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Abstract 

Intracellular studies of the spinal motoneurones in the adult in-vivo cat identified 

a slowly activating persistent inward current that could be activated by bnef 

depolarizations. The presence of this current provided these cells with two stable 

membrane potentials - one at the resting potential and the other at a more depolarized 

potential. Because t5s  second potential is above threshold for sodium spikes, cells will 

fire repetitively at this second stable membrane potential. If the sodium spikes are 

blocked, the underlying sustained depolarization c m  be seen - this stable depolarization 

resulting fiom a bnef depolarizing stimulus is termed a plateau potential. 

The ionic nature of the persistent inward curent was difficult to determine in the 

in-vivo cat. Researchers therefore tumed to in-vitro preparations in order to study this 

current. Due to the difficulties associated with maintainhg viable mammalian spinal cord 

tissue in-vitro, this current was studied in adult tude spinal motoneurones which are 

more tolerant of in-vitro conditions. Using this preparation it was determined that the 

persistent inward cunent was mediated by a subtype of voltage-gated calcium channels 

termed L-type charnels. Furthemore, it was determined that these channels were located 

in the dendrites of these cells. 

Plateau potentials have since been dernonstrated in a number of different ce11 

types in both vertebrate and invertebrate nervous systems. A number of different 

underlying conductances have been shown to mediate the plateaux in these different ce11 

types. The ionic nature of the current rnediating plateau potentiais has not been 

determined in mammdian spinal motonewones. The purpose of this thens was to 



examine the nature of this current. Specifically, this thesis tested the hypothesis that 

mammalian spinal motoneurones use L-type voltage-gated calcium channels in the 

production of plateau potentials. 

Using an in-vitro spinal cord slice preparation and whole ce11 patch clamp 

recording techniques, voltage-gated calcium currents were characterized in mouse lumbar 

spinal motoneurones. These experiments demonstrated, for the first tirne, the presence of 

a variety of channel subtypes including: T-, N-, P/Q- and R-type channels. Of particular 

interest was the presence of a dihydropyridine-sensitive L-type current. In a second set of 

experiments it was demonstrated that a subpopulation of the L-type calcium channels 

were located in the dendrites of these motoneurones. This result is consistent with the 

location of L-type channels responsible for plateau potentials in twtle spinal 

motoneurones. The final set of experiments demonstrated plateau potentials in mouse 

spinal motoneurones. These plateaux are calcium-mediated and can be elicited by 

activation of L-type calcium channels. 

The demonstration that mammalian spinal motoneurones express L-type channels, 

a portion of which are located in a subcellular location consistent with their role in the 

generation of plateau potentials, suggests that mammalian spinal motoneurones use the 

same ionic mechanisms to generate plateau potentials as do lower species like the nirtle. 

Furthemore, diis idea is supported by the ability of L-type calcium channel activaton to 

elicit plateaux in mammalian spinal motoneurones. 



General Introduction 

Overview 

The classic preparation for studying mammalian neurophysiology has been the in- 

vivo cat spinal cord preparation. This preparation has been used for over 100 years to 

study the general pncciples of the nervous system, including chernical transmission, 

cellular biophysics and signal integration. A great advantage of using this preparation is 

its fairly well defined input-output, architecture and circuitry. Besides being a good 

mode1 of the nervous system in general, the spinal cord and its components are an 

integral part of the CNS. Therefore, by studying the spinal cord we have not only learned 

a number of general principles about the nervous system but also more specific 

infoxmation about spinal motoneurones. 

Early work on spinal motoneurones led to the classic concept of linear integration 

- in which a ce11 algebraicaily adds up the amount of inhibitory and excitatory input and 

fires an action potential if the amount of excitatory input pushes the membrane potential 

past threshold. If intracellula. current injection is used to mirnic synaptic current, this 

type of response is seen as a linear or bi-linear fiequency-curent (F-1) relationship 

(Kerneil, 1965). In more recent years it has been s h o w  that under certain conditions 

spinal motoneurones are capable of non-linear behaviour. 

The ability of the mammalian motor system to act non-linearly was described 

almost 100 years ago. Sherrington (1906) descnbed a prolonged motor nerve discharge 

following a brief stimulation of afferents in the cat. In 1930 Pollock and Davis described 



a sunila. reflex response in motor nerves of the decerebrate cat in which the motor 

activity again outiasted the afferent stimulation. This type of prolonged behaviour was 

later amibuted to a reverberating circuit within the spinal cord (Hultbom et al., 1975). It 

was not until 1986 that Hounsgaard et al used intracellular current injection directly into 

cat spinal motoneurones to demonstrate that this behaviour was due to an intrinsic 

property of the motoneurones. With intracellular recording electrodes this intrinsic 

property can be seen as self-sustained firing after a short depolarizing current pulse. If 

action potentials are blocked the underlying sustained depolarization becomes evident 

and is termed a plateau potentiai. 

With the demonstration that spinal motoneumnes possessed the ability to produce 

plateau potentials, the obvious question of mechanism arose. That is, what channels or 

ionic conductances are responsible for the sustaincd depolarizing drive? To address this 

question it is necessary to manipulate the extracellular environment and to use 

pharmacologicai agents specific for various membrane channels. Since the extracellular 

environment cannot be readily controlled in the in-vivo cat preparation, researchers 

tumed to in-vitro spinal cord preparations. The most successful of these at elucidating the 

mechanisms of plateau potentials in spinal neurons has been the adult turtle spinal cord 

slice preparation. Using this mode1 Hounsgaard and CO-workers have demonstrated that 

the underlying conductance of the plateau potentiai is mediated by dihydropyridine- 

sensitive L-type voltage-gated calcium channels. As the turtle is a reptile, an obvious and 

important question is, do rnammaiian spinal motoneurones use the sarne or a similar 

mechanism to produce plateau potentials? 



Supportive evidence for a similar mechanism underlying plateau potentials in 

marnmaiian spinal motoneurones has recently been obtained by Jiang et a1 (1999a) in the 

in-vitro mouse whole spinal cord preparation. In this study it was demonstrated that 

neurochemically evoked lumbar ventral root output became sensitive to both the 

extracellular calcium concentration and the L-type calcium charme1 antagonist nifedipine 

&ter approxirnately postnatal day 7. In a second part of this study spinal motoneurones 

were s h o w  to irnmunohistochemically stain for both the ulc and the a 1 ~  subunits of L- 

type calcium channels. Consistent with the electrophysiological data, the immunostainhg 

developed during the first 3 postnatal weeks in mouse motoneurones. 

These initial results in the mouse spinal cord supported the hypothesis that 

"mature" rnamrnalian spinal motoneurones produce plateau potentials that are mediated 

by L-type calcium channels. However, these results could not rule out the possibility that 

1) nifedipine was acting at a pre-motoneuronal level and 2) it could not be determined 

that the immunolabeling represented functional L-type channels. Therefore, experiments 

were undertaken to determine if, as in the nutle, "mature" mammalian spinal 

motoneurones use L-type voltage-gated calcium channels in the production of plateau 

potentiais. The hypotheses tested in this thesis are 1) that mammalian spinai 

motoneurones possess a variety of subtypes of voltage-gated calcium channels including 

fwictiond dihydropyridine-sensitive L-type channels 2) that a sub-population of L-type 

channels are located in a subcellular location (dendrites) which is thought to be necessary 

in the production of plateau potentials and 3) that plateau potentials cm be elicited in 

these cens by means consistent with activation of L-type calcium channels. The rationale 



for each of these hypotheses is developed M e r  in the remainder of the 

INTODUCTION. 

Neuronal voltage-gated calcium channels 

The function of al! calcium channels is to allow calcium enûy into the cytoplûsm 

of cells. Normally the concentration of cytosolic fiee calcium is very low (> IO-' M; Meir 

et al., 1999), while the concentration in the extracellular Buid is some four orden of 

magnitude greater. As a resuit of this sizeable driving force, a selective increase in the 

permeability of the plasma membrane will allow these charged ions to enter the cell. 

Also, the normally low concentration of calcium allows this ion to function as an 

intracellular second messenger. The neuronal voltage-gated calcium channels therefore 

have the ability to couple changes in the membrane potential to a number of cellular 

Functions. The most well known function of these channels is to trigger calcium- 

dependent exocytosis of neurotransmitter upon depolarization of nerve terminais. This is 

but one role these channels play in neuronal functioning. The calcium influx fiom these 

channeis can also alter the excitability of cells. This can be through either an electrogenic 

effect such as in the case of plateau potentials (Hounsgaard and Kiehn, 1985), bursting 

(Williams and Stuart, 1999) or spike initiation (Viana et al., 1993a) or through direct 

gating effects on other channels (ex. Kc, ; Walton and Fulton, 1986; Viana et al., 1993b). 

Calcium entry via activation of these channels can also be coupled to activation of 

various calcium-dependent enzyme systems (ex. calcium-calrnodulin-dependent protein 

kinase ; Aletta et al., 1996) and has been shown to activate gene transcription in some 

cells (Greenberg et al., 1986). 



There are a number of subtypes of neuronal voltage-gated calcium channels. 

These differ in their activation and inactivation voltage and kinetics, deactivation 

kinetics, single channel conductance and pharmacological sensitivity. Early work on 

neuronal voltage-gated calcium channels identified two subtypes: those that were 

activated at voltages relatively close to the resting membrane potential (ie. at 

approximately -50 mV) and were thus termed low voltage-activated (LVA) and those 

that were activated with much larger depolarizations (positive to - 10 mV ; Carbone and 

Swandulla, 1989) and termed high voltage-activated (HVA). The current resulting from 

the activation of LVA channels was seen to activate and deactivate slowly and inactivate 

rapidly when compared to the HVA current (Carbone and Swandulla, 1989) which 

activated more quickly and demonstrated very little if any inactivation. The "transient" 

LVA channels were therefore termed "T-type" while the "longer lasting" HVA channeis 

were termed "L-type". Single channel analysis of these currents reveaied that the LVA 

channels had a conductance of approximately 8 pS (in 110 m M  bariurn) while the HVA 

channels had a somewhat larger single channel conductance (approximately 25 pS in 1 10 

m M  barium; Nowycky et al., 1985). 

With the discovery that the class of compounds called the dihydropyridines 

(DHP) could specifically antagonize the L-type channels a new DHP-resistant HVA 

channel was soon shown to CO-exist with the other channel subtypes in chick dorsal root 

ganglion cells (Nowycky et al., 1985). These channels displayed a slope conductance 

between the T- and L-type channels (13 pS in 110 mM barium) and a tirne-dependent 

inactivation. Consequently a strong negative potential was required for complete de- 

inactivation. Therefore, on the basis of DHP sensitivity and kinetics two distinct HVA 



channel subtypes could be disthguished in neurons. Since these latter channels seemed to 

be specifically expressed in neurons, these DHP-resistant channels were termed "N-type" 

(Nowycky et al., 1985). It was only two years later when a specific antagonist for these 

channels was purified From the venom of the hunting snail Conus geographus, and the 

toxin was called a-conotoxin-GVIA (McCleskey et al., 1987). 

Within two years of the N-type channel identification, a third HVA channel 

subtype was described by Llinas' group in mammalian cerebellar Purkinje cells and in 

pre-synaptic terminais of the squid giant mon. The non-inactivating current mediated by 

these channels was resistant to both the DHP's and o-conotoxin-GVIA but was sensitive 

to the toxin isolated fiom venom of the funne1 web spider (Agelopsis aspersa), FTX 

(Llinas et al., 1989). More commonly used toxins that specifically inhibit this current 

component are a-agatoxin-IVA (Mintz et al., 1992) and o-agatoxin-IVB (Adams et al., 

1993) also known as a-agatoxin-TK (Teramoto et al., 1995). These latter toxins are also 

isolated From b e l  web spider venom. Having been described first in Purkinje cells, this 

new channel subtype was termed "P-type". 

The fourth channel subtype to be identified was the "Q-type" channel. The current 

mediated by these channels was f is t  described in cerebellar granule cells as a rapidly 

inactivating HVA channel (Zhang et ai., 1993; Randall and Tsien, 1995) and has been 

s h o w  to have a much lower sensitivity to block by wagatoxin-NA (Kd - 2 nM for P- 

type vs. > l OOnM for Q-type; Bourinet et al., 1999). Since the difference in sensitivity of 

these two channel subtypes is often difficult to distinguish experimentally, the P- and Q- 

type channels are often grouped together as o-agatoxin-sensitive P/Q-type channels. 



The last channel subtype to be described in neurons is that termed "R-type". The 

current mediated by this channel was identified as the current "resistant" to block by 

DHP, o-conotoxin-GVIA and o-agatoxin-[VA and was again fvst described in cerebellar 

granule cells (Zhang et al., 1993). 

In tems of molecular composition, neuronal calcium channels are constnicted 

with four subunits: ai, a26 and p. A y subunit, which is present in muscle tissue, is not 

normally found in neuronal tissue except in pathological conditions (ex. in the mouse 

mutant stargazer, leading to ataxic and epileptic signs; Jen, 1999) . The al subunit forms 

the calcium selective pore, contains the channel gating mechanism and is the site of 

action of most pharmacological agents and second messenger regulation (Zhang et al., 

1993; Ertel et al., 2000). There are presently 9 identified genes that encode the al 

subunits found in neurones and which form the basis of the various calcium channel 

subt~pes:  ai^ (PIQ-b'pe), ~ I B  (N-tYpe), ait and  ai^ (L-tYpe),  ai^ (R-type),  ai^,  ai^ and 

a1 1 (T-type). An  ai^ subunit encoding an L-type channel is also expressed in the retina 

and is mutated in individuals with a type of night blindness (Strom et al., 1998). The a2 

and 6 subunits are derived fiom a single gene, the product of which is cleaved and linked 

via a disulfide bond in-vivo (De Jongh et al., 1990). There are at least 4 different genes 

encoding the P subunit (Pi - P4; Dunlap et al., 1995) and two encoding the al$ subunit 

(Gao et al., 2000). 

It has been noted that the electrophysiological characteristics of the various 

voltage-gated calcium channel subtypes can va r -  fiom one ce11 type to another, and a 

single channel type can display different properties within a given ce11 (Tottene et al., 

2000). For example, N-type channels produce an inactivating current in sensory neurons 



(Nowcky et al., 1985) while in pre-synaptic terrninals (Stanley and Goping, 1991) and 

chrornaffui cells (Artalejo et al., 1992) the current mediated by N-type channels in non- 

inactivating. This diversity is thought to be partly the resuit of alternative gene splicing 

and therefore the presence of multiple isoforms of the various subunits. Alternative 

splicing of the ai subunit alone has been shown to produce functional channels that differ 

significantly in terms of inactivation kinetics, toxin sensitivity and second messenger 

modulation (Bourinet et a1.,1999). Combining this with observations of the modulatory 

effects of the accessory subunits (Bean and McDonough, 1998; Tomlinson et al., 1993; 

Stea et al., 1993; Williams et al., 1992) leads to a system in which a large diversity of 

channel fùnctionality can be produced. For example, it has been demonstrated that co- 

expression of the different isoforms of the P subunit (Zhang et al., 1993; Cahill et al., 

2000) and the absence or presence of the two different a2(6) subunits (Stea et ai.,1993; 

Dai et al., 1999; Gao et al., 2000) cm modiS, the electrophysiological properties of the ai 

subunit. These modulatory effects can include changes in whole ce11 current amplitude, 

activation and inactivation kinetics, voltage dependency and ability to produce paired 

pulse facilitation. Moreover, various isofoms of the B subunit have been irnmuno- 

precipitated with L-type channels in rabbit and guinea pig brain suggesting that these 

associations are not an artifact of the expression system and that this heterogeneity exists 

in-vivo (Pichier et al., 1997). 

Voltage-gated calcium channels in motoneurones 

Early evidence for the presence of voltage-gated calcium channels in motoneurones 

was for the most part collected in current clamp mode. In these experiments the effect of 

current flow through these channels was seen as an afterdepolarization (ADP, also known 



as the delayed depolarization DD; Granit et al., 1963), an afterhyperpolarization (AHP; 

Barrett and Barrett, 1976) or as prolonged action potentids or spikes in the presence of 

sodium and potassium channel blockers (Barrett and Barrett, 1976; Alvarez-Leehans 

and Miledi, 1980; Walton and Fulton, 1986; Ziskind-Conhaim, 1988). Using the in-vitro 

fkog (Barrett and Barrett, 1976) and neonatal rat (Harada and Takahashi, 1983; Walton 

and Fulton, 1986) spinal cord preparations the ADP was s h o w  to be voltage-dependent, 

sensitive to the extracellular calcium concentration and could be eliminated by non- 

specific calcium channel antagonists. Furthemore, the AHP was s h o w  to be dependent 

on intracellular calcium as it could be eliminated with the intracellular caIcium chelator 

EGTA (Kmjevic et al. 1975). This and other work led to the conclusion that the ADP was 

mediated directly by voltage-gated calcium channels while the AHP resulted fiom a 

potassium conductance activated by a conductance through voltage-gated calcium 

channels. 

Indirect evidence for a voltage-gated "calcium current" was aiso obtained using 

two electrode voltage clamp techniques in cat spinal motoneurones (Schwindt and Crill, 

1977; 19804b). In these experiments the application of slow voltage rarnp cornmand 

produced a region of negative slope in the curent-voltage relationship consistent with the 

activation of a persistent inward current. Because the negative slope conductance 

increased in amplitude with iontophoretic application of barium and was unaffected by 

the intracellular fast sodium channel blocker QX-3 14 (Schwindt and Crill, 1984) the 

current was attributed to the activation of voltage-gated calcium channels. Although the 

effects of these drugs are consistent with this current being mediated by voltage-gated 

calcium channels, our present knowledge of these chemicals make this conclusion less 



convincing. Besides having a greater conductance through some voltage-gated calcium 

channels, barium is known to block a number of potassium channels. The effect of 

blocking a competing outward current alone could lead to an increase in the negative 

dope conductance. Furthemore, there is evidence that QX-314 blocks some types of 

voltage-gated calcium channels (Talbot and Sayer, 1996) and may not readily diffuse 

throughout the motoneurone (Lee and Heckrnan, 1999). Therefore, due to the inability to 

manipulate the extracellular environment and readily apply pharmacological agents to 

these cells in the in-vivo cat preparation, the ionic nature of this persistent inward current 

in cat motoneurones is still unconfinned. 

Coinciding with the discovery that multiple subtypes of voltage-gated calcium 

channels CO-existed in neurons (Nowycky et al., 1985), the currents mediated by these 

channels were subsequently isolated and identified in various types of motoneurones. 

Originally the various current subtypes were identified by both pharmacological 

sensitivities and kinetics, later with the refinement of molecular techniques, the channels 

mediating these cments could be identified through immunohistochemistry (spinal; 

Westenbroek et al., 1998), RT-PCR (facial; Plant et al., 1998) or in-situ hybridization 

(spinal; Talley et al., 1999). 

Using pharmacological/eIectrophysiological methods numerous groups have 

demonstrated the presence of multiple calcium current subtypes in a varïety of 

motoneurones. In spinal motoneurones these include T-, and L- and non-L-types in the 

chick (McCoob et al., 1989), T-, L- and N-types in cultured embryonic mouse 

motoneurones (Mynlieff and Beam 1992qb) and T-, L-, NI P-, and R-types Ui 

embryonic and early postnatai rats (Berger and Takahashi, 1990; Hivert et al., 1995; Gao 



and Ziskind-Conhaim, 1998; Scamps et al. 1998). These currents were also isolated and 

typed in rat brainstem motoneurones including those in the hypoglossal and facial nuclei. 

in hypoglossal motoneurones al1 the known subtypes have been identified (Umemyia and 

Berger 1994; Bayliss et al., 1995). Meanwhile, in facial motoneurones, although mRNA 

for al1 the ai subunits was identified (including  al^, aie, ait, aie,  ai^, and even ais - 

skeletal muscle), an o-agatoxin-sensitive (PIQ-type) current could not be identified in the 

somata of these cells (Plant et al., 1998). 

The presence of voltage-gated calcium channels in adult rat spinal motoneurones has 

also been demonstrated immunohistochemically. Using antibodies generated against the 

various ai subunits, Catterall's group has demonstrated both the presence and the 

subcellular distribution of the various HVA channels including those constnicted with the 

ai*, a18, a ~ c ,   ai^ and  ai^ subunits (Westenbroek et al., 1998; see discussion in paper 2). 

In the rnouse, we have recently demonstrated the development and differential subceilular 

distribution of the both the ale and the  ai^ L-type channels (Jiang et al., 1999a). In situ 

hybridization has revealed the presence of mRNA for both the al= and  ai^ subunits and 

therefore suggests the presence of T-type LVA channels in adult rat spinal motoneurones 

(Talley et al., 1999). 

In phylogenetically lower organisms, motoneurones seem to express a somewhat 

smaller complement of voltage-gated calcium channels - based on pharmacology alone. 

Ln the lamprey, these cells have been found to expressed ail of the HVA current subtypes 

but not the LVA T-type current (Manira and Bussieres, 1997). In crayfkh only an L-type 

(Chchri, 1995) and P-type (Hong and Lnenicka, 1997) current have been demonstrated. 

Ln motoneurones of the lobster stomatogastric ganglion, both L- and PIQ- but not N-type 



currents are found (Hurley and Graubard, 1998). In the cockroach both L and non-L-type 

currents have been identified (David and Pitman, 1995; Mills and Pitman, 1997). In the 

jellyfkh an LVA T-like current and two HVA current components have been isolated 

(Przysiezniak and Spencer, 1992). The pharmacological identification of channel 

subtypes in invertebrate preparations may or rnay not indicate the presence of 

molecdarly identical channels that have been extensively described in vertebrate 

preparations. In certain instances the ICso values of antagonists are consistent with those 

in vertebrate preparations while in other instances they are not (for a more in depth 

discussion on this issue see Hurley and Graubard, 1998). 

Plateau potentials 

Plateau potentials are defined as prolonged regenerative depolarizations resulting 

from intrinsic membrane properties (Hartline et al., 1988). The presence of plateau 

potentials is evidenced by prolonged self-sustained firing of a ce11 and can be detected 

with at least 12 diflierent electrophysiological protocols (Hartline and Graubard, 1992), 

the two most important cnteria for establishing the presence of plateau potentials are "the 

abiiity to trigger al1 or none bursts with a bnef depolarization and to terminate an ongoing 

burst in an al1 or nothhg fashion with bnef hyperpolarizing pulses" (Hartline et alJ988). 

Cells with the capacity to generate plateau potentiais feature a region of negative slope in 

theK steady state current-voltage (1-V) relationship - giving the resultant curve a 

characteristic 'W" shape. The points at which the 1 4  curve crosses the voltage axis with 

a positive slope represent voltages with zero net current flow and therefore stable 

membrane potentials. The more hyperpolarized crossing point represents the resting 

membrane potential while the more depolarized crossing point establishes the potential of 



the plateau. If a ce11 is at rest, a sufficiently large depolarizing current pulse will push the 

membrane potential into the negative dope region of the curent voltage relationship (i.e. 

the persistent inward current will be activated) and the potential will regeneratively move 

to the second stable and more depolarized (plateau) potential. The length of time in which 

the ce11 remains depolarized at the plateau voltage is partly determined by the inactivation 

characteristics of the persistent inward current (Lee and Heckman, 1998) andor the 

activation of outward currents (Hartline and Graubard, 1992; Lee and Heckman, 1999). 

Stabitity of the second zero net current point is lost when the inward current underlying 

the negative slope can no longer maintain the depolarized potential and the cell 

repolarizes to the resting potentiai. The sarne effect is seen if a sufficiently long and large 

hyperpolaxizing pulse is applied during the plateau phase. The membrane potential is 

pushed to a point where the persistent inward current is deactivated producing a net 

outward current 80w and the membrane r e m s  to the resting potential. This type of non- 

linear or bistable behaviour cm result in either "on" and "off' firing states or two stable 

firing states that differ in frequency (bistable firing). The expression of either of these 

modes depends on the relationship of the spike threshold to the plateau threshold (Lee 

and Heckman, 1998) such that bistable fuing will occur if the plateau threshold is above 

the f ~ g  threshold. 

