and MN excitability 

LVA and HVA Ca2+ channels are expressed by neurons throughout the CNS including MNs 

(Yokoyama et al,  1995; Craig et al,  1998; Plant et al,  1998; Craig et al,  1999; Jiang et al, 

1999; Talley et al,  1999; Carlin et al,  2000a; Chung et al,  2000). To date studies investigating 

LVA and HVA Ca2+ currents in MNs are limited to XII (Umemiya & Berger, 1994; Umemiya & 

Berger, 1995) and facial  (Plant et al,  1998) MNs of  the brainstem as well as phrenic (Martin-

Caraballo & Greer, 2001), thoracic (Berger & Takahashi, 1990) and lumbar (Carlin et al., 

2000a) MNs of  the spinal cord. These studies have been performed  in embryonic or neonatal 

(first  postnatal week) rat with one exception, which investigated lumbar spinal MNs from  rat 

aged postnatal day 9 to 16 (Carlin et al,  2000a). Both LVA and HVA Ca2+ channels are 

believed to play important roles in determining MN excitability. Their effects  are primarily 

mediated via the depolarising effects  of  Ca2+ entry, the actions of  increased intracellular Ca2+ on 

second messenger pathways, and the gating of  other ion channels. 

Low voltage-activated  Ca2+  channels 

In most neurons, while the activation threshold for  LVA Ca2+ channels is close to resting 

membrane potential, a large component of  the LVA Ca2+ current is inactivated at rest 

(Huguenard, 1996). Thus, the effects  of  LVA Ca2+ currents on discharge patterns will depend on 

the exact resting membrane potential and the dynamics of  membrane potential fluctuations.  For 

example, in neurons with resting membrane potentials sufficiently  hyperpolarized to remove 

LVA Ca2+ channel inactivation, LVA Ca2+ channels can contribute to membrane depolarisation 

and mediate Ca2+ influx  in response to small excitatory inputs. In contrast, if  resting membrane 

potential is slightly more depolarised, in the range of  the activation voltage for  LVA Ca2+ 

channels, recovery from  small inhibitory hyperpolarisations can trigger their activation. This 
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Chapter 1: Overview of  Ca2+ channels and mGluRs in MNs 

occurs because the hyperpolarisation removes inactivation of  LVA Ca2+ channels allowing them 

to open as the hyperpolarisation wears off. 

Ca2+ influx  through LVA Ca2+ channels contributes to the action potential afterdepolarisation 

(ADP) in XII MNs of  neonatal rat (Viana et al.,  1993a) and phrenic MNs of  embryonic, but not 

neonatal, rat (Martin-Caraballo & Greer, 2001). The ADP is a humplike depolarisation that 

occurs after  the repolarisation phase of  the action potential. ADPs of  sufficient  magnitude can 

cause action potential doublets, where a second action potential arises from  the ADP. Doublets 

are more likely when action potential firing  is initiated from  more negative membrane potentials 

because hyperpolarisation removes inactivation of  LVA Ca2+ channels and leads to larger ADPs 

(Viana et al.,  1993a; Martin-Caraballo & Greer, 2001). Action potential doublets are generated 

by MNs during endogenous behaviours such as locomotion (Gorassini et al.,  2000) and 

functionally  are proposed to facilitate  rapid generation of  force  by the motor unit (Hennig & 

Lomo, 1987). 

LVA Ca2+ currents also underlie rebound depolarisations in neonatal XII and embryonic and 

neonatal phrenic MNs (Viana et al.,  1993a; Martin-Caraballo & Greer, 2001). Rebound 

depolarisations occur when MNs are released from  a hyperpolarized membrane potential. They 

result from  removal of  inactivation of  LVA Ca2+ channels during hyperpolarisation followed  by 

activation of  these channels upon return to resting membrane potential. Rebound depolarisations 

may cause MNs to discharge following  removal of  hyperpolarizing inhibitory inputs and may 

facilitate  phase transition in rhythmic motor behaviours where MNs receive alternating 

excitatory and inhibitory inputs. 
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Chapter 1: Overview of  Ca2+ channels and mGluRs in MNs 

High  voltage-activated  Ca2+  channels 

HVA Ca2+ currents also help to shape the discharge patterns of  MNs. Like LVA Ca2+ currents 

they contribute to ADPs and hence action potential doublets in neonatal XII and embryonic and 

neonatal phrenic MNs (Viana et al.,  1993a). HVA Ca2+ currents also help shape action potentials 

in MNs by contributing to the depolarising phase of  the action potential (Rekling et al.,  2000). 

However, the primary effects  of  HVA Ca2+ currents on discharge patterns occur via modulation 

of  the action potential afterhyperpolarisation  (AHP). As shown in XII MNs (Viana et al., 

1993b), AHPs can be divided by differing  time course into fast,  medium and slow AHPs. The 

fast  AHP (fAHP),  which lasts 1 - 2 ms, follows  the repolarising phase of  the action potential and 

precedes the ADP. In MNs the delayed rectifier  K+ current and transient outward K+ current (IA) 

contribute to the Ca2+-independent fAHP  (Rekling et al.,  2000). In contrast, medium and slow 

AHPs in MNs are associated with activation of  Ca2+-dependent K+ channels by Ca2+ influx  via 

HVA Ca2+ channels (Rekling et al.,  2000). The medium AHP (mAHP), which lasts for  tens of 

milliseconds, follows  the ADP and occurs between successive action potentials during repetitive 

firing  to contribute to the inter-spike duration and hence firing  frequency.  In neonatal phrenic 

MNs the mAHP results from  the coupling of  Ca2+-dependent K+ channels and N-type HVA Ca2+ 

channels (Martin-Caraballo & Greer, 2001), while in neonatal XII MNs Ca2+ influx  via both P/Q 

and N-type HVA Ca2+ channels contributes to the mAHP (Viana et al.,  1993b; Umemiya & 

Berger, 1994). The slow AHP (sAHP) is most evident at the conclusion of  a burst of  repetitive 

firing  as a long lasting hyperpolarisation that decays over hundreds of  milliseconds. In 

rhythmically active cells the time course of  the sAHP will help determine when currents such as 

LVA Ca2+ currents are activated to initiate the next burst of  activity. Through this effect  on the 

inter-burst interval the sAHP will have a significant  influence  on rhythmic discharge behaviours. 

Although the Ca2+ channels involved in sAHPs have not been characterised in MNs, in other 
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Chapter 1: Overview of  Ca2+ channels and mGluRs in MNs 

neuronal types N and P/Q-type HVA Ca2+ channels are coupled to the sAHP (Williams et al, 

1997a; Pineda etal.,  1998). 

HVA Ca2+ currents also underlie plateau potentials and bistable behaviour in MNs. Plateau 

potentials are characterised by prolonged periods of  discharge, or membrane depolarisation, that 

occur in some neurons in response to brief  excitatory inputs (Kiehn & Eken, 1998). They likely 

involve persistent Ca2+ currents located on dendrites (Carlin et al.,  2000b). The ability to 

generate plateau potentials means cells exhibit bistability i.e. they have two stable membrane 

potentials, one at resting membrane potential and the other at a depolarised potential at which 

sustained discharge occurs. In spinal MNs of  turtle (Hounsgaard & Kiehn, 1989) and mouse 

(Carlin et al,  2000b) and trigeminal MNs of  guinea pig (Hsiao et al,  1998), L-type HVA Ca2+ 

channels contribute to bistable membrane properties. The induction of  bistability typically 

reflects  a reduction in outward K+ currents and increase in inward L-type HVA Ca2+ currents 

caused by modulatory transmitters acting at serotonin (Hounsgaard & Kiehn, 1989), 

metabotropic glutamate or muscarinic receptors (Svirskis & Hounsgaard, 1998). Ca2+-dependent 

plateau potentials have also been reported in III MNs (Gueritaud, 1994), while plateau potentials 

reported in XII MNs depend on a persistent Na+ conductance (Mosfeldt  Laursen & Rekling, 

1989). 

As discussed by Kiehn & Eken (1998), the ability of  MNs to generate plateau potentials 

means that sustained MN output may be possible without continuous descending synaptic drive. 

Instead, induction of  bistability through tonic neuromodulatory inputs would enable short 

excitatory inputs to generate plateau potentials and produce sustained MN output. Under such 

conditions, brief,  phasic excitatory and inhibitory inputs could initiate and terminate plateau 

potentials respectively, and therefore  generate the rhythmic MN discharge patterns required to 

produce rhythmic behaviours such as locomotion and respiration. Of  course in the absence of 

plateau potentials similar patterns of  MN output could be achieved with strong sustained 
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synaptic inputs. However, Kiehn & Eken (1998) propose that the use of  "self-supporting" 

membrane properties, such as those enabling the generation of  plateau potentials, is superior to 

continuous synaptic drive because plateau potentials uncouple MN discharge from  highly 

irregular synaptic inputs, resulting in steady, more predictable MN firing. 

Although data are limited, there is evidence of  a role for  bistability and plateau potentials in 

motor behaviours. For example, soleus motor units in alert unrestrained rats exhibit bistable 

firing,  not only in response to stimulation of  la afferents,  but also spontaneously during quiet 

standing (Eken & Kiehn, 1989). These data support a role for  bistable behaviour in the 

maintenance of  posture in awake rats. Furthermore, prolonged firing  of  human motor units in 

response to short lasting excitation via vibration of  muscle tendons also supports a role for 

plateau potentials in determining the discharge of  human motor units (Kiehn & Eken, 1997). 

Voltage-activated Ca2+ channels and development 

Voltage-activated Ca2+ channels, and associated Ca2+ induced cascades, have been proposed 

to be important in a variety of  developmental processes including neuronal differentiation,  and 

axon and dendrite growth. However, evidence to date is limited, particularly for  MNs. 

Evidence for  voltage-activated Ca2+ channel involvement in differentiation  comes largely 

from  studies of  spontaneous, transient elevations in intracellular Ca2+ concentration that occur 

during embryonic development of  Xenopus  spinal neurons (reviewed by Spitzer et al,  2000). 

These spontaneous elevations in intracellular Ca2+ are eliminated by removal of  extracellular 

Ca2+ or application of  LVA and HVA Ca2+ channel antagonists (Holliday & Spitzer, 1990; Gu & 

Spitzer, 1993), and thus depend on Ca2+ influx  via voltage-activated Ca2+ channels. In this 

system these Ca2+ transients regulate the development of  a potassium current (Desarmenien & 

Spitzer, 1991) and the expression of  the neurotransmitter GAB A (Spitzer et al,  1993). More 
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direct evidence for  voltage-activated Ca2+ channel involvement in neuronal differentiation  is the 

observation that L-type HVA Ca2+ channel activation induces expression of  tyrosine 

hydroxylase, a marker for  dopaminergic neurons, in sensory ganglion cell cultures (Brosenitsch 

et al.,  1998). To further  understand the role of  voltage-activated Ca2+ channels in neuronal 

differentiation  throughout the CNS requires investigation of  the effects  of  enhancement or block 

of  voltage-activated Ca2+ channels on the differentiation  of  other developing neuronal cell types. 

Ca2+ transients mediated by Ca2+ influx  via voltage activated Ca2+ channels are also proposed 

to influence  axon and dendrite outgrowth in a number of  neuronal cell types in culture (reviewed 

by Neely & Nicholls, 1995). However, the role of  Ca2+ transients in neurite growth is 

controversial. Elevations in intracellular Ca2+ levels in a variety of  cultured neurons have been 

associated with increases, decreases, or no change in the motility of  developing axons and 

dendrites. This variability suggests that factors  other than Ca2+ influx  via voltage-activated Ca2+ 

channels, such as inherent properties of  neurons and environmental influences,  contribute greatly 

to the regulation of  neurite growth during development. 

In MNs, evidence for  involvement of  voltage-activated Ca2+ channels in developmental 

processes is limited to correlations between changes in channel expression and specific  periods 

of  development. In general, LVA Ca2+ currents decrease and HVA Ca2+ currents increase during 

embryonic and early postnatal stages (McCobb et al.,  1989; Mynlieff  & Beam, 1992b; Umemiya 

& Berger, 1994; Gao & Ziskind-Conhaim, 1998; Martin-Caraballo & Greer, 2001). These 

developmental changes correlate with periods of  naturally occurring MN death (McCobb et al., 

1989) and synapse elimination (Mynlieff  & Beam, 1992a) but a causative role for  voltage-

activated Ca2+ channels in such developmental processes is yet to be established. Whether 

voltage-activated Ca2+ channels are involved in later stages of  MN development is also 

unknown. Exploration of  this question will require, as a first  step, the ontogenic characterisation 
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of  voltage-activated Ca2+ channels past the first  postnatal week, since characterisation of  these 

channels in MNs beyond this stage, with one exception (Carlin et al.,  2000a), is lacking. 

Voltage-activated Ca2+ channels and neurodegeneration 

Voltage-activated Ca2+ channels may contribute to a range of  degenerative neurological 

disorders including MN diseases such as ALS (Llinas et al.,  1993; Smith et al.,  1994; Mosier et 

al.,  1995; Miller, 1997). The characteristics of  ALS and current research investigating its 

pathogenesis have been reviewed extensively (Ross, 1997; Bromberg, 1999; Cleveland & 

Rothstein, 2001; Cluskey & Ramsden, 2001). Briefly,  ALS is an adult onset neurodegenerative 

disease affecting  approximately 150 people at any one time in New Zealand. ALS is uniformly 

fatal  due to the selective loss of  lower MNs (MNs of  the spinal cord and brainstem, which 

directly innervate muscles) and loss or dysfunction  of  upper MNs (MNs of  the motor cortex, 

which synapse on lower MNs). The pathology of  ALS has been well characterised, but the 

underlying causes remain poorly understood. There are two main types of  ALS, familial  and 

sporadic. Familial ALS, which accounts for  approximately 5 - 10% of  all cases, is inherited in a 

dominant manner. A mutation in the superoxide dismutase-1 gene has been identified  as the 

primary cause of  MN degeneration in 15 - 20% of  familial  ALS cases. The cause of  sporadic 

ALS, which accounts for  the remaining 90 - 95% of  cases, remains to be established. There are 

four  main hypotheses regarding the pathogenesis of  sporadic ALS: the neurotrophic hypothesis, 

the cytoskeletal hypothesis, the excitotoxic hypothesis and the autoimmune hypothesis. 

The neurotrophic hypothesis is based on the premise that molecules produced by the target 

cell of  MNs (muscle) are taken up by the nerve terminal and induce cell survival, and that 

shortage of  these molecules could contribute to MN death in ALS. However, clinical trials with 

a range of  trophic factors  including brain-derived neurotrophic factor,  ciliary neurotrophic factor 
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and insulin-like growth factor  I, have been ineffective  (summarised by Cleveland & Rothstein, 

2001). 

The cytoskeletal hypothesis is based on the findings  of  neurofilament  accumulations in the 

cell bodies and proximal axons of  MNs in ALS. This hypothesis proposes that modification  of 

neurofilament  proteins leads to disruptions in axoplasmic transport and causes axonal, and 

ultimately, MN degeneration. The role of  neurofilaments  in degeneration is, however, unclear 

because their overexpression in mice models of  ALS can be both toxic (Julien et al.,  1995) and 

protective (Couillard-Despres et al.,  1998; Kong & Xu, 2000). 

The excitotoxic hypothesis suggests that elevated levels of  glutamate in the cerebrospinal 

fluid,  which are found  in 40% of  ALS patients (Spreux-Varoquaux et al.,  2002) and likely 

reflect  loss of  the glial glutamate transporter EAAT2 (Cleveland & Rothstein, 2001), cause over-

stimulation of  Ca2+-permeable glutamate receptors (NMDA and Ca2+-permeable AMPA 

receptors) and metabotropic glutamate receptors that leads to increased intracellular Ca2+ levels 

and subsequent activation of  cell death cascades (Rothstein, 1995; Leigh & Meldrum, 1996). In 

this hypothesis, Ca2+ influx  through glutamate receptors is the main focus.  However, given the 

depolarising effects  of  glutamate, excessive stimulation of  these receptors will also lead to 

activation of  voltage-activated Ca2+ channels. Thus, Ca2+ influx  via voltage-activated Ca2+ 

channels, which is much greater than that via ionotropic glutamate receptors, may also 

contribute to elevations in intracellular Ca2+ levels and activation of  excitotoxic cascades that 

ultimately lead to cell death. 

Involvement of  voltage-activated Ca2+ channels in ALS is further  supported by the 

autoimmune hypothesis. This hypothesis proposes that autoantibodies generated against voltage-

activated Ca2+ channels are involved in the pathogenesis of  ALS via enhancement of  currents 

through Ca2+ channels. While controversial, the presence of  antibodies against HVA Ca2+ 

channels in the serum of  some ALS patients (Smith et al.,  1992; Kimura et al.,  1994; Offen  et 
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al,  1998), the potentiation of  HVA Ca2+ currents by IgG from  such patients (Llinas et al.,  1993; 

Mosier et al.,  1995) and the toxic effects  of  this IgG on MN cell lines (Smith et al.,  1994) 

support Ca2+ channel antibody involvement in ALS. 

Data investigating the role of  Ca2+ influx  via voltage-activated Ca2+ channels in excitotoxicity 

is limited. Block of  voltage-activated Ca2+ channels attenuates excitotoxicity induced by 

glutamate in cultured cerebellar granule cells (Pizzi et al.,  1991) and by long-term exposure to 

AMPA in cortical cell cultures (Weiss et al.,  1990). Conversely, activation of  voltage-activated 

Ca2+ channels enhances glutamate-mediated neurotoxicity in cultured cerebellar granule cells 

(Pizzi et al.,  1991). Similar studies in MNs are lacking. Thus, to assess the potential role of 

voltage-activated Ca2+ channels in the degeneration of  MNs as seen in ALS we need to show 

that their antagonism also protects MNs in excitotoxicity models and that the expression of 

voltage-activated Ca2+ channels correlates with the varying susceptibilities of  different  classes of 

MNs to degeneration in the disease. 

METABOTROPIC GLUTAMATE RECEPTORS 

Properties of  metabotropic glutamate receptors 

Glutamate not only activates ionotropic receptors involved in fast  synaptic transmission, but 

also metabotropic glutamate receptors (mGluRs) that are coupled to G-proteins. Metabotropic 

GluRs are large proteins (854 - 1179 amino acids) with a large extracellular hydrophilic N-

terminal region, a core region including seven transmembrane domains and an intracellular C-

terminal region (Ozawa et al.,  1998). Metabotropic GluRs exist as eight subtypes (mGluRl - 8), 

which can be divided into three groups (I - HI) based on their amino acid sequence homology, 

pharmacology and the signal transduction pathways to which they are coupled (see Pin & 
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Duvoisin, 1995, for  review). The present study has concentrated on group I mGluRs (mGluRl 

and mGluR5), which influence  intracellular Ca2+ dynamics. Group I mGluRs can be selectively 

activated by (s)-3,5-dihydroxyphenylglycine (DHPG). Upon activation group I mGluRs 

stimulate Ca2+ release from  intracellular stores by increasing inositol triphosphate (IP3) levels 

(Bordi & Ugolini, 1999), and modulate voltage-activated Ca2+ channels through undefined 

pathways (Stefani  et al.,  1996). A number of  splice variants exist for  group I mGluRs 

(mGluRla-f,  mGluR5a and b). Although differences  in their CNS distribution, G-proteins 

systems and effects  on calcium release have been reported (Pin et al.,  1992; Pickering et al., 

1993), the precise functions  of  group I mGluR isoforms  are not known. Development of 

selective agonists or antagonists for  different  splice variants will be required to elucidate their 

specific  function.  At present selective antagonists are available only for  mGluR la (LY367385) 

and mGluR5 (2-methyl-6-(phenylethynyl)pyridine hydrochloride, MPEP) group I mGluR 

subtypes. 

Group I mGluRs and MN excitability 

Group I mGluRs are expressed on neurons throughout the CNS (Shigemoto et al.,  1992; 

Kristensen et al.,  1993; Ohishi et al.,  1993b, a; Tanabe et al.,  1993; Kinzie et al.,  1995; 

Casabona et al.,  1997), including MNs (Rekling et al.,  2000). They are primarily localised 

postsynaptically (Baude et al.,  1993; Vidnyanszky et al.,  1994; Lujan et al.,  1996; Shigemoto et 

al.,  1997) and mediate increases in neuronal excitability by modulating K+ channels, voltage-

activated Ca2+ currents and a Ca2+-activated non-specific  cation current or Na+-Ca2+ exchanger 

(reviewed by: Pin & Duvoisin, 1995; Anwyl, 1999; Bordi & Ugolini, 1999). 

To date studies of  group I mGluR-mediated effects  in mammalian MNs are limited to 

neonatal spinal (Dong et al.,  1996; Dong & Feldman, 1999), trigeminal (Del Negro & Chandler, 
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1998) and hypoglossal (Talley et al.,  2000) MNs. In each of  these MN pools, activation of 

postsynaptic group I mGluRs inhibits a Ba2+-sensitive resting K+ current. High expression levels 

of  the pH-sensitive TASK-1 K+ channel on MNs, the Ba2+-sensitivity of  TASK-1 currents, and 

the inhibition of  TASK-1 currents in XII MNs by the group I mGluR agonist DHPG, suggests 

that the Ba2+ sensitive resting K+current inhibited by mGluRs in MNs is in fact  the TASK-1 

current (Talley et ai, 2000). Inhibition of  this current increases MN excitability by depolarising 

the membrane potential, which brings it closer to the threshold for  firing,  and increasing input 

resistance, which leads to greater depolarisation in response to a given excitatory input. 

Activation of  group I mGluRs also increases L-type Ca2+ currents in turtle spinal MNs, 

promoting the generation of  plateau potentials (Svirskis & Hounsgaard, 1998). In addition, 

group I mGluR activation potentiates ionotropic glutamate receptor mediated responses in rat 

spinal MNs (Ugolini etal.,  1997, 1999). 

Although group I mGluRs are primarily located postsynaptically (Baude et al.,  1993; 

Vidnyanszky et al.,  1994; Lujan et al.,  1996; Shigemoto et al.,  1997) they do have some 

presynaptic effects  (Pin & Duvoisin, 1995; Anwyl, 1999; Bordi & Ugolini, 1999). The only 

evidence for  presynaptic effects  of  group I mGluRs in motor control occurs in the locomotor 

system of  non-mammalian vertebrate where their activation is required to maintain fictive 

locomotion in the lamprey spinal cord preparation (Takahashi & Alford,  2002). This 

requirement likely reflects  involvement of  group I mGluR activation at presynaptic 

glutamatergic terminals of  excitatory interneurons which transmit locomotor drive to MNs. 

