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ABSTRACT 

Shortly following the advent of intracellular (IC) recording from spinal cord (SC) 

motoneurons (MNs) in the anesthetized cat, Eccles (1957) proposed that MNs behave 

passively in response to synaptic input. It is now known, however, that repetitive MN 

discharge is subject to the influence of endogenous neurotransmitters and neuromodulators 

that alter sub- and/or supra-threshold ionic conductances. To this point, most of the literature 

in this field has focussed on ionic mechanisms, with a lower priority given to the provision 

of quantitative data on repetitive firing. Further research is therefore required on the 

robustness of neuromodulatory effects, their significance during natural and fictive 

movements, and their generalization across vertebrate species. Accordingly, the purpose of 

this study was to quantitate the effects of neuromodulation on MN properties determined 

from the SC slice of the adult turtle. 

The present work is divided into four parts. The first (Chapter 2) summarizes the 

literature on MN behavior as determined from a variety of vertebrate preparations. The 

second (Chapter 3) provides an evaluation of the robustness of the electrophysiological 

measurements made from turtle SC MNs and compares them to analogous results from 

the lamprey and cat. The third part (Chapter 4) reports on the MNs' responses to three 

excitatory and one inhibitory neuromodulator. The MN population was divided into two 

groups on the basis of their propensity to generate plateau potentials (PPs). In PP MNs, 

the slope of the stimulus current-spike frequency relation was flattened to an extent 

comparable to recent findings in the decerebrate cat preparation. The fourth component 

of the study (Chapter 5) provides a comparison of MN behavior in a variety of 

preparations across vertebrate species, with particular emphasis on the functional efficacy 

of the PP. 
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In summary, the present work has provided a new opening in the study of 

neuromodulation on vertebrate spinal MN properties by quantifying the effects of such 

modulation. In addition, the work has added further evidence supporting an evolutionary 

conservation of MN properties across vertebrates, with a particular emphasis on the 

functional significance of the PP as a key determinant of MN discharge. 
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CHAPTER I. INTRODUCTION AND AIMS 

1.1. INTRODUCTION 

Shortly following the advent of intracellular (IC) recording from spinal cord (SC) 

motoneurons (MNs) in the barbiturate-anesthetized cat (Brock et al. 1952), it was 

proposed that MNs sum algebraically IC-injected and synaptic current at their trigger 

zone for discharge in a linear manner (Eccles 1957, Granit et al. 1963). It is now known, 

however, that repetitive MN discharge is subject to the influence of various endogenous 

neurotransmitters, neuromodulators, and their agonists. These agents alter the sub-

and/or suprathreshold ionic conductances responsible for the MN's action potential (AP) 

and its repetitive discharge. As a result, a neuromodulated MN responds non-linearly to 

IC-injected and synaptic current, thereby changing, in particular, the bias and/or gain of 

the cell's stimulus current-spike frequency (1-0 relation (Binder et al. 1996; Heckman 

and Lee 1999; Hultbom 1999; Russo and Hounsgaard 1999). To this point, most of the 

literature in this field has focussed on ionic mechanisms, with a lower priority given to 

the provision of quantitative data on repetitive firing. Further research is therefore 

required on the robustness of neuromodulatory effects, their functional significance 

during natural, near-natural, and fictive movements, and the extent to which they 

generalize across vertebrate species. Accordingly, the main purpose of the present study 

was to quantitate the effects of excitatory and inhibitory neuromodulation on selected 

passive, transitional, and active (repetitive-firing) properties of MNs, with the properties 

derived from IC recordings made in slices of the dorsosacral spinal cord (SC) of the adult 

turtle, Pseudemys (Trachemys) scripta elegans. In addition, a functional aspect of 

excitatory neuromodulation was addressed by comparing selected firing patterns of IC-
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injected/stimulated turtle MNs, to analogous ones made on cat MNs in decerebrate 

preparations, and to motor unit (MU) firing patterns of conscious rats and humans during 

voluntary activity. 

1.2. AIMS 

There were three aims. The first (Chapt. 3) was to quantitate the physiological 

properties of spinal MNs of the adult turtle, with emphases on the reproducibility of the 

measurements, a provisional MN classification scheme, and a comparison of MN 

measurements made on the turtle vs. cat. 