Plateau potentials have been described in a wide variety of both invertebrate and 

vertebrate cells including motoneurones of the crustacean ventilatory system (DiCaprio, 

1997), almost ail of the cells of the stornatogastric ganglion (Hartline and Graubard, 

1992; Zhang et al., 1995; Elson and Selverston, 1997), and in swimmeret motoneurones 

of the crab (Chrachri, 1995). In vertebrates plateau potentials have been demonstrated in 



spinal neurons of the turtle (Hounsgaard and Kiehn, 1989; Russo and Hounsgaard, 1996): 

cat (Schwindt and Crill, 1981; Hounsgaard et al., 1984; Paroschy and Shefchyk, 2000), 

rat (MacLean et al., 1997; Morrisette and Nagy, 1998) and mouse (Jiang et al., 1999b). A 

few other marnmalian cells types in which this membrane property has been observed 

include: hypoglossal (Mosfeldt-Laursen and Rekling, 1989), ocular (Gueritaud, 1994), 

and trigeminal (Hsiao et al., 1997), motoneurones, vestibular (Serafin et al., 1991), 

subthalamic (Beurrier et al., 1999) and ambiguus (Rekling and Feldman, 1997) neurons, 

cerebellar Purkinje cells (Llinas and Sugimon, 1980a,b) and hippocampal (Hoehn et al., 

1993; Fraser and McVicar, 1996) and cortical (Stafstrom et al., 1985) pyramidal cells. 

Even though al1 of the above mentioned ce11 types are capable of displaying a 

sirnilar bistable behaviour. the underlying ionic mechanisms Vary between ce11 types. 

This iliuçtrates the need to study the ce11 type of interest in order to elucidate the specific 

mechanisms involved. For this thesis mamrnalian spinal motoneurones have been studied. 

Role of plateau potentials in mamrnalian motor output 

What is the functional significance of plateau potentials? In very general ternis 

EIartiine et al (1988; 1992) have outlined the role of this intrinsic mechanism in neuronal 

networks as follows. In the presence of a mechanism to spontaneously terminate and 

activate a plateau the cell becomes an endogenous bursting neurone and can play an 

important role in rhythm generating circuits. Induction of a plateau will increase the gain 

of an input - arnpkfjhg weak inputs into stronger outputs. Because of the trigger-like 

behaviour, the output then becomes independent of the input. That is, a brief input can 

produce sustained output. Findy, because in the majority of situations the induction of a 



plateau is under the control of neuromodulatory systems, plateau potentials provide a 

method for regulating the output of a circuit. 

If one looks more specifically at the role of plateau potentials in spinal 

motoneurones, the last cells in the spinal motor circuitry, one can see very similar 

functions. Although these cells do not spontaneously oscillate as do numerous cells in the 

crustacean stomatogastric ganglion. the presence of plateau potentials can contribute to 

the output of the motor circuitry. One of the most obvious roles of plateau potentials in 

lumbar motoneurones would be in the maintenance of posture (Eken et al., 1989) while 

in sphincter motoneurones plateau potentiais would help maintain continence (Paroschy 

and Shefchyk, 2000). In this case the motor circuitry would only have to give a bnef 

input to these cells and in response the cells would be able to generate prolonged output 

(Eken et al., 1989; Kiehn and Eken, 1998). This would be an econornical system as the 

spinal circuitry would not have to provide continuous synaptic excitation in order to 

produce the sustained muscuiar contraction required in this system. 

Plateau potential mechanisms are also thought to be cdled upon during phasic 

output as that seen during locomotion and may serve as part of the recniitment 

mechanism (reviewed in Hultborn, 1999). Consistent with the induction of a plateau 

potential in motoneurones d u k g  locomotion 1) it can be seen that a high discharge rate 

is obtained shoaly f i e r  recniitment when evaluating single motor units in the decerebrate 

cat during fictive MLR induced (Jordan, 1983) and overground (Gorassini et ai., 1999) 

locomotion 2) the locomotor drive potentials are voltage dependent (Brownstone et ai., 

1994) and respond to cunent injection in a similar manner as a plateau potential such that 

injection of additional current during the depolarized phase does not produce a significant 



increase in the firing rate while injection of a small amount of hyperpolarizhg current is 

sufficient to completely eliminate repetitive firing (Brownstone et al., 1992) and 3) 

similar reductions in the AHPs are seen during the plateau potential (Bennett et al., 1998) 

and during the depolarized phase of the LDPs (Brownstone et al., 1992). Finally, the 

induction of plateau potentials in motoneurones may produce a more efficient and stable 

force output in muscles. This is thought to result fiom a decrease in the spike variability 

inherent in the probabilistic nature of synaptic input (Kiehn and Eken, 1998). 

Furthermore, the initial high finng rates seen during plateau induction are associated with 

the presence of doublets or triplets in fast motor *mits (Gorassini et al.. 2000). Initial 

doublet f ~ n g  has previously been shown to generate greater muscular force than single 

spikes (Burke et al., 1969; Stein and Parmigpiani, 1979). 

Ionic nature of plateau potentials 

The ionic conductances responsible for the negative dope conductance (and hence 

the maintenance of the depolaïized phase of the plateau potential) have been determined 

in a variety of ce11 types in both vertebrate and invertebrate organisms. In general, 

neurons seem to use four different conductances to generate plateau potentials. These 

include a conductance through NMDA receptoa, L-type calcium channels, persistent 

sodium channels and a calcium-activated nonspecific cation conductance (TCAN). Some 

ce11 types use more than one of these conductances. For instance the ICAN current has 

been found coupled to an L-type calcium curent and there is some evidence for both a 

persistent sodium current and a calcium current contributhg to the maintenance of the 

plateau potenriai. 1 will briefly review a few representative ceii types that use each of 

these mechanisms and in which the ionic mechanisms have been clearly dernonstrated. 



Lamprey reticulospinal neurons provide the major descending cirive for 

locomotion. These cells receive sensory information and synapse ont0 spinal intemeurons 

and motoneurones. Sustained firing in response to a short intense sensory input (ie a 

physiological input) has been demonshated in reticulospinal neurons. In these cells both 

the plateau potential and the resultant calcium transient can be blocked by the specific 

NMDA (hl-methyl-D-aspartate) antagonist AP5 (2-amino-5-phosphonopentanoic acid), 

demonstrating that they are mediated by a conductance through the NMDA ionophore 

(Di Prisco et ai., 1997). 

In turtle spinal motoneurones voltage-dependent plateau potentials have been 

demonstrated to be dependent on extracellular calcium (Hounsgaard and Kiehn, 1985) 

and to be sensitive to the L-type calcium channel blocker nifedipine (Hounsgaard and 

Kiehn, 1989). The sustained depolarization is insensitive to TTX (Hounsgaard and Kiehn, 

1985) and has no contribution from ICAN (Pemer and Hounsgaard, 1999). Furthemore, 

these plateau potentials can be induced in the presence of the L-type calcium channel 

activator BayK-8644 (Hounsgaard and Kiehn, 1989). From these experiments it has bern 

concluded that plateau potentials in tude  spinal motoneurones are mediated by L-type 

voltage-gated calcium channels. 

A persistent sodium current has been demonstrated in both invertebrate and 

mammalian neurons (for review see Cdl, 1996). As with the fast sodium current this 

persistent sodium current is sensitive to TïX. At present it is unclear if this current arises 

from a distinct set of charnels that differ fiom the fast inactivating sodium channels or if 

this curent arises fiom a change in gating mode of the same channels. In the marnmd, 

this current has been identified in both neocortical and cerebellar Purkinje cells, and 



under appropriate conditions, has been shown to generate prolonged depolarizations in 

response to short excitatory inputs (Stafstrom et al., 1982; Mittmann et al., 1997; Llinas 

and Sugimon, 1980a,b). Cells of the stomatogastric ganglion also clearly demonstrate 

sodiurn-dependent plateau potentials in response to TEA application. These plateaux are 

insensitive to low caicium/high magnesidmanganese solutions known to reduce cuerent 

through voltage-gated calcium channels. The sustained depolarization and spiking can be 

abolished with pefision of low sodium or TïX containing solutions (Elson and 

Selverston, 1997). 

The calcium activated nonspecific cation current (IcAN) is known to underlie 

plateau potentials in a number of cell types including cells of the crab stornatogastric 

ganglia (Zhang et al., 1995), rat subthalamic neurons (Beurrier et al., 1999) and dorsal 

hom neurons in the rat (Morisset and Nagy, 1999). In the latter cells the plateau 

potentiais were shown to be calcium-dependent and sensitive to both BAYX8644 and 

nifedipine, therefore suggesthg a contribution fiom L-type voltage-gated calcium 

channels. Furthemore, the plateau potentials were shown to be sodium-dependent and 

blocked by the intracellular calcium chelator BAPTA (bis-(o-aminophenoxy)-N,N,N',N'- 

tetraacetic acid) and by the ICm antagonist FFA (flufenamate; Monsset and Nagy, 1999). 

These findings are consistent wîth the plateau being mediated by both L-type calcium 

channels and an ICAN current activated by calcium influx through these same L-type 

c h a ~ e l s .  



Evidence for calcium-dependent plateau potentials in mammalian spinal 

motoneurones 

As mentioned in the introduction electrophysiological evidence suggesting the 

presence of plateau potentials in cat spinal motoneurones was first obtained in the early 

1900's. The initial reports were of sustained increases in EMG activity in response to 

short bouts of afEerent stimulation (Pollack and Davis, 1930). This sarne phenornenon 

was re-examined by the group in Copenhagen (Hultbom et ai.,1975; Hounsgaard et al., 

1986; Crone et al., 1988) and determined to result fiom the activation of membrane 

properties intrinsic to the motoneurone. During this time Schwindt and Cri11 (1977; 

1980ab, 1981) were using voltage clamp techniques to demonstrate a persistent inward 

current in these cells. The presence of this current gave these cells a characteristic 'W'' 

shaped current-voltage relationship. In a portion of these cells the persistent inward 

conductance was large enough to have the cells demonstrate a net inward current. In 

these cases there were two "zero current" points with positive dope and therefore the 

potential for bistability (for a more complete explanation of bistability see section - 

Plateau Potentials). 

Due ro the fact the pharmacology of the persistent inward current was consistent 

with a calcium current and a similar current mediated by calcium was described in 

bursting pacemaker neurones of the mollusk Helix (Eckert and Lux, 1976), Schwindt and 

C d 1  (1 98Ob, 198 1,1984) suggested that the persistent inward current was mediated by 

calcium. Realizing that in order to study the ionic mechanisms of this current it would be 

necessary to use an in-vitro preparation such that the extracellular environment could be 

manipulated, Hounsgaard's group turned to the tuale spinal cord slice preparation. In 



spinal motoneurones of the adult turtle, plateau potentials were s h o w  to be calcium- 

dependent, T ïX resistant and sensitive to L-type calcium channel blockers (Hounsgaard 

and Kiehn, 1989). Since that time calcium-dependent plateau potentials have been 

identifîed in a number of mammalian brainstem motoneuones: trigeminal (Hsiao et 

al., 1 998), esophageal (Rekling and Feldrnan, 1997) and possibly ocular (Gueritaud, 1994) 

and hypoglossal motoneurones (Mosfeidt-Laursen and Rekling, 1989). 

Dendritic location of plateau generating current 

Identification of the channel type mediating the persistent depolarizing ionic 

current responsible for negative dope conductance underlying the plateau potential is but 

one factor in understanding the cell's ability to produce plateau potentials. A number of 

modeling studies indicate that a second important aspect of this ability is the subcellular 

location of these ion channels in relation to the spike genenting mechanisrn (Gutman. 

1991; Jaeger et al., 1997; Booth and Rinzel, 1995; Booth et al., 1997; Yuen et al., 1995; 

Antal et al., 1997; Pinsky and Rinzel, 1994). In these modeling studies it was necessary 

for the spike generating mechanism to be weakly coupled to the plateau-generating 

conductance. That is, it was essential for the plateau generating conductance to be in the 

dendritic compartment(s) at some electrotonic distance nom the soma I initial segment in 

order to simulate realistic fuing patterns. Electrophysiological evidence for a dendritic 

location of channels mediating a persistent inward conductance has also been obtained in 

a few ceil types that display plateau potential behaviour. These include both cerebellar 

Puricinje cells (Usowicz et ai., 1992) and neocortical pyramidal cells (Schwindt and CriII, 

1995). In these ceIl types it has been possible to directiy record fiom dendrites. In turtle 



spinal motoneurones evidence for a dendritic location of the channels was obtained ming 

the technique of differentiai polarization (see below) as opposed to making dendritic 

recordings (Hounsgaard and Kiehn, 1993). Pnor to this thesis, only indirect evidence has 

been obtained for a dendritic location of the plateau-generating channels in mammalian 

spinal motoneurones (Schwindt and Crill, 1977, 1980b; Lee and Heckman, 1996; Bennett 

et al., 1998). 

Nurnerous motoneurone models have simulated the bistable finng patterns seen 

with the induction of a plateau potential. A common Feature in these models is the 

placement of the persistent inward conductance at some electrotonic distance from the 

soma (Gutman, 1991; Booth and Rinzel, 1995; Booth et ai., 1997). In an early 

motoneurone model by Gutman (1991; Butrimas and Gutman, 1977), the dendritic tree 

was modeled as a stick arising from ball-like soma. With a persistent calcium 

conductance localized to the dendritic compartment, bistability was only achieved when 

the dendritic compartment was made suficiently long. Booth and Rinzel (1995) also 

constnicted a two-cornpartment motoneurone model to address this same question. In this 

model, a persistent calcium current was localized to the dendritic compartment and the 

coupling conductance between the two compartments varied to determine its effect on 1) 

the ability of the model to produce bistable f i ~ g  and 2) its effect on the fiequency- 

current (FI)  relationship. In cells in which a plateau potential is activated during the 

ascending limb of a voltage ramp the F-1 relationship displays a counter-clockwise 

hysteresis. That is, for a given amount of injected current the ce11 fies faster on the 

descendhg limb compared to the ascendhg limb of the ramp. 



It was determined that neither the bistable f h g  nor the counter-clockwise 

hysteresis could be simulated if the two compartments of the model were tightly coupled 

- a decrease in the coupling conductance (Le. an increase in the electrotonic separation) of 

the two compartments was necessary. This same ihding was seen in a second model with 

additional conductances including an L-like current located in both compartments (Booth 

et al., 1997). An earlier single cornpartment motoneurone mode1 presented by Powers 

(1993) was able to mimic some aspects of bistability once the activation and deactivation 

time constants of the persistent inward current were increased. This model could simulate 

hysteretic firing during a curent ramp and it was possible to elicit self-sustained finng 

but it was not possible to obtain bistable firing patterns. 

The most convincing evidence that the cunent identified in the dendrites of these 

cells is in fact the current mediating the sustained plateau cornes from two studies: one 

using an in-vitro turtle spinal cord slice preparation (Hounsgaard and Kiehn, 1993) and 

the other using the in-vivo cat preparation (Bennett et al., 1998). In the first study 

Hounsgaard and Kiehn (1993) created an electric field through a slice of spinal cord 

while recording intracellularly from the soma of a motoneurone. Because the dendrites of 

turtle motoneurones projected radially fiom the soma, there were some dencirites that 

were orientated towards one pole of the electric field and othes that were orientated 

towards the other. In this manner the dendrites and soma of the cell could be 

differentially polarized, that is, a set of dendrites could be depolarized or hyperpolarized 

relative to the soma. Taking advantage of this ability it was demonstrated that a plateau 

potential could be elicited in the soma not only by tramiently depolarihg the soma but 



also by hyperpolarizing the soma. This latter result could only be obtained if the plateau 

generating conductance is located in the relatively depolarized dendrites. 

The second study by Bennett et al (1998) used both excitatory and inhibitory 

synaptic input, which is for the most part dendntically located, to manipulate the voltage 

threshold of plateau potentials elicited by somatic current ramps. In these expenments 

current ramps were injected into the soma of cells while subthreshold excitatory or 

inhibitory synaptic input was delivered by stimulating the appropriate afferent system. 

The addition of subthreshold excitatory synaptic input was seen to reduce the voltage 

threshold while inhibitory synaptic input was seen to raise the threshold. If the plateau- 

generating current was localized to the soma, then it would be expected that the addition 

of synaptic current would reduce the amount of current required from the stimulating 

electrode to activate the plateau, but the voltage of activation would be expected to 

remain constant. The fact that the somatic voltage at which the plateau activated was 

altered led investigators to suggest that the channels responsible for mediating the plateau 

were dendritic. The synaptic input was effectively moving these channels either cioser or 

m e r  h m  their activation voltage independent of the somatic voltage. This would only 

be possibly if the voltage-gated channels mediating the plateau-generating current were at 

some electrotonic distance fiom the soma, that is in the dendrites. 

The use of "motor functionally mature" animals 

An initial study using an isolated whole spinal cord from the mouse explored the 

role of L-type calcium channels in mammalian motor output (Jiang et ai., 1999a). This 

study demonstrated that the spinal motor system develops a increasing reliance on L-type 



calcium channels in the production of ventral root discharges during the postnatal period. 

This was demonstrated by a reduction in a neurochemically induced motor output with 

the application of the L-channel blocker nifedipine. This nifedipine-sensitivity was only 

evident d e r  approximately postnatal day (P) 7. An examination of the bursts revealed 

that the nifedipine produced both a reduction in amplitude and a decrease in the duration. 

This finding is consistent with the block of plateau potentials in the rnotoneurones but 

could not mie out a nifedipine action on pre-motor neurons. Imrnunohistochemical 

studies using the anti-aic and anti-air> antibodies against the pore-forming subunit of 

both subtypes of L-type channels demonstrated the presence of these subunits in a 

number of celis including the rnotoneurones. Consistent with the electrophysiologicai 

data, the immunolabeling dernonstrated a postnatal development of both the ai= and the 

 ai^ L-type charme1 subunits with each approxirnating the adult pattern by approximately 

Pl  8. 

The results from these experiments suggested that in the mouse the spinal motor 

systems use L-type calcium channels in the production of motor output and that these 

channels develop during the second postnatal week. These results also suggested that the 

reason a calcium-dependent plateau potential has not been demonstrated using the 

neonatal (PO - P9) rat preparation may be due to insuffcient development of the L-type 

channels. Interestingly, mice begin to bear weight and walk with their abdomens 

suspended at approximately P9, consistent with plateau potentials andor the plateau 

mechanism contributhg to efficient contraction of both pastuml and phasically active 

muscies. If plateau potentials are important in both the maintenance of posture and the 

generation of locomotor output (Eken et al., 1989; Kiehn and Eken, 1998; Hultborn, 



1999), it was reasoned that the mechanisms of plateau potentials would best be studied in 

animals in which the motor systems have matured to the point that functional output 

(weight bearing and walking) could be observed. Therefore, only "motor functionally 

mature" animals were used for the experiments in this thesis. 

The use of animals of this age brought a new set of problems. Marnrndian 

motoneurones of any age are very difficult to keep dive in-vitro. "For reasons that are not 

clear, neurons in the dorsal and intermediate grey matter are more likely to survive than 

those in the ventral hom. This is tme of slices of spinal tissue as well as hemisected cords 

'en bloc"' (Somjen and Chez, 1989). One reason for this is they may not be able to 

recover fiom the loss of a large percentage of ce11 volume when the ventral roots are 

sectioned. When using a slice preparation of sufficient thinness to allow visual 

identification of cells and rapid drug access, these large cells s a e r  additional trauma 

when their dendrites are severed. Furthemore, the oider and generally the more caudal 

the motoneurones, the harder they are to keep alive during the preparation of slices. 

Possibly some aspect of the rostrai-caudal development of the spinal cord is responsible 

for the increased dificdty of obtaining in-vitro Iurnbar spinal motoneurones as compared 

to the greater success that has been obtained with those fiom the brainstem. However, 

even postnatal brainstem motoneurones are difficult to keep alive. "In general, it has been 

difficult to preserve electrophysiologically viable motoneurones in brain slices from adult 

m m a l s "  (Aghajanian and Rasmussen, 1989). Because of these facts it was necessary to 

employ various techniques during the harvesting of both the whole spinal cords, and 

especially the spinal cord slices, to increase the number of viable motoneurones. In 

generd the goal of the preparatory methods was to reduce excessive calcium entry and 



cytotoxicity. It has previously been demonstrated that mouse spinal motoneurones have a 

low calcium buffering capacity compared to other ce11 types (Palecek et al., 1999). To 

this end glutamate antagonists were given pnor to decapitation and were present in al1 

pre-incubation solutions. Furthemore, the calcium levels were kept low and solutions 

contained high concentrations of magnesium in order to reduce calcium entry through 

voltage-dependent calcium channels. More specific details of these techniques can be 

found in the methods sections of the papers presented in this thesis. 

Objectives 

To date, the mode1 rnost successful in elucidating the ionic mechanisms of non- 

linearity in spinal motoneurones has been the adult turtle in-vitro slice preparation. Using 

this reptilian preparation Hounsgaard and CO-workers have demonstrated that the cunent 

underlying the plateau potential is mediated by L-type voltage-gated calcium channels 

and that these channels are located in the dendrites of these ce1ls. Data obtained fiom 

mammalian spinal motoneurones, for the most part in the in-vivo cat. are consistent with 

these fmdings but these experiments have been unable to either c o n h  the identity of 

the plateau-generating channel type (s) or their subcellular location. Studies using other 

types of mammaiian motoneurones have demonstrated that the ionic mechanisms used to 

generate plateau potentials are varied and therefore reinforce the idea that it is difficult to 

generalize between motoneurone types and that ionic mechanisms need to be studied in a 

ce11 type specific marner. 

The specinc question being addressed in this thesis is, do mammdian spinal 

motoneurones use the same or simiiar ionic mechanisrns to produce plateau potentials as 

are used in spinal motoneurones of the turtie? More specincally, are L-type calcium 



channels a part of the plateau potentid mechanisrn in mammdian spinal motoneurones? 

Given the postnatal changes in the cornplement and density of voltage-gated calcium 

cments outlined in a previous section and the previous alrnost exclusive use of early 

postnatal animals by other experimenters, the subtypes of calcium channels present in 

functionally mature mouse spinal motoneurones were unknown. The hypothesis tested in 

the first paper was that mouse lumbar spinal motoneurones possessed a variety of 

subtypes of voltage-gated calcium channels including L-type channels. An absence of 

this channel subtype would have excluded the possibility that both mammatian and 

reptilian spinal motoneurones use a common plateau-generating mechmism. These 

results have been published in the European Journal of Neuroscience (2000) 12 

(5): 1624- 1634. 

The second paper tested the hypothesis that a sub-population of functional L-type 

channels are located in the dendrites of these motoneurones and it would be possible to 

record this current From the somata of these cells. The finding of L-type channels in this 

subcelluIar location would be consistent with the location of these channels in the t d e .  

Furthermore, numerous modeling studies have shown this location to be necessary in 

order to replicate firng patterns seen experimentally in spinal motoneurones. This work 

has been published in the European Journal of Neuroscience (2000) 12 (5): 1635-1 646. 

The third paper is compnsed of preliminary unpublished data. Given the presence 

of L-type calcium channels in mouse spinal motoneurones (paper 1) and the finding that a 

population of these channels are located in the dendrites of these ceUs (paper 2), it was 

hypothesized that under the appropriate conditions these cells would be capable of 

demonstrating plateau potentials in the spinal cord slice preparation. Furthemore, it was 



hypothesized that the plateau potentials in these cells could be elicited by means 

consistent with activation of L-type calcium channels. 



Paper 1 

Characterization of calcium currents in functionally mature 
mouse spinal motoneurones 

Carlin KP, Jiang 2, Brownstone RM. 

Department of P hy siology , Facuity of Medicine, University of Manitoba, 73 0 
William Ave., Winnipeg, Manitoba, CANADA M E  3J7 

Eur. J. Neurosci. (2000) 12 (5): 1624- 1634 



Motoneurones integrate synaptic input and produce output in the form of trains of 

action potentials such that appropriate muscle contraction occurs. Motoneuronal calcium 

currents play an important role in the production c?f rhis repetitive firing. Since tiiese 

currents change in the postnatal penod, it is necessary to study them in animals in which 

the motor system is "functionally mature" - that is, animals that are able to weight bear 

and walk. In this study, calcium currents were recorded using whole ce11 patch clamp 

techniques from large (> 20 pm) ventral hom cells in lumbar spinal cord slices prepared 

from mature mice. Ninety percent (9110) of the recorded cells processed for choline 

acetyl-transferase were found to be cholinergic, confirming their identity as 

motoneurones. A small number of motoneurones was found to have currents with low 

voltage-activated (T-type) chmctenstics. Pharmacological dissection of the high 

voltage-activated current demonstrated o-agatoxin-TK- (P/Q-type), a-conotoxin GVIA- 

(N-type), dihydropyridine-, and FPL-64176- sensitive (L-type) components. A cadmium- 

sensitive component of the current that was insensitive to these chernicals (R-type) was 

also seen in these cells. These results indicate that the calcium current in lumbar spinal 

motoneurones from functionally mature mice is rnediated by a number of different 

channel sub-types. The characterization of these calcium channels in mature mammalian 

motoneurones will allow for the future study of their modulation and their roles during 

behaviors such as Locomotion. 