Group I mGluRs and development 

Based on the observation that group I mGluRs stimulate release of  Ca2+ from  intracellular 

stores, one would expect that they may be involved in developmental processes such as 
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differentiation  and neurite outgrowth which rely on transient fluctuations  in intracellular Ca2+ 

concentration (Spitzer et al,  2000). However, data directly supporting involvement of  group I 

mGluRs in developmental processes are limited. 

Findings that group I mGluRs prevent apoptotic neuron death (Copani et al,  1995; Anneser 

et al.,  1998; Copani et al.,  1998) and are required for  normal neuronal development (Price et al., 

1995; Zirpel et al.,  2000) suggests group I mGluRs provide trophic support to developing 

neurons including MNs (Anneser et al.,  1998). In cultured cerebellar granule cells, these actions 

appear to be mediated by mGluR5 activity since the onset of  apoptotic cell death coincides with 

a decrease in mGluR5 expression and block of  mGluR5 activity accelerates apoptotic cell death 

(Copani et al.,  1998). In contrast, in cultured chick embryonic motor neurons mGluR 1 activation 

delays apoptosis (Anneser et al,  1998). 

Throughout the CNS mGluR5 expression generally decreases with age (Romano et al,  1996; 

Casabona et al,  1997; Valerio et al,  1997b; Copani et al,  1998; Berthele et al,  1999). This may 

reflect  a role in controlling the onset of  developmental apoptosis (Copani et al,  1998). In 

contrast developmental changes in mGluR 1 expression are more variable with different  neuronal 

types showing increasing, decreasing or constant levels of  expression (Casabona et al,  1997; 

Berthele et al,  1999; Valerio et al,  2002). 

In MNs, developmental analysis of  group I mGluRs is limited to spinal and trigeminal MNs. 

In spinal MNs mGluRla mRNA levels increase slightly from  postnatal day 1 to 21 (Berthele et 

al,  1999), and immunolabelling is higher in adult compared to embryonic and neonatal MNs 

(Valerio et al,  2002). In trigeminal MNs, mGluRla immunolabelling does not appear until the 

4 t h postnatal week (Turman et al,  2001). However, this may represent differences  in epitope 

availability in neonate versus adult tissue. In order to understand the role that group I mGluRs 

play in MN development, further  analyses of  mGluR expression in other MN pools, and studies 
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of  the effects  of  group I mGluR activation in MNs over different  periods of  development are 

required. 

Group I mGluRs and neurodegeneration 

Group I mGluRs stimulate phospholipase C, which leads to increased formation  of  IP3 and 

diacylglycerol (DAG). IP3 subsequently stimulates release of  Ca2+ from  intracellular stores while 

DAG activates protein kinase C (PKC) (Pin & Duvoisin, 1995). Given that increases in free 

cytosolic Ca2+ and activation of  PKC are components of  the intracellular cascades leading to 

neuronal death (Choi, 1992), one would predict that over-activation of  group I mGluRs will be 

neurotoxic and could contribute to neurodegeneration as seen in ALS. However, the role of  these 

receptors in neurodegeneration remains controversial. Agonists and antagonists of  group I 

mGluRs exhibit both neurotoxic and neuroprotective effects  (reviewed by Nicoletti et al.,  1999). 

Consistent with a neurotoxic role for  group I mGluRs, antagonists of  these receptors protect 

neurons in culture, in brain slice preparations and in vivo from  toxicity induced by a range of 

factors  including: glutmate, NMDA, kainate, methamphetamine, ischemia and mechanical injury 

(Bruno et al.,  1999; Kingston et al.,  1999; Battaglia et ai, 2001; Movsesyan et al.,  2001; Attucci 

et al.,  2002; Battaglia et al.,  2002; Valerio et al.,  2002). The relative contribution of  mGluR 1 

and mGluR5 block to neuroprotection varies depending on the cell type, experimental conditions 

and stressor mediating toxicity. A neurotoxic role for  group I mGluRs is further  supported by the 

group I mGluR agonist-mediated potentiation of  NMDA-induced neuronal degeneration (Bruno 

et al.,  1995; Buisson & Choi, 1995). Neurotoxic effects  of  group I mGluRs are linked to 

mobilisation of  intracellular Ca2+ stores (McDonald et al.,  1993), inhibition of  GABAergic 

transmission (Battaglia et al.,  2001) and potentiation of  NMDA currents (Movsesyan et al., 

2001). 
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In contrast, studies in cell culture and brain slice preparations provide evidence of  a 

neuroprotective role for  group I mGluRs (Pizzi et al,  1996; Sagara & Schubert, 1998; Pizzi et 

al.,  2000). In these studies group I mGluR agonists protect cells from  degeneration mediated by 

glutamate, kainate, glucose starvation and cystine deprivation, while group I mGluR antagonists 

potentiate glutamate toxicity. The neuroprotective actions of  group I mGluRs involve a PKC-

dependent reduction in glutamate-mediated increases in intracellular Ca2+ concentration, likely 

via effects  on NMDA channels (Pizzi et al.,  1996). Trophic effects  of  group I mGluR agonists 

(discussed above regarding development) also support a neuroprotective role for  these receptors. 

Inconsistencies regarding the role of  group I mGluRs in neurodegeneration may reflect 

differences  between different  cell types in the expression of  transduction pathways or effectors 

upon which these receptors act. For example, the composition of  NMDA receptors can alter the 

role of  group I mGluRs in neurotoxicity. If  NMDA receptors contain the NR2C subunit, group I 

mGluR activation reduces both the increase in intracellular Ca2+ and the neurotoxicity induced 

by glutamate. In contrast, if  NR2C expression is knocked down with antisense oligonucleotides, 

group I mGluR activation enhances neurotoxicity (Pizzi et al.,  1999). 

In MNs, whether group I mGluRs are neurotoxic or neuroprotective is also controversial. In 

two separate studies using spinal cord slice preparations, agonists (Pizzi et al.,  2000) and 

antagonists (Valerio et al,  2002) of  group I mGluRs both protected MNs against kainate-

induced death. Studies exploring differential  expression of  group I mGluRs in MNs resistant in 

ALS versus MNs vulnerable in the disease are equally controversial. Comparison of  vulnerable 

XII and spinal MNs with resistant III and IV MNs indicated greater expression in vulnerable 

MNs, supporting a neurotoxic role for  these receptors (Laslo et al,  2001a). However, greater 

expression of  group I mGluRs in resistant MNs of  Onuf's  nucleus relative to vulnerable spinal 

MNs supports a neuroprotective role (Anneser et al,  1999; Tomiyama et al,  2001). To address 

the controversy surrounding the role of  group I mGluRs in MN degeneration, further  studies 
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comparing the effects  of  activation of  these receptors sytems in MNs with varying susceptibility 

to degeneration and additional investigation of  their toxic or neuroprotective effects  in different 

MN pools are required. 

MOTONEURON PROPERTIES 

Oculomotor (III) MNs 

Anatomy and function 

The oculomotor (III) nucleus is located in the midbrain, at the level of  the superior colliculus. 

It exists bilaterally in the ventromedial corners of  the periaqueductal gray matter, dorsal to the 

medial longitudinal fasciculus.  Ill MNs innervate medial, inferior,  and superior recti as well as 

inferior  oblique extraocular muscles via the third cranial nerve. Through these connections they 

control eye position to support behaviours including fixation,  smooth pursuit eye movements 

and saccades (Kandel et al.,  2000). 

To control eye movements III MNs receive eye position, eye velocity and head velocity 

signals from  motor circuits in the brainstem. Information  regarding horizontal eye movements is 

organised in the pontine reticular formation  and these signals are primarily relayed to III MNs 

via interneurons of  the abducens nucleus (Nguyen et al.,  1999; Nguyen & Spencer, 1999). 

Information  regarding vertical eye movements is organised in the mesencephalic reticular 

formation,  which forms  direct connections with III MNs (Spencer & Wang, 1996). Other inputs 

to the in motor nucleus include those from  the lateral vestibular nucleus, which provide head 

velocity signals involved in vestibulo-ocular reflexes  (Nguyen & Spencer, 1999). 
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III MNs have distinct characteristics in comparison to most other MN types. For example, 

unlike other MN pools they exhibit a unimodal size distribution, with relatively small soma 

diameters (28 |am in rat, Durand, 1989), and each IE MN is involved in all types of  eye 

movements (Porter & Baker, 1996). Perhaps the most distinguishing feature  of  m MNs, 

however, is their distinct firing  patterns (Robinson, 1970). Ill MNs exhibit tonic activity, which 

maintains eye position during fixation  as well as high frequency  bursts of  activity that control 

eye movements during saccades. The discharge rates of  III MNs are an order of  magnitude 

higher than those of  most other MNs with frequencies  up to 300 Hz during fixation  and 600 Hz 

during saccadic bursts. Given that 70% of  III MNs are at suprathreshold levels at primary gaze 

position, and that many are active at all gaze positions, it is likely that firing  frequency  rather 

than MN recruitment is the primary means for  controlling eye movements. 

Membrane  properties 

The oculomotor system is one of  the best-characterised motor control systems in the CNS. 

However, very little is known of  III MN membrane properties. Limited electrophysiological 

studies of  HI MNs have primarily involved sharp electrode intracellular recordings from  rat both 

in vitro  (Gueritaud, 1988, 1994; Tsuzuki et al,  1995) and in vivo (Durand, 1989). These studies 

defined  membrane properties including input resistance and resting membrane potential. They 

also characterised action potentials, demonstrated prominent ADPs, AHPs, rebound potentials 

and the ability to generate plateau potentials and bistable firing.  Intracellular recordings of 

repetitive firing  responses of  m MNs to injected current are consistent with in vivo recordings of 

oculomotor unit discharge during eye movements (Robinson, 1970), demonstrating their ability 

to fire  at very high frequencies  (up to 800 Hz Gueritaud, 1988). 
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Analysis of  membrane currents in HI MNs is limited to one recent study of  acutely isolated 

III MNs, which characterised voltage-dependent K+currents using whole-cell patch-clamp 

techniques (Lin et al.,  2002). In this study three distinct types of  Ca2+-independent voltage-

dependent outward currents were isolated in III MNs. The first  was a fast  inactivating outward 

current that was sensitive to 4-AP and insensitive to TEA, likely an IA current. The second was a 

slowly inactivating outward current that was sensitive to low concentrations (< 3 mM) of  TEA. 

The third was a persistent outward current that was only sensitive to higher doses (> 3 mM) of 

TEA. These two TEA-sensitive currents are likely to be delayed rectifier  K+ currents. 

Developmental analyses of  III MN intrinsic membrane properties are also sparse and in fact 

limited to just one intracellular recording study in rat using brain slices from  animals ranging in 

age from  1 - 1 5 days (Tsuzuki et al.,  1995). Resting membrane potential and action potential 

amplitude did not change over this period. However, input resistance and action potential 

duration declined with increasing age. The average maximum firing  frequency  also increased 

during development. Similarities in electrophysiological properties of  III MNs from  2-week old 

and adult (Gueritaud, 1988) rat suggest III MN properties are reaching the adult phenotype by 

the 2n d postnatal week when, at least in rat, the eyes open and III MNs contribute to fully 

functional  behaviours. 

To date, the modulation of  III MN intrinsic membrane properties, by group I mGluRs or other 

neurotransmitter systems remains, remains to be investigated. 

Hypoglossal (XII) MNs 

Anatomy and physiology 

The hypoglossal (XII) nucleus is located bilaterally either side of  the midline in the medulla 

with its rostral end ventral to the floor  of  the 4 th ventricle and its caudal end ventrolateral to the 
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central canal. XII MNs innervate muscles of  the tongue, including the genioglossus, hyoglossus 

and styloglossus, and are involved in a number of  motor behaviours including mastication, 

swallowing, suckling, speech and respiration (Lowe, 1980). 

Synaptic inputs, which drive the varied functions  of  XII MNs, primarily originate from 

preMNs in the reticular formation  lateral and ventrolateral to the XII nucleus. Inputs are spatially 

organised with those from  the dorsal medulla, in or around the solitary tract, specific  to XII MNs 

with axons in the lateral branch of  the XII nerve (Dobbins & Feldman, 1995), which controls 

tongue retraction (Lewis et al.,  1971). In contrast, inputs from  the region ventrolateral to the XII 

nucleus are more specific  to MNs with axons in the medial branch of  the XII nerve (Dobbins & 

Feldman, 1995), which drives tongue protrusion (Lewis et al.,  1971). XII MNs participate in a 

number of  rhythmic behaviours (Lowe, 1980) that are mediated by glutamate, including 

mastication (Katakura & Chandler, 1990), deglutition (Bieger, 1991) and respiration (Funk et 

al.,  1993). They receive glutamatergic inputs from  multiple sources, including preMNs in the 

lateral tegmental field  (Bellingham & Berger, 1994) and respiratory preMNs (Funk et al.,  1993) 

in the ventro- (Lipski et al.,  1994) and dorsolateral medulla (Peever et al.,  2002). Respiratory-

related glutamatergic inputs received by XII MNs from  respiratory rhythm generating circuits of 

the ventrolateral medulla (Funk et al.,  1993) have been well characterised. Some XII MNs 

receive both excitatory and inhibitory inputs correlating with inspiratory and expiratory phases 

of  the respiratory cycle respectively, while others receive phasic excitatory inputs alone 

(Withington-Wray etal.,  1988; Woch & Kubin, 1995). 

Firing patterns of  XII MNs have also been best characterised during respiration. Most XII 

MNs show rhythmic patterns of  activity with discharge varying from  quiescence during 

expiration to frequencies  of  25-50 Hz (Hwang & St John, 1987) during inspiration. In addition, 

less than 3% of  XII MNs exhibit tonic activity (Hwang & St John, 1987). XII MNs are also 
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rhythmically active during behaviours such as swallowing, suckling and respiration (Lowe, 

1980) but firing  frequencies  of  individual MNs during these behaviours are unknown. 

Membrane  properties 

XII MNs are arguably the best-characterised group of  MNs in the mammalian CNS (Rekling 

et al.,  2000), in part, because they from  a homogenous pool (Viana et al,  1990), which is easily 

accessed in slice preparations. Their membrane properties have been extensively characterised 

using sharp electrode intracellular and whole-cell patch-clamp recording techniques. Numerous 

intracellular studies have investigated properties including AHPs, ADPs, rebound 

depolarisations and repetitive firing  in XII MNs (Haddad et al,  1990; Nunez-Abades et al, 

1993; Viana et al,  1993a, b, 1994). Membrane currents have also been extensively characterised 

in XII MNs. They exhibit a wide range of  Na+, K+, and Ca2+ currents, which are modulated by a 

variety of  neurotransmitter systems. 

Na+ currents characterised in XII MNs include TTX-sensitive fast  inactivating Na+ currents 

(Lape & Nistri, 2001) responsible for  the fast  upstroke of  the action potential and a persistent 

Na+ current (Rekling & Laursen, 1989) that may be involved in sustaining spontaneous 

discharge. 

Multiple K+ conductances are thought to shape action potential repolarisation and control 

repetitive firing  properties of  XII MNs (Viana et al,  1993b). Whole-cell patch-clamp analysis 

has isolated two transient Ca2+-independent outward currents, a slow current that resembles the 

delayed rectifier  K+ current and a fast  current that resembles the IA current (Lape & Nistri, 

1999). These transient currents likely contribute to action potential repolarisation. Other K+ 

currents in XII MNs include Ca2+-dependent K+ currents that contribute to action potential 

repolarisation and AHPs (Viana et al,  1993a, b), and leak K+ conductances including TASK-1 
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currents that are abundant in MNs and a common target of  neuromodulators (Talley et al, 

2000). In addition, although not solely a K+ current, a hyperpolarisation-activated inward current 

(Ih) that is mediated by Na+ and K+ flux  has been identified  in XII MNs (Bayliss et al.,  1994). 

This current contributes to resting membrane potential and rebound depolarisations. 

The most extensive characterisation of  voltage-activated Ca2+ currents in MNs has been 

performed  in neonatal XII MNs. They have L, N, P/Q and R-type HVA Ca2+ channels as well as 

LVA Ca2+ channels (Umemiya & Berger, 1994). In XII MNs both LVA and HVA Ca2+ currents 

contribute to the ADP, while LVA Ca2+ currents are involved in rebound depolarisation and 

burst-firing  behaviour. N and P/Q-type HVA Ca2+ currents activate Ca2+-dependent K+ currents 

that underlie the mAHP (Viana et al.,  1993a, b; Umemiya & Berger, 1994). 

A number of  studies have investigated development changes of  intrinsic membrane properties 

in XII MNs. The repetitive firing  properties of  XII MNs change from  neonatal to adult stages 

with maximum firing  frequency  (Nunez-Abades & Cameron, 1995) and rheobase (the minimum 

current required to elicit one action potential) increasing during development (Haddad et al., 

1990). Increased firing  frequency  likely relates to decreases in action potential duration as well 

as decreases in AHP amplitude and duration (Haddad et al.,  1990; Nunez-Abades et al.,  1993; 

Viana et al.,  1994). Increased rheobase likely reflects  decreases in input resistance as expression 

of  leak K+ channels increases significantly  during development (Haddad et al.,  1990; Nunez-

Abades et al.,  1993; Viana et al.,  1994). Membrane currents also change developmentally in XII 

MNs. Ih, increases from  P8 to P21 (Bayliss et al,  1994). LVA Ca2+ currents may decrease 

during the first  postnatal week, however, this apparent reduction in LVA Ca2+ current may 

simply reflect  a decrease in the R-type HVA Ca2+ current (Umemiya & Berger, 1994). Beyond 

P6, little is known of  how voltage-activated Ca2+ channel expression changes in XII MNs. Data 

does indicate that XII MNs of  adult rat express LVA Ca2+ channel mRNA (Talley et al,  1999). 
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Intrinsic membrane properties of  XII MNs, passive and active, not only change 

developmentally, but also change in response to a wide range of  neuromodulators. 

Neuromodulation of  XII MN properties has been extensively reviewed (Bayliss et al.,  1997; 

Rekling et al.,  2000). In the context of  this study, the most relevant pathways to consider are 

those that affect  voltage-activated Ca2+ channels and the actions of  mGluRs. To date modulation 

of  voltage-activated Ca2+ channels in XII MNs has been shown in response to 5-HT (Bayliss et 

al.,  1995), while, as outlined previously, the actions of  group I mGluRs in XII MNs involve 

inhibition of  the TASK-1 channel (Talley et al.,  2000). 

Comparison of  XII and III MN properties 

EH and XII MNs control distinct behaviours, which require very different  firing  patterns. Ill 

MNs are continually active during eye fixation  and fire  bursts of  high frequency  discharge 

during saccadic eye movements (Robinson, 1970). In contrast, XII MNs fire  rhythmic bursts of 

action potentials that are followed  by periods of  quiescence to control rhythmic movements of 

the tongue during behaviours such as respiration, swallowing, suckling and chewing (Lowe, 

1980). In addition, the firing  frequencies  of  III and XII MNs during these discharge patterns are 

very different.  Ill MNs fire  at frequencies  of  up to 300 Hz during fixation  and 600 Hz during 

saccades (Robinson, 1970), an order of  magnitude higher than the firing  frequencies  of  XII 

MNs, which discharge at frequencies  of  25-50 Hz (Hwang & St John, 1987). Consistent with 

firing  rates recorded during functional  behaviours, peak firing  frequencies  measured during 

single cell recordings in response to injected currents are much lower in XII (42 Hz from  P19 -

P30, Nunez-Abades et al.,  1993; -55 Hz in neonates and -80 Hz in adults, Haddad et al.,  1990) 

versus III MNs (-450 Hz at P14, Tsuzuki et al.,  1995; - 800 Hz in adults stages, Gueritaud, 

1988). 
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Differences  in the expression of  intrinsic membrane properties and differences  in the effects 

that neuromodulators have on these properties may underlie the distinct firing  patterns of  HI and 

XII MNs. However, the lack of  data regarding the intrinsic properties of  III MNs, or their 

neuromodulation, means that the ability of  III MNs to generate sustained firing  at frequencies  an 

order of  magnitude higher than most other MNs, including XII MNs, is poorly understood. In 

contrast, the intrinsic membrane properties, including ionic conductances, which contribute to 

XII MN excitability, and the neuromodulation of  these properties, have, at least at neonatal 

stages, been well studied. 

Comparison of  limited data available for  III MNs highlights some differences  in membrane 

properties between these two classes of  MNs that may contribute to their different  firing 

frequencies.  For example, action potential half  width is 3- to 4-fold  shorter in III (up to 1 ms at 

PI and 0.25 ms at PI5, Tsuzuki et al.,  1995) compared to XII MNs (average 2.2 ms at PI-2, 1.1 

ms at P19-30, Nunez-Abades et al.,  1993; 0.6 ms in adult rat, Haddad et al.,  1990) and AHP 

duration is longer in XII (150 ms, Viana et al.,  1994; and 75 ms, Nunez-Abades et ai, 1993) 

compared to III MNs (30 ms, Gueritaud, 1988). Differential  expression of  membrane channels 

may underlie these differences  in action potential and AHP duration and hence firing  frequencies 

in III and XII MNs. For example, shorter duration AHPs in III MNs may result from  reduced 

expression of  either Ca2+-dependent K+ channels, which underlie the AHP, or voltage-activated 

Ca2+ channels, which activate Ca2+-dependent K+ channels. Thus, comparison of  voltage-

activated Ca2+ channels in III and XII MNs in the present study will provide the information 

necessary to understand the role of  voltage-activated Ca2+ channels in the determination of  the 

distinct firing  patterns of  these two classes of  MNs. 

As discussed above, neuromodulation of  XII MN properties has been studied in detail 

(Bayliss et al.,  1997; Rekling et al.,  2000), and receptor systems, including those of  group I 

mGluRs, have been found  to modulate XII MN excitability. However, given the lack of  data 
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regarding the neuromodulation of  HI MN properties, comparisons of  neuromodulatory effects, 

which might contribute to the different  firing  patterns of  III and XII MNs, cannot be made. Thus, 

comparison of  the effects  of  group I mGluR activation in III and XII MNs in the present study 

aims to provide the information  necessary to understand the role of  modulation by mGluRs in 

determining the distinct firing  properties of  these two classes of  MNs. 