The second and main aim (Chapter 4) addressed the effects of physiological and 

pharmacological neuromodulation on the properties of turtle spinal MNs. The work 

involved: 1) quantitating the independent and combined effects on MN properties of three 

excitatory neuromodulators, 5-hydroxy tryptamine, muscarine, and trans-1-amino-1,3-

cyclopentane dicarboxylic acid; 2) comparing the responses to excitatory 

neuromodulation of plateau potential (PP)-generating vs. non-PP MNs; and 3) 

quantitating the effects of the inhibitory neuromodulator, baclofen. 

The third aim (Chapter 5) was to compare qualitatively the firing patterns of PP-

generating MNs of the turtle vs. cat, and such IC-stimulated firing patterns to the motor 

unit firing patterns of conscious rats and humans during voluntary motor activity. 

Preliminary accounts of some of this work have appeared in five abstracts (Hornby et 

al. 1997, 1998, 2(K)0a-b; Stuart et al. 1999). The essential background work for the 

present work has been published previously (McDonagh et al. 1998a; 1999a). 
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CHAPTER 2. BACKGROUND AND SIGNIHCANCE 

2.1. VERTEBRATE SEGMENTAL MOTOR SYSTEM 

The term "segmental motor system" is convenient in discourse involving the neural 

control of posture and movement in vertebrates, encompassing the spinal and/or 

brainstem motor circuitry, motor units, muscle receptors and the segmental connections 

of muscle, joint, and cutaneous afferents. Study of this system has figured prominently in 

the research on the neurobiology of motor control, most likely due to the accessibility of 

the spinal cord (SC) and peripheral neuromuscular components. At the systems level of 

investigation of the segmental motor system, three integrative areas of study have proven 

particularly fruitful during the last 35 years (Stuart 1999). These include: I) 

interneuronal convergence in spinal reflex pathways and their descending control 

(Baldissera et al. 1981; McCrea 1992; Stuart and McDonagh 1998); 2) brain stem and SC 

pattern generation for elaboration of rhythmic movements such as locomotion (Grillner 

and Wallen 1999; Stein 1999; Stein et al. 1997); and 3) efferent aspects of the graded 

development of muscle force, including Henneman's size principle (Binder and Mendell 

1990; Binder etal. 1996). 

Initially, research on these key elements of motor control was undertaken largely on 

various in vivo cat preparations, ranging from those deeply anesthetized and surgically 

reduced (Baldissera et al. 1981), to, in more recent years, those fully conscious and freely 

moving (Prochazka 1996). Since the early 1970s, there has also been progressively more 

segmental motor research undertaken on non-mammalian vertebrates. In vitro brainstem 

and SC preparations of the developing frog and rat embryo, the neonatal rat, and the adult 

lamprey and mouse, and slices of brainstem and SC taken from the mature rat and turtle 



(for review: McDonagti et al. 1999b) have been particularly useful in elucidating detailed 

information on the neurobiology of motor control. 

In work on the in vivo cat and many of the more newly developed non-mammalian 

preparations, there is a paucity of information on the properties and behavior of spinal 

intemeurons (INs) and the active (firing) properties of MNs. In in vivo cats, cellular 

analysis requires use of IC recording with particularly small-tipped, high-impedance (> 

20 MQ) microelectrodes. Such recording is technically arduous and usually unfeasible in 

the in vivo SC of all vertebrates, except for lampreys and some small amphibians. 

Therefore, despite the technical skill and precision required in the use of in vivo cat 

preparations using larger-tip (I-IO MQ) electrodes to generate the abundant and valuable 

literature on the segmental motor system, our laboratory believes that at least six 

interrelated issues await detailed analysis by use of high-impedance microelectrodes. 

These include: 1) active vs. passive intrinsic properties of MNs; 2) extrinsic (e.g., 

synaptic input, neuromodulation) influences on intrinsic MN properties; 3) similar 

analyses undertaken on INs of the intermediate gray and ventral-horn of the SC; 4) 

effects of ischemic and traumatic brain and SC injury on the intrinsic and extrinsic 

properties of MNs and INs; 5) associations between the above analyses and bi-directional 

SC/muscle trophic mechanisms; and 6) the above analyses in fatigued vs. non-fatigued 

states. 