Introduction 

The importance of neuronal voltage-gated calcium channels in cellular 

functioning has long been recognized. These channels have been s h o w  to mediate the 

calcium influx responsible for processes such as firing fiequency regulation (Viana et al., 

1993a: Wikstrom & El Manira, 19?8), synaptic transmission (Meir et al., 1999), gene 

expression (Greenberg et al., 1986; Murphy et al., 1991), and initiation of various 

intracellular signaling pathways (Gosh & Greenberg, 1995). The electrophysiological 

effects of calcium currents have been studied in various types of motoneurones, where it 

has been s h o w  that calcium influx through these channeis may influence finng rates and 

patterns through either a direct electrogenic eflect or through efYects on other neuronal 

channels. For example, T-type currents in rat hypoglossai motoneurones have been 

shown to produce rebound depolarisations which can lead to firing in response to 

inhibitory inputs (Viana et al., 1993b). In cat spinal motoneurones, a current mediated by 

L-type calcium channels has been proposed to underlie both the negative dope 

conductance recorded under voltage clamp conditions (Lee t Heckman, 1998; Schwindt 

& Criil, 1980) and the voltage dependent amplification of synaptic input during 

locomotion (Brownstone et al., 1994). Current through these same L-type calcium 

channels has been shown to contribute a persistent inward current in guinea pig 

trigeminal motoneurones (Hsiao et ai., 1998) and underlie plateau potentiais in adult 

turtle spinal motoneurones (Hounsgaard & Kiehn, 1989). Other calcium channels may 

have different electrophysiological effects. For example, in hypoglossal motoneurones, 

influx of calcium through both N and PIQ-type calcium channels activates calcium- 

dependent potassium conductances which regulate firing rate. (Viana et ai., 1 993 a). 



Shidies of calcium currents in mamrnalian spinal motoneurones have been limited 

to embryonic a d o r  early postnatal animals (Berger & Talcahashi, 1990; Hivert et al., 

1995; Myniieff & Beam, 1992a,b; Scamps et al., 1998). It has been demonstrated that the 

various currents change in the early postnatal pesoci (Mynlieff & Beam, 1992a). Cments 

in the later postnatal period have not been directly assessed. However, the amplitude of 

neurochemically-induced ventral root bursting activity in the isolated mouse spinal cord 

was sensitive to both dihydropyridims and extracellular calcium concentration only after 

postnatal day 7, indicating a role for L-type calcium channels in the production of this 

output (Jiang et al., 1999a). Furthemore, it was demonstrated immunohistochemically 

that both class C and class D L-type channels develop in the first three postnatal weeks 

(Jiang et al., 1999a), paralleling the development of motor functional maturity - i.e. the 

stage at which mice c m  weight bear and wak (postnatal day 9). 

Given such post-natal development and the importance of calcium currents in the 

production of motor output, it has been necessary to develop a preparation where these 

currents can be recorded from functionally mature motoneurones, and to characterize 

these currents. Calcium currents recorded from motoneurone somata in spinal cord slices 

harvested from functionally mature animals are reported in this paper, where T-, N-, P/Q- 

, L-, and R-type calcium currents are demonstrated. In the cornpanion paper, dendritic L- 

type calcium currents are reported (Carlin et al., 2000). 

Materiah and Methods 

Slice Preparution 



The isolation of the spinal cord is as previously described (Jiang et al., 1999a,b). Briefly, 

postnatal (P9 - P16) Balb/C mice were anaesthetized with an intraperitoned injection of 

ketamine (100 mgkg) and partially submerged in ice water for approximately 3 - 4 

minutes before decapitation and evisceration. The spinal cords were then dissected fiee 

by vertebrectomy in a Sylgard-lined peû-i dish filled with cold (< 4'C) dissecting artificial 

cerebral spinal Buid (aCSF). The lumbar enlargement was isolated and introduced into a 

1% agar solution and quickly cooled. The lumbar enlargement was then blocked and 

rnounted into a Leica (VT 1000E) vibrating microtome filled with cold dissecting aCSF. 

Slices 150-200 pm thick were prepared and immediately placed into warm (36OC) 

recovery aCSF for about 45 minutes before being transferred to room temperature aCSF. 

Slices were transferred to a 450 PL recording dish mounted in the stage of an 

upright Oiympus BXjO microscope fitted with differential interference contrast optics 

and epifluorescence. Cells were visualized using an infra-red carnera (Hamamatsu 

C2400-77) and black and white monitor (Dodt & Zieglgansberger, 1990). It was found 

that there was no need to perfuse the slices during recording but 100% oxygen was 

continuously blown over the chamber. 

Al1 animais were anesthetized, and the experimental procedures were approved by 

the University of Manitoba Animai Care Cornmittee and conformed to the standards of 

the Canadian Council of Anirri-zil Care. Al1 chernicals were obtained fiom Sigma (St. 

Louis, USA) unless otherwise specified. 

Patch clamp recordings 



Whole ce11 patch clamp recordings were made using an Axopatch 1D (Axon 

Instruments) patch clamp amplifier (B = 0.1 headstage) and pClamp7 software (Axon 

Instruments) ninning on a Pentium class cornputer. Data were digitized with a Digidata 

1200A A/D converter (Axon Instruments) and stored on the hard drive. Patch pipettes 

were Sylgaard coated (Dow Comhg) and had a resistance of 2.5 - 3.5 Mi2 when filled 

with intracelluiar solution. Series resistance (typically 10-30 MR) was determined in 

current clamp mode and compensated 70-80%. The series resistance was continually 

monitored by the software and adjusted as required. Data were low pass filtered at 2 kHz 

and digitized at 10 kHz. Linear leak correction of cunent traces was performed by 

subtraction of an appropriately scaied current determined from the average response of a 

series of 10 mV hyperpolarising pulses. Reported potentials were corrected for a 3 mV 

Iiquid junction potential between the pipette and the recording solution in which the 

pipette was zeroed before obtaining a gigaohm seal. Whole cell capacitance was 

determined either by integration of the current transient or directly from the software 

program. No significant difference was found between the two methods @ > .05; paired t 

- test; n = 18). Ail experiments were performed at room temperature (-22OC). In the 

current traces show in the figures, the hyperpolarising transients have been tmcated 

and the depolarizhg transients removed for clarity . 

Activation curves were constnicted with conductance values calcuiated for each 

ceil using the equation G = UVT - VR), where VT is the test voltage, VR is the reversal 

potential for that cell, and 1 is the measured current, and then normalizing the data to 

G-, the maximum conductance. Inactivation curves were constructed by normalking 

the current values to the largest value. Data were fit with Boltmian fuactions in Microcal 



Origin using the equation G/G,, = (Ai - A2)/ (1 + exp ((V - Vin)/ k} + A?, where AI = 

initial conductance, A2 = final conductance, V = test potential, Vin = voltage of half 

(in)activation, and k = dope factor. 

Solutions and chernicals 

The aCSF solutions were designed to reduce calcium-induced ce11 damage during 

processing. The dissecting aCSF was sucrose based (Aghajanian & Rasmussen, 1999) 

and contained (in mM): NaCl (25), sucrose (188)' KCI (1.9), NaHzPOJ (1.2), MgS04 

(IO), NaHC03 (26), glucose (25). The warm recovery aCSF contained (in mM): NaCl 

(1 19), KC1 (1.9), NaH2POd (1.2), M ~ S O J  (IO), CaC12 (1), NaHC03 (36). glucose (IO), 

kynurenic acid (lS)(RBI, Natick, MA, USA; Ganong et al., 1983), lactic acid (2) (Schurr 

et al., 1988) and 3% dextran (Newman et al., 1995). The room temperature aCSF was the 

same as the recovery aCSF without the kynurenic acid and dextran. 

The intracellular and extracellular recording solutions were designed to minimize 

both sodium and potassium currents. The pipette solution contained (in m m :  Cs- 

methane-sulfonate (100), TEA-Cl(30), MgClz (l), EGTA (IO), HEPES (IO), CaC12 (OS), 

NaCl (5) ,  ATP-Mg (3), GTP (0.3), and leupeptin (0.1) (modified fiom Umemiya and 

Berger, 1994). In some experiments 10-20 mM sucrose was added to the intracellular 

solution to stabilize the series resistance (Jonas et al., 1998). Lucifer yellow (- 1%; 

Molecuiar Probes, Eugene, OR) was used in some experiments as an intracellular marker. 

The standard extracellular solution contained (in mM): NaCl (105), TEA-Cl (30), KCl 

(1.9), HEPES (IO), MgCh (2), glucose (IO), 4-AP (4), CsCl (2), CaCIz (l), 1pM TTX 

and 0.1% bovine serum albumin (oxygenated with 100% Oz). Changes in extracellular 



calcium concentration for certain experiments are noted in the text. (The solutions used 

for the recording of repetitive fuing in curent clamp are indicated in the legend of Figure 

1 *> 

Calcium channel toxins o-agatoxin-TK (Peptides International, Louisville, KY), a- 

conotoxin-GVIA (Sigma, St. Louis, USA) and calciseptine (Aiornone Labs, Israel) were 

dissolved in extracellular recording solution and fiozen (-80°C long term and -20°C short 

term) in aliquots that undenvent no more than four keeze-thaw cycles. Stock solution of 

nifedipine (20 mM; RBI), nimodipine (5-20 mM; RBI) and FPL-64176 (5.8 mM; RBI) 

were dissolved in absolute ethanol. Stock solutions were made fiesh daily and protected 

fiom light. When added to the recording charnber the vehicle alone had no discernible 

effect on the calcium currents (n = 3). AI1 antagonists were bath applied with reported 

concentration values being the final bath concentrations. 

M e r  recording was tenninated, slices containing labeled cells were fixed in 4% 

paraformaldehyde containing 0.1% phosphate b a e r  over night and then placed in 

cryoprotectant consisting of 10% sucrose in 50 m M  PB. Slices were mounted onto a 

cryostat chuck and re-sectioned at 7 Fm then thaw mounted onto gelatin subbed dass 

slides. Slides were washed overnight in 0.1M phosphate buffered saline plus 0.3% triton 

X-100 prior to processing. AU dilutions and washes were performed in PBS and 

incubations included 1% normal horse s e m .  Slides were incubated in polyclonal rabbit 

anti-ChAT (Chemicon, Temecula CA, USA) for 2-3 days at 4' C. They were then washed 

in phosphate bufTered saline plus triton X-100, incubated in anti-rabbit Cy3 (Jackson 



Labs, West Grove PA, USA) at room temp for 1 !4 hours and washed for 20 min in 

phosphate buffered saline plus triton X-100 followed by 2 x 20 min washes in 50 m M  

TRIS-HCL (pH 7.4). Slides were cover slipped with Vectashield (Vector Labs, 

Burlingame, CA, USA), then studied and digitized using a Nikon Optiphot fluorescent 

microscope and Neuro!ucida software (Microbrightfïeld Inc., Colchester VT, USA). 

Results 

Identz,fka~ion of motoneurones 

The largest cells in the ventral hom were visually targeted as pu itoneurones 

(Figure IA; Gao & Ziskind-Conhaim, 1998: Jonas et al, 1998). The somal size criteria of 

> 20 pm was used in this study as this critena has been used in the past with postnatal rat 

lurnbar motoneurones (Takahashi, 1990, Thurbon et al, 1998) and is consistent with adult 

mouse lumbar motoneurone measurements (McHanwell & Biscoe 198 1). To M e r  

support identification of the targeted cells as motoneurones, a subset of cells were 

intracellularly labeled with Lucifer Yellow and processed hunohistochernically for the 

enzyme choline acetyl-tranf'erase (ChAT). Figure 1 B shows the ce11 illustrated in 1 A after 

recording with Lucifer Yellow in the patch pipette. The slice has been fixed and re- 

sectioned at 7 Pm. Subsequent processing for ChAT revealed that this ce11 was 

cholinergic (Figure 1C). A totd of 10 cells were examined in this way with 9 (90%) 

demonstrating positive C hAT immun0 reactivity . 

An important functional characteristic of motoneurones is their ability to f i e  action 

potentiais repetitively. This was assessed in the targeted ceiis where step current 

injections produced such firing (Figure 1E; 20120 celis with a stable resting membrane 



potential). Note that the firing pattern demonstrates a reduction in spike amplitude with 

tirne (sodium channel accommodation), as well as firing rate adaptation; these 

phenornena are known to occur in addt mammaiian spinal motoneurones (Schwindt & 

cnii, 1984). 

Calcium arrrents 

Calcium currents were isolated from motoneurones using a spioal cord slice 

preparation. Because this preparation permits the cells to retain at le& a portion of their 

denciritic arbour, calcium currents originating in these distal membranes m u t  be taken 

into consideration. Using a soniatically placed electrode, such spatially segregated 

currents could be identified in a large number of these cells and are considered in the 

cornpanion paper (Carlin et d.,2000). For the purposes of the present paper, only cells 

which did not demonstrate spatially segregated calcium currents in the stated recording 

solutions were studied. The calcium currents originating in the somatic membrane could 

then be characterized. It is recognized that the absence of visible dendritic cunent does 

not guarantee that the distal conductances are not affecthg the kinetics of the somatic 

current (see Discussion). 

Mo toneuronal calcium currents were isolated by using intracelldar and extrace llular 

recording solutions that minimized voltage-gated sodium and potassium currents. In this 

environment, large inward voltage dependent currents could be recorded in response to 

step voltage cornrnands. From a holding potential (Vh) of - 60 mV cells within this 

postnatal period (postnatal day (P)9- P16) typically displayed the persistent graded 

currents illustrated in figure 2A. The curent-voltage (1-V) relationship for this ce11 



recorded in 1 mM calcium is illustrated in figure 2B. The current was seen to activate at 

about - 40 mV, peak typically between -10 and O mV and reverse at about 40 mV. 

To confïrm that this inward current was indeed mediated by voltage dependent 

calcium channels, and that the current was not contaminated by other calcium-dependent 

currents, the current was examined: in different extracellular calcium concentrations; for 

sensitivity to the non-specific calcium channel blocker cadmium; and by substituting 

barium for calcium. Figure 2C shows that the addition of 0.5 rnM calcium to the 

extracellular recording solution produced a large increase in the recorded cwent at 

potentials above -30 mV. Addition of 200 pM cadmium blocked al1 inward currents (n = 

8). Reducing the extracellular calcium concentration to 0.1 m M  also produced a reduction 

in the current (n = 2; data not shown). 

The divalent cation barium is often used when recording currents through calcium 

channels because of the increased permeability of this ion through HVA channels 

(Carbone & Lux, 1987) and its inability to activate calcium-dependent processes 

(Branchaw et al., 1997) and conductances (eg. Momset & Nagy, 1999). Figure 2D 

demonstrates that barium can substitute for calcium as the charge carrier for this inward 

current. In the ce11 illustrated here, currents were recorded first in a 3 mM barium 

solution. The solution was then switched to one containing equimolar calcium, and the 

same protocol repeated. It can be seen on this plot normalized to peak current amplitude, 

that both ions produced qualitativeiy similar current-voltage curves. The peak barium 

cunent was approximately double the peak calcium current, not taking nui-down into 

account. Consistent with the effects of barium in other systems, the peak and the reversal 

potentid of the 1-V relationship were shifted in the hyperpolarising direction (Bean, 



1989; Branchaw et ai., 1997; Mills & Pitman, 1997; Mynlieff & Bearn 1992b). These 

reversible effects can be explained by the reduced effectiveness of barium to screen 

charge on the ce11 membrane (Byerly & Hagiwara, 1982). Also consistent with currents 

recorded in other systems, currents recorded in bariurn consistently displayed Iess 

inactivation than those recorded in calcium. In fact, the currents recorded in barium often 

continued to increase during this relatively short voltage step (Figure 2D, inset).. In other 

systems this bas been generally considered to result fiom the limited ability of b a t u n ,  

compared to calcium, to produce calcium channel inactivation (Hille, 1992). 

The voltage dependency of this current, its sensitivity to extracellular calcium and 

cadmium and its ability to use both calcium and barium as a charge carrier are al1 

consistent with this current being mediated by voltage dependent calcium channels. In the 

remaining experiments calcium was used as the charge carrier in low to normal 

physiologie concentrations (1 - 3 mM). 

Properties of the total calcium current 

The activation and steady-state inactivation kinetics of the total current are illustrated in 

figure 2E. Activation of the total current demonstrated a strong voltage dependence 

between about 4 0  mV and O mV. When fitted with a Boltzman function the resulting 

values were: Vm = -15.8 mV with k = 4.7. Using a one second pre-pulse protocol and a 

test voltage of O mV, the inactivation characteristics of the total current were also 

examined. As can be seen by the peak current inactivation curve, this current showed 

complex inactivation kinetics that demonstrated somewhat linear voltage dependence. 



This likely results fiom the contribution of a number of different channel types with 

different inactivation kinetics (Randall& Tsien, 1995), and is m e r  explored below. 

Tonic inhibition of calcium currents has been dernonstrated in a number of 

preparations including chromafin cells (Hoshi et al., 1984), myocytes ( Zygmunt & 

Maylie, 1990), neuroblastoma cells (Kasai, 1 99 1 ), sympathetic neurones (Ikeda, 1 99 1 ; 

Zhu & Yakel, 1997) and thaiamic neurones (Kammemeier & Jones, 1998). This 

inhibition can be relieved with strong depolarkation. Motoneuronal calcium currents in 

this preparation were also tested for the ability of strong (+IO0 mV) depolarizing voltage 

steps to facilitate the total calcium current. In these experiments a standard pre-pulse 

protocol was employed from a holding potential of -60 mV. Cunents were elicited with 

voltage steps to O mV before and 20 ms after a +IO0 mV depoiarization. Figure 2F 

demonstntes that the pre-pulse failed to produce an enhancement of the current. This 

same result was obtained in 13/13 cells. As can be seen in figure 2F, the amplitude of the 

current elicited by the second voltage step was similar to the amplitude of the current at 

the end of the control voltage step, suggesting that the only difference between the two 

currents is due to inactivation of the current. 

L VA and W A  components of the total mrrent 

By varying the holding potential it was demonstrated that some motoneurones in this 

age range have not only high voltage-activated (HVA) but also a transient low voltage- 

activated (LVA) calcium current. However, LVA currents were not seen in most 

motoneurones; aiterations in holding potential between 4 0  and -80 mV changed the 

amplitude but not the activation voltage (Figure 3A) of the currents. In the rernaining 



cells, a transient current was seen at low voltages. By using the two step protocol 

illustrated in figure 3B, this current could be separated fiom the HVA currents. The LVA 

current was seen to activate slowly and inactivate rapidly compared to currents activated 

at more depolarized potentials. This current could be enhanced by a hyperpolarised 

holding potential (Figure 3C). The presence of this type of low voltage-activated current 

(operationally defined as a transient current seen at or below 4 0  mV in 1 or 2 rnM 

extracellular calcium) was seen in 14/87 motoneurones (1 6 %) with Vh = -60 mV and 

4 1  1 motoneurones (36 %) with a Vh < -70 mV. The LVA current showed sensitivity to 

low concentrations (100 FM) of nickel (n = 1; data not shown). The voltage of activation, 

sensitivity to holding potential, slow activation and rapid inactivation kinetics of this 

current are consistent with the T-type calcium current described in many central neurones 

(Bean, 1989) including spinal motoneurones (Berger & Takahashi, 1990; McCobb et al., 

1989; Mynlieff & Beam, 1992qb). 

The steady-state inactivation of the total calcium currents was explored by separating 

the total cunent into transient and sustained components. The sustained component was 

defined as the current remaining at the end of a 150 ms voltage step while the difference 

cunent between the sustained and the peak cunent amplitude was defined as the transient 

current (Mynlieff & Beam, 1992b). Using a one second pre-pulse and a test potential of O 

mV, it can be seen that the transient and sustained components inactivated with different 

kinetics (Figure 3D). While the sustained component of the current demonstrated slight, 

linear inactivation, the transient component of the cunent inactivated with steep voltage 

dependence between -80 and -50 mV. These data could be fit with a Boltzman fiuiction 

(see methods), with Vin = -66 mV, k = 7, and A2 = 0.3. The incomplete inactivation of 



the transient component would suggest the presence of a voltage-independent inactivation 

process in these cells (Mynlieff & Beam, 1992b). The half-inactivation voltage of -66 

mV is comparable, when measured at O mV in low extracellular calcium or barium, to 

that of N-type channels described in chick DRG cells (VI, = -64 mV; Kiss & Kom, 

1999), R-type channels in both rat cerebellar granule cells (V = -6 1 mV; Zhang et al., 

1 993) and amygdalar cells (Vin = -58 mV; Yu & Shinnick-Gallagher, 1 997), and a non- 

L, non-N, non-P current in hypoglossal motoneurones (Vin = -62 mV; Umemiya & 

Berger, 1994). The different steady-state inactivation rates of current components elicited 

at O mV suggest that, as demonstrated in other central neurones as well as in marnmaiian 

embryonic motoneurones (Hivert et ai., 1995; Mynlieff & Beam, 1992b; Scamps et al., 

1998) the current elicited at this potential is mediated by more than one channel sub-type. 

PharmacoZogy of the HKA nrrrenr 

Sensitivity to specific calcium channel blockers is a defining characteristic of the 

various W A  calcium channel subtypes. N-type calcium channels are selectively blocked 

by the mail toxin o-conotoxin-GViA (Feldman et al., 1987) while P- and Q-type 

channels are blocked by the spider venom extracts a-agatoxin-NA (Mintz et al., 1992) 

and o-agatoxin-TK (Teramoto et al., 1995). Sensitivity to dihydropyridines is the 

hallmark of L-type channels. Since the Lturrent constitutes only a small percentage of 

the total curent in a number of ce11 types (Jones & Jacobs, 1990; Mynieiff & Beam, 

1992b; Gao & Ziskind-Conhaim,l998), L-charnel activaton nich as Bay K-8644 and 

FPL-64176 are often used to demonstrate the presence of L-type channels. 



To determine whether N, P/Q and L-type channels contribute to the total current 

in these cells, experiments were undertaken to determine concentrations of the various 

blockers that would produce a rapid and complete block of the channel subtypes. o- 

agatoxin-TK produced an obvious reduction of the total current in 10/11 cells tested. 

Application of 200 nM agatoxin produced a relatively slow block (Fisher & Bourque, 

1995) of a portion of the current (Figure 4A). An additional 200 nM of the toxin 

produced no M e r  block, indicating that 200 nM was already a santrating concentration 

(3/3 cells). In this ce11 the a-agatoxin blocked bo t .  a transient and a sustained component 

of this current (Figure 4A, inset). To ensure a complete block of P/Q-type channels, and 

to increase the speed of the block (Randall & Tsien, 1995), a concentration of 400 nM 

was used in the remaining experiments. 

Similar experiments were perfomed to determine the saturating concentration of 

o-conotoxin-GVIA. Application of otonotoxin-GVIA was effective in producing an 

obvious reduction of the total current in 617 cells tested. To determine the saturating 

concentration of this toxin, 3 pM was added repeatedly to the bath. In the ce11 illustrated 

in Figure 4B, addition of 3 FM a-conotoxin-GVW produced a rapid block of a portion of 

the total current. Application of additional conotoxin had no additional effect while 

subsequent application of agatoxin was seen to block a second component of the current. 

The current blocked by the a-conotoxin was only slowly inactivating (Figure 4B, inset). 

In U3 cells tested, 3 pM produced a saturating block, but in the r e m d g  cell, a 

concentration of 6 PM a-conotoxin-GVIA was necessary for saturation. In the remaining 

experiments, 6 FM conotoxin was used to ensure a complete block of N-type channels. 