The development of  behaviours controlled by III and XII MNs also differs  markedly. For 

example, III MNs control eye movements, which are not fully  functional,  at least in rat, until the 

second postnatal week. In contrast, XII MNs contribute to behaviours such as respiration and 

suckling that are functional  at birth. Given these differences  one would predict that the 

development of  intrinsic properties might occur more rapidly in XII relative to III MNs. Limited 

data (discussed above) suggests that development changes in the intrinsic properties of  both in 

and XII MNs continues throughout the first  few  postnatal weeks. Whether differences  in the 

development of  voltage-activated Ca2+ channels or group I mGluRs in HI and XII MNs relate to 

the different  time courses of  maturation of  the behaviours that these two classes of  MNs control 

remains to be established. Analysis of  these channels/receptor systems in neonatal and juvenile 

animals in the present study will provide baseline information  necessary for  further  exploration 

of  the role of  these factors  in III and XII MN development. 

Finally, III and XII MNs differ  in their susceptibility to degeneration in ALS. Unlike MNs of 

III, IV, VI and Onuf's  nuclei, MNs of  XII, V, VII, and most spinal motor nuclei degenerate in 

ALS (DePaul et al.,  1988; Gizzi et al.,  1992). Differential  susceptibility to degeneration may 

relate to the distinct Ca2+ dynamics of  different  MN pools. For example, XII (Lips & Keller, 

1998) and spinal (Palecek et al.,  1999) MNs have lower Ca2+ buffering  capacities than III MNs 

(Vanselow & Keller, 2000). Although low Ca2+ buffering  facilitates  rapid Ca2+ signalling, which 

is thought to be important in the discharge patterns of  XII MNs during rhythmic behaviours such 

as respiration (Lips & Keller, 1999), it may predispose XII MNs to degeneration due to 
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excessive build up of  intracellular Ca2+ during excitotoxic insult. In contrast, greater Ca2+ 

buffering  in IH MNs, which may reflect  cellular adaptations that protect them from  metabolic 

stress and excessive elevation of  intracellular Ca2+ during normal physiological conditions, may 

also contribute to their resistance to degeneration in ALS. Whether differential  expression of 

voltage-activated Ca2+ channels and group I mGluRs is also consistent with a role for  these 

channels/receptor systems in the predisposition of  XII but not III MNs to degeneration in ALS 

will be addressed in the present study by directly comparing voltage-activated Ca2+ channels and 

group I mGluRs in III and XII MNs. 

EXPERIMENTAL APPROACH 

Our understanding of  the role played by voltage-activated Ca2+ channels and group I mGluRs 

in the excitability, development and pathophysiology of  MNs would be greatly enhanced if  we 

had detailed knowledge of  how the effects  of  these channels/receptor systems change during 

development in functionally  distinct classes of  MNs that also vary in their susceptibility to 

degeneration in neurological disease. Thus, the experimental approach of  the present study was 

to compare these factors  in functionally  distinct hypoglossal (XII) and oculomotor (ID) MN 

pools, which also exhibit differential  susceptibility to degeneration in ALS. Experiments were 

performed  in both neonatal (PI - P5) and juvenile (P15 - P19) rat using electrophysiological and 

standard diaminobenzidine (DAB) immunohistochemical techniques (methods are described in 

detail in the preceding chapters). There were three main reasons for  choosing this experimental 

approach. 

Firstly, factors  affecting  MN excitability are typically studied in single MN pools, while 

factors  that contribute to the greater susceptibility of  MNs to degeneration are typically studied 
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by comparing MNs with non-MNs. However, given that Ca2+ dynamics contributes to MN 

physiology and pathophysiology, and MNs exhibit different  patterns of  activity and variable 

susceptibility to degeneration, it is likely that they also display contrasting expression of  intrinsic 

factors  affecting  Ca2+ dynamics. Indeed Ca2+ buffering  capacities vary in XII (Lips & Keller, 

1998), III (Vanselow & Keller, 2000) and spinal (Palecek et al,  1999) MNs, which are 

functionally  distinct and show variable susceptibility to degeneration as seen in ALS. Thus, the 

first  major premise of  this study was that comparison of  functionally  distinct XII and HI MN 

pools, which also differ  in susceptibility to degeneration in ALS, would provide more direct 

insight into how factors  affecting  Ca2+ dynamics contribute to both normal physiological 

behaviours as well as pathophysiological conditions. 

Secondly, due to the difficulties  in producing slices containing viable MNs from  older 

animals, the majority of  electrophysiological studies on MNs are performed  in embryonic or 

neonatal animals. However, MNs often  contribute to behaviours that are not fully  functioning 

during embryonic or even early postnatal periods. For example, III MNs control eye movements, 

which are not fully  functional  until, at least in rat, 2 weeks postnatal when the eyes open. Even 

for  behaviours like breathing, that are functional  at birth, to ensure that breathing movements 

continue throughout life,  this activity must change to deal with mechanical and structural 

changes that occur with growth and also electrophysiological changes of  the neural control 

system. Furthermore, pathological conditions affecting  MNs, such as ALS, often  exhibit adult 

onset making studies in early development stages of  unknown relevance to the disease process. 

Thus, to understand the role of  voltage-activated Ca2+ channels and group I mGluRs in the 

development of  different  firing  behaviours in functionally  distinct MN pools and the differential 

susceptibility of  MNs to degeneration in ALS, an adult onset disease, in the present study 

characterisation of  III and XII MNs was extended to include juvenile (2-3 week old) animals. 
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Finally, although XII MNs have been studied extensively using whole-cell patch-clamp 

techniques in acute rat brain slices, few  electrophysiological experiments have been performed 

on III MNs (see above). Given the lack of  characterisation of  III MNs the present study also 

aimed to provide novel information  regarding III MN membrane properties, which will aid in 

further  understanding of  III MN function  and the oculomotor system as a whole. 

The following  chapters are expanded versions of  manuscripts submitted for  publication. 
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Chapter 

Differential  expression of  voltage-activated 
Ca2+ channels in brainstem motoneurons 

controlling airway and extraocular muscles in 
neonatal and juvenile rat 



INTRODUCTION 

Voltage-activated Ca2+ channels form  a diverse family  of  ion channels that is comprised of 

low voltage-activated (LVA) or T-type channels, and high voltage-activated (HVA) Ca2+ 

channels which exist as L, N, P/Q and R-subtypes (Ertel et al.,  2000). These channels are 

critical to the physiology and pathophysiology of  excitable cells. Their tight relationship with 

intracellular Ca2+-dependent signalling cascades means that they do not simply contribute to 

the electrical activity of  neurons. They also transduce electrical signals at the cell membrane 

into many forms  of  non-electrical, intracellular activity including processes important in 

neurotransmitter secretion, channel gating, and regulation of  gene expression (Hardingham et 

al.,  1997; Hille, 2001). 

Analyses of  voltage-activated Ca2+ currents in brainstem (Viana et al.,  1993a; Umemiya & 

Berger, 1994; Bayliss et al.,  1995) and spinal (McCobb et al.,  1989; Berger & Takahashi, 

1990; Mynlieff  & Beam, 1992a, b; Hivert et al.,  1995; Gao & Ziskind-Conhaim, 1998; 

Martin-Caraballo & Greer, 2001) MNs are primarily limited to embryonic or neonatal 

animals. Studies indicate that at this early stage MNs express all subtypes of  voltage-

activated Ca2+ channels. In general, LVA Ca2+ currents decrease while HVA Ca2+ currents 

increase in MNs over this time frame  (Mynlieff  & Beam, 1992b; Gao & Ziskind-Conhaim, 

1998; Martin-Caraballo & Greer, 2001) implying a role for  Ca2+ channels in a variety of 

perinatal developmental processes including naturally occurring MN cell death (McCobb et 

al.,  1989) and synapse elimination (Mynlieff  & Beam, 1992a). 

Voltage-activated Ca2+ channels are also critical in the control of  excitability and 

repetitive firing  behaviour of  MNs. They shape the action potentials and modulate the firing 

frequency  of  MNs (Rekling et al.,  2000), primarily through their effects  on Ca2+-dependent 
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K+channels and the AHP. This implies that postnatal changes in voltage-activated Ca2+ 

channel expression, when many motor units are becoming functional,  will contribute to the 

maturation of  firing  behaviour. Furthermore, differential  expression of  voltage-activated Ca2+ 

channels is likely to be important in establishing the task-specific  firing  properties of 

functionally  distinct motoneuron pools. With the exception of  one recent study in lumbar 

MNs (Carlin et al.,  2000a), little is known of  Ca2+channel expression in MNs beyond the 

early postnatal period. 

Ca2+ flux  through voltage-activated Ca2+channels may also contribute to a range of 

neurological and motor diseases including ALS (Llinas et ai, 1993; Smith et ai, 1994; 

Mosier et al.,  1995; Miller, 1997). Therefore,  differential  expression of  voltage-activated 

Ca2+channels between different  MN pools might contribute to their variable susceptibility to 

degeneration in ALS (DePaul et al.,  1988; Gizzi et al.,  1992). 

To understand the role of  voltage-activated Ca2+ channels in the development, physiology 

and pathophysiology of  MNs requires ontogenetic characterization of  these channels in 

functionally  distinct MNs. The goal of  this study was therefore  to compare the magnitude and 

compliment of  voltage-activated Ca2+ currents in III and XII MNs in rats between postnatal 

day 1 and 19 (PI - PI9) because these MNs differ  functionally  in their rate of  maturation, 

firing  behaviour, and their vulnerability to degeneration in ALS. Ill MNs innervate 

extraocular muscles and control eye position to support behaviours including fixation, 

smooth pursuit eye movements and saccades. These behaviours require sustained action 

potential output at very high frequencies  (with peak frequencies  of  600 Hz during saccades; 

Robinson, 1970) that are likely achieved through postnatal maturation of  MN properties 

since, at least in rats, eyes do not open for  the first  two weeks. XII MNs, in contrast, 

innervate muscles of  the tongue and participate in many rhythmic behaviours, such as 

breathing, suckling, and swallowing (Lowe, 1980), that must be fully  functional  from  the 
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moment of  birth. XII MNs discharge bursts of  action potentials at frequencies  more than 10-

fold  lower (25-50 Hz; Hwang & St John, 1987) than III MNs. Finally, XII MNs like most 

MNs, are susceptible to degeneration in ALS whereas III MNs are relatively resistant 

(DePaul et al.,  1988; Gizzi et al.,  1992). There is growing consensus that understanding how 

factors  affecting  Ca2+ homeostasis differ  between vulnerable and resistant MN pools will 

provide insight into the disease process itself. 
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METHODS 

Electrophysiology 

Slice  preparation 

Experiments were performed  on brainstem slices from  neonatal (Pi - P5, n = 45) and 

juvenile (P14 - P19, n = 16) Wistar rats. One to three days prior to experimentation a 

subgroup of  animals received intraperitoneal injections of  Fluoro-Gold (0.04 mg/g body 

weight) to retrogradely label MNs (Ambalavanar & Morris, 1989; Merchenthaler, 1991) for 

additional identification  prior to whole-cell patch-clamp recording. 

Neonatal brainstem slices containing either III or XII motor nuclei were prepared using 

techniques similar to those described previously for  XII MNs (Umemiya & Berger, 1994). 

Briefly,  animals were anaesthetised with ether and decerebrated. A tissue block extending 

from  the mid-cervical spinal cord to the rostral midbrain was isolated in neonatal artificial 

cerebrospinal fluid  (aCSF, oxygenated with 95%02/5%C02; see Solutions  and Drugs for 

contents) and glued rostral end down in front  of  an agar block on a metal platform. 

Transverse sections (300 thick) of  tissue blocks were cut with a Leica (VT 1000S) 

vibratome and sapphire blade (Delaware Diamond Knives) at room temperature. Two to three 

slices containing the XII nucleus were collected. The blade was then advanced to the caudal 

margin of  the inferior  colliculi. From here one or two 300 fim  thick sections containing the 

HI nucleus were collected. Slices were transferred  to a holding chamber containing neonatal 

aCSF (oxygenated with 95%02/5%C02) and left  to recover for  at least 20 min at room 

temperature before  being transferred  to a recording chamber (500 /il) mounted on the fixed 

stage of  an upright microscope (Zeiss Axioscope FS, Germany). 
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For the preparation of  brainstem slices from  juvenile (P14 - P19) rats, animals were 

deeply anaesthetized with sodium pentobarbital and decapitated. The brainstem and spinal 

cord was then blocked in situ  and rapidly isolated for  preparation of  either midbrain (IH MN) 

or medullary (XII MN) slices. For collection of  slices containing III motor nuclei, the tissue 

block extended from  the mid-cervical spinal cord to the rostral midbrain. For collection of 

slices containing XII motor nuclei, the tissue block extended from  the mid-cervical spinal 

cord to the ponto-medullary junction. All tissue blocks included rostral parts of  the spinal 

cord to facilitate  handling. Blocks were glued rostral end down in front  of  an agar wedge, 

placed into ice-cold, sucrose-substituted (Aghajanian & Rasmussen, 1989), juvenile aCSF 

(oxygenated with 95%02/5%C02; see Solutions  and Drugs for  contents) at approximately 

4°C and cut transversely (250 jum thick). Slices were transferred  to a recovery chamber 

containing sucrose-substituted, juvenile aCSF (oxygenated with 95%C>2/5%C02) and left  for 

45 min at 34°C. They were then kept in a holding chamber containing juvenile aCSF for  at 

least 1 hour at room temperature, prior to recording. 

The ice-cold, sucrose-substituted solution (Aghajanian & Rasmussen, 1989) was used to 

increase MN viability and was critical for  the preservation of  MNs on the surface  of  juvenile 

slices. Ice-cold temperatures aid in cell survival presumably by reducing the metabolism and 

hence the energy requirements of  cells, while replacement of  NaCl with sucrose reduces the 

harmful  effects  of  Na+ and CI" entry (Rosenberg & Lucas, 1996), which occurs due to the 

anoxia induced depolarisation associated with decapitation, dissection and slicing. The 

sucrose-substituted solution also had lower Ca2+ concentration in comparison to recording 

solutions to reduce Ca2+ influx  during depolarization, which could also limit MN viability 

(Choi, 1992) during slice preparation. Finally, recovery in warm (34°C) solution was used as 

this is believed to activate temperature-dependent enzymes involved in cell repair. 
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In contrast to neonatal experiments, where slices containing the III or XII nucleus were 

obtained from  the same animal and studied on the same day, slices from  individual juvenile 

animals were taken from  either the midbrain or medulla, but not from  both regions. This 

procedure facilitated  rapid preparation of  slices, which enhanced viability of  juvenile MNs. 

MN  identification 

XII MNs reside in a relatively homogeneous nucleus (<5% are interneurons; (Viana et al., 

1993a), and are easily identifiable  under infrared  differential  interference  contrast (IR-DIC) 

microscopy based on previously published criteria (Viana et al.,  1993a). In particular they 

can be identified  by location in the slice, characteristic morphology, and electrophysiological 

properties. That these criteria were sufficient  to identify  XII MNs was verified  in initial 

experiments by retrograde labelling of  MNs with Flouro-Gold in 6 neonatal and 5 juvenile 

animals (Fig. 1). Relative to the XII nucleus, the borders of  the III nucleus are less clear and 

features  of  III MNs are poorly characterized. Thus, III MNs were identified  by Flouro-Gold 

labelling in several initial experiments. Large (-20 - 30 pm diameter) putative III MNs in the 

ventrolateral corner of  the periaqueductal gray matter were first  selected under IR-DIC and 

then examined for  presence of  Flouro-Gold labelling. Using this procedure, 26 of  26 neurons 

selected based on location within the slice and morphology as putative motoneurons were 

labelled with Flouro-Gold. Thus, Flouro-Gold identification  was not used systematically in 

the latter experiments. In total, 37 of  55 neonatal and 15 out of  20 juvenile III MNs were 

identified  with Flouro-Gold labelling. 
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XII motoneuron 

Recording pipette 

Figure 1. Identification  of  MNs by retrograde labelling with Fluoro-Gold. 

High magnification  images of  a XII MN from  a neonatal rat showing (A) Fluoro-Gold labelling of  the 

motoneuron, (B) the same MN viewed under infra-red  differential  interference  contrast microscopy 

(IR-DIC) and (C) the same MN with a pipette attached for  whole-cell patch-clamp recording. 
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Whole-cell  recording  and data  analysis 

Whole-cell patch-clamp recordings were made from  cells visualised with IR-DIC (Fig. 

1C). Patch electrodes (resistance 3.0 - 4.0 MQ; tip size 1 .5-2 fim)  were pulled on a Sutter 

P-97 puller from  1.2 mm O.D. filamented  borosilicate glass (Clark Electromedical, UK). 

Signals were amplified  and filtered  (low pass 2 kHz Bessel filter)  with an Axopatch 200B 

amplifier  (Axon Instruments, Union City, CA), and acquired at 8 kHz using a Digidata 

1200B A/D board and pClamp 6.0 software.  A P4 leak subtraction protocol was used for  all 

voltage-clamp recordings of  Ca2+ currents. Signals were analysed offline  using AxoGraph 4.0 

software  or Clampfit  8.0 software  (Axon Instruments, Union City, CA). 

Series resistance averaged 11.6 ± 0.6 M£2 for  recordings in neonatal III MNs (n = 57), 7.7 

± 0.6 MQ in juvenile III MNs (n = 14), 9.7 ± 0.5 MQ in neonatal XII MNs (n = 52) and 8.6 ± 

0.5 M£2 in juvenile XII MNs (n = 20). Series resistance was compensated up to 60% and 

monitored throughout the experiment. Data were discarded if  series resistance changed by 

>10 % between control and test conditions. Whole-cell capacitance, measured using the 

compensation circuitry of  the amplifier,  averaged 41 ± 3.7 pF for  neonatal in MNs (n = 57), 

41 ± 3.2 pF for  juvenile III MNs (n = 14), 51 ± 1.4 pF for  neonatal XII MNs (n = 52) and 53 

± 2.4 pF for  juvenile XII MNs (n = 20). Input resistance (RN) was 242 ± 20 M£2 for  neonatal 

m MNs (n = 57), 128 ± 18 MQ for  juvenile m MNs (n = 14), 137 ± 11 MQ for  neonatal XII 

MNs (n = 52) and 71 ± 4 MQ for  juvenile XII MNs (n = 20). Currents were reported relative 

to membrane capacitance as current densities to facilitate  comparison between MN pools. 

Differences  between means were compared using the Student's t-Test. Values of  p < 0.05 

were assumed significant.  All data are expressed as means ± SE. All recordings were 

performed  at room temperature (22-24°C). 
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Current  analysis 

LVA and HVA Ca2+ currents were investigated using voltage-clamp protocols similar to 

those reported previously (Umemiya & Berger, 1994; Murchison & Griffith,  1995, 1996; 

Carlin et al.,  2000a; Martin-Caraballo & Greer, 2001). A more detailed description of 

protocols is included in the Results. 

Solutions  and drugs 

The aCSF used for  dissecting and slicing neonatal tissue contained (in mM): 128 NaCl, 3 

KC1, 1.5 CaCl2, 1 MgS04, 26 NaHC03, 0.5 NaH2P04, 30 D-glucose (equilibrated with 

95%02/5%C02, at room temperature, pH = 7.45). The sucrose-substituted aCSF in which 

juvenile tissue was dissected, sliced and incubated during recovery contained (in mM): 218 

sucrose, 3 KC1, 1 CaCl2, 2 MgCl2, 26 NaHCO, 1.3 NaH2P04, 10 D-glucose (equilibrated with 

95%02/5%C02, at ~4°C for  slicing or ~34°C for  recovery; pH = 7.4). Following incubations 

at elevated temperatures in sucrose substituted solutions, slices from  juvenile rats were stored 

until needed at room temperature in juvenile aCSF containing (in mM): 130 NaCl, 3 KC1, 2 

CaCl2, 1 MgS04, 26 NaHC03, 1.3 NaH2P04, 10 D-glucose (equilibrated with 

95%02/5%C02, pH = 7.45). 

The external and internal recording solutions were designed to minimise Na+ and K+ 

currents. The pipette solution for  analysis of  LVA and HVA Ca2+ currents was the same and 

contained (in mM): 100 cesium methane-sulfonate  (CH303SCs), 1 CaCl2, 10 HEPES, 10 

BAPTA, 2 Mg 2+-ATP, 30 TEA (pH 7.2 - 7.3 adjusted with CsOH). When recording from 

juvenile MNs 0.3 mM GTP was also added to the pipette solution because it improved 

recording stability. 
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For studies of  LVA Ca2+ currents in neonatal MNs, the external solution contained (in 

mM): 105 NaCl, 2 CaCl2, 2 MgS04, 26 NaHC03, 1.25 NaH2P04, 20 D-glucose, 30 TEA, 1 

4-amino pyridine (4-AP), 0.5 fiM  TTX (equilibrated with 95%02/5%C02, at room 

temperature, pH = 7.45). For studies of  HVA Ca2+ currents in neonatal MNs, a HEPES based 

solution was used. This was necessary because slices were not continuously superfused 

during the experiments in which specific  HVA Ca2+ channel antagonists were added to the 

bath. Use of  HEPES buffer  avoided any pH-dependent changes in Ca2+ currents that might 

accompany stoppage of  flow  of  bicarbonate-buffered  solutions (Tombaugh & Somjen, 1996; 

Zhou & Jones, 1996). This solution contained (in mM): 110 NaCl, 2 CaCl2, 2 MgCl2, 10 

HEPES, 20 D-glucose, 30 TEA, 1 4-AP, and 0.5 /iM TTX (pH 7.45 adjusted with NaOH), 

and was bubbled with 100% 0 2 . Although other studies have used Ba2+ as the charge carrier 

for  measurements of  Ca2+ currents (Umemiya & Berger, 1994) I used Ca2+ because in 

preliminary experiments in which Ba2+ was used in the extracellular solution recordings were 

very unstable. 

In juvenile preparations both LVA and HVA Ca2+ currents were measured using the 

HEPES-based external solution. To ensure the validity of  comparing LVA Ca2+ currents 

between neonatal and juvenile MNs, in which different  buffers  were used, I established in a 

subset of  neonatal MNs that currents measured in HEPES buffer  were indistinguishable from 

those measured in bicarbonate-buffered  solutions (III, n = 4; XII, n = 3). 