The effectiveness of dihydropyridine blockes was also tested in this preparation, 

usually following CO-application of saturating concentration of conotoxin and agatoxin 

(Figure 4C). Both nifedipine and nirnodipine were effective in producing a partial block 

of the remaining current (nifedipine ( 2 0 w  - 6/7 cells; nimodipine (5-20 pM) - 819 

cells). As illustrated in Figure 4C, application of 20 FM nifedipine reduced the calcium 

current significantly; an additional 20 pM of this blocker did not produce any W e r  

block, indicating that 20 FM nifedipine produced a saturating block of L-type channels 

(see below). The nifedipine-sensitive cornponent was relatively non-inactivating (Figure 

4C, inset). The cadmium-sensitive current remaining after addition of agatoxin, 

conotoxin and nifedipine likely corresponds to the R-type calcium current described in 

cerebellas cells (Randail& Tsien, 1995). 

The presence of the various calcium channel sub-types was also tested in these 

cells by sequential applications of saturating concentrations of the various blockers in 

order to demonstrate non-overlapping components of the HVA current. Figure 4D 

demonstrates that a portion of the total HVA current is mediated by P/Q-type (agatoxin- 

sensitive), N-type (conotoxin-sensitive), and L-type (dihydropyridine-sensitive) channels. 

A resistant (R-type) component c m  be seen following application of these blocken, 

which is subsequentiy blocked by application of cadmium. 

L-type channels 

The presence of L-type calcium channels is most often identified due to their 

sensitivity to dihydropfidine blockers. Unfortunately, these compounds have been 

shown to produce non-specifïc effects in some preparations (Akaike et al., 1989; Jones & 



Jacobs, 1990), most often when used in high concentrations or when used on embryonic 

cells (Diochot et al., 1995; Mynlienff & Beam 1992b; White et al., 1997). Because of 

these concems, the pharmacology of motoneuronal L-type calcium channels was 

explored further in this preparation using the non-dihydropyridine L-charnel activator 

FPL-64176 (Rampe & Lacerda, 199 1). and the L-channel toxin calciseptine (De Weille et 

al., 1991). 

Calciseptine was effective in producing a partial reduction of the current in mouse 

spinal motoneurones (n = 2 at P4; n = 1 at P10). In figure 5A, after blocking N and PIQ- 

type components with saturating concentrations of both agatoxin and conotoxin (a - b), 

addition of 3.3 pM calciseptine produced a small reduction in the cdcium current in this 

ce11 (b - c). nie  raw traces reveal that the current component blocked by this toxin is 

non-inactivating, consistent with the known kinetics of L-channel mediated current. With 

the addition of the L-charnel activator FPL-64176 the remaining current amplitude 

increased significantly (c - d), indicating that this concentration of caiciseptine was not 

saturating. The saturating concentration of calciseptine in this preparation was not 

determined but is greater than 5 PM, a finding simitar to that found in CA3 pyramidal 

cells (Avery & Johnston, 1996). 

FPL-64176 increases the amplitude of L-chamel mediated current by increasing both 

the probability of opening and the single channel opening time, producing longer channel 

openings at more hyperpolarised potentids (Kunze & Rampe 1992; Rampe & Lacerda, 

1991). The effect of FPL-64 176 on the curent-voltage relationship of a P 10 motoneurone 

is illustrated in figure SB. Consistent with its effects in other systems, FPL-64176 

produced an increase in the current amplitudes and a hyperpolarising shift in the 1-V 



relation. Also consistent with known effects of FPL-64176 on L-channel kinetics, the 

FPL-64176-enhanced currents demonstrated slowed activation (figure SBinset), and 

prolonged tail currents (Zheng et ai., 1991). These results are dl consistent with FPL- 

64176 enhancing current through L-type calcium channels. Similar effects were seen in 

617 cells. In agreement with L-type calcium channels being the site of action of FPL- 

64176, its effects were blocked by prior administration of dihydropyridines (Figure 5C). 

A small reduction in the nonnalized current was seen d e r  the application of the agonist 

FPL-64176. A similar small reduction in the peak current was demonstrated previously in 

intracardiac neurones (Jeong & Wurster, 1997) and most likely represents a fùnctional 

interaction between the dihydropyndine and the FPL 64176 binding sites (Lauven et ai., 

1999; Usowicz et ai., 1995). 

Discussion 

It has been demonstrated in this paper that motoneurones from functionally 

mature mouse spinal cords have a number of calcium currents components that can be 

separated on the basis of current kinetics in the case of the LVA current and sensitivity to 

pharmacological agents in the case of the HVA currents. Based on these criteria we have 

identified T, N, P/Q, L, and R-type voltage-activated calcium currents in these cells. 

Studying these currents in this developmental stage (2 postnatal day 9) is of particular 

interest because mice are able to bear weight and walk at this age and therefore can be 

considered to be "motor functionaily mature". L-type calcium channels have previously 

been shown to develop in the tiIst 3 postnatal weeks using immunohistochemicd 

techniques (Jiang et al., 1999a). Furthemore, a motor rhythm generated by the bath 



application of dmgs to the in vitro mouse spinal cord has been shown to be nifedipine- 

sensitive only after postnatal day 7 (Jiang et al., 1999a), indicating that the anatomically- 

demonstrated development of the L-type channels is of physiologicd relevance. 

ikhtoneurones in the spinal cord slice 

The slice preparation was used for this study because the relative positions of the cells 

in the spinal cord are maintained as is the natural architecture of at least a portion of the 

dendritic tree and the surrounding tissue (superstructure). These facts enable visual 

identification of motoneurones in spinal cord slices by their location and large diameter 

(Burke et al., 1988; Takahashi, I W O ) .  However, the presence of large interneurones (>20 

p) has recently been demonstrated in the ventral half of the rat lumbar spinal cord 

(Thurbon et al., 1998). In the present study, using the smaller mouse preparation, putative 

motoneurones were identified as the largest cells in the ventral hom of the spinal cord (> 

20 pm somal diameter). To verifj that these were motoneurones, immunohistochemistry 

for choline acetyl-transferase was carried out, and demonstrated that 9/10 of these cells 

were positive. The one ChAT negative cell in the subset studied was likely the result of 

dilatation of this cytosolic protein during patch clamp recording, as it was noted that the 

longer the ceIl was patched, the weaker the irnmunolabeling (note that the patched ce11 in 

figure 1B is not the most intensely stained ChAT positive cell). Given these resuits and 

the size difference between the mouse and rat, our procedure for visually identi%g 

motoneurones in the ventral hom of the mouse spinal cord would seem to be vdid. 

Motoneurones are dficuit to keep dive in a slice prepariition (Aghajanian dr 

Rasmussen, 1989; Somjen & Czeh, 1989). It has been suggested that the tnmcation of 



dendrites in these large cells during the slicing procedure is responsible for their 

diminished survival rate. Therefore, the task becomes more problematic when using a 

slice thin enough to permit both rapid dmg effects and visual patch clamping of targeted 

ce11 populations. Sorne success has been obtained in very early postnatal rats (PLP5; 

Berger & Takahashi, 1990; Takahashi, 1990; Takahashi & Berger, 1990) and more 

recently in rats up to postnatal day P l  5 (Thurbon et al., 1998). By taking the precautions 

outlined to minimize ce11 death in the dissection, and by the using of a high quality 

vibrating microtome (Parsley et al., 1998), we are able to consistently obtain whole ce11 

patch clamp data from these mature moue motonewones. 

The extended structure ofcells in slice 

The use of a slice preparation, as opposed to the use of dissociated cells, ailows 

the evaluation of channel currents while circumventing the concems of altering the 

membrane channels of interest with the use of proteases. This method also mitigates the 

possible changes in channel expression with exposure to certain culture environments 

(Jacob et al., 1993; Murrell & Tolkovsky, 1993). It is felt that this method allows a more 

natural setting for the evaluation of ce11 specific channel functioning. A consequence of 

this preparation is that cells are allowed to retain a portion of their dendntic tree. The 

presence of this extended structure has to be considered under voltage clamp conditions 

as both distal conductances and the chxging of distal membranes can alter the kinetics of 

currents recorded at the soma (Muller & Lux, 1993). For example, during step 

depolarisations, the presence of caicium channels in the unclamped dendrites wouid have 

the effect of adding extra cunent to the soma (late-onset currents; Carlin et al., 2000). In 



addition, the charging of distai membranes would draw charge away from the recording 

pipette and produce an apparent inactivation of the evoked current, particularly with large 

depolarisations. This apparent inactivation may contribute to the voltage independent 

inactivation recorded under steady-state conditions. Furthemore, the presence of distal 

calcium conductances may also account for the almost linear steady-state inactivation 

kinetics of the sustained current component in these cells (Figure 3D). Because of effects 

such as these, caution must be taken whrn interpetkg current kinetics and quantification 

data fiom these cells. 

Low voltage-activated channels 

A small number of cells in this study displayed transient, low voltage-activated 

currents consistent with those mediated by T-type calcium channels. In a number of 

motoneurone preparations the incidence of T-type current and current density mediated 

by these channels decreases with age (McCobb et al., 1989; Mynleiff & Beam, 1992a; 

Umemiya & Berger, 1994). The relatively smdl number of motoneurones with this 

current is consistent with previous reports (Mynlieff & Beam, 1992a; Scarnps et ai., 

1998). The presence of this current in motoneurones of this postnatal age is aiso 

consistent with a recent report of the presence, in adult rat spinal motonewones, of both 

alG and a l H  mRNA, two of the aI subunits encoding T-type channels (Tdley et al., 

1 999). It has been postulated that in hypog lossal motoneurones the postnatal reduction in 

this currenî results from a the dendritic localization of the underlying channels coupled to 

a developmental change in the passive properties of the cells (Viana et ai., 1993b). At 



present the subcellular localization of these channels in mature mouse motoneurones has 

not been demonstrated. 

High voltage-activated channels 

Traditionally, L-, N-, P-, and Q-type channels are classified as high voltage 

activated channels. They are separated based on their sensitivity to dihydropyridines (L), 

a-conotoxin (N), and the o-agatoxins (P/Q). In this study, mature mouse motoneurones 

are shown to have each of these components, as well as a toxin cesistant (R) component. 

This finding is consistent with immunohistochemical data where classes A, B, C, and D 

al subunits were detected on spinal motoneurones in the adult mouse (Jiang et al, 1999a; 

unpublished results), and these plus class E in the adult rat (Westenbroek et al., 1998). 

nie  proportion of currents mediated by the various channel subtypes varied greatly from 

ce11 to cell. Given the above consideration on the extended structure of these cells, 

quantification of the various types of currents was not undertaken. However, an attempt 

was made to gain an understanding of the kinetics of the individuai current components 

by subtracting out the current blocked by the various antagonists (Figure 4A-C insets). In 

the present study the o-conotoxin-sensitive current was slowly inactivating while the a- 

agatoxin-sensitive current had both rapidly and slowly inactivating components. 

Although N-type currents are ofien considered to be rapidly inactivating, slowly- 

inactivating N-type currents have been reported in a variety of neurones, including 

lamprey (El Manira & Bussières, 1997) and postnatal rat hypoglossal (Urnemiya & 

Berger, 1994) motoneuones. Although the inactivation kinetics seen in this study may 

result in part fiom the extended structure of these ceiîs (see above), they may ais0 result 



fiom the specific subunit composition of these channels. For example, it has been s h o w  

that alternative splicing of the a 1 A subunit gene c m  produce channels with dramatically 

different inactivation kinetics (Bourinet et al., 1999; Zhang et al., 1993). Furthemore, 

there may be ce11 specific expression (and possibly developmentally controlled 

expression) of the calcium charme1 accessory subunits (P or ar6) which rnodiQ the 

channel kinetics. At present, the moiecuiar diversity of calcium channel subunits in 

mammalian spinal motoneurones has not been Mly exptored. 

One fact that is clear is that in the absence of channel activators, the current 

recorded at the soma of these cells has a srnaller L than non-L component. This is 

consistent with results obtained in P3 - P6 rat hypoglossai motoneurones (Umemiya & 

Berger, 1994), El 5 - P3 rat spinal motoneurones (Gao & Ziskind-Conhiam, 1998) and 

embryonic mouse motoneurones (Mynlieff & Beam, 1992b). It is also clear that this 

cunent can be greatly enhanced by the addition of channel activators. Whether the 

relatively smdl L-type current recorded at the soma results fkom these channels being in 

a reluctant state (Bean, 1 989; Delgado-Lazama & Hounsgaard, 1 999), or from a dendritic 

localization of these channels cannot be determined in the present study - in both cases, 

channel activators would have the demonstrated effects. This issue is addressed fiuther in 

the cornpanion paper (Carlin et al, 2000). 

Concluding r e m a h  

Motoneurones fiom mice of a sufficient developmental stage to weight bear and 

w& have a complement of voltage-activated calcium channels including T-, N-, P/Q-, L- 

, and R-types. ui other tend neurones, these chamels have been shown to be important 



in rnediating firing frequency regulation (Hernandez-Lopez et al., 1997; Viana et ai., 

1993a; Wikstrom & El Manira, 1998). Motoneurones must fire with sufficient kequency 

to produce appropriate muscle contraction. During fictive locomotion in the cat, the 

regulation of this firing rate is modulated, with changes in the post-spike 

afterhyperpolarisation (Brownstone et al., 1 Wî), voltage thresho Id (Krawitz et al., 1 W6), 

and late adaptation (Krawitz & Brownstone, 1994). Furthemore, there is a voltage- 

dependent increase in the excitation of motoneurones from spinal rhythmogenic centres 

(8rownstone et al., 1994). It is plausible that voltage-activated calcium channels and their 

modulation may play a role in these processes (eg. Jiang et al., 1999a). The 

characterization of these calcium channels in mature mammaiian motoneurones will 

allow for the future study of their modulation and their roles during behaviors such as 

locomotion. 
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Figure Legends 

Figure 1: The recorded cells have characteristics of spinal motoneurones. A: A digital 

i n h e d  differential interference contrat image of a large ventral hom Pl4  cell. B: 

Fluorescence image of ce11 pictured in (A) after whole ce11 recording with Lucifer Yellow 

in the patch electrode. Electrocie can be seen in the bottom left of the picture. C: Lucifer 

Yellow filled cell pictured in (B) after the slice was fixed and re-sectioned at 7pm. D: 

Immunohistochemical processing reveals that this ce11 is ChAT positive . E: Cunent 

injection elicits repetitive firing fiom a P9 motoneurone. Recording was made using a 

potassium gluconate based intracellular solution and a sodium chloride based artificial 

cerebral spinal fluid (aCSF). (Intracellular solution (in mM): K-gluconate (135), Hepes 

(IO), EGTA (IO), CaC12 (l), NaCl (6), Mg Ci2 (1), ATP (3). GTP (0.3), leupeptin (0.1), 

glutathione (5) ,  sucrose (20). Extracellular solution (in rnM) NaCl (140), KCl (1.9), 

Hepes (IO), MgC12 (2), glucose (10) CaClz (l).) 

Figure 2: Total calcium currents in motoneurones. A: Inward current elicited from a P l 4  

motoneurone under voltage clamp conditions. The ce11 was depolarised with 5 mV 

incremental voltage commands fiom a holding potential of -60 mV. The current 

responses to voltage commands up to -5 mV are illustrated. B: The peak current-voltage 

(14) relationship fkom the cell illustrated in (A). C: Peak 1-V curve from a P9 

motoneurone recorded in either 1 (a) or 1.5 mM (O) calcium. Addition of cadmium to the 

extracellular solution blocks al1 inward currents (i). Inset shows raw traces recorded at O 

mV in each of the three conditions. D: Normaiised peak curent-voltage relationships in a 



Pl0 motoneurone, recorded in 3 mM barium solution (O) and again after changing to a 3 

m M  calcium solution (a). Inset shows averlaid currents recorded at OmV in both 

solutions. Recordings in barium and calcium were made -36 minutes apart. E: Peak 

activation and steady-state inactivation curves for the total current. Each point on the 

activation curve was obtained from averaged data using n = 4 or n = 5 cells. The 

inactivation c w e  was constructed using a test potential of O mV following 1 second pre- 

pulse potentials. Each point is from averaged data (n = 4). Error bars are f standard 

errors. F. Strong depolarkations fail to facilitate the total calcium current. Overlaid 

cunent traces from -60 to O mV steps (a) before and (b) a.fter a 75 ms depolarization to 

+100 mV, as illustrated by the waveforrn in the lower trace. 

Figure 3. Some motoneurones have LVA in addition to HVA components of the total 

calcium cunent. A: 1-V c w e s  recorded fiom a Pl0 ce11 (same ce11 as illustrated in figure 

2D) using holding potentials of -60 mV (a) and -80 mV (O) in 3 rnM calcium. Current is 

seen to activate at a sirnilar patentid with the different holding potentials suggesting that 

this ce11 does not have LVA currents. It can also be seen that at al1 potentials positive to - 

30 mV the peak currents are rnuch larger with the more hyperpolarised holding potential, 

suggesting that some component of the HVA current has been enhanced. Inset shows 

overlaid traces recorded at -5 mV in both conditions illustrating this enhancement.. B: 

The LVA current is shown in this P 10 motoneurone by depolarking fiom -80 to -50 mV. 

Subsequent depolarisation to O mV reveals a HVA current. Note the Merence in the rate 

of activation and inactivation of the two components. C: Current traces elicited in another 

Pl 0 ce11 in response to 10 mV x 150 ms voltage steps. The ceil was held at either -60 mV 



(i) or -80 mV (ii). Current steps from both holding potentials to 4 0  mV are overlaid in 

(iii ). The overlay illustrates the presence of a low voltage activated transient current that 

is enhanced by the more hyperpolarised holding potential. D: Steady-state inactivation 

curves constructed using either the sustained (current remaining at the end of a 150 ms 

test pulse) or transient (difference between peak and sustained currents) components of 

the current. A one second pre-pulse potential was maintained before the 150 ms test pulse 

to OmV. Sustained component of the current is seen to inactivate in a near linear manner 

(O), while the transient component inactivates with steep voltage-dependence (O). 

Transient inactivation curve was fit with a Boltmian fùnction (dotted line) with Vllz = - 

66 mV, k = 7, and A2 = 0.3. Data is averaged from 4 cells (enor bars = k SE). 

Figure 4: There are PIQ-, N-, L-, and Et-type components to the HVA current. A: A 

component of the total calcium current is mediated by agatoxin-TK-sensitive PIQ-type 

channels. Application of 200 nM of the toxin to this P9 ce11 produced a partial block of 

the current. A second application of the toxin produced no furthet reduction in the 

current, suggesting that 200 nM is a saturahg concentration. T h e  plot was constructed 

by plotting the peak current elicited by depolarking the ce11 to O mV from a holding 

potential of -60 mV. The current amplitude is plotted every 40 seconds. Inset shows 

difference current obtained by subtracting traces indicated by points a and b. A transient 

component of the agatoxin-sensitive current was seen in a number of cells. B: T h e  plot 

demonstrating the effects of otonotoxin-GVIA in a Pl3 ceii. A single application of 3 

pM conotoxin blocked a portion of the current. A second application had no effect on the 

current while application of agatoxin was able to block an additionai component of the 



current. Curent in response to voltage steps to O rnV is ploaed every 20 seconds. 

Conotoxin-sensitive difference current illustrated in inset. C: Application of saturating 

concentrations of agatoxin and conotoxin blocked a large portion of the current in this 

Pl5 cell. Application of 20 pM nifedipine blocked a M e r  cornponent, but a second 

application of nifedipine resulted in no further reduction in the current. Cadmium (200 

FM) blocked the remaining current. Nifedipine-sensitive difference current s h o w  in 

inset. Current amplitude recorded every 20 seconds. D: Fast ramp 1-V c w e s  (-60 mV to 

+60 mV; 0.8 mVfms) illustrating the various current components in a Pl0 ce11 by 

sequential application of channel blockers. Peak current amplitude was monitored and 

blockers only applied once the blocking effect piateaued fkom the preceding application. 

(agatoxin = 400 nM; conotoxin = 6 PM; nimodipine = 20 PM; cadmium = 400pM). 

Figure 5: L-type calcium currents in motoneurones. A: Time plot @eak current plotted 

every 20 sec) demonstrating that, following CO-application of agatoxin and conotoxin to 

block the current mediated by N- and P/Q-type channels (a - b), a non-saturathg 

concentration of the L-channel toxin calciseptine (3.3 PM) produced a small reduction in 

the current amplitude (b - c). The L-channel activator FPL-64176 (1 1.6 PM) enhanced 

the remaining current (c - d) in this P l0  cell. Raw traces are shown below the time plot. 

Note the enhanced taii current f i e r  FPL-64176 application (*). B: The effects of the L- 

channel activator FPL-64176 on the I-V relationship of a Pl0 cell. The activator 

increased peak current amplitude at ali potentids and resulted in hyperpolarising shifi in 

the curve. Raw traces recorded at -30 mV are shown in the inset. Note the expected 

slowed activation of the current and the enhanced tail cment. Recordings made in 1 mM 



calcium. C: The effects of FPL-64176 could be blocked by the dihydropyridine, 

nifedipine (20 PM). Mer blocking the N- and P/Q- components of the current, nifedipine 

reduced the peak current, indicating the presence of L-type channels in this Pl0  cell. 

Subsequent addition of FPL-64176 was unable to enhance the current indicating that 1 )  

FPL-64176 and the dihydropyridine are af3ecting the same population of channels and 2) 

20 pM nifedipine is a saturahg concentration in this preparation. 
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Abstract 

The intrinsic properties of mammalian spinai motoneurones provide them with the 

capability to produce high rates of sustained firing in response to transient inputs 

(bistability). Even though it has been suggested that a persistent dendntic calcium current 

is responsible for the depolarizing drive underlying this firing property, such a current has 

not been demonstrated in these cells. In this study, calcium currents are recorded fiom 

fùnctionally mature mouse spinal motoneurones using somatic whole ce11 patch clamp 

techniques. Under these conditions a component of the current demonstrated kinetics 

consistent with a current originating at a site spatially segregated Corn the soma. In 

response to step commands this component was seen as a late-onset, low amplitude 

persistent current while in response to depolarizing-depolarizing ramp commands a low 

voltage clockwise current hysteresis was recorded. Simulations using a neuromorphic 

motoneurone mode1 could reproduce these currents oniy if a non-inactivating calcium 

conductance was placed in the dendritic compartments. Pharmacological studies 

demonstrated that both the latesnset and hysteretic currents demonstrated sensitivity to 

both dihydropyndines and the L-channel activator FPL-64176. Furthermore, the ato 

subunits of L-type calcium channels were immunohistochemically demonstrated on 

motoneuronal dendrites. It is concluded that tbere are dendntically located L-type 

channels in mammalian motoneurones capable of mediating a persistent depolarizing 

drive to the soma and which likely mediate the bistable behaviour of these cells. 



Introduction 

It has been demonstrated in cat motoneurones that the prolonged discharges seen 

following bnef synaptic inputs (Hultborn et al., 1975) result not from continued activity 

in pre-motoneuronal circuits, but rather From intrinsic properties of the motoneurones 

themselves (Crone et al., 1988; Hounsgaard et al., 1984; Lee & Heckman, 1996). This 

membrane property (plateau potential) provides two stable membrane potentials, one a 

resting potential and the other a potentiai which produces sustained firing (ie. bistability). 

This property is thought to be important for the production of motoneurone output during 

fictive locomotion (Brownstone et al., 1994)' as well as for the maintenance of posture in 

intact, awake mammais (Eken & Kiehn, 1989), possibly including humans (Kiehn & 

Eken, 1997). In the cat a voltage-dependent 'persistent' calcium current was surmised tu 

underlie this property (Schwindt & C d ,  1980). Later, non-inactivating L-type calcium 

charnels were demonstrated to mediate this current in turtle motoneurones (Hounsgaard 

& Kiehn, 1989). 

1s an L-type current also responsible for plateau potentials and bistability in 

mammalian motoneurones? Unfortunately, pharmacological investigations of these 

cunents is difficult in vivo, and calcium-mediated bistability has not been demonstrated 

in vitro. There are likely for two reasons for the latter. Firstly, most investigators studying 

mammaiian spinal motoneurones in vitro use neonatai animais (eg. MacLean et ai., 1997; 

Takahashi & Berger, 1990; Ziskind-Conhaim, 1988). As both known types of L-~rpe 

channels (class C and class D) show developmental changes during the post-natal period 

in mice (Jiang et al., 1999a), younger motoneurones rnay not have the ability to produce 

plateau potentiais. Secondly, there is evidence fkom turtle (Hounsgaard & Kiehn, 1993) 



and cat motoneurones (Bennett et ai., 1998; Lee & Heckman, 1996, 1998b) and frorn 

modeling studies (Booth et al., 1997; Gutman, 1991) that these currents originate in the 

dendrites. Therefore, the use of culture techniques that limit dendntic morphology may 

preclude their demonstration (eg. Mynlieff & Beam, 1992). To overcorne these problems, 

spinal cord slices from animais which have "functionally mature" motor systems (they 

are able to weight bear and waik; Jiang et al., 1999b) were used in this study. At this 

stage, L-type channels contribute to a rhythmic motor output elicited in in-vitro spinal 

cords (Jiang et al., 1999a). 

The hypothesis that mammalian spinal motoneurones have non-inactivating 

dendritic calcium cunents was then exarnined. As these conductances would be 

electrotonically distal to the somatic recording site, they would not be adequately voltage 

clarnped. In this situation, the presence of denciritic conductances would be seen as 

currents with delayed activation in response to constant voltage comrnands (Müller & 

Lux, 1993) and as producing a clockwise hysteresis in response to voltage ramp 

commands (Lee and Heckman, 1998b; Svirskis & Hounsgaard, 1997). Such currents are 

demonstrated in this study. The phannacology of this current and the 

immunohistochemicai demonstration of L-type calcium channels on motoneüronal 

dendrites lead to the suggestion that the presence of dendritic L-type calcium channels is 

a phylogeneticdly conserved characteristic of spinal motoneurones. The kinetics and 

subceflu1a.r location of these channels make them ideal candidates to mediate the 

expression of bistability in mammalian motoneurones. 



Methods and Materials 

Slice Preparatiun, Electrophysiology, Solutions and Chernicals 

Al1 anirnals (postnatal (P8 - P 15) Balb/C mice) were anaesthetized, and the 

experimental procedures were approved by the University of Manitoba Animal Care 

Cornmittee and confonned to the standards of the Canadian Council of Animal Care. Ail 

chemicals were obtained fiom Sigma (St. Louis, USA) unless otherwise specjfied. 

The isolation of the spinal cord, preparation of slices, whole ce11 patch clamp recordings, 

and solutions and chemicals were as described in the cornpanion paper (Carlin et al., 

2000). 

Motoneurones were identified as the Iargest cells (> 20 Fm mean diameter; 

McHanwell & Biscoe, 1981; Takahashi, 1990) in the ventral hom (Carlin et al., 2000; 

Gao & Ziskind-Conhaim, 1998; Jonas et al., 1998; but see Thurbon et al., 1998). Voltage 

step protocols are indicated in the text. The standard voltage ramp protocol consisted of 

stepping the potential to -120 mV for -1s from a holding potential of -60 mV. The 

potential was then ramped to +60 rnV and back to -120 mV over a period of 20s. Such 

slow ramps minirnize the effects of transient currents. 

Mode lling 

The three dimensional morphology of a cat lumbar spinal motoneurone (courtesy 

of R.E. Burke) was incorporated into the MURON simulation environment (Hines & 

Carnevale, 1997). A morphomenic and electrotonic analysis of this ce11 has previously 

been published (FR MG MN 43/5: Cullheim et al., 1987qb; Fleshman et ai., 1988). The 

passive parameters assigned to the mode1 motoneurone were R,,, = 0.25 in the soma and 





0.01% heparin. This was followed by perfusion with cold 4% parafomaldehyde, 0.2 M 

L-lysine, 0.02 M Na-M-penodate solution containimg 0.1M phosphate buffer, pH 7.4. 

The lumbar spinal cords were harvested and post-fixed in this same fmative ovemight 

and then placed in cryoprotectant consisting of 10% sucrose in 50 mM phosphate buffer. 

The tissue was blocked in OCT embedding compound (Miles, Elkhart, IN) and sectioned 

transversely on a cryostat to a thickness of 20 Fm, then thaw mounted ont0 gelatin-coated 

glas  slides. Slides were washed overnight in 50 m M  Tris-HCl buffered saline prior to 

processing. Al1 dilutions and washes were performed in Tris-HC1 buffered saline and 

incubations included 1% normal horse senun (Sigma). 

Polyclonai rabbit anti-rat ald subunit antibody (Alarnone Labs, Jerusalem) was 

used to label Class D L-type Ca2+ channels. Sections were incubated in anti-ald subunit 

diluted 1500 for three days at 4OC. Sections were washed for 3 x 20 min. and al1 slides 

were incubated for 3 hours with donkey anti-rabbit cy3 (Jackson Labs, West Grove, PA) 

diluted 1 250. The sections were then washed for 10 minutes in Tris-HCI bdered saline, 

followed by 2 x 10 minute washes in 50mM Tris-HCL buffer, and coverslipped using 

Vectashield (Vector Labs, Burlingame, CA). Control procedures were done using 

sections processed as described above with (a) omission of the primary antibody, and @) 

absorption of the peptide. A Molecular Dynamics confocal scanning laser microscope 

equipped with an argon laser was then used to generate individual optical sections, which 

were then volume-rendered and presented as look-through projections using Image Space 

software interpolation on a Silicon Graphics Indigo cornputer. 



Lute-anset, persistent currents 

Calcium currents were elicited in motoneurones in 150-200 pm mature moue 

spinal cord slices using whole ce11 patch clamp techniques with intra- and extra-cellular 

solutions designed to eliminate sodium and potassium currents. The hi&-voltage- 

activated currents in these cells have components of L-. N-, P/Q- and R-type 

conductances (Carlin et al., 2000). In a number of cells the presence of a sustained late- 

onset conductance could be seen (Figure 1A). This conductance could be identified by 

either an inflection point in the curent trace during a single voltage step or as a current 

with delayed onset (Destexhe et ai., 1998; Hirst & McLachlan, 1986; Müller & Lux, 

1993; Streit & Lux, 1989). The occurrence of both of these events was increased with the 

use of higher concentrations of calcium in the recording solution (Figure 2A). Both an 

inflection point and a current with delayed onset are consistent with a lack of voltage 

contro 1 (space clamp) of an inward conductance that is electrotonically relative1 y distant. 

These currents, referred to here as "late currents," were seen in 37/46 motoneurones 

(80%; 2mM calcium, 500 ms x 2mV increments; Figure ]A), where the delay to 

activation of this current was variable and depended on the holding potential, the 

amplitude of the voltage step, and the extracellular calcium concentration (Figure 2A) . 

Tney were blocked by extracellular cadmium (not shown). The hability of the somatic 

repolarisation to rapidly deactivate this conductance also supports a distal origin for this 

curent (large tail currents in Figure 1A). 

In turtle (Svirskis & Hounsgaard, 1998) and cat (Lee & Heckman, 1998qb) 

motoneurones that have plateau potentials, as well as in plateau potentiai modeling 

studies (Booth et al., 1997), a hysteresis is seen in the current-voltage (14) relation in 



response to slow depolarizing and hyperpolarising ramp voltage commands. In other 

words, there is a region on this 1-V relation where the inward current during the 

hyperpolarising ramp is greater than that seen during the depolarizing ramp. Such slow 

ramp commands were applied to mouse motoneurones in this study, and produced a 

region of hysteresis in 17/22 (77%) motoneurones. A typical example is show in figure 

lB, where there was a relatively slowly increasing inward current on the depolarizing 

rarnp, followed by an inflection point and a more steeply activating inward current. On 

the hyperpolarising lirnb of the ramp, this latter inward current was reduced in amplitude 

and additional inward current appeared at more hyperpolarised voltages. When the figure 

was manipuiated by overlaying the ascending and descending ramps as illustrated in 

Figure lC, this additional curent at hyperpolarised voltages led to a clockwise hysteresis, 

as indicated by the arrows. An idecrion point was clearly seen during the 

hyperpolarising nmp, thus producing a "double hump." Note that this inward calcium 

current deactivated at a more hyperpolarised point than the potential at which it activated 

on the ascending limb. This curent hysteresis will subsequently be referred to as the 

hysteretic current. In some cells in which hysteretic currents were not readily evident in I 

mM caicium, they could be demonstrated following the application of additional calcium 

to the bath (eg. Figure 2B). This is a similar finding to that shown with the Iate currents 

(Figure 2A). 

It was noted that in dl cells with late onset, persistent currents, an hysteretic 1-V 

relation was seen. Experirnents were undertaken in 19 cells using both ramp (-1 20 to +60 

to -120 mV over 20 seconds) and voltage step protocols (2 mV x 500 ms steps) in 2 rnM 

calcium to examine the converse: that is, are late currents always seen if there are 



hysteretic currents? An hysteretic current was seen in 14/19 (74%) cells; 13 of these had 

late currents and one did not. In the remaining 5 (26%) cells, neither hysteresis nor late 

currents were seen (Figure 2C). 

The voltage of activation of the channels mediating these currents cannot be 

determined fiom the present studies, which rely on the fact that the morphology of the 

cells precludes space clamp. Nevertheless, it was hypothesized that since the late currents 

were seen with smdl depolarizing commands, the voltage at which the negative slope 

conductance began in the voltage rarnps (the "apparent" activation voltage) should be 

more negative in the cells with hysteresis than in those without. This was found to be the 

case. Cells with hysteresis had an apparent activation voltage of 4 7  f 8.6 mV (mean f 

SD; n=14), which was significantly more hyperpolarized than in the cells without 

hysteresis (-38 + 3.8 mV; n=5; t-test. ~~0.05). 

~blodeling of the late-onset and hysteretic currents 

The hypothesized explanation for the Iate-onset and hysteretic currents was that they 

were due to calcium currents originating in the dendrites. To examine this m e r ,  a 

neuromorphic mode1 was constructed using a three-dimensional reconstruction of a cat 

motoneurone (Cuiheim et al., 1987qb; Fleshman et al., 1988). Although the data are 

hnited regarding the morphoiogical and biophysical properties of moue motoneurones, 

it is known that rat motoneurones are biophysically very similar to cat rnotoneurones 

(Thtubon et al, 1998). The cat motoneurone data was therefore used as a reasonable first 

approximation of a moue motoneurone. 



Sodium and potassium conduciances were not included in the model. Three calcium 

conductances were modeled (Figure 3) which differed in activation threshold (high 

(WA) vs. low voltage-activated (LVA) L-type) and inactivation kinetics (L-type vs. N- 

type). The model was used to explore: I )  the effects of spatial segregation of the various 

calcium conductances on the production of late onset and hysteretic currents; and 2) the 

effects of voltage threshold and inactivation kinetics on the kinetics of the late and 

hysteretic currents. Each of the three conductances was uniformly distributed in either the 

somatic or the dendntic (distal to the thirci branch point) region of the modeled cell. The 

densities of the modeled calcium currents were adjusted to give peak current densities of 

the same magnitude as those seen in the experimental data. The model then simulated the 

experimentai voltage clamp protocols using both step and ramp voltage commands. 

During voltage step protocols, a late-onset current was seen only when a non- 

inactivating current was placed in the dendrites (Figure 3A). This could be modeled with 

either LVA or HVA properties but a qualitatively better match with experimental results 

was obtained with the LVA current (see Figure SAii). Placement of zin N-type 

conductance in the dendrites produced a slowing of their activation kinetics as expected, 

but did not lead to a sustained late-onset current. In addition, the deactivation of a distal 

conductance was slower than the deactivation of the more proximal conductances. This 

can be seen by the prolonged tail currents produced by both the HVA and to a greater 

extent by the LVA L-type conductances placed in the dendritic region (Figure 3A, 

compare to Figure 1A). 

With ramp voltage commands, it was necessary to place the voItage-activated 

channels in the dendrites to obtain clockwise hysteresis (Figure 3B). The merence 



between the hysteresis produced by the dendntically located LVA or HVA non- 

inactivating cunents was in the voltage of onset of the negative current dope. With the 

LVA channels (Figure 3B-ii), the apparent activation voltage was 4 5  rnV while with the 

HVA channels the activation voltage was -14 mV. On cornbining an LVA L-type 

dendritic current with an HVA L-type somatic curent, both the voltage steps and ramps 

produced resuits strikingly similar to those seen experimentally, including the late-onset 

current, the prolonged tail current, and the clockwise hysteresis with two current peaks 

during the hyperpolarising rarnp (eg. compare Figures 1C and 3C). This lends support to 

the hypothesis that these late inward and hysteretic currents resdt fiom the activation of a 

non-inactivating L-type conductance in the dendrites, possibly with a relatively low 

activation threshold. 

Pharmacology of the late omet and hysteretic currents 

Cells displaying the late onset currents were exposed to o-conotoxin-GVIA (3-6 PM) 

to block N-type (Feldrnan et al., 1987), w-agatoxin-TK (400 nM) to block P/Q-type 

(Teramoto et al., 1995) and nifedipine (20 CiM) or nimodipine (10 - 20 FM) to block L- 

type calcium channels. The L-type calcium channel activator FPL-64176 (5.8 PM) was 

also used to confirm the contribution of L-type channels (Randal1 & Tsien, 1995). Cells 

were either incubated (30 - 70 minutes) in the blockers or had the blocken acutely 

applied. 

To discriminate the effectiveness of each blocker on the late onset currents, acute 

application experiments were undertaken. The late omet currents were sensitive to both 

the dihydropyridines nifedipine and nimodipine (7/7 cefis; Figure 4A). The current 



inflections were completely (n = 2) or partially blocked (n = 1) by application of 20 pM 

nifedipine. Similarly, application of 10 - 20 pM nimodipine completely blocked (n = 3) 

or reduced (n = 1) the cunent infiections. 

Since sensitivity to dihydropyridines is the hallmark of L-type calcium channels, 

these results indicate that at least part of the late omet conductance is mediated thrcugh 

L-type channels. This possibility was M e r  tested with the application of the potent L- 

type channel activator FPL-64 176. Application of FPL-64176 (5.8 pM) to cells with the 

late onset currents caused an enhancement of these currents ( 2 2  cells; Figure 4B). In 

addition to the increased amplitude, this enhancement was characterized by reducing the 

somatic voltage at which the late current was first seen and by producing large slowly 

activating currents. 

Similar effects of these drugs were seen with the ramp voltage commands. FPL- 

64176 not only had the expected effect of increasing the amplitude and shifting the peak 

inward current on the ascending ramp to the right, but it also increased the amplitude of 

the hysteretic current and delayed its deactivation, as c m  be seen during the 

hyperpolarising ramp (Y2 cells; Figure 4C). This current was blocked by nimodipine (20 

PM; 2 2  cells; Figure 4C). Given that the apparent activation voitage is more 

hyperpolarised in cells with the hysteretic current, then if L-type calcium channels are 

responsible for this current, it is not surprishg that the application of nimodipine shifts 

this apparent activation voltage to the right (Figure 4C). 

In contrast to the dihydropyridines, application of ai-conotoxin-GVIA (6 PM) did not 

eiiminate the curent infiections (4/4 cells; Figure 5A). Interestingly, following 



application of o-conotoxin, the late onset currents were activated to the same steady-state 

level and no longer exhibited a relationship to the comrnand voltage level. This is similar 

to what was seen in the simulation containing only denclritic L-type channels (Figure 3A). 

This effect was predicted by Müller & Lux (1993) and is thought to resuit fiom the 

regenerative activation of voltage-gated calcium channels in an unclamped region of the 

cell. 

The effects of a-agatoxin-TK (400 nM) were tested in 6 cells. In four cells the toxin 

did not block the denciritic currents while the total current amplitude was reduced (Figure 

SB). In one cell, the inflection point was abolished while in the last cell the w-agatoxin 

rapidly produced a reduction but not block of the amplitude of the latesnset currents. 

To rule out the possibility that acute application of the toxins did not allow sufEcient 

time for the toxins to act, cells were incubated in o-agatoxin TK (400 nM: n = 2) or o- 

conotoxin GVIA (3 PM: n = 1; 6 PM: n = 2) for 30 - 70 minutes. Even after prolonged 

exposure to the toxins, late onset currents were still observed. 

In summary, the late-onset currents were not blocked by application of oîonotoxin- 

G U  in 717 cells, and foilowing application of o-agatoxin-TK in 617 cells. In contrast, 

these currents demonstrated sensitivity to dihydropyridines in 717 cells and FPL 64176 in 

U2 cells. These phannacologicai results support the hypothesis that the late-omet 

calcium currents are mediated by dihydropyridine-sensitive L-type calcium channels. 

The effects of o-conotoxin-GVIA (6 IiM) and a-agatorlln-TK (400 nM) were also 

tested on the hysteretic currents. Co-application of these toxins reduced the large inward 



curent on the ascending limb of the ramp, indicating that there is an N andlor PIQ-type 

component to this current. However, the hysteretic currents were not affected by these 

t o x k  (n=2; Figure 5C). This adds M e r  support to the hypothesis that this curent is 

mediated primarily by L-type channels. 

Immunohistochemical localisation o f  motoneuronul a!o subunits 

The presence of L-type calcium channels on motoneurone dendrites was 

exarnined with immunofluorescence using a poiycional antibody to the  ID subunit (n = 4 

animals; 3 additional animals were studied using 3,3'-diaminobenzidine 

tetrahycirociiiorïde immunohistochemistry, data not illustrated). Previous work 

demonstrated somatic and proximal dendritic labeling with the a d - a i c  antibody, and 

probable dendritic labeling using the anti-air> antibody (Jiang et al., 1999a). In this study, 

motoneuronal dendrites were exarnined for a distance of up to 300 pm from the ce11 

soma. Punctate dendritic labeling of the a l ~  subunit was seen typically after the second 

or third dendritic branch point, with less labeling proximal to this (Figure 6). Given the 

absence of significant dendritic labeling of the ai= subunit (Jiang et al., 1999a; 

Westenbroek et al., 1998), this leads to the suggestion that the dendritic L-type calcium 

channels responsible for the late-onset calcium currents are of class D. 

Discussion 

This study has demonstrated a dihydropfldine-semitive calcium current (L-type) 

originating in the dendrites of spinal motoneurones in slices harvested fiom mice older 

than postnatal day 7. A similar current can be demonstrated in a motoneurone mode1 by 



placing a low-voltage activated, non-inactivating current in the dendrites. Furthemore, 

the immunohistochemical labeling demonstrates class D L-type calcium channels in 

motoneurone dendrites. 

Evidence for a dendritic calcium current 

In the present study, the denciritic origin of the voltage-activated calcium currents 

is shown indirectiy using somatic whole cell recording, and combining this with results 

using both irnrnunohistochemistry and modeling studies. There is linle question that the 

recorded currents are mediated by calcium. Under the same expenmental conditions it 

has been demonstrated that these currents are voltage dependent, sensitive tu the 

extracellular calcium concentration and cadmium, and are sensitive to the specific 

channel blockea a-agatoxin-TK, a-conotoxin GVIA, dihydropyridines and FPL-64 1 76 

(Carlin et al., 1000). The ability of increased extracellular calcium concentrations to 

make distal currents more visible in the soma would be predicted because the raised 

calcium not only increases the membrane resistance but also the negative siope 

conductance (Figures 2B, 2C-2; Müller & Lux, 1993). 

In this study it was found that approximately one quarter of cells did not display 

either late-onset or hysteretic currents even with elevated extracellular calcium. There are 

a nurnber of possible explanations for this, which can not be distinguished in the current 

study. For example, it is possible that a subpopulation of motoneurones (eg. subtype) do 

not possess these dendritic channels, and that these cells would have a different role in 

motor output than those ceiis that could express plateau potentials (see below). A second 

possibility is that the cells in which dendritic cments were not seen had a significant 

portion of their dendritic trees (and hence al D channels) removed by slicing. 



Although some investigatos have recorded calcium currents directly from dendrites 

(eg. Magee & Johnstm 1995; Mouginot et al., 1997), it is unlikely that such an approach 

would be successfiil in the distal dendrites of motoneurones where these channels are 

likely located. On the other hand, recording dendritic calcium currents, or their resultant 

potential changes, with a somatically placed electrode has also been demonstrated 

previously. Destexhe et al. (1996) combined electrophysiology with a neuromorphic 

mode1 to demonstrate LVA ctiannels in the dendrites of thalarnic reticular neurones. Hirst 

& McLachlan (1986) reported a late onset calcium cunent in voltage clamped 

sympathetic chain cells. The current was concluded to originate in an electrically distant 

location due to the change in Iatency but not amplitude with increasing voltage steps. 

This is consistent with the experimental data presented here (eg. Figures SA-ii). 

The modeling data From Müller & Lux (1993) suggest that one cm deduce the 

position of a spatially locdized inward current fiom examination of the delay and rate of 

activation of the somatically-recorded inward current. However, given the limited 

information regarding the properties of the charnels fiom which this current originates, 

and the multiple types of calcium currents present, the position of the currents cannot be 

accurately detemiined fiom examination of the trajectory alone. Both the delay and the 

rate of activation of the late-onset current were variable and depended on the size of the 

voltage step (eg. Figures lA, 5A). Near 'threshold' for these currents, the delay to onset 

of the late current may be as long as several hundred milliseconds (eg. Figure 4A-i). On 

first examination, such a delay may be difficult to explain based on the relatively 

electrically compact nature of motoneurones (Thurbon et al., 1998). However, Müller & 



Lux (1993) demonstnited delays of up to 2 tirne constants with conductaoces placed at 

0.5 - 0.8 A; the majonty of cells displaying late-onset currents in this study had rime 

constants < 60 mec. Furthemore, using current clamp protocols in a two cornpartment 

model, Booth et ai. (1997) demonstrated that several hundred millisecond delays in onset 

of plateau potentials with current steps near the threshold of activation of the plateaux can 

be explained using dynamical systems theory. This theory predicts long delays to onset of 

plateaux near threshold (the onset voltage of the negative slope conductance), and then 

with increasing current steps, the delay will be shorter. This is similar to the data 

presented here in voltage clamp (Figures 2A, 4, 5). This would explain why the long 

delays were more often seen with protocols using 2 mV increments in voltage commands, 

as the likelihood of a voltage step being close to the threshold (or "saddle-node" in the 

terminology of dynarnical systems theory) woula be increased. 

Another possible explanation for the delayed currents might be that the somatic 

channels are in equilibrium between "reluctantYT and "willing" states (Bean, 1989). It 

could be argued that if the channel equilibriurn in these cells in this preparation favors the 

reluctant state, and that if time in a depolarized state is required to shift to the willing 

state (Delgado-Lezama & Hounsgaard, 1999), then a late-onset current might be seen. 

This may in fact explain the '2lVind-up" phenornenon previously reported in turtle 

motoneurones (Svirskis & Hounsgaard, 1997). Two observations make this possibility 

less likely. Fhtiy, it has not been possible to facilitate the total calcium cunent elicited 

by voltage steps fiom -60 to O mV following 75 ms pre-pulses to +IO0 mV in any of the 

13 cells tested (Carlin et ai., 2000). Secondly, during the hyperpolarising phase of the 

voltage ramps there are two conspicuous peaks of inward current created by an innection 



point in the curent waveform (see Figures 1, 2B, 3C, 4C). It is suggested that this 

"double hump" represents the separation of a somatic current, which is partly 

inactivating, and a dendritic cwrent, which is seen as the hysteretic current. The 

inflection point between these humps indicates that the second (more hyperpolaised) 

hump must be created either by newly-activating somatic channels or by persistently 

activated dendritic channels which become a current source for the soma as it is being 

hyperpolarised. The former possibility would seem unlikely given the absence of 

evidence that dihydropyridine-sensitive channels can activate (or reactivate) during a 

slow repolarisation after a prolonged depolarization and then remain open to potentials as 

low as -100 mV. On the other hand, a more reasonable explanation for this "double 

hump" would be that the apparent activation is due to the relative depolarization of the 

non-clarnped dendrites, which persists as the soma is hyperpolarised. The more 

hyperpolarised somatic voltage then acts as a "sink" for the inward current mediated by 

non-inactivating dendritic channels. This latter hypothesis is supported by the 

immunostaining of L-channels that are clearly separated fiom the soma. 