Junction potentials were calculated as 4 mV using the JPCalc program in Clampex 8. For 

experiments investigating HVA Ca2+ currents, the same solutions were in all experiments. 

Thus, no correction was made for  junction potentials because they would have no effect  on 

comparisons between XII and III or neonatal and juvenile MNs. For experiments 

investigating LVA Ca2+ currents, all juvenile experiments were performed  in HEPES-based 

extracellular solutions, whereas the majority of  neonatal experiments used bicarbonate-based 
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solution (junction potential = ??mV). To address the possible confounding  influence  of  the 

different  junction potentials for  comparing LVA Ca2+ currents between neonatal and juvenile 

MNs, a subset of  experiments were performed  in neonates using HEPES-based extracellular 

solution. As noted above, currents measured in the two buffers  were indistinguishable. 

The P/Q-type Ca2+ channel blocker G>agatoxin-TK (0.5 /*M; Alomone Labs, Israel; 

Teramoto et al,  1993) and the N-type Ca2+ channel blocker co-conotoxin-GVIA (6 /*M; 

Alomone Labs, Israel; McCleskey et al,  1987) were dissolved in the HEPES based external 

solution with 0.1% cytochrome C (Sigma, St. Louis) added to prevent toxins oxidizing and 

sticking to plastic. The dihydropyridines nimodipine (20-40 /*M; Tocris) and nifedipine  (20-

40 fiM\  Sigma), which block L-type Ca2+ channels (Hille, 2001), were dissolved in ethanol 

and diluted in external solution (final  concentration of  ethanol < 0.1%). Due to their light 

sensitivity these dihydropyridines were protected from  light. Cadmium chloride (0.5 mM; 

Sigma, St. Louis) was dissolved in external recording solution. Channel blockers were used 

at concentrations equal to or greater than saturating doses reported in previous studies of  Ca2+ 

channels in MNs in slice preparations (Umemiya & Berger, 1994; Plant et al,  1998; Carlin et 

al,  2000a). 

Immunohistochemistry 

Immunohistochemical experiments were performed  on brainstem slices from  neonatal and 

juvenile rats. Animals were deeply anesthetized with sodium pentobarbital and fixed,  either 

by transcardial perfusion  with heparinized saline followed  by 4% formaldehyde/0.5% 

glutaraldehyde in 0.1M phosphate buffer,  or via post-fixation  where 1mm thick sections, 

obtained using methods outlined above for  electrophysiological experiments, were immersed 

in fixative  solution (4% formaldehyde/0.5%  glutaraldehyde) overnight. All brain tissue was 
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then cryoprotected in sucrose (30%) and cryostat sections were cut at 25 - 30 jum. Free-

floating  sections containing III or XII motor nuclei were treated with 0.3% H2O2 (30 - 40 

min) to quench endogenous peroxidase activity. For LVA Ca2+ channel and choline 

acetyl transferase  (CHAT) immunolabelling, an antigen retrieval step was included which 

involved incubation in 100 mM sodium borohydride for  20 min. Sodium borohydride reduces 

amine-aldehyde complexes and breaks down aldehyde cross-links in fixed  tissues, aiding in 

the unmasking of  antigenic sites and facilitating  the penetration of  antibodies through tissue 

sections (Stuart & Oorschot, 1995; Clancy & Cauller, 1998). Following 3 washes in 

phosphate buffered  saline (PBS), sections were incubated in sheep serum (5% and 10% for 

LVA and HVA immunolabelling respectively) for  2 hrs to reduce non-specific  primary 

antibody labelling, and then for  36 hrs with primary antibodies raised in rabbit against the 

a lA subunit of  the P/Q type HVA Ca2+ channel (1:250 for  neonatal tissue, 1:500 for  juvenile 

tissue; Alomone Labs), the a lG subunit of  the LVA Ca2+ channel (1:40; Eli Lilly & 

Company) or CHAT (1:1000; Chemicon International). After  3 washes in PBS, sections were 

incubated in biotinylated anti-rabbit IgG (2 hrs for  neonatal tissue, 24 hrs for  juvenile tissue; 

1:500; Sigma), washed 3 times in PBS, and incubated in ExtrAvidin-peroxidase (2 hrs for 

neonatal tissue, 24 hrs for  juvenile tissue; 1:500; Sigma). The reaction product was visualized 

with diaminobenzidine (DAB) in the presence of  H 2 0 2 . The sections were then washed in 

distilled water, mounted onto slides, air-dried and cover slipped with Hystomount (Hughes 

and Hughes) or Citifluor  (Alltech). 

PBS washes were 3x15 min for  neonatal tissue and 3 x 30 min for  juvenile tissue. All 

washes were performed  at room temperature on an orbital shaker. For neonatal tissue, all 

incubation steps were performed  at room temperature while for  juvenile tissue incubation 

steps were performed  at ~4°C. In each age group, all sections from  different  regions were 

processed simultaneously to facilitate  comparison between III and XII MNs. Rostro-caudal 
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boundaries of  the III and XII motor nuclei were verified  in all experiments by taking the first 

and last sections and either processing them for  CHAT or visualizing Fluoro-Gold labelled 

MNs under epifluorescence.  Control sections, which were omitted from  the incubation step in 

primary antibody, showed no labelling. Histological images were viewed under standard light 

microscopy and staining intensity in the two MN pools compared visually. 
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RESULTS 

Low voltage-activated Ca2+ channels 

LVA Ca2+ currents contribute to burst firing  behaviour in many neurons (Huguenard, 

1996). Given that XII MNs produce rhythmic bursts of  action potentials during a variety of 

behaviours, whereas III MNs discharge tonically, I tested the hypothesis that LVA Ca2+ 

channel expression is higher in XII MNs. 

My initial attempts to isolate and measure LVA Ca2+ currents involved subtraction of 

currents evoked by two voltage-clamp protocols; one designed to activate only the HVA Ca2+ 

channels, another to activate both LVA and HVA Ca2+ channels (Umemiya & Berger, 1994; 

Murchison & Griffith,  1995; Plant et al.,  1998; Carlin et al.,  2000a). The protocol for 

inducing both LVA and HVA Ca2+ currents employed steps from  a holding potential of  -80 

mV to test potentials between -70 and +40 mV (10 mV increments) for  50 ms (Fig. 2). The 

protocol for  inducing HVA Ca2+ currents used steps from  a holding potential of  -50 mV, at 

which LVA Ca2+ channels remain inactivated, to test potentials between -80 and +40 mV for 

50 ms (Fig. 5A). The difference  between the current evoked by these two protocols provided 

a measure of  the LVA Ca2+ current magnitude in neonatal and juvenile XII MNs. This 

approach however, was not suitable for  neonatal (Fig. 2B) or juvenile (Fig. 2C) HI MNs. I/V 

relationships (Fig. 2B, 2C) showed that protocols starting from  a holding potential of  -80 mV, 

which activate both HVA Ca2+ and LVA Ca2+ channels, produced currents that were either 

similar in magnitude or smaller than currents produced by the protocol activating HVA Ca2+ 

channels alone. The presence of  a prominent outward current in some III MNs with steps to 

above 0 mV (Fig. 2A) raised the possibility that an additional outward current may obscure 

part of  the Ca2+ current evoked with steps from  -80 to -20 mV or more depolarised levels. 
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A 
Neonatal III MN Neonatal XII MN 

B 
Neonatal III MNs Neonatal XII MNs 

c 
Juvenile III MNs Juvenile XII MNs 

Figure 2. Analysis of  LVA Ca2+ currents is complicated by the presence of  voltage-activated 

outward currents in III MNs. 

A, Leak-subtracted Ca2+ currents (LVA and HVA) in neonatal III and XII MNs elicited by steps 

from  a holding potential (Vhold) of-80  mV. Note large outward currents activated by this protocol 

in III MNs. B & C, Average current/voltage relationships for  currents elicited by steps from 

V h o i d = " 5 0 m V a n d " 8 0 m V in (B) neonatal III (n = 14) and XII (n = 9) MNs and (C) juvenile III 

(n = 14) and XII (n = 19) MNs. Raw data traces in this and all other figures  represent single 
sweeps and all error bars represent SE. 
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Thus, to compare the magnitude of  LVA Ca2+ currents between ID and XII MNs, LVA Ca2+ 

currents were assessed with single steps from  -80 mV to -40 mV (Fig. 3A, 3C) (Martin-

Caraballo & Greer, 2001). These steps did not induce the outward current in III MNs and do 

not activate HVA Ca2+ channels (Murchison & Griffith,  1995). 

In neonatal preparations, all III and XII MNs showed LVA Ca2+ currents in response to 

these steps. Peak LVA Ca2+ currents were measured as the greatest current recorded from  a 

single data point during the voltage step regardless of  the time point. Measurements of 

absolute and capacitance-corrected currents revealed no significant  difference  in the peak 

magnitude of  the LVA Ca2+ current in IE MNs (-226 ± 37 pA and -4.6 ± 0.8 pA/pF, n = 13) 

compared to XII MNs (-320 ± 66 pA and -5.9 ±1.1 pA/pF, n = 9) (Fig. 3B). All MNs showed 

LVA Ca2+ currents. Peak currents were measured as the greatest current recorded from  a 

single data point during the voltage step regardless of  the time point. Furthermore, CdCh (0.5 

mM) produced a similar reduction in LVA Ca2+ current magnitude in the two MN pools. In 

III MNs the current was reduced by 2.1 ± 0.4 pA/pF (from  4.6 ± 0.8 to 2.6 ± 0.4 pA/pF; n 

=13) while in XII MNs, the current decreased by 3.2 ± 0.6 pA/pF (from  5.9 ± 1.1 to 2.7 ± 0.5 

pA/pF; n = 9). 

While LVA Ca2+ currents are similar in neonatal III and XII MNs, the importance of  Ca2+ 

channels in bursting behaviour, combined with the fact  that XII MNs contribute to functional, 

rhythmic behaviours immediately after  birth, led us to test the hypothesis that LVA Ca2+ 

channel expression is greater in XII relative to III MNs at juvenile stages when both MN 

pools are involved in functional  behaviour. Because XII MNs contribute to functional 

behaviours at the time of  birth, I also hypothesized that LVA Ca2+ current levels are more 

stable postnatally in XII MNs. In contrast to neonates (PI - P4), measurements in juvenile 

preparations (P14 - P19) of  absolute and capacitance-corrected currents elicited with steps 

from  -80 mV to -40 mV revealed two-fold  greater LVA Ca2+ currents in XII (-223 ± 41 pA 
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Figure 3. Compared with I I I MNs, the density of  LVA Ca2+ currents in XII MNs is similar 

in neonates but greater in juveniles. 

A, Leak-subtracted LVA Ca2+ currents elicited by steps from  -80 mV to -40 mV in neonatal III 

and XII MNs showing the block by bath application of  CdCl2 (0.5 mM). B, Pooled data showing 

peak LVA Ca2+ current densities evoked in response to steps from  -80 to -40 mV before  and after 

the application of  CdCl2 (0.5 mM) to the solution bathing neonatal III and XII MNs. C, Leak-

subtracted LVA Ca2+ currents elicited by steps from  -80 mV to -40 mV in juvenile III and XII 

MNs. D, Pooled data showing peak LVA Ca2+ current densities in response to steps from  -80 to 

-40 mV in juvenile III and XII MNs (#, significant  difference  between III and XII MNs; *, 

significant  difference  between neonatal and juvenile MNs from  the same MN pool). 
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and -4.5 ± 0.8 pA/pF, n = 10) compared to III MNs (-84 ± 21 pA and -2.3 ± 0.5 pA/pF, n = 

11) (Fig. 3D). This reflected  a two-fold  decrease in absolute LVA Ca2+ current density 

between PI - P5 and P14 - P19 in ID MNs. LVA Ca2+ currents in XII MNs did not change 

over the same developmental period. In juvenile preparations the sensitivity of  LVA Ca2+ 

currents to CdCl was not tested. 

Analysis of  immunolabelling for  the a lG subunit of  the LVA Ca2+ channel confirmed  the 

presence of  protein for  this channel in neonatal and juvenile ID and XII MNs. Labelling was 

primarily limited to the soma. Staining was most intense within the cytoplasm. In some MNs, 

labelling extended a short distance into proximal dendrites. Labelling intensity was similar in 

IH and XII MNs in both neonatal (n = 3) and juvenile rats (n = 3) (Fig. 4). 

High voltage-activated Ca2+ channels 

Ca2+ flux  through HVA Ca2+ channels is an important determinant of  repetitive firing 

behaviour. It increases the inter-spike interval to produce spike frequency  adaptation through 

modulation of  the medium AHP, and affects  the inter-burst interval in rhythmically-active 

neurons via modulation of  both the medium and slow AHP (Viana et al.,  1993b; Martin-

Caraballo & Greer, 2001). Given the oscillatory nature of  XII MN activity and the high 

frequency  discharge of  III MNs, I tested the hypothesis that HVA Ca2+ current levels are 

higher in XII relative to III MNs. HVA Ca2+ currents were investigated using steps (50 ms) 

from  a holding potential of  -50 mV to test potentials between -80 and +40 mV (10 mV 

increments). Longer pulses were used to analyse the persistent component of  HVA Ca2+ 

currents. The rapidly activating and slowly inactivating components of  HVA Ca2+ currents 

induced in neonatal and juvenile III and XII MNs are shown in Figures 5A and 7A, 

respectively. In approximately one third of  cells III and XII MNs, HVA Ca2+ currents 
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B ,„ Juvenile 
Ml XII 

Figure 4. LVA Ca2+channel immunolabelling in III and XII MNs. 

Labelling for  the a lG subunit of  the LVA Ca2+ channel in III and XII nuclei of  (A) neonatal and 

(B) juvenile rat (m = midline, 4v = fourth  ventricle). Scale bar applies for  all images. 
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Figure 5. In neonatal rat, the density of  HVA Ca2+currents is greater in XII compared with 

III MNs. 

A, Leak-subtracted HVA Ca2+ currents in neonatal III and XII MNs elicited by steps from  a 

holding potential of-50  mV to test potentials between -80 and +40 mV in 10 mV increments 

(arrow points to likely delayed activation of  dendritic HVA Ca2+ channels with pulse from  -50 to 

-30 mV). B, Current/voltage relationships for  peak HVA Ca2+ currents, measured as the 

maximum current at any voltage step, in neonatal III (n = 40) and XII (n = 33) MNs. C, Current/ 

voltage relationships for  late HVA Ca2+ currents, measured at the end of  500 ms pulses, in 

neonatal III (n = 13) and XII (n = 14) MNs. D, Pooled data from  neonates showing that the peak 

HVA Ca2+ current densities are significantly  (#) greater in XII compared with III MNs. 
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activated with a slower time course (Fig. 5A, arrow) in response to small voltage steps 

(typically with voltage commands from  -50 to -30 mV), likely reflecting  the delayed 

activation of  dendritic HVA Ca2+ channels as seen in spinal MNs (Carlin et al.,  2000b). 

Because these delayed currents did not occur during steps that elicited the peak HVA Ca2+ 

current in m or XII MNs they would not be included in comparisons of  peak HVA Ca2+ 

currents between the two MN pools. 

In neonatal preparations, peak HVA Ca2+ currents, measured as the maximum current at 

any voltage step, were approximately two-fold  greater in XII (-1820 ± 130 pA or -38.2 ± 3.0 

pA/pF; n = 33) compared with HI MNs (-740 ± 60 pA or -19.5 ± 1.4 pA/pF; n = 40) (Fig. 5B, 

D). To measure the late component of  the HVA Ca2+ current some experiments were 

performed  using longer, 500 ms pulses. The late component of  the HVA Ca2+ current, 

measured at the end of  500 ms pulses, was also significantly  greater in XH (-980 ± 120 pA; -

24.6 ± 3.8 pA/pF, n = 14) compared with OI MNs (-520 ± 90 pA; -13.6 ± 2.2 pA/pF, n = 13; 

Fig. 5C). 

To assess the relative contributions of  the different  HVA Ca2+ current subtypes to the total 

HVA Ca2+ current in III and XII MNs, peak HVA Ca2+ currents were elicited with single 

repeated steps (50 ms) from  -50 mV to 0 mV. Antagonists of  the three main HVA Ca2+ 

channel subtypes (nimodipine or nifedipine  for  L-type, co-agatoxin-TK for  P/Q-type and w-

conotoxin-GVIA for  N-type) were applied directly to the recording chamber of  known 

volume (400 pi) and their effects  on peak HVA Ca2+ currents were measured. In some 

experiments more than one toxin was tested in an individual MN. Since the time for  toxins to 

take effect  and the 'rundown' of  the Ca2+ currents were variable, agonist-evoked reductions 

in Ca2+ currents were assessed by comparing actual current levels during the peak effect  of 

the toxin with the current level predicted by regression analysis of  control data (Plant et al., 

1998). 
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In neonatal MNs, application of  to-conotoxin-GVIA (6 /zM) to the bath revealed that while 

the N-type current contributed a greater proportion of  the total HVA Ca2+ current in ffl  (32.6 

± 3.4%, n = 11) relative to XII MNs (11.1 ± 2.6%, n = 9; Fig. 6A,D,E), current densities for 

the N-type HVA Ca2+ current were not significantly  different  (p value = 0.081) in m (-8.0 ± 

1.7 pA/pF; n = 11) and XII MNs (-4.3 ± 1.2 pA/pF; n = 9; Fig. 6E). In contrast, the o-

agatoxin-TK (0.5 jiiM>sensitive, P/Q type current not only contributed a significantly  greater 

proportion of  the total HVA Ca2+current in XII (43 ± 4.3%, n = 6) compared with in MNs 

(18.9 ± 5.3%, n = 12; Fig. 6B,D), its density was 3.5-fold  greater in XII (-15.4 ± 0.9 pA/pF) 

compared with III MNs (-4.4 ± 1.2 pA/pF; Fig. 6E). The L-type HVA Ca2+ channel blockers, 

nimodipine (20 - 40 /*M; III, n = 5; XH, n = 3; data not shown) and nifedipine  (20 - 40 /*M; 

HI n = 3; XO, n = 4; Fig. 6C), had no noticeable effect  on HVA Ca2+ currents in either MN 

pool. As shown for  nifedipine  alone (Fig. 6C), the antagonist-resistant component of  the 

HVA Ca2+current was completely blocked by CdCl2 (0.5 mM) in all MNs tested (m MNs n 

= 12, XH MNs n = 8; Fig. 6C). 

Just like LVA Ca2+ currents, developmental changes in HVA Ca2+ currents beyond more 

than a few  days postnatal are poorly characterized. To determine how HVA Ca2+ currents 

change as III and XII MNs mature, I compared current densities in PI - P5 and P14 - P19 

animals. The greater expression of  HVA Ca2+ currents in XII MNs, observed at the neonatal 

stage, persisted in juvenile MNs. The peak HVA Ca2+ current in juvenile III MNs was -580 ± 

98 pA or -13.8 ± 1.6 pA/pF (n = 14; Fig. 7B, D) while in XII MNs it was -1780 ± 240 pA or -

35.1 ± 5.3 pA/pF (n = 20). The late component of  the HVA Ca2+ current, measured at the end 

of  500 ms pulses, was also greater in juvenile XII (-1135 ± 178 pA; -22.7 ± 3.8 pA/pF, n=19) 
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Figure 6. Differences  in the sensitivity of  HVA Ca2+currents in III and XII MNs to channel 

blockers. Figure Caption over page. 
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Figure 6. Differences  in the sensitivity of  HVA Ca2 + currents in III and XII MNs to channel 

blockers. 

Effects  of  the N-type HVA Ca2 + channel blocker co-conotoxin-GVIA (6 pM, A), the P/Q-type 

HVA Ca2+ channel blocker co-agatoxin-TK (0.5 pM, B) and the L-type HVA Ca2+ channel blocker 

nifedipine  (20 pM, C) on the total HVA current induced in neonatal III and XII MNs with 

repeated voltage steps from  -50 mV to 0 mV. Insets in (A) and (B) show the current responses to 

voltage steps before  and during toxin application (scale bar in A applies to all panels). D, Pooled 

data showing proportion of  total HVA Ca2+ current sensitive to conotoxin (III, n = 11; XII n = 9) 

and agatoxin (III, n = 12; XII, n = 6) in neonatal III and XII MNs. E, Pooled data showing 

absolute density of  HVA Ca2+ current that was sensitive to conotoxin or agatoxin in neonatal III 

and XII MNs (#, significant  difference  between XII and III MNs). 
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Figure 7. The density of  HVA Ca2+currents remains greater in XII compared with III MNs 

in juvenile rat. 

A, Leak-subtracted HVA Ca2+ currents in juvenile III and XII MNs elicited by steps from  a 

holding potential of-50  mV to test potentials between -80 and +40 mV (10 mV increments). B, 

Current/voltage relationships for  peak HVA Ca2+ currents in juvenile III (n = 14) and XII (n = 19) 

MNs. C, Current/voltage relationships for  late HVA Ca2+ currents, measured at the end of  500 ms 

pulses, in juvenile III (n = 14) and XII MNs (n = 19). D, Pooled data from  juveniles showing that 

peak HVA Ca2+ current densities, measured as the maximum current at any voltage step, are 

significantly  (#) greater in XII compared with III MNs. 
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compared with HI MNs (-285 ± 65 pA; -6.8 ± 1.3 pA/pF, n = 14; Fig. 7C). In fact,  the 

magnitude of  the difference  between III and XII MNs increased developmentally from  two-

fold  in neonate to three-fold  in juvenile animals. This reflected  a developmental reduction in 

the peak HVA Ca2+ current in m MNs from  -19.5 ± 1.4 pA/pF in juveniles to -13.8 ± 1.6 

pA/pF in neonates. In contrast, HVA Ca2+ currents in XH MNs did not change 

developmentally. 

It should be noted that outward currents were elicited by protocols activating HVA Ca2+ 

currents in III but not XII MNs of  juvenile animals (Fig. 7A, B). These currents were only 

evident with steps more depolarised (greater than +20 mV) than those at which peak HVA 

Ca2+ currents were measured. 