Channel type underlying the dendritic nrrrents 

The denciritic currents shown here were consistently blocked by dihydropyridines and 

enhanced by FPL 64176 and are therefore mediated by L-type channels. Previous authoa 

have demonstrated the presence of L-type calcium channels in mammalian spinal 

motoneurones but have not reported a dendritic calcium current (Gao & Ziskind- 

Conhaim, 19%; Hivert et al., 1995; Mynlieff & Beam, 1992; Scamps et al., 1998). These 

cells were either embryonic or neonatal, which may explain why dendritic L-type 

currents were not reported. This is consistent with the immunohistochemical observation 



that both the ait- and sin- containhg L-type charnels develop in the fmt two postnatal 

weeks (Jiang et al., 1999a). In the present study, the use of older mice would have 

facilitated the detection of ai D-mediated dendritic currents. 

In addition to L-type calcium channels, it is possible that there are dendritic N- andfor 

PIQ- type channels as well. It can be seen in figures SA and 5B that the slope of the late 

current decreases with the addition of conotoxin and agatoxui. Because the effects of 

channel mdown are dificuit to distinguish in this situation, the possibility that N- and/or 

P/Q-type channels contribute to this current cannot be ruled out. Furthemore, the ability 

of agatoxin and conotoxin to block the spike-like current during the slow voltage rarnp 

command (Figure SC) may indicate the presence of non-L-type channels in the 

unclamped dendrites. However, the facts that the late and hysteretic currents were not 

blocked with the application of saturathg concentrations of these toxins and that the late 

currents were still seen in cells incubated in these toxins would indicate that the 

contribution of current mediated by non-L-type channels to the persistent inward 

dendritic current recorded in the soma (i.e. hysteretic current) was minimal compared to 

the current mediated by L-type calcium channels. 

Volt~ge of activation of the dendritic current 

As the recorded dendntic currents are remote fiom the patch electrode, the voltage of 

activation can not be determined in the current study. Nevertheless, it is interesthg to 

note that the somatic voltage of activation of the calcium cunents is lower in the cells 

with dendritichysteretic currents than in those without. Furthermore, the modeling data 

demonstrated a simila. lower apparent voltage of activation in the ramp d i e s  in models 



with LVA channels (Figure 3B). Interestingly, the voltage of activation of the inward 

curent is -45 mV in the LVA model, and averages 4 7  mV in the experimental data. 

Traditionally, the L-type calcium channels have been considered to belong to the 

HVA class of channels. However, in hippocampal pyramidal cells, dihydropyridine- 

sensitive channels have been found to activate at (Davies et al., 1999; Magee et al., 1996) 

or near (Avery & bhnston, 1996) rest potentials in physiological concentrations of 

calcium (2 - 2.5 mm. There is also evidence in support of LVA dihydropyridine- 

sensitive calcium channels in magnocelldar neurosecretory cells of the supraoptic 

nucleus (Fisher & Bourque, 1996), and guinea pig trigeminal motoneurones (Hsiao et al., 

1998). Previous studies have looked at either a ~ c  or ato channels in isolation, inserted 

into Xenopus embryos. In comparing these studies, it would seern that the threshold of 

activation of the  al^ channels is lower than that of the ale channels (compare Williams et 

al., 1992: Figure 6b with Tomlinson et al., 1993: Figures 1 b and 3). [Note that subunits 

other than the ai may have some modulatory effect or. the voltage of activation 

(Tomlinson et ai., 1993; Klugbauer et al., 1999).] With the immunohistochemical data 

supporthg the dendritic dihydropyridine channels being of class D (whilst class C appear 

to be more proximal - Westenbroek et al., 1998; Jiang et ai., 1999a), it could be 

speculated that these channels have a lower voltage of activation than the class C 

channeis, and hence account for the findings presented in this study. 

Implications for bistabili~ 

It has previously been suggested that a persistent dendritic current is responsible for 

the depolarizing drive underlying ~e~sus t a ined  repetitive firing in rnotoneurones, and 

that this current also underlies a second stable membrane potential at a level more 



depolarized than rest (hence the term "bistability"). Experimental evidence supporting a 

dendntic location of this plateau current cornes fiom a number of sources. Schwindt & 

Cnll (1977) fvst demonstrated a region of negative slope conductance in cat 

motoneurones, which they attributed to a persistent (non-inactivating) calcium current. In 

exarnining these data, Gutman (1991) convincingly argued that this current must be 

dendritic in origin because the finng continued even when the somatic voltage retumed to 

resting potential. Furthermore, he pointed out that in their voltage-clamp data, the inward 

current persisted even after retuming the soma to resting potential (Gutman, 1991; 

compare Lee & Heckman, 1996). 

Plateau potentials were also demonstrated in cat motoneurones following systemic 

admlliistration of monoamines, which were thought to unmask the inward current by 

blocking outward potassium currents (Conway et al., 1988). These potentials were 

studied M e r  in turtle motoneurones, where they were s h o w  to be sensitive to 

d*iyd.opyridines (Hounsgaard & Kiehn, 1989). Furthermore, because of the morphology 

of these cells, application of electrical fields could differentially polarke the soma and 

dendrites, leading to experirnents which demonstrated that the current underlying the 

plateau potential was dendritic in ongin (Hounsgaard & Kiehn, 1993). Interestingly, the 

activation voltage of plateau potentials in the cat is lower during excitatory synaptic input 

than with intracellular somatic current injection, which is also consistent with a dendntic 

location of the plateau mediating channels (Bennett et al., 1998). 

Modeling studies simdating bistability also suppoa a dendritic location of the 

persistent inward current underlying the plateau potential. Booth & Rinzel (1995) and 

Booth, Ririzel& Kiehn (1997) used a two cornpartment mode1 based on data fiom turtle 



motoneurones to mode1 bistability. Ln order to reproduce the bistability seen in 

experiments, they found that it was essential for the somatic spike-generating rnechanism 

to be electrically distant fiom (weakly coupled to) conductance underlying the plateau 

cunent. This is supported by other models including those of motoneurones (Guûnan, 

199 1) and Purkinje cells (Jaeger et al., 1997). 

It was previously reported that a motor rhythm in the whole isolated spinal cord 

becomes sensitive to dihydropyridines f i e r  postnatal day 7 and that L-type calcium 

channels are best demonstrated in motoneurones after this age (Jiang et al., 1999a). The 

present study demonstrates denciritic L-type currents in motoneurones after postnatal day 

8. It is conceivable that with the development of these cunents, rnotoneurones are able to 

produce plateau potentials which result in firing rates necessary for functional motor 

behaviors such as posture and locomotion - activities which mature at postnatal day 9 

(Jiang et al, 1999b). In fact, during fictive locomotion in the adult cat, there is a voltage- 

dependent increase in the excitation of rnotoneurones by the spinal network for 

locomotion (Brownstone et al., 1994). Furtherrnore, motoneurones fire at high rates when 

fust recmited, with littie change in these rates with somatic current injection (Brownstone 

et ai., 1992). A possible explmation for these phenomena is that activation of voltage- 

activated calcium currents led to bistability. The presence of a dendritically-located 

calcium current such as the one demonstrated here would support this possibility. 

Preliminary data have demonstrated calcium-mediated plateau potentials in mature 

mouse motoneurones (Jiang et ai., 1999~). 

In summary, this study demonstrates a persistent dihydropyridine-sensitive calcium 

curent in mouse motoneurones resulting fiom activation of dendriticaily-located 



channels. This current may be low voltage-activated, mediated via class D L-type 

channels, and is likely responsible for the bistable behaviour seen in motoneurones. 
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Tables 

N- 

like: 

L- 

iike 

W A  

L- 

like 

LVA 

soma 

dendrites 

soma 

dendrites 

soma 

dendrites 

Table 1 :  Parameters used for modelling caicium conductances in somatic and dendritic 

compartments. g,, , maximum conductance; m , activation state; h , inactivation state; 

EEv , revend potential; r, , activation time constant; Th, inactivation t h e  constant; e,, 

half-activation voltage; eh, half-inactivation voltage; ic,, dope of activation curve; ich, 

dope of inactivation curve. 



Figure Legends 

Figure 1: Both latesnset and hysteretic calcium currents can be seen in motoneuones. 

A: An example of late-onset, low amplitude persistent currents seen in a post-natal day 

12 (P12) motoneurone. The late-onset currents (*) were activated earlier and more 

rapidly with increasing voltage commands. Voltage steps of 150 ms duration €rom -60 to 

-10 mV in 10 mV increments (whole ce11 capacitance (WCC) 243 pF, input resistance 

(Ri) 101 Ma, and access resistance (Ra) 8.1 Mn). Note the large tail currents (mow). 

B: Calcium currents elicited from a P1 0 motoneurone in response to a slow voltage ramp 

command (fiom -120 mV to +60 mV to -120 mV over 20 seconds). Ascending limb of 

the ramp is black and the descending limb is grey. Inflection points indicated by astensks 

(*) (WCC 2 13 pF, Ri 4 JO Mn,  Ra 10.8 Mn). C: Superimposing the mirror image of the 

hyperpolarising curent response (grey) onto the depolarising current response (black) 

demonstrates a clockwise calcium current hysteresis (arrows as in B). The hysteresis was 

the result of additional inward current during the hyperpolarising phase of the ramp 

which was not present during the depolarising phase. The doned lines mark the onset of 

the aegative dope conductance on the ramp up, and the peak hysteretic current on the 

ramp down. 

Figure 2: Late-onset and hysteretic currents were seen in most but not ail motoneurones, 

and were dependent on extracellular calcium. A: Voltage steps of 150 ms duration Eom - 

60 to -5 mV in 5 mV increments in a Pl2 motoneurone (WCC 184 pF, Ri 214 MR, Ra 

6.9 Mn). After the addition of extra calcium (Ri hcreased to 305 Ma), a late-onset 



inward current was seen (arrow) with a progressively shorter delay with increasing 

voltage commands. B: Current responses to voltage ramp commands in a P l 3  

motoneurone before and after the addition of 1 mM calcium (WCC 163 pF, Ri 350 Mn 

in 2 m M  calcium). The addition of extra calcium enhanced the hysteretic current. The 

black and grey current traces are as in Figure 1. C: In some cells, such as this Pl0  

motoneurone (WCC 236 pF, Ri 447 Mn, Ra 9.8 mn), neither the late-onset (C-1) nor the 

hysteretic (C-2) currents couid be demonstrated, even after increasing the extracellular 

calcium concentration (Ri increased to 490 Ma) .  

Figure 3: The models containing dendritic L-type channels dernonstrate currents similar 

to those seen experimentally. A: Neither N-type currents in the soma or dendrites, nor L- 

type (LVA or W A )  currents in the soma resuited in late onset currents. Such currents 

were seen only with L-type currents in the dendrites. Note the large, persistent tail 

currents with LVA L-type currents in the dendrites (middle row, right). B: Similarly, 

hysteretic currents were seen only with L-type currents in the dendrites. Note that the 

placement of LVA L-type currents in the dendrites results in currents very similar to 

those seen experimentally, with a low voltage of onset, and delayed deactivation on the 

downward ramp. C: The inclusion of HVA L-type currents in the soma with the LVA L- 

type currents in the dendrites resulted in hysteretic currents very similar to those seen 

experimentally. including the "double-hump" on the downward ramp. 

Figure 4: The dendritic curcent is mediated by L-type calcium channels. A: The la tease t  

currents seen in this P9 motoneurone in 2 mM calcium (i) were antagonised after 



application of nifedipine (ii). The steps to -16 mV before and 13 minutes after the 

application of nifedipine were overlaid in iii. B: The late-onset currents seen in this P l  1 

motoneurone were still present -6 minutes after the addition of a-agatoxin and a- 

conotoxin (i) and were enhanced after application of FPL-64176 (ii). The steps to -26 

mV are overlaid in iii. In A and B, voltage steps were 500 ms in duration, fiom a holding 

potential of -60 mV to 4 0  mV then increased in 2 mV steps. Steps from 4 0  mV to -20 

mV are s h o w  in A and steps fiorn -32 mV to -16 mV are s h o w  in B. C: A P l 3  ce11 

displaying a small hysteretic current in response to a voltage ramp command. The current 

hysteresis was enhanced with the application of FPL-64176, shown 6 minutes later (ii) 

and subsequently reduced with nimodipine, shown d e r  an additional 7 minutes (iii). 

Note that nimodipine application eliminated the inflection points during both the 

depolarising and hyperpolarising phases of the rarnps, and shifted the apparent voltage of 

activation to the right (dotted line). 

Figure 5: The late-onset and hysteretic currents are not blocked by N- and PIQ- type 

channel blocken. A: Addition of a saturathg concentration of a-conotoxin-GVIA 

reduced the total calcium current in this Pl 5 motoneurone, but the dendritic currents were 

still evident. Note that the peak current remains constant at increasing voltage steps 

following toxin application. Holding potential of -50 mV with 150 ms x 5 mV steps fiom 

-25 to O mV. B: In this P l 2  motoneurone, addition of o-agatoxin-TK reduced the total 

current without eliminating the late currents. Holding potential of -60 mV with 150 ms x 

5 mV steps to -5 mV. Both A and B were in 1.5 mM calcium. C: Overlaid current traces 

fkom a Pl0  motoneurone before (black) and approximately 3 minutes after (grey) 



application of 400 nM a-agatoxîn-TK and 6 pM o-conotoxin-GVIA. A large reduction 

in the inward current that was elicited during the ascending phase of the ramp cm be seen 

in the absence of any significant change in the hysteretic curent. 

Figure 6: Class D L-type channels were demonstrated in the dendrites of large ventral 

hom neurones using an anti-aio polyclonal antibody. Confocal look-through image from 

an adult mouse spinal cord slice (20 p). The Iabelling was punctate-like, and increased 

distal to the second or third dendritic branch points (arrows) in this adult mouse spinal 

cord. An outline of the soma (S) and dendrites is show on the right. Scale bar = 10 Pm. 
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Abstract 

Spinal motoneurones have complex intrinsic properties that c m  alter their 

response to certain synaptic inputs. One such property gives motoneurones the ability to 

generate sustained output in response to bnef inputs. This property results fiom the 

activation of a self-sustained depoladzation or plateau potential. Plateau properties of 

mammalian motoneurones were first reveaied in the decerebrate cat. However, there are 

significant dificulties in addressing the cellular mechanisms underlying plateau 

potentiais in the in-vivo cat. In turtle spinal cord slice it has been shown that these 

potentials are mediated by voltage-activated L-type calcium channels. 

In this study plateau potentials are demonstrated in mouse lumbar spinal 

motoneurones using an in-vitro slice preparation. In the presence of the non-specific 

potassium channel blocker cesium, or with the application of the L-type calcium channel 

activator FPL-64176, plateaux can be evoked with short depolarizing current pulses and 

terminated with hyperpolarizing current pulses. With voltage-gated sodium and 

potassium channels blocked, calcium-dependent plateaux were able to mimic the 

behavior of the plateaux recorded in more physiological solutions. These ïesults support 

the idea that, as in turtle, an L-type calcium current contributes to the plateau potential in 

mammalian spinal motonemones. 



Introduction 

In a number of neuronal ce11 types the input-output relationship is not lineu. That 

is, in these cells voltage-dependent membrane conductances are activated that ampli@ 

either the injected or synaptic current and therefore create a non-linear relationship in 

terms of amplitude andor time. One form of non-linearity anses from the presence of a 

sustained or slowly inactivating inward current that gives the steady-state curent-voltage 

relationship of the ce11 a region of negative resistance and net inward current. The 

resulting cunent-voltage relationship therefore has an 'W" shape. In the absence of a 

repolarizing current this type of relationship gives the ce11 the capacity for two stable 

membrane potentials (bistability), a rest potential and a more depolarized potential. 

Triggenng the transition to the depolarized potential with a short current pulse can 

produce self-sustained firing. If sodium spikes are blocked, the underlying depolarkation 

can be seen as a plateau potential. 

Plateau potentials have been demonstrated in a number of different mammalian 

motoneurone types. These include trigeminal (Hsiao et ai., 1 W8), hypoglossal (Mosfeldt- 

Laursen and Rekling, 1989), sacral sphincter (Paroschy and Shefchyk, 2000) and ocuiar 

(Gueritaud, 1994) motoneurones as well as neurons in the nucleus ambiguus (Rekling 

and Feldman, 1997). In spinal motoneurones this intrinsic membrane property was first 

demonstrated in the &vivo cat (Schwindt and Crill, 1977; Hounsgaard et ai., 1984) and 

later the ionic mechanism of the plateau were defined in the in-vitro tuale preparation 

(Hoimsgaard and Kiehn, 1985). The ionic conductance underlying plateau potentials in 

the cat is presentiy unknown but is suspected to be mediated by voltage-gated calcium 



channels (Schwindt and Crill, 1981,1984). In the turtle the underlying conductance has 

been shown to be sensitive to nifedipine and therefore is attributed to L-type calcium 

channels (Hounsgaard and Kiehn, 1989). As similar plateau potentials have not been 

demonstrated in mammalian spinal motoneurones in the in-vitro setthg, the question 

remains if mammalian spinal motoneurones use similar ionic conductances to generate 

plateau potentials. 

In both cat and m i e  spinal motoneurones, the expression of plateau potentials is 

a latent property that requires unmasking. In the in-vivo cat plateau potential expression 

is dependent on the descending monoaminergic systems (Crone et a1.,1988; Lee and 

Heckman, 1999; Paroschy and Shefchyk, 2000) and in the spinal cat on exogenously 

applied monoaminergic agonists (Hounsgaard et al., 1988; Conway et al., 1988). 

Similarly in the turtie, plateau potentials can be elicited with application of 

monoaminergic, rnuscminic or metabotropic glutamatergic agonists (Hounsgaard and 

Kiehn, 1989; Svirskis and Hounsgaard, 1998). In the turtie, plateau expression has also 

been obtained by manipulating ionic conductances, specifically by reducing potassium 

currents or increasing L-type calcium currents (Hounsgaard and Mintz, 1988). 

In the present study plateau potentials are dernonstrated in mouse spinal 

motoneurones using an in-vitro slice preparation. in these cells, plateau potentials can be 

unmasked with the application of the non-specific potassium channel blocker cesiurn or 

the L-type calcium channel activator FPL-64 1 76. Furthemore, when voltage-gated 

sodium and potassium channels are blocked, calcium-dependent plateaux can be 

generated and are able to reproduce the properties of plateau potentials recorded in more 



physiological solutions. These results suggest that a conductance through voltage-gated 

calcium charnels may be responsible for mediating plateau potentials in these cells. 

Methods 

Sl ice prepurut ion 

The preparation of the spinal cord slice is the same as previously descnbed 

(Carlin et al., 2000a). Briefly, Balblc mice up to P l 2  were anesthetized with ketamine 

and the spinal cord was isolated in a Sylgard-lined Petri dish filled with cold (< 4OC) 

dissecting artificiai cerebral spinal fluid (aCSF). The lumbar enlargement was then 

blocked and sliced using a Leica (VT IOOOE) vibrating microtome filled with cold 

dissecting aCSF (150-200 um slices). The slices were immediately placed into warm (36 

OC) recovery aCSF for 45 min before being transferred to room temperature aCSF. 

Recordings were performed in a 450 IL recording dish mounted in the stage of an 

upright Olympus BX50 microscope fitted with differential interference contrast optics. 

Cells were visualized using an infra-red camera and black and white monitor. 

Motoneurones were identified as large ventral hom cells (Carlin et al., 2000a). Whole ce11 

patch-clamp recordings were made using an Axopatch 1D amplifier and pClamp 718 

software runnïng on a Pentium class cornputer. Al1 recordings were made in curent 

clamp mode. Al1 experiments were peIformed at room temperature. 

Al1 animals were anesthetized, and the experimentd procedures were approved by 

the University of Manitoba Animal Care Comfnittee and conformed to the standards of 

the Canadian Councîl of Animal Care. 

Solutions and chernicals 



The aC S F solutions were designed to reduce calcium-induced ce11 damage during 

processing. The dissecting aCSF was sucrose based and contained (in mM): NaCl (25), 

sucrose (188), KC1 (1.9), Nd2PO4 (1.2), MgSQ (10). NaHC03 (26), glucose (25). The 

warm recovery aCSF contained (in mM): NaC1(119), KC1(1.9), Na&P04 (1.2), MgS04 

(10). (1). N a C o 3  (26). glucose (10). kynurenic acid ( 1 . 5 ) p I ,  Natick: MA, 

USA), lactic acid (2) and 3% dextran. The room temperature aCSF was the same as the 

recovery aCSF without the kynurenic acid and dextran. The aCSF solutions were bubbled 

with 95% o2 / 5% CO2. 

The intracellular solution contained (in mM) - K-gluconate (135), HEPES (IO), 

EGTA (IO), CaCl2 (l), NaCl (6), MgCl2 (l), ATP-Mg (3), GTP (0.3), leupeptin (0.1), 

glutathione (5) ,  sucrose (20). The extracellular solution was composed of (in rnM) - NaCl 

(140), KC1 (log), HEPES (IO), MgCl2 (2), Glucose (IO), CaC12 (1-2). The solutions used 

for recording isolated calcium currents were as follows: the intracellular solution 

contained (in rnM) Cs-Methane-sulfonate (100), TEA-CI (30), MgCI2 (l), EGTA (IO), 

HEPES (IO), CaC12 (OS), NaCl (3, ATP-Mg (3), GTP (0.3), and leupeptin (0.1). In some 

experiments 10-20 mM sucrose was added to stabilize the series resistance. The 

extracellular solution contained (in mM) - NaCl (105), TEA-Cl (30), KC1 (1.9), HEPES 

(Io), MgCl2 (2), glucose (IO), 4-AP (4), CsCl (2): CaC12 (2), 1pM TTX and 0.1% BSA. 

All HEPES solutions were oxygenated with 100% 02. 

Al1 fine chernicals were obtained from either Sigma or Fisher. FPL-64176 (5.8 

mM stock) was obtained from RBI. 



Large ventral horn cells in lumbar spinal cord slices were studied in current clamp 

mode using whole ce11 patch clamp techniques. Ln these cells ineacelldar injection of 

current pulses was able to elicit repetitive firing that ceased with the termination of the 

pulse (figs. lA, 2A). In 3 cells an obvious post stimulus depolarization was observed, as 

illustrated in fig. lA(i). This transient depolarization lasted between 2 and 4 seconds 

before the potential returned to baseline values. The amplitude of these depolarizations 

were such that sodium spikes were not elicited. In one cells the addition of calcium to the 

bath, although initially blocking spiking, was seen to increase the amplitude of the 

transient depolarization (fig. 1 A). 

The effect of cesium (2 mM) was tested on these cells (fig. 1B). The addition of 

this non-specific potassium channel blocker to the bath was seen to facilitate the 

expression of both the post stimulus depolarization (n = 3) and in one ce11 induced a 

larger amplitude depolarizations that showed no sign of inactivating over a penod of 

seconds. The potential of this plateau-like event was suffiiciently depolarized that action 

potentiais were recruited and therefore sustained firing was seen after the termination of 

the current pulse (fig. 1Bii). The plateau potential could be terminated with a 

hyperpolarizing current pulse (fig. 1Biii). The development of both the transient 

depolarizations and the plateau was voltage-dependent as hyperpolarizhg the ce11 with 

bias current would inhibit their expression while depolarizing bias wouid facilitate their 

appearance. 

As with the application of cesiurn, the addition of the L-type calcium channel 

activator FPL-64176 (1 1.6 FM) to the bath solution was able change the response of a 

cell to depolarizing current injection (n = 3). Figure 2A illustrates a cell that 



demonstrated repetitive firing only during the period of current injection. With the 

application of FPL-64 176 the same stimulus evoked self-sustained firing (fig. 2B). 

With a recording solution designed to block voltage-gated sodium and potassium 

currents (ie. to isolate voltage-gated calcium currents; Carlin et al., 2000a), prolonged 

calcium-dependent plateaux could be elicited with depolarizing current pulses (n = 4). 

The regenerative calcium plateaux were seen to slowly inactivate but could last for tens 

of seconds. Once activated the plateaux were unresponsive to M e r  depolarking current 

injections and smail hyperpolarizing current pulses (fig 3A). As with the plateau 

potentials induced with cesium and FPL-64 176, the calcium plateaux could be teminated 

with a hyperpolarizing current pulse (figs 3B). Furthemore, these calcium plateaux 

showed a similar voltage-dependency as the non-linear events (post-stimulus 

depolarizations and plateau potentiais) in more physiological solutions. in a number of 

cells (n = 3) a second plateau level was revealed d e r  either the spontaneous 

repolarization of the initial plateau (fig 3C) or after a hyperpolarizing current pulse (fig 

3D). As with the initial plateau this second plateau could persist for seconds or could be 

terminated with injection of hyperpolarizing current. 