Since electrophysiological data showed, in neonatal rat, that greater P/Q-type HVA Ca2+ 

current density is responsible for  the greater total HVA Ca2+ current in XH relative to HI 

MNs, expression of  the P/Q-type (alA) HVA Ca2+ channel was examined 

immunohistochemically. Analysis of  a lA immunolabelling confirmed  the presence of  P/Q-

type channel protein in III and XII MNs of  neonatal and juvenile rat. Labelling was primarily 

limited to the soma with greatest staining in the cytoplasm and some extending into proximal 

dendrites. In sections simultaneously processed from  the HI and XH motor nuclei of  the same 

neonate, labelling for  the P/Q-type HVA Ca2+channel was consistently stronger in XII 

compared with ID MNs (n = 4). Figure 8C shows an extreme example where labelling is 

almost absent in the III motor nucleus but prominent in the XII motor nucleus (Fig. 8D). In 

other experiments, P/Q-type HVA Ca2+channel labelling was apparent in the HI motor nuclei 

but weaker than that seen in the XII motor nucleus. In contrast, there were no consistent 

differences  in immunolabelling for  the P/Q-type HVA Ca2+ channel between III (Fig. 8G) and 

XII MNs (Fig. 8H) in juvenile animals (n =5). 
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Figure 8. HVA Ca2+channel (P/Q) immunolabelling in III and XII MNs. 

Retrograde Fluoro-Gold (FG) labelling of  the III (A) and XII (B) nuclei in neonatal rat and 

choline acetyltransferase  labelling of  the III (E) and XII (F) nuclei in juvenile rat. Immunohisto-

chemical labelling for  the a 1A subunit of  the P/Q-type HVA Ca2+ channel in the III (C) and XII (D) 

nuclei of  neonatal rat and in the III (G) and XII (H) nuclei of  juvenile rat. Note, neonatal images show 

bilateral nuclei while juvenile pictures are unilateral (m = midline, 4v=fourth  ventricle). 
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DISCUSSION 

To provide fundamental  information  needed to understand the diverse roles of  voltage-

activated Ca2+ currents I investigated these currents in neonatal and juvenile animals in two 

pools of  brainstem MNs that differ  in their rate of  maturation, discharge behaviour and their 

vulnerability to neurodegeneration. Three main observations were made. 

First, in III MNs that support behaviours that do not become fully  functional  in rats until the 

end of  the second postnatal week (when eyes open), both LVA and HVA Ca2+ current densities 

decrease significantly  between neonate (PI - P5) and juvenile (P14 - P19) stages. In contrast, in 

XII MNs that innervate the tongue and support behaviours that are functional  at birth, current 

densities for  both LVA and HVA Ca2+ currents do not change over the same time period. These 

data suggest that postnatal adjustment of  voltage-activated Ca2+ currents determines, at least in 

part, the maturation of  MN discharge behaviour. They also support the suggestion that Ca2+ flux 

through voltage-activated Ca2+ channels contributes to normal MN development (Mynlieff  & 

Beam, 1992b; Martin-Caraballo & Greer, 2001). 

Second, voltage-activated Ca2+ currents are always greater in XII compared with III MNs. 

Thus, Ca2+ influx  via voltage-activated Ca2+ channels is likely to be more important in 

determining the repetitive firing  activity of  XII MNs during oscillatory behaviour, than the high 

frequency  sustained discharge of  III MNs. 

Third, the consistently greater expression of  voltage-activated Ca2+ currents in XII versus m 

MNs at both developmental stages tested supports the hypothesis that high levels of  voltage-

activated Ca2+currents may predispose vulnerable MNs, like XII MNs, to degeneration as seen 

in ALS. 
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Low voltage-activated Ca2+ channels 

LVA Ca2+ channels are expressed in neurons throughout the central nervous system, 

including MNs (Craig et al,  1999; Talley et al,  1999; Rekling et al,  2000). My measurements 

of  LVA Ca2+current magnitude are consistent with previous reports in neonatal XII MNs (-200 

pA LVA Ca2+ currents; Umemiya & Berger, 1994). In other MNs, including VII (Plant et al, 

1998), phrenic (Martin-Caraballo & Greer, 2001), cervical spinal (Berger & Takahashi, 1990), 

and now also EI MNs, a wide range of  LVA Ca2+ current magnitudes have been reported (70 to 

800 pA). However, comparison between different  studies is complicated by the use of  different 

charge carriers (Ba2+ versus Ca2+), variable concentrations of  K+ channel blockers, and different 

voltage clamp protocols. Comparison is further  confounded  by the frequent  failure  to report 

current magnitudes relative to cell size. Comparison of  EH and XE MNs under the same 

conditions in this study indicates that LVA Ca2+ current densities are similar in neonate but two-

fold  greater in juvenile XII compared with III MNs. 

These differences  are likely to have important consequences for  MN excitability and 

discharge behaviour. LVA Ca2+ channels exhibit rapid inactivation and small single-channel 

conductance. In XII and spinal MNs, they contribute to ADPs and rebound depolarisations 

(Viana et al,  1993a; Martin-Caraballo & Greer, 2001). Through these actions, LVA Ca2+ 

channels help shape discharge patterns in a variety of  ways, depending on resting membrane 

potential and the dynamics of  membrane potential fluctuations.  For example, in neurons with 

resting membrane potentials sufficiently  hyperpolarized to remove channel inactivation, LVA 

Ca"+ channels can contribute to membrane depolarisation and mediate Ca2+ influx  in response to 

small excitatory inputs. In contrast, if  resting membrane potential is slightly more depolarised, in 

the range of  the activation voltage for  LVA Ca2+ channels, recovery from  small inhibitory 

hyperpolarisations can trigger their activation. This occurs because the hyperpolarisation 
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removes inactivation of  LVA Ca2+ channels allowing them to open as the hyperpolarisation 

wears off.  Both mechanisms could contribute to XII MN activity due to their relatively 

hyperpolarized membrane potential. 

In III MNs, there is evidence that LVA Ca2+ channels contribute to bistable firing  behaviour 

(Gueritaud, 1994). Such bistability might contribute to the different  firing  rates observed in m 

MNs during eye fixation  and saccades (Robinson, 1970). However, IH MNs exhibit sustained 

firing  patterns and are therefore  likely to be depolarised to the point where LVA Ca2+ channels 

are largely inactivated (Robinson, 1970). In addition, since plateau potentials are promoted by 

conditions that favour  greater Ca2+ relative to K+ currents (Hounsgaard & Kiehn, 1989), my data 

showing a developmental reduction in LVA Ca2+ currents in III MNs are not consistent with a 

role for  these currents in behaviours such as saccades, which mature postnatally. 

The fact  that XII MNs participate in rhythmic behaviours such as respiration, suckling, 

chewing, and swallowing (Lowe, 1980) is also likely to increase the importance of  LVA Ca2+ 

channels for  their firing  behaviour. They exhibit phasic bursts of  activity that alternate with 

periods of  quiescence. During the active phase they produce bursts of  action potentials at 

frequencies  peaking between 20 and 50 Hz (Hwang & St John, 1987). Some XII MNs receive 

both phasic excitatory and inhibitory synaptic inputs, while others receive only phasic excitatory 

inputs (Withington-Wray et al.,  1988; Woch & Kubin, 1995). During the quiescent phase, phasic 

inhibitory inputs or repolarisation mechanisms based on the medium and slow AHP may 

hyperpolarize the membrane sufficiently  to remove LVA Ca2+ channel inactivation, allowing 

LVA Ca2+ channels to contribute to burst firing  responses evoked by subsequent excitatory 

inputs. LVA Ca2+ channels contribute to intrinsic neuronal bursting behaviour in a variety of 

neurons (Huguenard, 1996; Perez-Reyes, 1999). While most MNs are not intrinsic 'bursters', 

LVA Ca2+ currents do contribute to the burst-firing  behaviour and rebound depolarisation of  XH 

MNs (Viana et al.,  1993a). Thus, even in neonates, where LVA Ca2+ current density 
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measurements and immunolabelling support similar LVA Ca2+channel expression in III and XII 

MNs, one would predict a more important role for  LVA Ca2+ currents in determining activity of 

XH MNs. 

The reduction of  LVA Ca2+ current density in ID MNs to half  that of  XH MNs in juvenile 

animals, when both III and XII MNs contribute to functional  behaviours, further  emphasizes the 

greater importance of  LVA Ca2+ currents for  XH MNs. Similar immunolabelling for  the a lG 

subunit in juvenile III and XH MNs was not consistent with electrophysiological data. This may 

reflect  the fact  that the sensitivity of  the immunohistochemical protocol was limited in its ability 

to detect two-fold  differences  in expression, or that the greater LVA Ca2+ current density in 

juvenile XII MNs is due to increased expression of  one of  the other two LVA Ca2+ channel 

subunits (cclH and all). Alternatively, differences  in LVA Ca2+ currents, but not a lG staining, 

may be due to differences  in the expression of  Ca2+ channel accessory subunit proteins, or 

neuromodulation of  Ca2+ channel properties. Regardless, my data suggest that in juvenile, but 

also possibly in neonatal MNs, LVA Ca2+ channels will be more important in controlling firing 

patterns of  XII MNs. 

High voltage-activated Ca2+ channels 

Similar to LVA Ca2+ channels, HVA Ca2+ channels are widely distributed throughout the 

CNS (Yokoyama et al,  1995; Craig et al,  1998; Plant et al,  1998; Jiang et al,  1999; Carlin et 

al,  2000a; Chung et al,  2000). HVA Ca2+ current magnitudes reported here for  neonatal XH 

MNs (-1800 pA) are consistent with previous reports (-2000 pA; (Umemiya & Berger, 1994). 

Measurements in neonatal VII (Plant et al,  1998), phrenic (Martin-Caraballo & Greer, 2001), 

and cervical spinal MNs (Berger & Takahashi, 1990) range from  approximately 800 to 2000 pA. 

However, as mentioned above for  LVA Ca2+ currents, the effects  of  variable recording 
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conditions complicate comparison of  HVA Ca2+ current measurements between different 

studies. Despite these limitations, total HVA Ca2+ currents in neonatal m MNs (-700 pA) are at 

the bottom of  the range measured in other MN types. Consistent with this, measurements in the 

present study, where direct comparisons are most valid, indicate that current densities in m MNs 

are half  those in neonatal XII MNs and one third those in juvenile XII MNs. 

HVA Ca2+ currents can be subdivided into P/Q, N, L, and R subtypes. My analysis of  the 

different  HVA Ca2+ current subtypes in XII MNs revealed similar levels to those described 

previously for  neonatal XII MNs (present study: 43% P/Q-type, 11% N-type, 0% L-type; 

Umemiya & Berger, 1994: 50% P/Q-type, 29% N-type, 6% L-type), with the exception that L-

type currents were not identified  in my study. The relative contribution of  the various HVA Ca2+ 

channel subtypes to the total HVA Ca2+ current varies between different  MN groups. In neonatal 

VII MNs, N- and presumably R-types dominate with L-type currents contributing approximately 

5% of  the total HVA Ca2+ current (Plant et ai, 1998). Messenger RNA for  the a lA subunit of 

the P/Q channel is expressed in VII MNs, but agatoxin-sensitive, P/Q type currents are absent 

(Plant et ai, 1998). In neonatal phrenic MNs, N- and L-type currents each contribute 

approximately one third of  the total HVA Ca2+ current, while the remainder of  the total HVA 

Ca2+ current is presumably made up of  R-type currents and possibly a small P/Q-type 

component (Martin-Caraballo & Greer, 2001). The present study showed that III MNs also 

express multiple HVA Ca2+ channels. However, the relative proportions of  the HVA Ca2+ 

current subtypes in III MNs differed  from  those in XII and other MNs with N-type currents 

contributing to 33% of  the total and P/Q subtypes contributing to 19%. The absence of  L-type 

currents in my analysis, but not previous studies (Umemiya & Berger, 1994), may reflect  the 

difficulty  of  detecting small currents (<5% of  the total) or the use of  different  rat strains. 

Regardless of  the reason for  this minor discrepancy, previous data in XII and VII MNs are 
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consistent with data presented here in XII and III MNs which indicate that L-type Ca2+ channels 

contribute the smallest portion of  the total HVA Ca2+ current in these MNs. 

The greater P/Q-type currents in XII versus III MNs was supported in neonates by greater 

immunolabeling for  the P/Q subunit in XII MNs. However, in juvenile tissue there were no 

consistent differences  in P/Q-type immunolabelling between III and XII MNs. This suggests that 

the immunohistochemical technique used in my study was not sensitive enough to detect 

relatively small differences  in P/Q-type Ca2+channel expression in juvenile animals. However, 

the ability in neonatal tissue to detect immunohistochemically a difference  in receptor 

expression that accounts for  3.5-fold  greater P/Q-type Ca2+ currents in XII MNs indicates that 

similar immunolabeling in III and XII MNs of  juvenile animals may reflect  a developmental 

shift  in the relative proportion of  HVA Ca2+ channel subtypes. P/Q subtypes may not dominate 

in juvenile XII MNs. Given the problems inherent with semiquantitive immunohistochemical 

detection, particularly when using DAB visualization, confirmation  of  a developmental 

reduction in P/Q-type current levels in XII MNs will require electrophysiological analysis of  the 

HVA Ca2+ channel subtypes in juvenile MNs. 

HVA Ca channels in general show partial inactivation and have single channel 

conductances greater than LVA Ca2+ channels (Hille, 2001). HVA Ca2+ channel subtypes in 

turn, differ  in their sensitivity to various antagonists, rate of  inactivation (L and P/Q-types show 

little inactivation compared to N-type), single-channel conductance (L-type > P/Q-type > N-

type; Umemiya & Berger, 1995) and their coupling to Ca2+-dependent K+ channels (Viana et al., 

1993b; Martin-Caraballo & Greer, 2001). Thus, differential  expression of  HVA Ca2+ channel 

subtypes in III versus XII MNs will have important physiological consequences, shaping 

discharge patterns of  MNs in numerous ways. HVA Ca2+currents contribute to the generation of 

plateau potentials (Carlin et al.,  2000b), and the post-spike ADP (Viana et al.,  1993a; Martin-

Caraballo & Greer, 2001). However, their primary effect  on repetitive firing  occurs via 
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activation of  Ca2+-dependent K+ channels (KCa) that underlie the medium and slow AHPs (Viana 

et al.,  1993b; Martin-Caraballo & Greer, 2001). Both III (Gueritaud, 1988; Durand, 1989) and 

XII MNs (Nunez-Abades et al.,  1993; Viana et al.,  1994) have medium and slow AHPs, 

however, direct comparisons are lacking. Limited data indicate that medium AHP duration is 

longer in XII (150 ms, Viana et al.,  1994; and 75 ms, Nunez-Abades et al.,  1993) versus m MNs 

(30 ms; Gueritaud, 1988). In phrenic MNs, activation of  IKca underlying the medium AHP is 

dependent on N-type Ca2+ currents (Martin-Caraballo & Greer, 2001), while in XH MNs both N 

and P/Q-type Ca2+ currents contribute (Viana et al.,  1993b; Umemiya & Berger, 1994; Bayliss et 

al.,  1995). Thus, greater expression of  P/Q-type Ca2+ channels in XH MNs could contribute to 

their longer AHP duration and lower repetitive firing  rates. Greater expression of  P/Q-type Ca2+ 

channels in XII MNs is also likely to contribute to their oscillatory behaviour since the slow 

AHP, which is activated following  bursts of  action potentials and helps to determine duration of 

the interburst interval, is partially dependent on Ca2+ influx  through P/Q type channels in some 

neurons (Williams et al.,  1997a). 

An additional factor  that contributes to the differential  repetitive firing  behaviour in these 

two pools of  MNs is the 10-fold  greater Ca2+ buffering  capacity of  III (Vanselow & Keller, 

2000) relative to XII MNs (Lips & Keller, 1998). This, combined with the smaller voltage-

activated Ca2+ currents in III MNs, will minimize oscillations in intracellular Ca2+ concentration 

and facilitate  high frequency  discharge, since activation of  IKca, which slows firing,  will be 

reduced. In contrast, rhythmic oscillatory patterns of  discharge and low buffering  capacities of 

XH MNs will translate into large oscillations in intracellular Ca2+ concentration that, through 

modulation of  the various IKca 's, will shape burst discharge patterns of  XH MNs. 

My conclusion that HVA (and LVA) Ca2+ currents are greater in XH MNs depends on the 

quality of  my voltage/space clamp in the two MN pools. However, given that better space clamp 

was likely achieved in HI MNs, due to their smaller size, errors would have caused me to 
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underestimate the difference  in voltage-activated Ca2+ currents between IH and XII MNs. Thus, 

while I cannot exclude the possibility that a large Ca2+ conductance exists in the distal dendrites 

of  m or XH MNs, my measurements indicate that at the level of  the soma and proximal 

dendrites HVA Ca2+ channels are differentially  expressed in III and XH MNs, and that this 

differential  expression will play an important role in determining the distinct firing  behaviours of 

these two MN groups. 

Voltage-activated Ca2+ channels and MN development 

2+ 9 

Ca flux  through voltage-activated Ca + channels contributes to embryonic developmental 

processes such as differentiation  and neurite outgrowth (Neely & Nicholls, 1995; Spitzer et al., 

2000), and is also implicated in a variety of  perinatal developmental processes including 

naturally occurring MN cell death (McCobb et al.,  1989) and synapse elimination (Mynlieff  & 

Beam, 1992a). Thus, developmental changes in the expression of  voltage-activated Ca2+ 

channels will not simply reflect  altered neuronal excitability, but may also reflect  the 

involvement of  these channels in developmental processes. In spinal MNs, the general trend is 

that LVA Ca2+ currents decrease and HVA Ca2+ currents increase between embryonic and early 

postnatal stages (McCobb et al.,  1989; Mynlieff  & Beam, 1992b; Gao & Ziskind-Conhaim, 

1998; Martin-Caraballo & Greer, 2001). Previous analyses of  XII MNs between P3 and P6 have 

been cited to suggest that LVA Ca2+ currents decrease during development. However, this is 

based on the assumption that the R-type component of  the current (typically defined  as the 

antagonist-insensitive component of  the HVA Ca2+ current) represents LVA Ca2+ currents 

(Umemiya & Berger, 1994). Since Ca2+ currents were elicited with voltage-steps from  -70 mV 

to 0 mV in these experiments, only a portion of  the R-type current elicited will represent LVA 

Ca2+ currents. An unknown portion may actually represent true antagonist resistant, R-type HVA 
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Ca2+current. Thus, while these data indicate that the relative expression of  the different  voltage-

activated Ca2+ channel subtypes changes during the early postnatal period, they do not provide 

insight into how LVA versus HVA (and the different  subtypes of  HVA) Ca2+ current magnitudes 

change. 

Until now, the development of  voltage-activated Ca2+ currents in MNs during later postnatal 

stages (past the first  postnatal week) has not been studied. These currents have been studied in 

lumbar MNs from  juvenile rats (P9 - P16) (Carlin et al.,  2000a), but developmental comparisons 

were not made. Comparison of  data from  juvenile lumbar MNs with HVA Ca2+ currents 

measured in neonatal phrenic MNs from  the cervical spinal cord (Martin-Caraballo & Greer, 

2001) under similar conditions suggest HVA Ca2+ currents may increase as much as two-fold  in 

spinal MNs during this period. However, developmental measurements from  the same level of 

the spinal cord are required to exclude the possibility that this simply reflects  differences 

between phrenic and lumbar MNs. In this light, my comparison of  voltage-activated Ca"+ 

channels in in and XII MNs from  neonatal (PI - P5) and juvenile (P14 - P19) rats indicates that, 

in III MNs, LVA and HVA Ca2+ currents decline developmentally. In contrast, while some XII 

MN membrane properties change over this time period (Viana et al.,  1994; Berger et al.,  1996), 

LVA and HVA Ca2+ currents do not. 

I cannot discount the possibility that differences  in the quality of  space clamp between 

neonatal and juvenile MNs affected  my measurements of  voltage-activated Ca2+ currents. If 

there was a difference,  it is most likely that the quality of  the space clamp was reduced for 

juvenile MNs due to their larger size. This may have caused us to underestimate the magnitude 

of  the currents in juvenile MNs. I am also unable to exclude the possibility that a developmental 

redistribution of  Ca2+ channels to the dendrites affected  my measurements. However, two pieces 

of  data suggest that neither of  these problems had a major influence  on my conclusions. First, 

capacitance measurements did not differ  between the two age groups, suggesting that MN 
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surface  area changes little from  PI - P5 to P14 - P19 in both III and XII MNs. In support of  this, 

previous data show no growth of  XH MN somata from  PI - P3 to P19 - 30 and dendritic surface 

area only increases between P13 - P15 and P19 - P30 (Nunez-Abades & Cameron, 1995). From 

PI - P3 to P13 - P15 there is no change in dendritic surface  area; however, there is a 

redistribution of  existing membrane, which leads to more dendritic surface  area at greater 

distances from  the soma (Nunez-Abades & Cameron, 1995). Second, Ca2+ currents (Fig. 5A) 

that activate slowly in response to depolarising current pulses and are indicative of  poorly 

clamped distal dendrites expressing HVA Ca2+ channels (Carlin et al.,  2000b), were not 

observed with any greater frequency  in neonatal versus juvenile MNs. This suggests that both 

the space clamp and spatial distribution of  Ca2+ channels on the soma and proximal dendrites are 

similar across both age groups. 

Given these caveats, the lack of  developmental changes in voltage-activated Ca2+ currents in 

XH MNs between neonatal and juvenile stages may reflect  an earlier maturation of  these MNs, 

and that the Ca2+ channels are critical to their discharge behaviour and motor function.  Indeed, 

XII MNs contribute to a variety of  important activities including respiration, suckling, chewing, 

and swallowing that are functional  at birth (Lowe, 1980). Ill MNs controlling eye movements, in 

contrast, may not become fully  functional  until the eyes are open at postnatal day fourteen.  Thus, 

ontogeny of  Ca2+ channel expression in MNs may correlate with the functional  maturity of  the 

motor system involved. 

Ontogentic studies of  voltage-activated Ca2+ currents in non-MNs that extend beyond 

neonatal stages are also limited. Data from  acutely dissociated hippocampal pyramidal cells 

indicate both increases (Kortekaas & Wadman, 1997) and decreases (Thompson & Wong, 1991) 

in LVA Ca2+ currents between postnatal and adult stages. However, HVA Ca2+ currents are 

consistently reported to increase in these cells during the same period (Thompson & Wong, 

1991; Kortekaas & Wadman, 1997). In pyramidal neurons of  the sensorimotor cortex, HVA 
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Ca2+ currents increase from  postnatal to adult stages while the relative contribution of  different 

HVA Ca2+ channel subtypes does not change (Lorenzon & Foehring, 1995). 