Discussion 

The main finding of this shidy is that motoneurones fiom the mouse lurnbar spinal 

cord are capable of displaying non-linear membrane properties including both transient 

and sustained depolarizations in response to short depolaripog cturent pulses. The ability 

to trïgger and terminate long depolarizations with short current pulses in ceils with 

isolated calcium currents and in ceUs exposed to either cesium or FPL64176 satisfïes the 



two main criteria for establishing the presence of plateau potentials (Hartiine et., 1988; 

Hartline and Graubard, 1992). As the expression of these plateau properties required the 

blockade or enhancement of certain ionic currents these properties can be considered to 

be latent, 

It is likely that the relatively small depolarization seen following a train of action 

potentials result frorn the same conductances as the sustaineci plateau potential. Even 

though the relationship between these two events was not explored fully in this study 

similar transient depolarizations have been demonstrated in tuale spinal motoneurones 

and intemeurons. In these cells the transient events developed into sustained 

depolarizations as either the amplitude of the depolarking pulse or the amount of injected 

depolarizing bias curent was increased (Hounsgaard and Kiehn, 1989; Hounsgaard and 

Kjaeniff, 1992). 

Plateau potentials have been demonstrated in the lumbar spinal motoneurones in 

the cat (Hounsgaard et al., 1988; Crone et al., 1988; Lee and Heckman, 1998), rat 

(MacLean et al., 1997, 1998) and t d e  (Hounsgaard et al., 1985; Hounsgaard and Kiehn, 

1989). Because pharmacological assessrnent of currents is dificult in the in-vivo cat the 

ionic nature of the underlying current has not been confirmed. The voltage-dependence of 

the current and its response to both barium and tetraethylamrnonium (TEA) have led to 

the suggestion that it is mediated by voltage-dependent calcium channels (Schwindt and 

Crill, 198 1, 1984). Using the aduit turtle in-vitro preparation plateau potentials have been 

shown to be mediated by L-type calcium channels (Hounsgaard et al., 1985; Hounsgaard 

and Kiehn, 1989). 



In neonatal rat spinai motoneurones, various foms of non-linearity have been 

elicited with the glutamate agonist NMDA (MacLean et al., 1998). At present it is not 

clear if these NMDA-dependent plateau potentials result from similar ionic conductances 

as those which produce plateau potentials in cat and turtle spinal motoneurones. Due to 

the fact that NMDA-induced voltage oscillations are dependent on L-type calcium 

channels in the ~ l e  (Guertin and Hounsgaard, 1998), a potential role of the NMDA 

ionophore may be to supply an initial depolarizing drive for the activation of L-type 

channels which in hun could support the plateau-like events. 

The present study demonstrates plateau potentials in mouse spinal motoneurones 

which are analogous to those seen in the in-vivo cat and turtle spinal cord preparations. 

The precise ionic mechanisms responsible for their production though are not completely 

resolved. Given that the post stimulus depolarizations and plateau potentids are likely the 

same phenornenon differing only in magnitude, a number of observations made in this 

study suggest that voltage-gated calcium channels underlie these non-linear cvents: 1) the 

calcium dependence of the post stimulus depolarizations (fig 1A); 2) the voltage 

dependence of both the post stimulus depolarizations and the plateau potential; and 3) the 

ability of calcium-dependent plateaux to mirnic the properties of the plateau potentials 

seen in more physiological solutions. Moreover, the ability of an L-type channel agonist 

to facilitate a plateau response wouid suggest that L-type channels in particular likely 

mediate the plateau potentials seen in these ceils. 

The ability of cesium to promote plateau potentials has been demonstrated in the 

turtle where it has been suggested that the expression of a plateau depends on a balance 

between the L-type calcium current and a potassium current (Hounsgaard and Mintz, 



1988; Booth et al., 1997). Again, the pharmacological data presented here is consistent 

with a potassium current counteracting the L-type calcium current in mouse spinal 

motoneurones. Therefore, either reducing the potassium current or enhancing the L-type 

calcium current could lead to the expression of a plateau potential. 

A dendritic current possibly contributes to the phteau 

Evidence from both the cat md the  le suggest that the channels mediating the 

current underlying the plateau potential are located in the motoneuronal dendrites 

(Hounsgaard and Kiehn, 1993; Bennett et al., 1998). L-type calcium channels have been 

previously demonstrated in the dendrites of mouse spinal motoneurones (Carlin et al., 

2000b). Evidence presented in this paper indicates that a portion of the current underlying 

these plateau may dso be dendritic in origin. 

Bistability is the result of an "N" shaped 1-V curve with the two zero-current 

crossing points that have positive dopes. in curent clamp these crossing points represent 

stable membrane potentials. When voltage clamping the somata of mouse spinal 

motoneurones, the presence of relatively electrotonicaily remote dendritic calcium 

currents was seen to create a low voltage hysteresis in the curent-voltage relationship in 

a number of cells (Carlin et ai., 2000b). This hysteresis occurred during the descendhg 

phase of a voltage rarnp cornmand and was seen to create a third positive dope zero- 

current point on the 1-V curve. The presence of a third crossing point at a voltage 

between the stable resting potential and the plateau potential therefore predicted the 

existence of three stable membrane potentials in these ceils - with a stable potential of 

intermediate voltage being the result of the dendRtÏc currents. As illustrated Ui figures 3C 



and 3D, tri-stability was seen in a number of these cells. This suggests that at least of 

portion of the initial (larger) calcium plateau was mediated by dendritic currents with the 

remainder being mediated by somatic conductances. The relative contribution of either 

somatic or dendritic calcium currents to the plateau potential seen in more physiological 

solutions is still unclear and will Iikely depend on interplay of the calcium channels in the 

two locations with various potassium channels. 

Spinal motoneurones innemathg the limb and trunk muscles are responsible for 

the maintenance of posture (Eken et al., 1989) while sacral sphincter motoneurones 

con td  the muscles responsible for maintaining continence (Paroschy and Shefchyk, 

2000). The ability of these cells to produce self-sustained firing in response to a short 

stimulus provides an efficient means to produce sustained muscular contraction without 

continuous synaptic drive. During phasic contractions, as occurs during locomotion, 

evidence has been shown that the same cellular mechanisms are called upon in order to 

produce high £king rates upon recruitment and therefore more efficient muscle 

contraction (Gorassini et al., 1999). A system in which to study non-linear properties in 

these cells is an initiai step in understanding their underlying mechanisms. 
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Figure legends 

Figure 1: Non-linear membrane properties. A(i). A transient depolarization 

spontaneously occurring at the end of a current pulse (arrow). The amplitude and duration 

of this transient depolarkation \vas increased with the addition of 1 rnM calcium to the 

bath (A@)). Records in Ai and i i  are both averapes of 4 consecutive traces. Depol3nzhg 

and hyperpolarizing current pulses are 100 and -20 pA respectively. B. Current injection 

into a PI 1 ce11 elicited repetitive firing which ceased with temination of the pulse. B(i). 

M e r  the addition of 2 m M  cesium to the bath the sarne current injection produced 

repetitive firing that outlasted the stimulus. The repetitive fuing couid be terrninated with 

a hyperpolarizing current pulse (B(ii)). In figure B depolarking and hyperpolarizing 

current pulses sre 600 pA and -1 00 pA respectively. 

Figure 2: Plateau potentiais are facilitated with the L-type calcium channel agonist FPL- 

64176. A. A depolarizing current pulse does not produce self-sustained firing in this P9 

cell until 11.6 pM FPL-64176 is added to the bath solution (B). As with the cesium 

induced plateau, the underlying depolarization could be terminated with a 

hyperpolarizing current puise. Depolarizing and hyperpolarizing cunent pulses are 400 

pA and -50 pA respectively. 

Figure 3: Isolated calcium currents can produce plateau potentials with similar properties 

as those seen in more physiological solutions. A. A s m d  depolarizing current puise 

elicits a regenerative calcium cunent and a slowly inactivating plateau potential that lasts 

for seconds in a P l 2  cell. Once the plateau is initiated M e r  depo!arizing cunent does 



not change the amplitude of the plateau. Similarly, small hyperpolarizing pulses are 

ineffective in temwiating the plateau. B. Once the plateau current has inactivated 

sufficiently the same amplitude hyperpolarizing current pulse can terminate the plateau 

(same ce11 as in A). C. The initial plateau spontaneously repolarizes to a second plateau 

level (arrow) in this P 10 cell. The second plateau can be terminated with hyperpolarizing 

current injection. D. The presence of a second plateau level (arrow) can be also be 

reveded with a hyperpolarizing current puise. 
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General Discussion 

Synopsis 

Because plateau potentials are thought to be important in both the maintenance of 

posture and in locomotion, it was reasoned that the h n i c  mechanisms of plateau 

potentials in mammalian s p h d  motoneurones would best be assessed in animals of 

suEicient age to bear weight and walk. Therefore, in order to directly assess the calcium 

currents in spinal motoneurones, a "fùnctionally mature" spinal cord slice preparation 

was developed. With this preparation it was demonstrated that motoneurones older than 

P9 express a number of different functional calcium channels including L-type (Carlin et 

al., 2000a). By recording these currents at the soma in a low extracellular calcium 

concentration (1 mM), it was determined that these cells possess a-conotoxin-sensitive 

N-type, a-agatoxin-sensitive PfQ-type, an antagonist resistant R-type and a 

dihydropyridine- and FPL-64176-sensitive L-type current. It was noted that a srnall 

number of ceils also displayed low-voltage activated T-type currents. lt was concluded 

that this was a viable preparation in which to study voltage-gated calcium currents in 

marnrnalian spinal motoneurones. More importantiy for the evaluation of plateau 

potentiai mechanisms, a detectable L-type curent was demonstrated in these cells. 

Using the same somatic recording procedure and elevated extracellular calcium 

concentrations (2 mM) it was shown that dendritic calcium currents could be recorded in 

these cells (Carlin et al., 2000b). These dendritic currents were seen as late-onset tow- 

amplitude currents in response to step depolarizations and as a low voltage clockwise 

current hysteresis in response to slow voltage ramp commands. Both of these dendritic 



current indicators were shown to be sensitive to L-channel pharmacological 

manipulations: they were blocked by dihydropyridines and enhanced by the L-type 

channel activator FPL-64176. It wu concluded that a subpopulation of non-inactivating 

L-type channels were present in the dendrites of functionally mature mouse lurnbar spinal 

motoneurones. This finding is consistent with resuits in tutle spinal motoneurones. 

The presence of dendritic non-inactivating L-type currents in these motoneurones 

would suggest that under the appropriate conditions these cells are able to produce 

plateau potentials. In modeling studies a dendritic location of the plateau generating 

current is an essential component of the plateau potential mechanism. Furthemore, this 

dendritic location is consistent with electrophysiological data collected in both M l e  and 

cat spinal motoneurones, suggesting that this is the same mechanism producing plateau 

potentials in these cells. In the third paper (Carlin et al., 2000c) non-linear membrane 

properties were dernonstrated in mouse spinal motoneurones under current clamp 

conditions. In this study these cells were show to possess the ability to produce post- 

stimulus depolarizations and plateau potentids in response to various cornpounds that 

have been shown to elicit non-linear behaviors in other cells. The ability of these cells to 

produce plateau potentials with the application of potassium channel blocken and the L- 

type calcium channel agonist FPL-64176, suggests that the current rnediated by L-type 

calcium channels is capable of producing a plateau potential and that this current may be 

kept in check by an opposing potassium current in-vivo. The ability of an L-type calcium 

current to produce a plateau potential is consistent with our demonstration of a dendritic 

location of L-type channels in mouse spinal rnotoneurones. 



Taken together these studies demonstrate that spinal motoneurones fiom mice 

with functionaliy mature spinal motor systems possess fiinctiond L-type calcium 

charnels, a portion of which are located in dendrites of these cells. Given that a dendntic 

location of the persistent inward current underlying the plateau potential is consistent 

with electrophysiological and modeling data, the presence of non-inactivating calcium 

channels in the dendrites of these motoneurones make these calcium channels likely 

candidates for mediating plateau potentials. Furthemore, the demonstration that a current 

sensitive to L-channel phannacological agents is capable of sustaining a plateau potential 

(paper 3) strongly suggests that the dendntically located L-type calcium channels are 

responsible for the production of plateau potentials in mammalian motoneurones. 

Role of neuromodulators 

As stated in the introduction, a plateau potential is produced through a region of 

negative slope conductance in the steady-state current-voltage relationship of the cell. A 

plateau potential does not usually occur in the absence of modulation of some soa. Thus, 

induction of a plateau potential requires unmasking of the negative siope conductance. In 

theory an increase in the negative slope conductance of a cell c m  be accomplished by 

altering the balance between two competing currents, an outward hyperpolarizing 

potassium current and an inward depolarizing calcium current. In the in-vitro setting this 

c m  be evidenced by the induction of plateau potentiais with the application of potassium 

channel blockers like cesiurn, barium, TEA, apamin or the L-channel activator Bay-K 

8644 (Hounsgaard and Kïehn, 1989; Morket and Nagy, 1999; Carlin et al., 2000~). 

Modeling data by Booth et al (1997) support the idea that the plateau is the remit 

of a balance between a calcium and potassium current. These simulations indicate that 



modulation (a decrease in the conductance) of ka channels by approximately 40% is 

required for induction of plateaux. This amount can be reduced to approximately 30% if 

the conductance through L-type calcium channels is increased by 10%. If a concomitant 

hyperpolarizing shifi in the activation curve by as little as 1-2 mV occurred, the reduction 

of Kea required would be much l e s .  

A number of neuromodulators have been shown to induce plateau potentials. In 

the adult turtle spinal cord slice preparation, nifedipine-sensitive plateau potentiais can be 

induced with the application of serotonin (5-HT; Hounsgaard and Kiehn, 1985) 

muscarine and group 1 rnetabotropic glutamate receptor agonist cis-ACPD (1- 

aminocyclopentane-cis- 1,3-dicarboxylic acid; Svirskis & Hounsgaard, 1998). Sirnilarly, 

in guinea pig trigeminal motoneurones 5-HT is capable of inducing plateaux that are 

partially reduced by dihydropyridines (Hsiao et ai., 1998). In addition to 5-HT, L-DOPA 

and clonidine have been s h o w  to produce plateau potentials in spinal cats (Conway et 

al., 1988). However, it is unclear if calcium currents were increased or a competing 

potassium curent was blocked. The question that remains unanswered is - which specific 

channels are being afTected by the neuromoddatory substances in the process of 

generating a plateau? 

It is very clear that calcium currents cm be modulated by nurnerous endogenous 

transmitters and their agonists (for review see. Anwyl, 1991). The vast majority of the 

modulatory action involves a reduction of current fiow via a G-protein mediated 

pathway. Channel inhibition is seen during serotonergic modulation of N and P/Q-type 

channels in Xenopus spinal neurones (Sun and Dale, 1998) and caudal raphe neurones 

(Bayliss et al., 1997). In Rohon-Beard cells of the Xenopus both LVA T-type and N- and 



P/Q-type cments are reduced by 5-HT application. In cerebellar grande cells the 

GABAb agonist baclofen inhibits not only N- and P/Q-type but also L-type channels 

(Amico et al., 1995). L-type channels are also inhibited in rat pinealocytes by 

noaradrenaline and its agonist isoproterenol (Chik et al., 1997). Muscarine and the 

muscarinic agonist carbachol also reduced the probability of L-channel opening in CA3 

hippocampal neurones (Fisher and Johnston, 1990). 

Modulation of calcium channek can aiso lead to an enhancement of the current. 

For example, isoproterenol enhances the L-current and N-cunent in CA3 hippocampal 

neurones (Fisher and Johnston, 1990). Similarly, the a-adrenergic agonist phenylephrine, 

increases the L-current in rat ventncular cells (Liu et ai., 1994ab) while the dopamhergic 

(Dl) receptor agonist enhances the L-curent in neostriatai spiny neurones (Hemandez- 

Lopez et al., 1997). As can be seen from these varying result, the effect of any 

neurornodulator is likely to be ce11 type specific. 

Serotonin has been shown to directly affect calcium channels in motoneurones. In 

cenical spinal motoneurones 5-HT leads to increased LVA currents without affecting 

HVA currents (Berger and Takahashi, 1990), while in hypoglossal motoneurones 5-HT 

has been shown to decrease currents mediated by N and P/Q-type channels without 

affecthg LVA currents (Bayliss et al., 1995). 

The question therefore is, do the neummodulators that produce plateau potentials 

modulate (specificdy facilitate) voltage-gated calcium currents in rnammalian spinal 

motoneurones? The preparation presented in this thesis could be easily used to answer 

this question. Using this preparation, various neurochemicals could be tested to detemüne 

whether or not the voltage-gated calcium channels are being modulated and then could 



easily isolate the specific channel subtype(s) aEected. This preparation is paaicuiarly 

well suited for this because it uses a mammal, minimizing phylogenetic concems, and 

because this preparation uses older animals (Le. functionally mature mice). The use of 

older animals is critical for two reasons: 1) developmental changes in both the curent 

density (McCobb et al., 1989) and imrnunolabeling (Jiang et al., 1999a) of certain 

calcium channel sub-types have been demonstrated in marnmalian spinal motoneuones. 

Modulation of certain calcium currents may therefore be undetectable in embryonic and 

early postnatal preparations due to the low channel number. 2) functionai maturity at the 

cellular level may not oniy inciude changes in the complement of channel subtypes or 

their densities but rnay also include changes in the modulatory system governing the 

channels. In hypoglossal motoneurones it has been demonstrated that the expression of 

5HT receptor subtypes changes during the penod when the serotonergic projections reach 

these cells (Tailey et al., 1997). The use of older animais becornes important when one 

considers that adult-like serotonergic innervation of lumbar motoneurones is established 

at approxirnately hvo (Tanaka et al., 1992) to three (Bregman, 1987) weeks after birth. 

Therefore, intracellular signaling systems rnay also be developing between the embryonic 

stage and the first few postnatal weeks. Assessrnent of these intracellular signaling 

pathways in a motor system capable of exhibithg a mature motor behaviour wouid seem 

to be criticai for extrapolating results to the physiology of adults. 

Previous immunohistochernical results demonstrated that the somata of spinal 

motoneurones express high levels of L-type channels constmcted with the ai= subunit 

while the dendrites of these ceUs express high Ievels of L-type channels constructed with 

the a 1 ~  subunit (Jiang et al., 1999b). This subceilular separation of the two functionally 



similar L-type channels dong with the evidence for a dendntic location of the plateau- 

generating channels leads to the prediction that the two L-type channels would have 

different modulation profiles. Given the preferential modulation that certain transmitters 

have on calcium channel subtypes, it would seem reasonable to suggest that the two 

different L-type channels may be modulated differently by the same neuromodulator. 

This system would then allow the two channel types in different parts of the ce11 to act 

independently under the same neuromodulatory influence. Support for this suggestion 

cornes from work in the Xenopus expression system where the PKA phosphorylation sites 

on the twa ai subunits have been determined. The location of these binding sites are such 

that they would be absent from the atc subunit because of the known in-vivo post- 

translational modifications this subunit undergoes but would be present on the ai~ 

subunit (Mitterdorfer et al., 1996). Considering mamrnalian spinal motoneurunes, the 

prediction would be that the neuromodulatoa show IO induce plateau potentials would 

increase the whole ce11 conductance ancilor shift the activation voltage of the  ai^ L-type 

channels so as to promote the expression of plateaux while having a limited or a different 

effect on the ait L-type channels. 

Possible role of non-L channeb in dendrites 

Experiments described in paper 2 demonstrated that the dendrites of spinal 

motoneurones express L-type calcium channels that are capable of delivering a sustained 

current to the ce11 soma Some evidence was also presented in that paper suggesting that 

the dendrites also contain non-L-type calcium channels, in particular N and P/Q- type 

channels. This was demonstrated by the ability of a-agatoxin to reduce the late-omet 

currents in a few cells. Furthemore, during slow ramp voltage commands a few ceiis 



demonstrated a calcium spike on the ascending portion of the ramp which was blocked 

with the CO-application of o-agatoxin and a-conotoxin, suggesting the presence of a 

relatively rapidly inactivating current in the unclamped dendrites. This was concluded 

because if the conductance was in the clarnped soma it would have inactivated during the 

slow ramp. Imrnunohistochernicai studies in the mouse using anti-ai~ antibody provide 

some evidence for the presence of N-type channels in the dendrites of spinal 

motoneurones (unpublished observations). However, given the close apposition of 

synaptic boutons to dendrites and previous demonstration of non-L-type channels in these 

boutons (Westenbroek et al., 1 W8), definitive proof is lacking. 

The evidence presented in paper 2 for the expression of these non-L-type channels 

in motoneuronal dendrites has some interesthg implications. If in fact N- and P/Q-type 

channels are in the dendrites, then it would be reasonable to suggest that these channels 

contribute to the generation of the depolarizing drive underlying the plateau potential. 

This contribution couid be either in the fonn of actual sustained current drive if the 

current was a non-inactivating current, or it could be in the form of an initial 

depolarization to aid in depolarizing the membrane to a potential at which the L-channels 

were able to activate. As discussed in the introduction, the established molecuiar diversity 

of the various calcium channel subunits and the unique moddating effects each has on 

the kinetic of the resultant current make possible the existence of both non-inactivating 

and inactivating non-L-type currents. Even though at present very little is known about 

the specific subunit isoforms expressed in spinal motonewones, in paper 1 evidence was 

presented for a somatic o-agatoxh-sensitive current with both rapidiy inactivating and 



non-inactivating components, as well as evidence for a non-inactivahg N-type cunent 

located in the soma of these cells. 

Lf in the steady-state a portion of the non-L-type channels are inactivated, (and 

therefore require a hyperpolarization to de-inactivate the channels), the role of this 

current may be to give the initial depolarizing drive to the plateau potential. This scenario 

would indicate some role for inhibitory input in the generation of plateaux. Evidence for 

an inactivating "booster" current has been demonstrated in neurons of the subthalamic 

nucleus (Beurrier et al., 1999). In these cells a T-type current was s h o w  to produce the 

initial depolarization leading to L-channel activation and a plateau potential. T-type 

currents will be discussed more in a later section. 

If the non-L-type current is non-inactivating it could contribute to the sustained 

depolarizing drive underlying the plateau potential. Some evidence for a combined 

plateau gemrating current has been found in rat dorsal hom neurons (Morisset and Nagy, 

1999) and guinea pig trigeminal motoneurones (Hsiao et al., 1998). In these latter cells 

the sustained current is sensitive to both dihydropyridines and T ï X  while in the former 

cells an L-type calcium current and ICAN interact. Evidence fiom the turtie does not 

discount the possibility of a combined Land non-L-type current. The fact that an L-type 

calcium channe1 blocker such as nifedipine is capable of blocking the plateau would 

simply suggest that the contribution by the L-charnels is a significant portion of the 

current chive. A çimilar argument couid be used for the ability of the L-channel activator 

Bay-K 8644 to induce a plateau. Evidence has not been presented in the turtle that N- or 

P/Q-type channel blockers are incapable of blocking the plateau. 



In considering the possibility of a cornbined L-and non-L current, it m u t  be 

considered that the modulatory site for the neuromodulators capable of inducing a plateau 

could be the non-L-type channels. The possibility also exists that different 

neuromodulators produce the same result (a plateau) by acting on different calcium 

channel types. Again, the preparation developed for this thesis could be used to answer 

these questions. 

Low voltage-activated currents 

While recording cunents fiom the somata of motoneurones, the presence of low 

voltage-activated T-type channels was observed in a small percentage (16%; Vh = -60 

mV) of functionally mature motoneurones (paper 1). Given that we know the mRNA 

encoding at least two different ai subunits for T-type channels are expressed in adult 

spinal motoneurones (Talley et ai., 1998), one explmation for the low number of cells in 

which this current is secn is that these channek are located on, or move to, the dendrites 

during postnatal development. Due to the described postnatal changes in the dendritic 

morphology of certain motoneurones ( hypoglossal - Nunez-Abades et al., 1994; lumbar - 
Ulfhake et al., 1988), dendriticaily located channels may be essentially removed fiom 

perisomatic regions and may not be detected (or detected infiequently) in these cells 

using somatic recordings. If this is occurring in spinal motoneurones, then these channels 

may be in a favorable position to contribute to the initial depolarizing drive as discussed 

above for an inactivating non-L-type current. Shce serotonin has been shown to enhance 

T-type current in early postnatal spinal motoneurones (Berger and Takahashi, 1 WO), this 

CO-localization of T- and L-type channels may partly explain the ability of this 



neuromodulator to eiicit plateau potentials in spinal motoneurones fiom a number of 

species. 