The general decline in LVA Ca2+currents during perinatal development implies that they are 

involved in early developmental processes. LVA Ca2+ currents may also be important in 

determining excitability in early stages of  development due to their amplification  of  small 

synaptic signals. It has been proposed (Martin-Caraballo & Greer, 2001) that such a role might 

be particularly important in early stages of  development for  XII MNs when synaptic drive, for 

example inspiratory drive, is weak and transmission is vulnerable to failure  (Greer et al.,  1992; 

Di Pasquale et al.,  1996). Persistence of  LVA Ca2+currents in XII MNs into postnatal stages 

implies a further  role for  these channels in determining excitability, particular in establishing 

repetitive and burst firing  properties of  rhythmically active MNs (see above). 

In contrast to developmental reductions in LVA Ca2+ currents, HVA Ca2+ currents generally 

increase developmentally. In embryonic stages, increases in HVA Ca2+ currents may be a 

consequence of  synaptogenesis since currents increase when functional  synapses first  appear 

(Desmadryl et al.,  1998; Chambard et al.,  1999). Perinatal increases in HVA Ca2+ currents may 

contribute to critical developmental processes such as naturally occurring MN cell death 

(McCobb et al.,  1989) and synapse elimination (Mynlieff  & Beam, 1992a), however, data at 

present are purely correlational. They may also relate to the emergence of  afterhyperpolarizing 

potentials (Martin-Caraballo & Greer, 2001), which are critical to the development of  repetitive 

firing  properties (Rothe et al.,  1999). Additional changes in HVA Ca2+ currents in later postnatal 

development may reflect  further  refinement  of  firing  properties. The decrease in HVA Ca2+ 

currents that I observed in III MNs from  neonatal to juvenile stages demonstrates slower 

maturation of  these MNs. In addition, since smaller HVA Ca2+ currents would lead to smaller 

AHPs, reduced HVA Ca2+ currents in III MNs may contribute to their ability to generate action 

potentials at frequencies  more than 10-fold  higher than most other MNs. 
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Voltage-activated Ca2+ channels and ALS 

ALS is an adult onset, neurodegenerative disease that typically leads to patient fatality  within 

3-4 years of  diagnosis. The pathology of  ALS involves degeneration of  lower MNs and 

degeneration or dysfunction  of  upper MNs (Gredal et al,  2000). There is now substantial 

evidence that excitotoxicity contributes to the pathogenesis of  ALS, and that high levels of 

glutamate, which are found  in the CSF of  40% of  ALS patients (Spreux-Varoquaux et al,  2002), 

disrupt intracellular Ca2+ homeostasis to trigger the excitotoxic process (Rothstein, 1995; 

Krieger et al,  1996; Bromberg, 1999; Shaw & Eggett, 2000). 

An intriguing feature  of  ALS is that lower MNs do not show uniform  vulnerability to 

degeneration. MNs in V, VE, XH and most spinal motor nuclei typically degenerate, while those 

in IH, IV, VI and Onuf's  nuclei are relatively spared (DePaul et al,  1988; Gizzi et al,  1992). A 

premise of  the present study is that comparison of  vulnerable and resistant MNs, rather than MN 

versus non-MNs (Shaw et al,  1999; Van Den Bosch et al,  2000; Vandenberghe et al,  2000a; 

Vandenberghe et al,  2000b), will provide more direct insight into the factors  that predispose 

vulnerable MNs to degeneration. 

To date, the excitotoxic hypothesis of  ALS has focussed  on the differential  expression of 

glutamate receptors, including metabotropic (Anneser et al,  1999; Laslo et al,  2001a; 

Tomiyama et al,  2001) and Ca2+-permeable AMPA receptors (those lacking the GluR2 subunit) 

(Williams et al,  1997b; Shaw et al,  1999; Weiss & Sensi, 2000; Laslo et al,  2001b), and their 

role in mediating selective vulnerability of  MNs. Voltage-gated Ca2+ channels represent an 

additional pathway for  Ca2+ entry into MNs during glutamate-induced depolarization (Krieger et 

al,  1996). An important aim of  this study was to compare voltage-gated Ca2+ channels in 

vulnerable and resistant MN pools to assess the potential importance of  Ca2+ influx  through 

these pathways as a factor  contributing to the differential  vulnerability of  MNs in ALS. Whereas 
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most electrophysiological studies concerning ALS have been performed  in embryonic, or 

neonatal MNs, I extended measurements to include more mature MNs because ALS has an adult 

onset. 

My data demonstrate that even if  glutamate receptors are not differentially  expressed, similar 

glutamate-mediated depolarizations in resistant and vulnerable MNs are likely to result in 

greater increases in intracellular Ca2+ in vulnerable XII MNs because they express greater levels 

of  both LVA and HVA Ca2+ channels than III MNs. To establish whether this is a general 

feature  that distinguishes vulnerable from  resistant MNs will ultimately require comparison of 

additional MN pools and confirmation  that Ca2+ flux  through voltage-activated Ca2+ channels 

mediates toxicity. 

An important consideration is that, in spite of  their smaller voltage-activated Ca2+ current 

density, Ca2+ influx  during depolarisations in III MNs may still exceed that in XII MNs because 

III MNs fire  at higher frequencies.  Offsetting  the effects  of  high frequency  discharge, however, 

is that action potential half  width is 2- to 4-fold  shorter in III (up to 1 ms at PI and 0.25 ms at 

P15, Tsuzuki et al.,  1995) compared to XII MNs (average 2.2 ms at Pl-2, 1.1 ms at P19-30, 

Nunez-Abades et al.,  1993; 0.6 ms in adult rat, Haddad et ai, 1990), and that the Ca2+ buffering 

capacity of  III MNs (Vanselow & Keller, 2000) is 10-fold  greater than that of  XH (Lips & 

Keller, 1998) and spinal MNs (Palecek et al.,  1999). Thus, III MNs are designed to minimize 

Ca2+ influx,  as well as fluctuations  in intracellular Ca2+ concentration. While this is likely a 

feature  essential for  achieving the extraordinarily high firing  rates of  III MNs, a consequence 

appears to be relative insensitivity to degeneration triggered through excess Ca2+. 

Greater HVA Ca2+ currents in XII compared with III MNs also has implications for  the 

autoimmune hypothesis of  ALS. This hypothesis proposes that autoantibodies generated against 

voltage-activated Ca2+ channels are involved in the pathogenesis of  ALS via enhancement of 

Ca2+ currents. While controversial, the presence of  antibodies against HVA Ca2+ channels in the 
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serum of  some ALS patients (Smith et al,  1992; Kimura et al.,  1994; Offen  et al,  1998), the 

potentiation of  HVA Ca2+ currents by IgG from  such patients (Llinas et al,  1993; Mosier et al, 

1995) and the toxic effects  of  this IgG on MN cell lines (Smith et al,  1994) support antibody 

involvement in ALS. Observations that IgG from  ALS patients increases currents through P/Q-

type Ca2+ channels (Llinas et al,  1993; Mosier et al,  1995) and has cytotoxic effects  on a MN 

cell-line that can be blocked with P/Q-type channel antagonists (Smith et al,  1994) are of 

particular interest since the greater expression of  P/Q-type currents in XII MNs would make 

them more vulnerable to these antibodies. 

In summary, I have shown that LVA and HVA (P/Q, N and R-type) Ca2+ channels are present 

on III and XII MNs of  neonatal and juvenile rats. At neonatal stages LVA Ca2+ current densities 

are similar in III and XII MNs, while HVA Ca2+ current densities are two-fold  greater in XII 

compared with III MNs. From neonatal to juvenile stages LVA and HVA Ca2+ current densities 

decrease in III MNs, while in XII MNs they remain unchanged over this period. Thus, by 

juvenile stages LVA and HVA Ca2+ current densities are two and three-fold  greater, 

respectively, in XH compared with III MNs. These differences  reflect  the distinct ontogeny, and 

functions  of  these MN pools, including their unique discharge characteristics. Greater LVA and 

HVA Ca2+ current densities may also contribute to the variable susceptibility of  HI and XH MNs 

to degeneration as seen in ALS. 
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Chapter 3 

Differential  effects  of  group I metabotropic 
glutamate receptors on brainstem motoneurons 

controlling extraocular and upper airway 
muscles 



INTRODUCTION 

Metabotropic glutamate receptors (mGluRs) are G-protein linked receptors that exist as 

eight different  subtypes (mGluR 1 - 8; see (Pin & Duvoisin, 1995). These subtypes can be 

further  divided into three groups (I - III) based on their amino acid sequence homology, 

pharmacological profiles  and coupling to intracellular second messenger pathways. 

Metabotropic GluRs are expressed by neurons throughout the central nervous system (CNS) 

(Shigemoto et al.,  1992; Kristensen et al.,  1993; Ohishi et al.,  1993b, a; Tanabe et al.,  1993; 

Kinzie et al.,  1995; Casabona et al.,  1997) where, due to their modulatory effects  on synaptic 

transmission and intrinsic membrane properties, they play an important role in controlling 

neuronal input-output functions  (Rekling et al.,  2000). They have also been implicated in a 

number of  neurodegenerative disorders (Nicoletti et al.,  1996; Bordi & Ugolini, 1999). 

To provide basic information  required to understand the role of  mGluRs in the physiology 

and pathophysiology of  MNs, this study compares Group I mGluR-mediated effects  in two 

MNs pools, III and XII, which differ  markedly, not only in the discharge patterns they 

produce, but also in their vulnerability to degeneration as seen in Amyotrophic lateral 

sclerosis (ALS). HI MNs innervate extraocular muscles to control eye movements, are not 

fully  functional  in rat until 2 weeks postnatal when the eyes open, generate high frequency 

tonic discharge during fixation  (up to 300 Hz) with bursts of  higher frequency  discharge 

during saccades (up to 600 Hz; (Robinson, 1970), and are resistant to degeneration in ALS. 

In contrast, XH MNs innervate tongue muscles, contribute to rhythmic behaviours such as 

breathing, suckling and swallowing that are functional  at birth (Lowe, 1980), fire  bursts of 

low frequency  action potentials (peak frequencies  of  25-50 Hz; Hwang & St John, 1987), and 

are vulnerable to degeneration in ALS (DePaul et al.,  1988). 
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I have focussed  on group I mGluRs (mGluR 1 and 5), which are predominantly localised 

postsynaptically (Baude et al,  1993; Vidnyanszky et al,  1994; Lujan et al,  1996; Shigemoto 

et al,  1997), where they increase MN excitability (Dong et al,  1996; Del Negro & Chandler, 

1998; Dong & Feldman, 1999; Talley et al,  2000), and are important in intracellular Ca2+ 

homeostasis (Zirpel et al,  2000). Through modulation of  voltage-activated Ca2+ channels 

(Svirskis & Hounsgaard, 1998), stimulation of  Ca2+ release from  intracellular stores and 

activation of  PKC, which are components of  intracellular pathways that precede neuronal 

death (Choi, 1992), group I mGluRs may also contribute to neurodegeneration. 

To date, studies of  group I mGluR-mediated effects  in MNs are limited to neonatal stages. 

Activation of  these receptors in rat spinal (Dong et al,  1996; Dong & Feldman, 1999), 

trigeminal (Del Negro & Chandler, 1998) and XII (Talley et al,  2000) MNs increases 

excitability via inhibition of  a Ba2+-sensitive resting K+ current, likely the TASK-1 current 

(Talley et al,  2000). Group I mGluR activation also potentiates ionotropic glutamate receptor 

responses in rat spinal MNs (Ugolini et al,  1997, 1999), while in turtle spinal MNs, 

activation of  these receptors promotes generation of  plateau potentials by increasing L-type 

voltage-activated Ca2+ currents (Svirskis & Hounsgaard, 1998). The first  objective of  the 

present study was to extend the characterisation of  group I mGluR-mediated effects  in MNs 

to include III MNs and provide the first  analysis of  mGluR effects  in juvenile ( 2 - 3 week 

old) MNs. Comparing the effects  of  group I mGluR activation in III and XII MNs at this 

development stage is necessary to understand the roles of  these receptors in controlling the 

excitability and discharge patterns of  physiologically distinct motoneuron pools. 

Comparison of  mGluR actions in HI and XII may also provide insight into the 

controversial role of  group I mGluRs in neurodegeneration. Data support both neurotoxic and 

neuroprotective effects  of  these receptors (Nicoletti et al,  1999). Greater expression of  group 

I mGluR mRNA in MNs resistant to degeneration in ALS (Anneser et al,  1999) supports a 
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neuroprotective role for  these receptors. In contrast, greater immunolabelling for  group I 

mGluRs in vulnerable MNs supports a neurotoxic role (Laslo et al.,  2001a; Tomiyama et al., 

2001). Thus, the second objective of  this study was to investigate, using quantitative 

electrophysiological techniques, whether differences  in group I mGluR-mediated effects 

support a role for  these receptors in determining the variable susceptibility of  MNs to 

degeneration as seen in ALS. 
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METHODS 

Electrophysiology 

Electrophysiological methods for  studying mGluRs in neonatal (PI - P5) and juvenile 

(P15 - P19) Wistar rats were similar to those described in the previous chapter. Differences 

are described in detail below. 

MN  identification 

As described previously, XII and III MNs were identified  on the basis of 

electrophysiological and anatomical criteria. In experiments in which Fluoro-Gold labelling 

was used all putative III MNs selected under IR-DIC were labelled with Fluoro-Gold. In 

some subsequent experiments Fluoro-Gold labelling was not used. In total 17 of  27 neonatal 

and 20 of  25 juvenile III MNs were positively identified  via Fluoro-Gold labelling. Series 

resistance averaged 9.4 ± 0.6 M£2 for  recordings in neonatal III MNs, 7.6 ± 0.4 M£2 in 

juvenile HI MNs, 8.4 ± 0.6 MQ in neonatal XII MNs and 8.9 ± 0.4 M£2 in juvenile XII MNs. 

The resistance was compensated up to 80% and monitored throughout the experiment. 

Whole-cell capacitance was 37 ± 9.7 pF for  neonatal HI MNs, 38 ± 2.4 pF for  juvenile IH 

MNs, 46 ± 2.4 pF for  neonatal XII MNs and 43 ± 1.9 pF for  juvenile XII MNs. Input 

Resistance was 134 ± 15 MQ for  neonatal III MNs, 118 ± 7.7 MQ for  juvenile III MNs, 89 ± 

6.7 M£2 for  neonatal XII MNs and 60 ± 3.8 M£2 for  juvenile XII MNs. The main criteria used 

to establish the viability of  MNs was that they fired  repetitive bursts of  action potentials in 

response to current injection in current-clamp recording mode. 
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Solutions  and drugs 

The aCSF used for  the preparation of  neonatal slices and during recordings of  neonatal 

MNs was the same as that described in the previous chapter. The pipette solution for 

recording from  neonatal MNs contained in (mM): 125 potassium-gluconate, 5 NaCl, 1 CaCl2, 

10 HEPES, 10 BAPTA-K+
4, 2 ATP-Mg2+ salt (pH 7.2 - 7.3 adjusted with KOH). 

Pipette and extracellular solutions differed  between neonatal and juvenile protocols 

because preliminary data indicated that stability of  whole-cell recordings from  juvenile MNs 

could be improved with minor variations in solution composition, as outlined below. 

The aCSF used during the recording of  juvenile MNs contained (in mM): 130 NaCl, 3 

KC1, 2 CaCl2, 1 MgS04, 26 NaHC03, 1.3 NaH2P04, 10 D-glucose (equilibrated with 

95%02/5%C02, at room temperature). The aCSF used in the preparation of  juvenile slices 

had NaCl substituted by sucrose and contained (in mM): 218 Sucrose, 3 KC1, 1 CaCl2, 2 

MgCl2, 26 NaHC03, 1.3 NaH2P04, 10 D-glucose (equilibrated with 95%02/5%C02, at ~4°C 

for  slicing or ~34°C for  recovery). The pipette solution for  recording from  juvenile MNs 

contained in (mM): 122.5 potassium-gluconate, 17.5 KC1, 9 NaCl, 1 MgCl2, 10 HEPES, 0.2 

EGTA, 3 ATP-Mg2+ salt, 0.3 GTP-Tris salt (pH 7.2 -7.3 adjusted with KOH). 

The junction pontentials for  the different  combinations of  pipette and extracellular 

solutions were calculated using using the JPCalc program in Clampex 8. For neonatal 

solutions the junction potential was calculated at 13 mV while for  juvenile solutions it was 

calculated at 12 mV. The small difference  injunction potentials between the two 

experimental conditions would have little effect  on my ability to compare currents between 

neonatal and juvenile MNs. Therefore,  I did not correct for  junction potentials. 
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Extracellular and intracellular solutions used in experiments investigating the effects  of 

DHPG on voltage-activated Ca2+ currents were the same as those described in the previous 

chapter for  measuring Ca2+ currents. 

Stock solutions of  the general mGluR agonist (IS, 3R)-1-amino-1,3-

cyclopentanedicarboxylic acid [(1S,3R)-ACPD; Tocris Cookson; Schoepp et al.,  1990], and 

the mGluR 1 antagonist (S)-(+)-a-amino-4-carboxy-2-methylbenzeneacetic acid (LY367385; 

Tocris Cookson; Clark et al.,  1997) were made in 0.1M NaOH at 50 mM, aliquoted and 

stored at -4°C. Stock solutions of  (1S,3R)-ACPD and LY367385 were diluted (500 and 1000-

fold  respectively) in extracellular recording solution, before  use. This procedure did not 

change the pH of  extracellular solution. Stock solutions of  the group I mGluR agonist, (s)-

3,5-dihydroxyphenylglycine (DHPG; 10 mM; Tocris Cookson; Wisniewski & Carr, 2002) 

and the mGluR5 antagonist 2-methyl-6-(phenylethynyl)pyridine hydrochloride (MPEP; 4 

mM; Tocris Cookson; Gasparini et al.,  1999) were made up in water and also stored at -4°C. 

Stock solutions were diluted in neonatal or juvenile aCSF before  use. 

Drug application  and quantification  of  mGluR-induced  currents 

(1S,3R)-ACPD (100 |jM) or DHPG (10-50 |iM) were bath applied to ensure consistent 

drug concentrations and facilitate  comparison of  current magnitudes between different  MNs. 

Due to the slow flow  rate ( 3 - 4 ml/min) and dead space of  the perfusion  system, it took 

approximately one minute for  drug to travel from  the reservoir to the recording chamber. 

Thus, current onsets in these experiments were delayed relative to onset of  drug application 

(Fig. 9). 

In experiments investigating the antagonism of  mGluR-mediated currents, DHPG (100 -

500 nM; 5 - 3 0 sec) was applied locally using pressure injection from  triple barrelled pipettes 
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because currents evoked in this manner were shorter in duration, facilitating  multiple 

applications and comparison of  currents before,  during and after  antagonist application. 

Antagonists (LY367385, 50 p.M; MPEP, 10 pM) were bath applied and allowed to wash-in 

for  up to 30 minutes. Local DHPG applications were repeated (> 5 min intervals) under 

control conditions at least three times to check for  reproducibility of  currents before 

antagonists were applied. The concentration of  DHPG used for  local application was an order 

of  magnitude higher than that used for  bath applications because preliminary experiments 

indicated that currents produced by local application of  500 fiM  DHPG were similar in 

magnitude to those produced by bath application of  50 /iM DHPG (see also Liu et al.,  1990) 

During whole-cell recording signals were continuously recorded via pulse code 

modulation (Model 402, A.R.Vetter Co. PA., USA). Metabotropic GluR-mediated currents 

(voltage-clamp) or depolarisations (current-clamp) were acquired off-line  at 10 kHz using 

AxoScope 1.1 software  (Axon Instruments, Union City, CA). Baseline and peak currents or 

depolarisations elicited by (1S,3R)-ACPD or DHPG were measured using a 1 second 

averaging window with Clampfit  8.0 software  (Axon Instruments, Union City, CA). 

To investigate the I/V relationships of  mGluR-mediated currents and the affects  of  mGluR 

activation on input resistance, under voltage-clamp mode, ramps (from  -130 mV to +20 mV; 

1.5 sec) were delivered immediately prior to drug application and at the peak of  drug 

response. The voltage range of  these ramps that was actually used for  analysis varied 

depending on the experimental conditions. For example, when TTX was absent I/V 

relationships were only analysed up to approximately -40 mV, before  Na+ channels began to 

turn on. Input resistance was measured as the inverse of  the slope of  the I/V relationship. 

The theoretical effects  of  altering extracellular K+ from  3 to 15 mM on the equilibrium 

potential for  K+ were calculated according to the Nernst equation as described below: 
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Nernst Equation: 

RT 
EK  = ZF  l n 

R [ K + ] 0 ^ 

[ K + ] I „ 

E k
+ = equilibrium potential for  ion 

R = universal gas constant = 8.31451 J/mol/K 

F = Faraday's constant = 96485.309 C/mol 

z = valence of  ion (+1 for  K+) 

T = absolute temperature 

For 3 mM extracellular K+ concentration: 

R (273 + 24°K) 
Ek = ZF ln 

[3 mM] 
[165 mM] = 0.0256 x ln 

[3 mM] 
[165 mM] = -103 mV 

For 15 mM extracellular K+ concentration: 

Ek = 
R (273 + 24°K) f  [15 mM] 

~ ln zF L [165 mM] = 0.0256 x ln 
[15 mM] 
[165 mM] J = -61 mV 

Therefore  the theoretical shift  in the K+ equilibrium potential associated with an increase in 

extracellular K+ from  3 to 15 mM is 42 mV. 
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Miniature  excitatory  postsynaptic  current  analysis 

Miniature excitatory postsynaptic currents (mEPSCs), recorded in the presence of  TTX 

(0.5 |oM), were detected and measured for  analysis using the Mini Analysis Program 

(Synaptosoft  Inc., Decatur, GA). The threshold for  detection of  events was set greater than 

two times the rms noise (rms noise was measured for  a period with no mEPSCs using the 

Mini Analysis software).  At least 1.5 minutes worth of  data, including 80 to 160 events, were 

analysed under control conditions and during the peak effect  of  bath applied DHPG (10 jiM, 

1 min). Cumulative probability histograms were constructed to compare mEPSC amplitude 

and inter-event interval before  and after  drug. The Kolmogorov-Smirnov test was used to test 

for  significant  changes in mEPSC amplitude or inter-event interval (values of  p < 0.05 

assumed significant). 

Immunohistochemistry 

Immunohistochemical techniques were similar to those described in the previous chapter. 