Placement /pattern of Gchannels in the dendrites 

m e n  the extracellular calcium concentration was increased fiom the normal 1 

m M  to 2 mM a number of cells dernonstrated the lateonset and hysteretic currents 

previously described (see paper 2). A number of cells also demonstrated multiple late- 

onset currents. That is, with a single voltage step multiple levels of persistent current 

were activated. We refer to this type of waveform as a *staircase". A total of 11 cells 

were seen to dernonstrate this waveform with the number of "steps" ranging from 2 to 6. 

One interpretation of this phenomena is that the multiple steps represent different 

dendrites being activated and sequentially contributing current to the soma. The obvious 

conclusion from this interpretation is that individual dendntes in a given ce11 are capable 

of bistable behaviour. It may therefore be speculated that in order for a given ce11 to 

produce a plateau potential a critical number of dendntes need to be "tumed on" and 

contribute current to the soma. A corollary of this would be that cells in which neither 

late-onset nor hysteretic currents were seen, are cells that are either incapable of 

producing plateau potentiais because they are intrinsically different or during the slicing 

procedure a critical number of bistable dendrites were removed. 

Modeling experiments using the same neuromorphic motoneurone mode1 as used 

in paper 2 have been initiated to explore further the nature of the staircase waveform. 

These simd3tions suggest that the one spatial arrangement of voltage-gated channels 

capable of demonstrating the staircase waveform is one in which the channels are located 

at varying distances fiom the soma on different dendntes. These modehg data excluded 



the possibility that the waveform resulted nom sequential activation of multiple clusters 

of charnels located on a single dendrite. Experimental data supporting o u  modeling 

results has been obtained in neocorticai pyramidal cells (Oakley et al., 1999). In this 

study a calcium-dependent plateau potential was induced in these cells with the 

iontophoretic application of glutamate to various sites dong the apical dendrite. If the 

plateau was activated at a proximal location, application of glutamate at more distal 

locations did not increase the amplitude of the plateau. The distal current was effectively 

shunted by the more proximal conductance. These authon suggested the more distal 

dendritic arbor was functionally "pruned". On the other hand if a plateau was generated 

by stimdating a proximal portion of the apical dendrite followed by stimulation of a 

basal dendrite, the amplitude of the plateau potentiai was increased. In this case the 

current produced fiom the two locations was able to summate. It is hypothesized that a 

similar shunting of distal currents would occur in our motoneurones if multiple hotspots 

were located on a single dendrite. This hypothesis seems to be supported by our initial 

modeling studies. 

Consequeoces for signal integration 

If the hypothesis is correct and multiple dendrites are capable of demonstrating 

bistability, an interesthg question that arises is whether ail dendrites have this ability or if 

only a select few are able to de rnomte  this behaviour. If al1 of the dendrites have 

bistable properties and are 'hrmed on" the ce11 wodd no longer be responsive to 

depolarizing afferent input (Kiehn and Eken, 1998). Essentiaily this was demonstxated in 

neocortical pyramidal ceiis by Oakiey et al (1999) and was discussed in a previous 

section. Bnefly, in these cells once the plateau was activated information m g  to the 



distai dendrites was effectively shunted. If al1 the dendrites do not have the potential for 

bistability then the possibility of differential synaptic integration between dendrites 

exists. in other words, given the same input to different dendrites and the appropriate 

neuromodulatory environment, the signal seen at the soma could be quite different 

depending on the properties of the dendrite. In one instance the dendnte wodd act 

linearly and deliver an attenuated post-synaptic potential (PSP) to the soma while in the 

other case the PSP would be converted to a sustained depolarizing drive to the soma. 

Evidence suggesting this may occur in the cat has recently been presented in a review by 

Heckman and Lee (1999). Referring to unpublished data these authors demonstrated the 

induction of a plateau with group la afferent stimulation. Duxing the plateau M e r  group 

Ia synaptic input was delivered to the ce11 which produced higher rates of firing during 

the aff'erent stimulation. With removal of the stimulus the firing rate retumed to the initial 

plateau level. These authon suggested that the second excitatory input acted on a portion 

of the dendritic tree that was not in the bistable state and therefore this portion of the tree 

was still able to deliver current to the soma. This type of behaviour could be explained if 

some dendntes did not contain plateau-generating channels or if these channels occurred 

at a lower density and could not sustain a plateau. 

There is evidence suggesting that the various dendrites of a given motoneurone 

have different properties and cari f'unction independently. Work with turtle motoneurones 

has demonstrated that individual dendrites can perform signal integration in an 

autonomous manner (Skydsgaard and Hounsgaard, 1994). Also the dendrites of single 

motoneurones have been shown to Vary widely in morphology and therefore in passive 

electrotonic structure (Bras et al., 1987; 1993). Work in neocortical cells has shown that 



the type of firing response (train, single spike, plateau, etc.) elicited by dendritic current 

injection is correlated with the dendritic morphology (Kim and Connors, 1993). This 

suggests that individual dendrites in a motoneurone may have different functional output 

based on their rnorphologicd differences. These morphological differences may also 

affect the ability to produce plateau potentials. Simulations using dendrites differing in 

length and caliber suggest that the ability for a dendrite to demonstrate bistability is 

govemed by its morphology as long and thick dendrites are more stable at the plateau 

voltage than relatively thinner and shorter dendrites (Gutman, 1991). Therefore, the 

suggestion that only a fraction of the dendritic tree is capable of bistable behaviour would 

seem plausible. 

Given the above evidence suggesting a difference in the ability of certain 

denàrites to produce plateau potentials, and the evidence that afferent inputs to 

motoneuronal dendrites are differentially distnbuted, a reasonable hypothesis would be 

that certain inputs are more effective at activating a plateau than othen. Burke and Glenn 

(1996) demoastlated that group Ia afferents projecting ont0 triceps surae or plantaris 

motoneurones in the cat were preferentially distributed ont0 the dendrites oriented in the 

rostrai-caudal axis (63%) while dendrites in the transverse axis contained very few group 

Ia contacts. A similar dBerential distribution pattern of vestibulospinal terminais was 

found on neck motoneurones in the cat (Rose et al., 1995). Furthemore, a functional 

ciifference in certain afferent inputs has also been demonstrated in cab treated with 

nialamide and L-dihyciroxyphenylaianine (DOPA cat ; Brownstone et al., 1994). in this 

study voltage-dependent excitatory post-synaptic potentials (EPSP's) were recorded in 

motoneurones resulting fiom stimulation of the ipsilateral group rb afFerents or 



contralateral flexor reflex afferents (FRA) but were not detected when stimulating the 

monosynaptic group Ia afferents. If this scenario holds true and only certain inputs are 

capable of eliciting a plateau while individuai synaptic events onto other dendrites are 

discriminated by the somatic spike generatiiig mechanism, then the complexity of signal 

integration possible during bistable behaviour would be greatly increased. The ability to 

produce bistable responses should therefore not be thought of as simply a digital "on - 

off' property. 

One approach to begin answering the question of whether al1 dendrites have the 

potential for bistability wouid be to perform confocal microscopy on a filled 

motoneurone that has been labeled with the  ai^ antibody. Even though this would not 

defhitively demonstrate that the dendrites are bistable an absence of  ai^ labeling would 

rule out the possibility of the mechanism discussed in this thesis. The possibility that 

different dendrites use different mechanisms to produce plateaux still exists as well (ex. 

non-inactivating PfQ-type calcium channels, persistent sodium channels, NMDA 

channels). An electrophysiological approach to fhis question could involve exploring the 

effects of different afferent input to an ongoing plateau potentid. Similar to the 

experiments of Heckrnan and Lee (1999), the effects of group la input would be assessed 

when delivered during the plateau but also the effects of other excitatory afTerent inputs. 

if other afferent systems contact a different population of bistable dendrites, then the 

voltage of the sustained plateau should be increased as the size of the current source is 

increased (i.e. summation). The demonstration of voltage-dependent EPSP's as a resuit of 

contralateral FRA stimulation and the ability of these afYerents to elicit plateaux in the 



DOPA cat (Corne et al., 1988) make the FRA system a good system to test for this 

ability . 

Evidence for a proximal location of the dendritic plateau generating channels 

If the charnels responsible for generating the plateau potential are located in the 

dendrites of motoneurones, one rnight ask, - where dong the dendrite are these channels 

located? Although there is no definitive evidence indicating any distinct localization of 

these channels, some information can be derived from plateau behaviour in these and 

other ce11 types. 

Experiments testing the ability of spatially distant inhibitory inputs to turn off a 

dendritic calcium conductance were performed in CA3 hippocampal pyramidal cells 

(Miles et al., 1996). These cells are ideal for such experiments because: 1) it is possible to 

find inhibitory cells which synapse exclusively ont0 either the distal dendntes or the 

proximal dendrites and soma; 2) these cells contain dendriticaily located voltage-gated 

calcium channels; and 3) it is possible to record from both the soma and dendrites of 

these cells. In these experirnents it was demomtrated that an inhibitory post-synaptic 

potential (IPSP) generated in the dendrites was more that three times as efficient in 

Uihibiting a calcium spike as an IPSP generated in the soma. This was true even when the 

somatic IPSP was adjusted so that its amplitude (measured in the dendrite) was equal to 

the dendritic IPSP (Miles et al., 1996). It was therefore concluded that effective inhibition 

was not sirnply a result of the membrane voltage deflection but rather a crucial aspect 

was an associated conductance increase in the membrane. 

The above data indicating that effective inhibition of a distal conductance requires 

spatial coupling and the demonsttated effectiveness of inhibitory input to 'him off' 



plateau potentids in spinal motoneurones rnay provide a clue as to the dendritic location 

of the plateau-generating channels. In the decerebrate cat, plateau potentials can be tumed 

off with various inhibitory inputs including: group Ia inhibitory input (Bennett et al., 

1998), Renshaw recurrent inhibitory input (Crone et al., 1988; Baldissera et al., 1991; 

1994) and input from group II and III muscle afferents (Hounsgaard et al., 1984, 1988; 

Crone et al., 1988). Histological data have show that the majority of inhibitory inputs 

are located very proximal to the soma of lumbar motoneurones in the cat. Omung et al 

(1998) found that 61% of boutons teminated on stem dendrites with 69% of these 

immunoreactive for GABA and/or glycine. More specifically, Burke et al (1971) 

coacluded that the Ia inhibitory synapses are located very proximal to the soma if not on 

the soma. Others have suggested a sirnilar location for Renshaw teminals (FyGe, 1991 ; 

Eccles et al., 1954). This proximal location of inhibitory input and its effectiveness in 

Nming off the plateau may suggest that the plateau generating channels are relatively 

close to the soma as well. 

Magee (1998) has suggested that a proximal location of inhibitory inputs rnay in 

certain cases be as effective in turning off a distal conductance as more distally located 

inhibitory inputs. This "amplitude normalization" is thought to occur as a result of the 

spatial gradient of Ih channels in hippocampai CA1 pyramidal ce11 dendrites. The seven 

fold increase in the current density of 4 channels fiom the soma to the dendrites (a 

portion of which are open at the resting membrane potential) creates a spatial gradient in 

the membrane input resistance (Magee, 1998, 1999). If a sirnilar amount of 

hyperpolarhg current is injected into both the distai and proximal dendrite, initially the 

IPSP wiil be Iarger at the proximal location because of the higher input resistance in this 



location compared to the initially smaller PSP occurring in the high conductance distal 

membrane. Electrotonic decay of the proximal IPSP as it travels distally over an 

increasingly leaky membrane will result in an IPSP approximately equal to the initially 

smaller distally generated IPSP. 

Could a similar mechanism occur during a plateau potential? Although the 

gradient in resting conductance of Ih could be considered qualitatively similar to the 

difference in conductance between proximal and more distal portions of the dendrite 

during a plateau potential, there is an important difference. In the case of an activated 

plateau the more distal dendrite would also be at a more depolatized potentiai and 

therefore driving force for the inhibitory IPSP will be greater distaliy. The result of this 

greater driving force would be a more effective inhibition in the depolarized portion of 

the dendrite. This would be equivalent to the results in CA3 pyramidal cells by Miles et 

al (1996; discussed above) - the inhibitory input is most effective at the site of the 

depolarkation. 

The above evidence for a relatively proximal location of the dendritic charnels 

responsible for the plateau potential is consistent with the immunohistochemicai data 

presented in paper 2. As cm be seen in the confocal image in figure 6, the intense a l D  

labeling begins at approximately the second or third branch point in the neurone pictwed. 

In absolute distance this is approximately 50 pm h m  the soma. Furthemore, modehg 

studies by Ken Rose, which used morphological data obtained fkom motoneurones of the 

cat ceMcai spinal cord and electrophysiological data repoaed by Bennett et al (19981, 

have ebdixnated these channels to be approximately at the second branch point or 



approximately 200 pm fiom the soma of these relatively larger cells @ersonal 

communications). 

Activation voltage of dendritic L-channels 

Evidence in both turtle (Hounsgaard and Khien, 1993) and cat (Lee and Heckman, 

1996; Bennett et al., 1998) motoneurones suggest that thc pcrsistcnt current underlyhg 

the plateau potential arises, at least partly, fiom the relatively electrotonically remote 

dendrites. A number of papers have referred to this persistent current as a low voltage- 

activated current. One reason for this label is that the potential of the sustained plateau is 

usually 5 - 20 mV above resthg membrane potential (cat - Hounsgaard et al., 1986; turtle 

- Hounsgaard and Kiehn, 1989), nhich in absolute terms would place its activation well 

below the activation voltage of traditional HVA calcium currents (see section - Voltage- 

gated calcium c h a ~ e l s  in motoneurones). The persistent inward current has also been 

demonstrated under voltage clamp during slow voltage rarnp commands. In these 

experiments the onset of the negative slope conductance is seen to activate approximately 

3-30 mV above resting membrane potential (Schwindt and Crill, 1977) or at 

approximately 4 3  mV to -50 mV (Lee and Heckman, 1998; Paroschy and Shefchyk, 

2000) again suggesting a low voltage-activated current. Evidence presented in paper 2 

demonstrated that the presence of voltage-gated calcium channels in the dendrites of 

spinal motoneurones is correlated with a lower voltage of activation of the negative slope 

conductance as recorded in the soma That is, the negative slope conductance activated at 

a signifïcantly lower voltage in cells displaying hysteresis during voltage ramp 

commands than in cells without hysteresis (-47 mV vs. -38 mV). This wotdd suggest that 

these dendntic channels provide the low voltage-activated nature of the persistent inward 



current. It is still unclear, though, if the dendritic channels mediating plateaux are a 

unique class of low voltage-activated channels or if it is the dendntic location which 

confers the appearaace of being low voltage-activated. The presence of these channels in 

the dendrites and the fact that al1 of the recordings have been made in the somata of these 

cells makes an accurate determination of the activation voltage of the underlying 

channels dificult (see discussion in paper 2). The determination of the activation voltage 

is complicated by a number of factors that may give these dendntic channels the 

appearance of being low voltage activated while in fact the dendntic channels are 

activating at traditional high voltage-activated (HVA) potentials. 

One factor that arkes when evaluating this current in voltage clamp, and that has 

already been discussed in paper 2, is that these charnels are outside of the space clamp 

and therefore the voltage c m o t  be controlled in these regions (Lee and Heckman, 1996; 

Muller and Lux, 1993). Another complicating factor occurring under current clamp arises 

from the assurnption that the entire ce11 is isopotential. Data obtained with voltage- 

sensitive dyes has s h o w  that the intramembrane potential rnay not be uniform within a 

cell (Bedlack et al, 1994) and therefore the potential seen by dendntic channels may be 

more positive than that seen by channels in the soma. Moreover, given our present 

knowledge of the non-uniform distribution of both leak and voltage-gated channels open 

at resting potentials in certain neurons (Stuart and Spruston, 1998; Magee, 1998; 

Clernents and Redman, 1989), it rnay not be unreasonable to suggest that the resting 

membrane potential in the dendrites could be more depolarized than that in the soma 

(Bedlack et al., 1994; for ex. see Stuart and Spmon,  1998). If the dendritic channels are 

more depolarized, be it because of lack of space clamp in voltage clamp recordings or 



because of a difference in the resting membrane potential in current clamp recordings, 

then it is possible that when recording this dendritic current or its resultant potential 

change in the soma the current is ody an apparent LVA current. Presently information 

regarding the resting membrane potential of motoneuronal dendrites is lacking. 

Sirnilar to the difference in the voltage of activation proposed for the L-type 

channels in the soma and dendrites of mouse spinal motoneurones, dendritic Th channels 

in CA1 pyramidal cells activate at more hyperpolarized potentials than Ih channels 

located in the soma (Magee et al., 1998). Due to the fact that both the soma and the 

dendrites can be patch clamped in these cells, it is possible to generate accurate activation 

curves for channels in both locations. Using these methods Magee found an 

approximately 10 mV difference in the activation voltage between these two population 

of channels. Because of the known CAMP modulatory effects on these channels it was 

speculated that different basai levels of CAMP in the soma and the dendrites likely 

accounted for the observed differences. A similar basai modulation may account for the 

low voltage activation of the dendritic L-type current in spinal motoneurones. 

A third possibility to explain the low voltage activation of the persistent inward 

current seen in cat motoneurones is the couplhg of a true low voltage-activated current 

with a hi& voltage-activated current. The persistent inward current identified in cat 

motoneurones, although presumed to be a calcium current, has not been identified as a 

single c w n t .  Even in the turtle where this current has been shown to be a calcium 

current, the current has not been isolated and the kinetics defmed. Therefore, a possible 

explanation for the apparent low voltage activation of this calcium current is through a 

"coupling" arrangement. This type of arrangement using an LVA calcium current has 



been demonstrated in neurons of the subthdamic nucleus (Beurrier et al., 1999) and was 

discussed in an earlier section. In a similar manner, NMDA-induced oscillatioas in the 

turtle cm be blocked with application of a variety of Lçhannel blockers (Guertin and 

Hounsgaard, 1 998). Furthemore, the plateau potential in trigeminal motoneurones can be 

blocked with nifedipine even though the negative slope conductance in these cells has 

been shown to be mediated by both a calcium and a sodium current (Hsiao et al., 1998). 

With this type of channel coupling the initial activation of a low voltage-activated curent 

could lead to the activation of an HVA L-type current, therefore negating the need for an 

L-type channel with unique activation characteristics. 

However, there is evidence for the existence of a true low voltage-activated L- 

type current in neurons. In magnocellular neurosecretory cells both the soma and the 

terminais express L-type channels (Fisher and Bourque, 1996). Although channels in 

both locations had similar inactivation kinetics, somatic channels were seen to activate at 

-50 mV while those in the terminds did not activate until -30 mV. These authors 

speculated that this difference might be the result of differential expression of ai= and 

a11, subunits in the terminais and somata respectively. In dorsal hom neurons of the 

spinal cord, a dihydropyridine-sensitive current is activated a few millivolts above resting 

membrane potential (at - -55 mV; Monsset and Nagy, 1999). In CA3 pyramidal cells a 

similar current is seen to activate at approximately -50 mV (Avery and Johnston, 1996) 

whiie in CA1 neurons (Magee et al., 1996) and sympathetic newons Davies et al., 1999) 

a dihydropyridine-sensitive calcium curent c m  be detected at the resting membrane 

potentiai. 



As stated, the immunostaining results presented in paper 2 suggest that L-type 

channels Located in the dendrites are primady constructed with the  al^ subunit whiie 

those in the soma are constructed with the alc subunit. This fmding of a differential 

distribution of L-type calcium channels in mammalian spinal motoneurones would 

suggest that the resultant channels located in the soma and dendrites might differ in some 

respect. Early work using the cloned genes for these subunits and expression systems 

suggested that these two L-type channels differed in their voltage of activation, with the 

 ai^ channels activating at a lower potentiai. When the ale subunit was expressed in 

Xenopus oocytes dong with the a2 and p l b  subunits the current activated at -20 mV 

with a holding potential of -100 mV and had a V I R  of 0.9 mV (Tomlinson et al., 1993). 

When a similar experiment was performed using the a11, subunit with a2b and P2 

accessory subunits, current was seen at -40 mV even from a holding potential of -50 

mV. In this case the Vin was approximately -20 mV (Williams et al., 1992). In both 

expenments the charge carrier was 40 rnM barium. (Note: effects arising fiom the 

different subunits used in the two experiments can not be mled out; see the section 

"Voltage-gated Calcium Channels" in the Introduction). 

Regardless of whether the dendntic current is a traditional HVA L-type current or 

a unique population of LVA L-type channels, modehg data suggests that the 

dendriticaily located channels require a low activation voltage. Various neuronal models 

have been developed that are capable of simulating plateau potential behaviour (see 

section - dendritic mechanism of plateau potentials). A number of these have used a low 

voltageactivated (LVA) persistent current as the current responsible for the depolarizing 

drive underlying the plateau. In the Booth et al (1997) motoneurone mode1 this 



conductance was called an L-type current while in the Jaeger et al (1997) Purkinje ce11 

model this was calied a P-type conductance to correspond with the electrophysiologically 

and phamacologicaily defined current. Regardless of its label, it is interesthg that two 

very different ce11 types use a current with similar LVA kinetics to produce a similar 

behaviour. The current parameters used were: Vin = approximately - 40 mV for the Booth 

et al (1995, 1997) mode1 and a Vin = approximately - 20 mV with current activation at 

approximately 4 0  mV for the Jaeger et al (1997) model. In simulations using our 

neuromorphic model (paper 2), our experimentai data kvas best mimicked when an LVA 

L-type current (Vin = -30 mV) was used compared to when a higher activating current 

was used (VIE = -10 mV). The ability of a current with a low voltage of activation to 

reproduce the plateau potentials demonstrated in spinal motoneurones would suggest that 

this is an important characteristic of the plateau generating current. 

One method to answer these questions and accurately determine both the 

composition and kuietics of the dendritic calcium current is to patch clamp the dendrites 

directly. But unlike Purkinje or pyramidal cells which possess thick dendrites that project 

in a predictable direction from the soma, the dendrites of spinal motoneurones project 

fiom the ce11 body in a seemingly random manner and are relatively thin. Because of 

these factors, the probability of directly patching a motoneurond dencirite any distance 

fiom the soma in a tissue slice is srnail compared to the success which has been seen in 

the aforementioned cell types (but see Luscher et al., 1998). A method that would d o w  

direct dendritic recordings fiom spinal motoneurones is through the production of 

c'dendrosomes" (Kavalaii et al., 1997). These small dendntic segments are generated as a 

resdt of the digestion of CNS tissue with proteases. This process is the same as that used 



to isolate ce11 somata to provide a better space clamp during voltage clamp recordings 

(Kay and Wong, 1986). The dendrosome provides a well clamped system which ailows 

current kinetics to be examined (Kavalali et al., 1997). The use of this method with 

mammdian spinal motoneurones would allow the voltage threshold and kinetics of the 

dendntic L-type current to be determined and the presence of T- and other channel types 

to be assessed. 

Concluding remarks 

Mammalian spinal motoneurones fue trains of action potentials in order to 

produce contraction of the muscles they innervate. Effective contraction of these muscles 

is important during both static motor tasks such as the maintenance of posture and during 

dynamic events such as during locomotion. Evidence suggests that the nervous system 

uses the intrinsic mechanism of plateau potential production in order to produce the hi& 

f i n g  rates required for these contractions. The purpose of the work presented here was 

to gain an understanding of the ionic mechanisms underlying plateau potentials in 

mammdian spinal motoneurones. Data presented in this thesis furthers our understanding 

of motoneuronal voltage-gated calcium channels and the electrogenic role they play in 

mature motoneuronal output. Furthemore, this work demonstrates that L-type voltage- 

gated calcium channels are Iikely a key component in the production of non-linear 

behaviour seen in these cells. The fact that this mechanism has been conserved during 

evolution fiom the reptiles to the mammals indicates its importance in the fuactioning of 

spinal motoneurones. This work has provided insight into spinai motoneurone 



functioning at the ionic level and in doing so has deepened our understanding of the 

compiicated tasks that we take for granted such as maintaining posture and walking. 
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