Briefly,  thick slices (~1 mm) from  juvenile (P15 - P19) rat containing HI or XII motor nuclei 

were fixed  by immersion in 4% formaldehyde/0.5%  glutaraldehyde in 0.1 M phosphate 

buffer,  cryoprotected in sucrose (30%) and cryostat sections were cut at 25 /ira. Free floating 

sections containing III or XII motor nuclei were treated with 0.3% H2O2 (30 min) followed 

by 100 mM sodium borohydride (20 min), before  undergoing 3 x 30 minute washes in PBS. 

Sections were then incubated in 5% sheep serum (Sigma, St Louis, MO) for  2 hrs followed 

by anti-mGluRla (1:500, BD PharMingen) anti-mGluR5 (1:160, Upstate Biotech., Lake 

Placid, NY) or anti-choline acetyltransferase  (CHAT; 1:1000; Chemicon International) 

primary antibodies (raised in rabbit) for  36 hrs at 4°C. After  3 x 30 minute washes in PBS, 

sections were incubated for  24 hrs at 4°C in biotinylated anti-rabbit IgG (1:500; Sigma, St 
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Louis, MO), washed 3 x 30 minutes in PBS, and incubated for  24 hrs at 4°C in ExtrAvidin-

peroxidase (1:500; Sigma, St Louis, MO). The reaction product was visualized with 

diaminobenzidine in the presence of  H2O2. Sections were washed in distilled water, mounted 

onto slides, air-dried and cover slipped with Hystomount (Hughes and Hughes). 

All washes were performed  at room temperature on an orbital shaker. All sections from 

different  regions were processed simultaneously to facilitate  comparison between XH and III 

MNs. CHAT immunolabelling was used to identify  the caudal and rostral boundaries of  the 

XII and IU motor nuclei. Control sections, which were omitted from  the incubation step in 

primary antibody, showed no labelling. 
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RESULTS 

Group I mGluR-induced currents 

Neonatal  rat 

Given that group I mGluRs have been implicated in the control of  MN excitability and 

neurodegeneration, I first  tested the hypothesis that the magnitude of  group I mGluR 

mediated effects  varied between III and XII MNs. Bath application of  the general mGluR 

agonist (1S,3R)-ACPD (100 /iM, 1 min) induced inward currents of  similar magnitude in III 

(-96 ± 19 pA or -2.9 ± 0.6 pA/pF; n = 5) and XII MNs (-94 ± 33 pA or -2.2 ± 0.6 pA/pF; n = 

5) and increased the frequency  and amplitude of  EPSCs. Inward currents were associated 

with a 28 ± 3.0 % and 17 ± 3.2 % increase in input resistance (RN) in HI and XII MNs, 

respectively, and had reversal potentials of  -109 ± 5 mV (n = 5) in III MNs and -136 ± 20 mV 

(n = 5) in XII MNs. In current-clamp mode (1S,3R)-ACPD caused similar peak 

depolarisations in III (10.2 ± 2.9 mV; n = 5) and XII MNs (9.0 ± 4.3 mV; n = 3). 

To determine whether group I mGluRs contributed to these responses, the group I mGluR 

agonist DHPG (10 fiM,  1 min) was applied to the bath. DHPG-induced currents were similar 

to those elicited by (1S,3R)-ACPD and were also associated with increases in EPSC 

frequency  and amplitude (Fig. 9A). The currents induced in ID and XII MNs by DHPG were 

similar in their magnitude (III MNs, -85 ± 11 pA or -2.3 ± 0.3 pA/pF, n = 10; XH MNs, -113 

± 38 pA or -2.3 ± 0.5 pA/pF, n = 11; Fig. 9A, B), reversal potential (III MNs, -103 ± 8 mV; 

XII MNs, -118 ± 7 mV; Fig. 9C, D) and increase in RN (III MNs, 24 ± 6.8 %; XII MNs, 18 ± 

3.9 %). DHPG-induced currents persisted in the presence of  TTX (0.5 pM) in both III (n = 5) 

and XII MNs (n = 6) and showed no significant  difference  to currents without TTX. In 
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Figure 9. Group I mGluR activation induces inward currents in neonatal III and XII MNs. 

A, Membrane current (Im) recorded from  neonatal MNs in voltage-clamp showing inward cur-

rents induced by bath application of  DHPG (10 pM, 1 min). Voltage ramp protocols and series 

resistance tests have been truncated for  simplification  of  figures.  B, Pooled data showing the 

average current density of  (1 S,3R)-ACPD- and DHPG-induced currents in neonatal III ((1 S,3R)-

ACPD, n = 5; DHPG, n - 10) and XII ((1 S,3R)-ACPD, n = 5; DHPG, n = 11) MNs. C & D, 

Current/voltage (I/V) relationships for  DHPG currents, generated by subtracting a control I/V 

ramp from  an I/V ramp delivered at the peak of  the response to DHPG, in a single neonatal III 

(C) and XII (D) MN. Straight lines are lines of  best fit.  Variability of  data points in I/V relation-

ships reflect  the increase in EPSCs under DHPG. 
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current-clamp mode, DHPG-induced depolarisations were also similar in IU (6.2 ± 2.7 mV; n 

= 3) and XII MNs (7.2 ± 5.4 mV; n = 3). 

The negative reversal potential of  DHPG-induced currents and their associated increase in 

RN suggested that they were mediated by the reduction of  a resting K+ conductance. To test 

this hypothesis, I examined the effects  on DHPG-induced currents of  changing extracellular 

K+ concentration. Increasing the extracellular K+ concentration from  3 to 15 mM was without 

effect  on the slope of  the current/voltage relationship for  the DHPG-induced current, 

however, it did shift  the relationship significantly  to the right in both III and XII MNs (Fig. 

10). The depolarising shifts  in the reversal potentials of  DHPG currents observed in III (56 ± 

12 mV, n = 3) and XII (63 ± 17 mV, n=4) MNs were similar to the 42 mV depolarising shift 

predicted by the Nernst equation for  a K+ current (see Methods for  details). 

To investigate the involvement of  mGluR 1 and mGluR5 receptor subtypes in group I 

mGluR currents, I locally applied DHPG (100 pM), before,  during, and after  bath application 

of  the mGluRla antagonist LY367385 (50 pM) or the mGluR5 antagonist MPEP (10 pM). 

LY367385 significantly  reduced DHPG-mediated currents by 42 ± 16% in IE MNs (n = 6) 

and 35 ± 11% in XII MNs (n = 6), with little or no reversal of  this block (Fig. 11). MPEP was 

without effect  (HI, n = 3; XII, n = 2) (Fig. 11). LY367385 is an antagonist of  the mGluRla 

splice variant (Clark et al.,  1997). Thus, the incomplete block of  DHPG-induced currents by 

LY367385 may be asscoaited with unblocked mGluR lb receptors. 

Juvenile  rat 

While group I mGluR-mediated effects  were similar in neonatal III and XII MNs, group I 

mGluR expression changes during development in a variety of  brain regions (Romano et al., 

1996; Casabona et al.,  1997; Valerio et al.,  1997b; Copani et al.,  1998; Berthele et al.,  1999); 
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Figure 10. A Potassium conductance is involved in DHPG-mediated currents. 

Current/voltage relationships for  DHPG-induced currents in an (A) III and (B) XII MN under 3 

mM (grey circles) and 15 mM (black circles) extracellular K+ concentrations. Note the rightward 

shift  in the current/voltage relationships under higher extracellular K+ concentrations. 
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Figure 11. DHPG-induced currents in neonatal III and XII MNs are mediated by mGluRl 

receptors. 

Traces of  membrane current (Im) recorded from  neonatal MNs in voltage-clamp showing the 

effects  of  the mGluRl antagonist LY367385 (50 pM, bath application; 5 - 30 sec) and the 

mGluR5 antagonist MPEP (10 pM, bath application) on inward currents in response to DHPG 

(100 pM, local application). Voltage ramp protocols and series resistance tests have been trun-

cated. Note, in both III (A) and XII (B) MNs LY367385 (i) but not MPEP (ii) reduced DHPG-

induced currents. 
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(Casabona et al.,  1997; Berthele et al.,  1999; Valerio et al.,  2002). In addition, because III 

and XH MNs generate behaviours that differ  in their developmental onset and involve 

different  discharge patterns, I tested the hypothesis that group I mGluR-mediated effects 

differ  between III and XII MNs of  more mature animals (P14 - P19) when both MN pools 

contribute to functional  behaviours. Data from  juveniles are also of  greater relevance than 

those from  neonates in the context of  understanding factors  that may predispose MNs to 

degeneration, because ALS has an adult onset. 

DHPG (10 pM, 1 min) induced inward currents in juvenile MNs and increased EPSC 

frequency  and amplitude (Fig. 12A). However, the current densities were significantly 

reduced relative to neonatal levels for  both III and XII MNs. A greater reduction observed in 

III MNs means that in juvenile MNs, group I mGluR current densities are 3-fold  greater in 

XII (-55 ± 8.7 pA or -1.4 ± 0.2 pA/pF, n = 16) relative to HI MNs (-16 ± 3.0 pA or -0.5 ± 0.1 

pA/pF, n = 18) (Fig. 12B). This difference  was also observed at higher concentrations of 

DHPG, which induced significantly  larger currents implying that the receptors were not fully 

saturated at the lower dose (50 pM, 1 min; XII, -130 ± 35 pA or -2.9 ± 0.7 pA/pF, n = 12; m, 

-39 ± 5 pA or -1.0 ± 0.2 pA/pF, n = 10) (Fig. 12B). DHPG-induced currents in juvenile m (n 

= 2) and XII (n = 3) MNs persisted in the presence of  TTX (0.5 pM; Fig. 12E). 

Aside from  the differences  in current magnitude, the DHPG currents induced in III and 

XII MNs in juveniles and neonates appeared similar with respect to postsynaptic localization, 

receptor subtype and ionic mechanism. Currents reversed near E K
+ (ID, -84 ± 4.0 mV, n = 8; 

XII, -99 ± 7.3 mV, n = 11) and again were associated with increased input resistance (III 

MNs, 38 ± 11 %, n = 8; XII, 27 ± 8.6 %, n = 9). 
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Figure 12. Group I mGluR activation induces greater inward currents in juvenile XII 

compared with XII MNs. 

A, Membrane current (Im) recorded from  a III and XII MN in voltage-clamp showing inward 

currents induced by bath application of  DHPG (50 pM, 1 min). B, Pooled data showing the 

significantly  (#) greater average current density of  DHPG-induced currents in juvenile XII (10 

pM, n= 16; 50 pM, n = 12) versus III(10pM, n= 18;50pM, n= 11) MNs. C & D, Current/ 

voltage relationships for  DHPG-induced currents in a single III (C) and XII (D) MN. Straight 

lines are lines of  best fit.  E, Membrane current recorded from  a XII MN in voltage-clamp 

showing inward currents induced by the application of  (i) DHPG (10 pM, 1 min) and (ii) DHPG 

in the presence of  TTX (0.5 pM). Note, in current traces voltage ramp protocols and series 

resistance tests have been truncated. In this MN, ramps evoked persistant inward currents. 
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The mGluR la antagonist LY367385 (50 pM) and the mGluR5 antagonist MPEP (10 pM) 

were again used to investigate which group I mGluR subtype mediated DHPG-induced 

currents. With respect to receptor subtype, results were similar to those obtained in neonatal 

tissue with the mGluRla antagonist, LY367385, showing a reversible reduction of  DHPG 

(500 pM) -induced currents in 4 out of  4 III and 4 out of  4 XII MNs (Fig. 13). The block 

ranged from  11 to 43 % in III MNs and 11 to 67% in XII MNs. As a result of  the high 

variability the effect  of  LY367385 when pooled was not significant.  MPEP had no effect 

(XH, n = 3; m, n = 2) (Fig. 13). 

The predominant effect  of  mGluR receptor activation in XII and III MNs appears to be via 

modulating a resting K+ conductance. However, based on actions in a variety of  neurons (Pin 

& Duvoisin, 1995; Anwyl, 1999), including turtle spinal MNs (Svirskis & Hounsgaard, 

1998), I also tested the hypothesis that mGluRs modulate high-voltage-activated Ca2+ 

channels. I focussed  strictly on XII MNs from  juveniles because the 3-fold  greater HVA Ca2+ 

currents in XII relative to III MNs (see Chapter 2) would maximize my ability to detect an 

effect.  I used the same voltage-clamp protocol described in the previous chapter to assess the 

relative contribution of  the different  HVA subtypes to the total HVA Ca2+ current. Repeated 

voltage steps from  -50 to 0 mV were used to activate voltage-activated Ca2+ currents in MNs 

while DHPG (10 /iM) was applied to the bath. DHPG did not affect  the magnitude of  the 

HVA Ca2+ current in any XII MN (n = 4; Fig. 14). 

Group-I mGluR activation: effects  on synaptic activity 

The increase in EPSCs in current traces (Fig. 9A, 12A and 12E) during bath application of 

DHPG indicates increased synaptic activity in III and XII MNs. This is illustrated more 

clearly in expanded current traces for  neonatal and juvenile MNs (Fig. 15), where both 
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Figure 13. DHPG-induced currents in juvenile III and XII MNs are mediated by mGluRl 

receptors. 

Traces of  membrane current (Im) recorded from  MNs in voltage-clamp showing the effects  of  the 

mGluR 1 antagonist LY367385 (50 pM, bath application) and the mGluR5 antagonist MPEP (10 

pM, bath application) on inward currents in response to DHPG (100 pM, local application). 

Voltage ramp protocols and series resistance tests have been truncated. Note, in both III (A) and 

XII (B) MNs, LY367385 (i) reduced DHPG-induced currents but MPEP (ii) did not. 
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Figure 14. DHPG does not modulate voltage-activated Ca2+ channels in juvenile MNs. 

The lack of  effect  of  DHPG (10 pM; bath application) on voltage-activated Ca2+ currents which 

were stimulated by repeated steps from  -50 mV to 0 mV in a XII MN. 
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Figure 15. DHPG application is associated with increases in synaptic activity in III and XII 

MNs. 

Traces of  membrane current (Im) recorded in voltage-clamp show that DHPG (10 pM, bath 

applied) causes reversible increases in spontaneous synaptic activity in both III and XII MNs of 

neonatal (A,B) and juvenile (C,D) rat. 
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amplitude and frequency  of  EPSCs increase in DHPG. The lack of  such an obvious increase 

in synaptic activity when DHPG was applied locally (Fig. 11, 13) or applied to the bath in the 

presence of  TTX (Fig. 12E) suggested that this increased synaptic activity is primarily, if  not 

completely, due to the direct activation of  group I mGluRs on preMNs. However, to test the 

possibility that the increase in frequency  and amplitude of  EPSCs evoked by group I mGluR 

receptor activation is due to direct pre- or postsynaptic actions at the preMN to MN 

synapse, I investigated the effects  of  DHPG on miniature EPSCs (mEPSCs) recorded in the 

presence of  TTX (0.5 pM). As shown for  a single XII MN in Figure 16, analysis of  80 to 160 

mEPSCs in control and during drug application indicated, in three neonatal XII MNs, that 

DHPG has no effect  on the mEPSC amplitude or frequency  distributions (Fig. 16C, E). Only 

one III MN received sufficient  numbers of  mEPSCs for  analysis. In this MN, DHPG 

decreased mEPSC amplitude but was without effect  on frequency  (Fig. 16B, D). 

Immunohistochemical labelling 

Immunohistochemical labelling for  the mGluRla protein confirmed  its presence on EH and 

XII MNs of  juvenile rat (Fig. 17E, F). Labelling was found  in the cell soma and extended to 

proximal dendrites in some cases. There was a high degree of  variability in the intensity of 

labelling of  individual III and XII MNs. This was unlikely to reflect  methodological 

problems, such as limited antibody penetration, because CHAT immunolabelling of  MNs, 

which was used to demarcate the boundaries of  the motor nuclei (Fig. 17A, B), was much 

more consistent throughout both MN pools. Immunolabelling for  mGluR5 was not observed 

in III or XH MNs (Fig. 17C, D). 
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Figure 16. Effect  of  DHPG on miniature excitatory postsynaptic currents (mEPSCs) in 

neonatal XII and III MNs. 

A, Fast time course trace of  membrane current (lm) recorded from  a neonatal XII MN in the 

presence of  TTX (0.5 pM) showing typical mEPSCs. B & C, Traces of  lm in a XII (B) and III 

(C) MN under TTX showing limited effects  of  DHPG on mEPSCs. D & E, Cumulative prob-

ability histograms for  mEPSC interval and amplitude in a XII (D) and III (E) MN showing the 

effects  of  DHPG (grey line). Note, the only significant  effect  of  DHPG (measured using the 

Kolmogorov-Smirnov test, p<0.05 assumed significant)  on mESPCs was a reduction in ampli-

tude in the single III MN shown in (D). 
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Figure 17. Immunohistochemical labelling for  mGluRla but not mGluR5 is present on III 

and XII MNs. 

A & B, Choline acetyltransferase  immunohistochemical labelling of  the III (A) and XII (B) 

nuclei in juvenile rat. C & D, Lack of  immunohistochemical labelling for  mGluR5 in III (C) and 

XII (D) nuclei in the same rat as in A & B. E & F, Immunolabelling for  mGluRla in III (E) and 

XII (F) MNs at higher magnification  to show variable labelling intensity of  individual MNs. (ca 

= cerebral aqueduct, 4v = fourth  ventricle, dmv = dorsal motor vagus). 

99 



DISCUSSION 

To further  understand the role of  group I mGluRs in the physiology and pathophysiology of 

MNs, I investigated the effects  of  group I mGluR activation in III and XII MNs. In both IE and 

XII MNs, group I mGluR activation induced depolarising inward currents via inhibition of  a 

resting K+ conductance. Currents were of  similar magnitude in neonatal MNs. However, 

extension of  these measurements to include juvenile MNs revealed that currents are 3-fold 

greater in XII MNs, likely reflecting  a greater developmental reduction in III MNs. Greater 

effects  of  group I mGluR activation in juvenile XII compared with HI MNs support a more 

important role for  these receptors in controlling the rhythmic low frequency  firing  behaviours of 

XII MNs, than the high frequency  sustained firing  behaviours of  III MNs. The greater effects  in 

XII compared to III motoneurons may also be a factor  predisposing vulnerable MNs, such as XH 

MNs, to degeneration as seen is ALS. 

Receptor subtypes mediating mGIuR-induced inward currents 

My data in neonatal HI and XII MNs are consistent with previous data in neonatal trigeminal 

(Del Negro & Chandler, 1998), phrenic (Dong & Feldman, 1999) and XII MNs (Talley et al., 

2000) of  rat, and spinal MNs of  adult turtle (Svirskis & Hounsgaard, 1998), which demonstrate 

that the postsynaptic effects  of  mGluR activation are primarily mediated by group I mGluRs. 

First, currents induced by the general mGluR agonist (1S,3R)-ACPD and the group I mGluR 

agonist DHPG were similar, showing comparable time courses, reversal potentials and changes 

in input resistance. Second, the ACPD and DHPG-induced currents persisted in TTX, confirms 

that these currents were mediated, at least is part, by postsynaptic receptors. 
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Chapter 3: Group I mGluRs in cranial MNs 

My data also indicate that the mGluR 1 subtype is primarily responsible for  the group I 

mGluR-mediated effects.  Group I mGluRs comprise both mGluRl and mGluR5, yet only the 

mGluRl antagonist reduced the DHPG-induced currents, while mGluR5 antagonists were 

without effect.  Group I mGluRs also exist as different  splice variants (mGluRla - f  and 

mGluR5a and b) with the precise function  of  each unknown (Pin & Duvoisin, 1995). Given that 

LY367385 appears to be most potent at mGluRla receptors (Schoepp et al,  1999), its 

incomplete block of  DHPG-induced currents may reflect  involvement of  other mGluR 1 splice 

variants. Indeed transcripts for  both mGluRla and mGluR lb splice variants are expressed in the 

III and XH motor nuclei with the mGluRla variant comprising approximately 80% of  the total 

mGluR 1 amplification  product (Laslo et al.,  2001a). 

Immunohistochemical analyses in the rat support the presence of  mGluRla, but not mGluR5, 

protein on III and XII MNs. This is consistent with the majority of  immunohistochemical data 

indicating mGluR 1 but not mGluR5 receptor expression on MNs (Valerio et al.,  1997a; Alvarez 

et al.,  2000; Laslo et al.,  2001a; Valerio et al.,  2002). There have been some reports of  mGluR5 

immunoreactivity in MNs (Turman et al.,  2001). However, a recent study comparing the 

specificity  of  the different  group I mGluR antibodies (Alvarez et al.,  2000) suggests that the 

mGluR5 MN labelling may represent cross reactivity of  the mGluR5 antibody (Chemicon Inc.) 

with mGluRla subunits. 

Ionic mechanisms underlying group I mGluR-mediated currents 

In neonatal mammals, the predominant effect  of  group I mGluR activation in phrenic (Dong 

et al.,  1996; Dong & Feldman, 1999), trigeminal (Del Negro & Chandler, 1998) and XII MNs 

(Talley et al,  2000) is to inhibit a Ba2+-sensitive, resting K+ conductance. My data showing that 

the DHPG-induced depolarising currents were associated with increases in input resistance and 
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had reversal potentials near, and shifted  with, the equilibrium potential for  K+ (EK+), confirm 

these previous findings  in XII MNs and establish that mGluR effects  in III MNs are also 

mediated through inhibition of  a resting K+ conductance. My data also establish that functional 

group I mGluR expression in MNs persists to juvenile stages when the morphological (Nunez-

Abades et al,  1994; Nunez-Abades & Cameron, 1995), intrinsic and synaptic properties of  III 

(Tsuzuki et ai, 1995) and XII MNs (Haddad et al.,  1990; Nunez-Abades et al,  1993; Viana et 

al,  1994) are nearing or have attained the adult phenotype. Group I mGluR-induced currents 

decreased in magnitude over this time frame,  particularly in III MNs, but, as in neonate, currents 

reversed near Ek+ and were associated with increased input resistance. While I did not identify 

the K+ channel involved, comparison of  currents evoked in oocytes co-expressing mGluR and 

TASK-1 K+ channels with mGluR-induced currents evoked in XH MNs strongly suggests that 

this Ba2+-sensitive resting K+ conductance is in fact  mediated by the pH-sensitive TASK-1 K+ 

channel (Talley et al,  2000). 

In addition to its inhibition of  K+ channels, group I mGluR activation modulates N, P/Q and 

L-type high voltage-activated Ca2 + channels in a variety of  neurons (Pin & Duvoisin, 1995; 

Anwyl, 1999). Data from  MNs are limited to potentiation of  L-type high voltage-activated Ca2+ 

currents in adult turtle MNs (Svirskis & Hounsgaard, 1998). My analysis of  mGluR modulation 

of  voltage-gated Ca2 + currents focussed  on juvenile XII MNs to maximize the likelihood of 

detecting an interaction since HVA Ca2 + currents are larger in XII relative to III MNs and 

evidence for  modulation of  voltage-gated Ca2 + channels by group I mGluRs in turtle MNs is 

limited to adult animals. In spite of  this, I found  no evidence of  group I mGluR modulation of 

voltage-gated Ca2 + currents. I cannot exclude the possibility that the lack of  a detectable mGluR-

mediated modulation of  Ca2 + currents resulted from  the use of  whole-cell recording techniques 

and washout of  required intracellular second messenger cascades. Arguing against this 

possibility is that second messenger systems modulating mGluR effects  on K+ channels did not 
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washout, but different  signalling cascades may be more susceptible to washout than others. 

Application of  perforated  patch-clamp recording techniques, in which washout is minimised, is 

required to address this question. 

In other neuron types, group I mGluRs also activate hyperpolarizing currents via stimulation 

of  Ca2+ release from  intracellular stores and subsequent activation of  apamin-sensitive K+ 

currents (Fiorillo & Williams, 1998). These hyperpolarizing currents desensitise quickly and are 

only observed following  short (<1 sec) low concentration agonist applications. Prolonged 

agonist applications induce depolarising currents, more typically associated with group I mGluR 

activation. It is possible that group I mGluRs also mediate similar rapidly desensitising 

hyperpolarizing currents in III and XII MNs, but the long duration DHPG applications used in 

the present study may have prevented their detection. 

Modulation of  synaptic activity by group I mGluRs 

Additional effects  of  group I mGluR signalling in MNs includes potentiation of  ionotropic 

glutamate receptor responses in rat spinal MNs (Ugolini et al.,  1997, 1999). Bath application of 

DHPG increased both the amplitude and frequency  of  spontaneous EPSCs in XII and III MNs. 

However, this is more likely to reflect  direct group I mGluR-mediated excitation of  preMN than 

potentiation of  ionotropic glutamate transmission. First, compared to bath-application, the 

increased synaptic activity was scarcely evident when drugs were locally applied or bath-applied 

in the presence of  TTX. Second, DHPG did not affect  the amplitude or frequency  distributions 

of  TTX-insensitive mEPSCs recorded in three XII MNs. The only significant  effect  of  DHPG on 

mEPSC properties was to decrease amplitude in one III MN. Group I mGluR mediated 

inhibition of  NMDA receptor mediated currents has been observed in cultured cortical neurons 

(Yu et al.,  1997), however, in MNs mGluR-mediated inhibition of  glutamatergic transmission is 
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primarily attributed to presynaptic group II and III mGluRs (Dong & Feldman, 1999). To verify 

the group I inhibition of  EPSC amplitude and establish that this effect  represents a difference 

between the action of  group I mGluR activation at III and XII MNs will require analysis of 

greater numbers mEPSCs in more MNs. It will also require that glutamatergic EPSCs are 

isolated. I did not attempt to block GABAergic or glycinergic PSCs in these experiments. 

However, block of  these EPSCs by CNQX in preliminary experiments indicates that they are 

primarily glutamatergic. In summary, my results indicate that group I mGluR activation does not 

potentiate synaptic transmission at preMN-MN synapses in III or XII MNs. My data also 

emphasize that group I mGluR signalling is important not only in the control of  MN excitability, 

but also in modulating the activity of  premotor networks. 

Physiological roles of  group I mGluRs 

Glutamate is the major excitatory transmitter mediating mono- and polysynaptic afferent 

inputs, propriospinal or local brainstem inputs, as well as descending efferent  inputs to MNs 

(Rekling et al.,  2000). Ill MNs receive glutamatergic inputs from:  (i) internuclear neurons in the 

abducens nucleus, which provide eye position and eye velocity signals associated with 

horozontal saccades; (ii) second-order neurons in the ventrolateral vestibular nucleus, which are 

associated with head velocity signals (Nguyen & Spencer, 1999); and (iii) premotor neurons in 

the rostral interstitial nucleus of  the medial longitudinal fasciculus,  which are associated with 

vertical saccades (Spencer & Wang, 1996). XII MNs participate in a number of  rhythmic 

behaviours (Lowe, 1980) that are mediated by glutamate, including mastication (Katakura & 

Chandler, 1990), deglutition (Bieger, 1991) and respiration (Funk et al.,  1993). They receive 

glutamatergic inputs from  multiple sources, including preMNs in the lateral tegmental field 
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(Bellingham & Berger, 1994) and respiratory preMNs (Funk et al,  1993) in the ventro- (Lipski 

et al.,  1994) and dorsolateral medulla (Peever et al.,  2002). 

While synaptic transmission at these glutamatergic synapses will primarily involve activation 

of  ionotropic glutamate receptors, glutamate release will also activate mGluRs if  they are 

present. Group I mGluRs are implicated in a range of  motor behaviours. In lamprey spinal cord 

preparations, activation of  presynaptic group I mGluR at synapses between excitatory 

interneurons and MNs is required to maintain fictive  locomotion. In the trigeminal system, 

which controls chewing behaviours, postsynaptic group I mGluR-mediated currents are 

endogenously activated in trigeminal MNs by glutamatergic preMNs (Del Negro & Chandler, 

1998). In the respiratory system, activation of  presynaptic group II and III mGluRs inhibits 

inspiratory synaptic currents in phrenic (Liu et al.,  1990) and XII MNs (Funk et al.,  1993), while 

activation of  postsynaptic group I mGluRs in phrenic MNs contributes to rhythmic inspiratory 

drive currents (Dong & Feldman, 1999). The contribution of  postsynaptic group I mGluRs to the 

respiratory-related currents in XII MNs has not been examined. 

In the present study, group I mGluR activation induced depolarising currents and increased 

input resistance not only in XII MNs, but also in III MNs. Thus, if  mGluRs are expressed at 

functional  glutamatergic synapses, they will play a significant  role in determining the 

excitability of  III and XII MNs to glutamatergic inputs. The effects  of  group I mGluR activation 

on MN activity, however, will differ  for  III and XII MNs because in juvenile MNs, group I 

mGluR mediated currents are three-fold  greater in XII compared with IE MNs. 

The effects  of  mGluR activation on MN excitability will also depend on the types of 

glutamatergic synaptic inputs they receive. In MNs that exhibit bursts of  activity followed  by 

periods of  quiescence due to phasic glutamatergic inputs, mGluR activation will increase both 

the firing  frequency  during the bursts and the duration of  the bursts by reducing rheobase. If 

phasic inputs have incrementing onsets and decrementing offsets,  mGluR activation will 
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increase burst duration by advancing the onset and delaying the offset  of  discharge. In MNs that 

receive constant glutamatergic input and discharge tonically, mGluR activation will 

predominantly affect  firing  frequency.  However, if  periodic increases in glutamatergic input 

cause bursts of  high frequency  discharge on top of  a lower background tonic output, mGluR 

activation may also affect  the duration of  these bursts of  higher frequency  discharge. 

Thus, in rhythmically active XII MNs that receive phasic glutamatergic activation, for 

example during respiration (Funk et al.,  1993), mGluR activation will increase both firing 

frequency  and duration of  the active phase. Given the incrementing and decrementing shape of 

inspiratory drive currents received by XII MNs (Funk et al.,  1993), mGluR activation may also 

alter excitability during the active phase. During the initial rise in the inspiratory drive current, 

increases in input resistance due to mGluR activation may cause firing  to begin earlier. During 

the decrementing end to the inspiratory drive current mGluR-mediated increases in input 

resistance may delay the conclusion of  firing.  In contrast, HI MNs receive tonic glutamatergic 

input from  abducens internuclear neurons to control eye fixation  (Nguyen & Spencer, 1999). 

Thus, mGluR activation will predominantly affect  firing  frequency  in III MNs. However, given 

that III MNs also fire  bursts of  high frequency  discharge to control eye movement during 

saccades (Robinson, 1970), mGluR activation may also help determine the duration of  these 

saccadic bursts. 

The fact  that glutamate mediates a variety of  behaviours via activation of  ionotropic 

receptors, but can also modulate excitability through activation of  mGluRs, raises the intriguing 

possibility that differential  expression of  mGluRs in functionally  distinct motor pathways could 

underlie behaviourally-specific  modulation of  excitability. Most MNs participate in multiple 

behaviours. However, it is not known whether the excitability of  the MNs is constant for  all 

behaviours, or if  intrinsic membrane properties and synaptic processes are rapidly modulated so 

that MN input-output functions  are tuned to meet the specific  requirements of  the ongoing 
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behaviour. Phasic activation of  group I mGluRs in MNs during rhythmic activities such as 

respiration is consistent with behaviourally-specific,  or at least phase-specific,  modulation of 

excitability. Immunohistochemical labelling in III, XII (present study, (Laslo et al,  2001a) and 

spinal (Alvarez et al.,  2000) MNs demonstrating variability in group I mGluR expression in 

individual MNs within a pool is also consistent with the hypothesis that group I mGluRs are 

differentially  expressed in distinct pathways. Evidence that mGluR diversity is exploited in 

functionally  distinct pathways to achieve behaviourally-specific  modulation of  excitability, 

however, is lacking. To establish this would require a clear understanding of  how the different 

functional  inputs are spatially distributed on the somatodendritic tree relative to the various 

mGluR subtypes, and how endogenous activation of  the multiple mGluR subtypes affects 

different  behaviours. 

Group I mGluRs and development 

Expression of  group I mGluR changes with development throughout the CNS. Metabotropic 

GluR5 expression generally decreases with age (Romano et al.,  1996; Casabona et al.,  1997; 

Valerio et al.,  1997b; Copani et al.,  1998; Berthele et al.,  1999), suggesting a possible role in 

processes such as developmental apoptosis (Copani et al.,  1998). Developmental changes in the 

expression of  mGluR 1, the primary group I mGluR on MNs, are more variable with different 

neuronal types showing increasing, decreasing or constant levels of  expression (Casabona et al, 

1997; Berthele et al,  1999; Valerio et al,  2002). 

Previous developmental analyses of  mGluR 1 expression in MNs have been limited to spinal 

and trigeminal MNs. In spinal MNs, mGluRla mRNA levels increase slightly from  postnatal 

day 1 to 21 (Berthele et al,  1999), and immunolabelling increases from  embryonic to adult 

stages (Valerio et al,  2002). In trigeminal MNs, mGluRla immunolabelling does not appear 
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until the 4 th postnatal week (Turman et al.,  2001). However, this may represent differences  in 

epitope availability in neonate versus adult tissue. In my study, mGluRla immunolabelling was 

apparent in P14 MNs while electrophysiological analyses indicated that mGluR-induced currents 

were greater in PI - P5 than in P14 - P19 MNs, particularly in HI MNs. 

The role of  group I mGluRs in developmental processes is unclear. They are thought to 

provide important trophic support to a range of  developing neurons because their activation 

prevents apoptotic cell death (Copani et al.,  1995; Anneser et al.,  1998; Copani et al.,  1998) and 

their blockade leads to degeneration in a number of  regions of  the developing CNS (Price et al., 

1995; Zirpel et al.,  2000). In cultured cerebellar granule cells, these actions appear to be 

mediated by mGluR5 activity since the onset of  apoptotic cell death coincides with a decrease in 

mGluR5 expression and block of  mGluR5 activity accelerates apoptotic cell death (Copani et al., 

1998). In contrast, in cultured chick embryonic MNs mGluRl activation delays apoptosis 

(Anneser etal.,  1998). 

Regardless of  their roles in developmental processes, it is clear that group I mGluR-mediated 

effects  are not limited to neonatal MNs. Functional group I mGluRs are present in juvenile XII 

and III MNs. Thus, this receptor system probably contributes to the control of  MN excitability 

throughout postnatal development. It is also clear that during normal postnatal maturation, the 

role of  mGluR-mediated signalling in controlling MN excitability will decrease, especially in m 

MNs. 

It should be noted that quantification  of  the magnitude of  developmental changes in group I 

mGluR-induced currents was complicated by potential differences  in space-clamp of  XII versus 

III MNs and the use of  different  recording solutions in neonatal and juvenile MNs. In reference 

to space-clamp differences,  given the larger size of  XII compared to HI MNs (based on 

capacitance measurements), if  there was a difference  in space clamp it would favour  greater 

control over III MNs and actually lead to an underestimation of  the difference  in mGluR-
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mediated currents between III and XII MNs. The differences  in recording solutions used for 

neonates and juveniles are also a potentially confounding  factor.  The main difference  of 

consequence in this study is likely to be the reduced intracellular K+ concentration in juvenile 

recordings. However, if  one considers the conductance in neonates, this reduction in intracellular 

K+ concentration would only cause a 4 mV shift  in the I/V relationship and an approximate 9.5% 

decrease in the estimated current density at -60 mV. As the density of  DHPG-induced currents 

was reduced by 39% in XII MNs and 78% in III MNs from  neonatal to juvenile stages, we can 

be confident  that the reduction in mGluR-induced currents in juvenile animals represents a 

development change in current density. At the very least, since the difference  in E K
+ between 

neonatal and juvenile MNs was constant for  HI and XII MNs, the fact  that, in juvenile animals, 

current densities are three fold  higher than XII compared with III MNs indicates a 

developmental shift  in the relative magnitude of  the mGluR-induced effect. 

Group I mGluRs and ALS 

Differences  between group I mGluR-mediated effects  in III and XH MNs may also contribute 

to their variable susceptibility to degeneration as seen in ALS. There is substantial evidence that 

glutamate-mediated excitotoxicity is involved in ALS (Rothstein, 1995; Krieger et al.,  1996; 

Bromberg, 1999; Shaw & Eggett, 2000) with glutamate levels elevated in 40% of  ALS patients 

(Spreux-Varoquaux et al.,  2002). The excitotoxic hypothesis predicts that elevated levels of 

glutamate lead to increases in intracellular Ca2+ concentration, which in turn activate cell death 

pathways (Choi, 1992). Increased levels of  intracellular Ca2+ could result from  Ca2+ influx 

following  over-stimulation of  NMDA or Ca2+-permeable AMPA receptors, but could also reflect 

greater release of  Ca2+ from  intracellular stores following  increased activation of  group I 

mGluRs (Nicoletti et al.,  1999). Group I mGluRs also activate PKC, another component of  the 
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intracellular pathways whose activation precedes neuronal death (Choi, 1992). Group I mGluRs 

have been implicated in a number of  neurodegenerative diseases (Nicoletti et al.,  1996; Bordi & 

Ugolini, 1999). Thus, differences  in group I mGluR-mediated effects  in vulnerable and resistant 

MNs could contribute to their variable predisposition to degeneration as seen in ALS. 

Until now, comparison of  mGluR expression in vulnerable and resistant MNs has been 

limited to immunohistochemical and in situ  hybridisation studies. While these studies suggest 

differential  expression of  group I mGluRs contributes to the selective vulnerability of  MNs in 

ALS, data supports both neurotoxic (Laslo et al.,  2001a; Tomiyama et al.,  2001) and 

neuroprotective (Anneser et al.,  1999) roles. Electrophysiological analyses performed  in the 

present study establish greater group I mGluR-mediated effects  in vulnerable XII compared with 

resistant III MNs, and support the hypothesis that greater group I mGluR expression in XH MNs 

predisposes these MNs to glutamate-mediated excitotoxic cell death as hypothesised in ALS. To 

establish whether this is a general feature  that distinguishes vulnerable from  resistant MNs will 

ultimately require comparison of  additional MN pools and extension of  measurements to fully 

mature MNs. Group I mGluR mediated effects  have been measured in trigeminal (Del Negro & 

Chandler, 1998) and phrenic (Dong & Feldman, 1999) MNs, but these are limited to neonates 

and differences  in drug concentrations and application paradigms preclude comparison of  the 

effects  of  group I mGluR-mediated effects  in these MNs with results obtained in the present 

study. 

It is not known whether the differences  in current densities between XII and III MNs, or the 

developmental changes in group I mGluR mediated effects,  reflect  differences  in expression of 

mGluRs, second messenger pathways, or the K+ channels that mediate this response (likely 

TASK-1). Establishing whether the differential  effects  are due to receptor, second messenger or 

effector  expression is of  particular relevance to ALS. For example, if  group I mGluRs contribute 
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to degeneration through their activation of  specific  second messenger cascades and release of 

Ca2+ from  intracellular stores, a greater mGluR-mediated effect  in XII compared to in MNs 

based solely on greater TASK-1 channel expression will be of  minimal importance for  ALS 

since Ca2+ stores and intracellular Ca2+ levels may not be differentially  affected  in the two 

classes of  MNs. 

Although I did not detect any consistent differences  in mGluRla immunolabelling between 

XII and IU MNs in juvenile animals, use of  a different  mGluRla antibody in adult rat revealed 

greater mGluRla immunolabelling in XII compared with III MNs (Laslo et al.,  2001a), 

supporting the possibility that the greater effects  in XII MNs are due, at least in part, to greater 

receptor expression. However, whether greater expression of  second messenger systems or K+ 

channels mediating mGluR actions also contributes is not known. 

The inability to identify  the limb of  the signalling cascade responsible for  differential  effects 

of  group I mGluR activation in III versus XII MNs during development does not affect  my 

functional  interpretation. Greater group I mGluR-induced currents in juvenile XH relative to III 

MNs indicates a greater role for  this system in controlling XII MN excitability, regardless of 

which component of  the signalling cascade underlies the differential  effect. 

In summary, the present study demonstrated that in III and XII MNs prolonged group I 

mGluR (mGluR 1) activation causes inward currents and increases MN input resistance via the 

block of  a resting K+ conductance, likely the TASK-1 current. In juvenile MNs, group I mGluR-

mediated effects  are ~3-fold  greater in XII versus III MNs supporting a more important role for 

mGluR 1 in rhythmic motor behaviours supported by XII MNs. Furthermore, greater mGluR-

mediated effects  in XII MNs may contribute to their predisposition to degeneration as seen in 

ALS. 
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Summary 

Data provide new information  necessary for  a complete understanding of  the role that 

voltage-activated Ca2+ channels and group I mGluRs play in controlling MN excitability, and 

developmental and pathophysiological processes. The main observations are as follows: 

(i) LVA Ca2+ current densities are similar in III and XII MNs of  neonatal rat. However, 

LVA Ca2+ current density decreases developmentally in III MNs between neonatal and juvenile 

stages such that by juvenile stages, LVA Ca2+ current densities are ~2-fold  greater in XII 

compared with III MNs. 

(ii) HVA Ca2+ current densities are consistently greater in XH compared with III MNs in 

both neonatal and juvenile MNs. At neonatal stages, they are ~2-fold  greater in XII MNs, but by 

juvenile stages the difference  increases to ~3-fold  due to a developmental reduction in HVA 

Ca2+ current density in III MNs and no change in XII MNs. 

(iii) The density of  currents mediated by group I mGluR activation is similar in HI and XII 

MNs of  neonatal rat. These current densities decrease during development in both classes of 

MNs, but more so in III MNs, so that by juvenile stages group I mGluR-mediated current 

densities are ~3-fold  greater in XII compared with III MNs. 

Greater voltage-activated Ca2+ current densities are likely to be important in determining the 

lower firing  frequencies  and rhythmic firing  patterns of  XII MNs. Conversely, smaller voltage-

activated Ca2+ current densities are likely to be important in enabling the higher frequency, 

sustained firing  behaviour of  III MNs. In addition, at neonatal stages group I mGluR activation 

will have similar effects  on the excitability of  XII and III MNs. However, by juvenile stages, 

mGluR signalling cascades will have a greater influence  on the excitability of  XII MNs. To 
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further  understanding of  the role that these channels and receptor systems play in the control of 

MN firing  patterns will require investigation of  their effects  on repetitive firing  in response to 

injected current or endogenous synaptic waveforms  both in vitro  and in vivo. 

Developmental changes in voltage-activated Ca2+ currents and group I mGluR-mediated 

effects  in XII and in MNs correlate with the time courses over which the motor behaviours 

controlled by these two MN pools mature. During the first  2-3 weeks of  postnatal development 

these channels and receptor systems show little or no change in XII MNs, which contribute to 

behaviours that are fully  functional  at birth. In contrast, voltage-activated Ca2+ currents and 

group I mGluR-mediated effects  change significantly  over the first  2-3 weeks in III MNs, which 

control behaviours that are not fully  functional  until postnatal day 14 when the eyes open. 

Whether developmental changes in voltage-activated Ca2+ channels and group I mGluRs solely 

reflect  their varying contributions to the control of  input-output processes of  XII and III MNs as 

the MNs reach maturity or whether these channels and receptor systems are involved in specific 

developmental processes remains to be established. To test for  the involvement of  voltage-

activated Ca2+ channels or group I mGluRs in developmental processes occurring in MNs will 

require investigation of  the effect  that antagonism of  these channels and receptor systems has on 

MN development. 

Finally, data support a role for  voltage-activated Ca2+ channels and group I mGluRs in the 

predisposition of  XII, but not III MNs, to degeneration as seen in ALS. Greater expression of 

voltage-activated Ca2+ channels in vulnerable XII compared with resistant III MNs is consistent 

with a role for  these channels in Ca2+-dependent degenerative processes, which are proposed in 

ALS. Furthermore, my comparison of  group I mGluR-mediated effects  in XII and III MNs has 

addressed the controversial role proposed for  group I mGluRs in neurodegeneration with 

findings  of  greater group I mGluR-mediated affects  in vulnerable XII MNs supporting a 

neurotoxic role for  these receptors in ALS. The next steps required to determine the role of  these 
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channels and receptor systems in the neurodegeneration of  MNs in ALS is to determine whether 

similar expression patterns occur in other vulnerable and resistant MN pools not only in rat, but 

also human. In addition, it is necessary to determine whether increases in intracellular Ca2+ 

mediated through voltage-activated Ca2+ channels or following  activation of  group I mGluRs 

contribute to excitotoxicity, or alternatively, whether block of  Ca2+ flux  through these pathways 

can confer  resistance to degeneration. 
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