This dissertation addresses the first two of these issues by use of a recently 

developed, in vitro adult turtle SC slice preparation. With this model, a quantitative 

description is provided of the extrinsic modulation of intrinsic passive, transitional, and 

active biophysical membrane properties of spinal MNs via the exogenous application of 

specific neurotransmitter and neuromodulator agonists. 
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2.2. TECHNICAL ISSUES 

Although there is an interesting controversy on the advent of IC microelectrodes 

(Bretag 1983; Hoyle 1983), it is agreed that the first full-length account of IC recordings 

in vertebrate MNs was that of Brock et al. (1952). Subsequently, there have been literally 

thousands of reports on IC recordings from vertebrate MNs using low-impedance (1-10 

MQ) microelectrodes. The majority of this work, however, has involved the 

measurement of passive properties, emphasizing post-synaptic responses (EPSPs, IPSPs) 

to afferent and descending input. By early 1990, the total time of recordings of cells in 

their passive state was estimated to be ~ 1,000-fold greater than the duration of IC 

recordings from discharging MNs (Spielmann 1991). Kemell (1999) has proposed that 

MN damage following electrode penetration makes it difficult to secure robust 

(repeatable) IC measurements of repetitive MN discharge, and MNs may demonstrate 

phasic discharge patterns (Kemell 1965a). Lips and Keller (1998) have also raised the 

possibility that MNs have a relatively low calcium-buffering capacity and are therefore 

unusually sensitive to microelectrode penetration. This remains to be proven 

experimentally, however. 

In recent years, problems obtaining robust repetitive discharge in MNs and INs has 

been obviated to some extent with the advent of in vitro preparations of the vertebrate 

brainstem and SC, either in segments or slices of CNS tissue (Otsuko and Konishi 1974; 

subsequent developments reviewed by McDonagh et al. 1999b). These preparations offer 

the possibility of using microelectrodes of far higher impedance (i.e., > 20-40 MQ) that 

are presumably less damaging to the cell membrane, thereby potentially reducing a leak 

current around the microelectrode (for review; Binder et al. 1996). Furthermore, the 

absence of respiratory movements and pulse pressure fluctuations, enable stable and 
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robust (highly repeatable) IC measurements of passive, transitional, and active MN 

propenies over several hours. 

2.3. COMPARATIVE ISSUES 

Comparative neurobiology has proven to be a powerful discipline for elucidating 

selected principles that underlie specific common functions of the nervous systems across 

species (Arbas et al. 1991). Research since the early 1970's has demonstrated the 

evolutionary conservation of a variety of motor control mechanisms. This has increased 

interest in unifying studies on invertebrate and vertebrate species (Fetcho 1992; Kiehn et 

al. 1998; Pearson 1993; Stein et al. 1997). For example, a number of recent reviews have 

discussed the conservation of basic building blocks of central pattern generators (e.g., 

Calabrese 1998; Getting 1986, 1989; Kiehn et al. 1998; Stuart 1999) and MN discharge 

mechanisms for the control of force production (Binder et al. 1996) across vertebrate 

species. Recent studies on the central and peripheral features of the segmental motor 

system of the turtle have echoed the conservation of some of these common motor 

control principles (Callister et al. 1995; McDonagh et al. 1999b). 

Due to its high resistance to anoxia (Lutz et al. 1985), use of the turtle in segmental 

motor control research offers the added advantages of investigation in a reduced, in vitro 

preparation. These in vitro techniques have gained momentum in recent years due to the 

ease with which the pharmacology and circuitry of vertebrate neural networks can be 

elucidated (Otsuka and Konishi 1974; Smith and Feldman 1987; Suzie 1984; Takahashi 

1978), without the additional technical complications associated with many in vivo 

preparations. While many in vitro preparations have been utilized for the study of motor 

control mechanisms, most have involved lower-vertebrate models that swim rather than 
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walk (e.g., Grillner et al. 1991; Roberts et al. 1986, 1998; Sillar et al. 1998). This issue 

raises the question of the applicability of the findings to legged, higher-vertebrate species. 

Mammalian in vitro preparations with quadrupedal or bipedal locomotion have been 

developed recently (Smith and Feldman 1987; Takahashi 1978). These preparations 

require the use of neonatal animals (usually < 7 days old), however, which may 

complicate the analysis of selected systemic and cellular neuronal properties that change 

throughout development (Jiang et al. 1999b; Takahashi et al. 1992; Viana et al. 1995). 

Furthermore, utilization of somewhat older mammalian models (3-8 wk) requires 

recordings from thin slices (< 500 pm; Sawczuk et al. 1995) which allow adequate 

perfusion of the tissue, but compromise the dendritic arborization of the test cells. In 

contrast, utilization of various in vitro adult turtle preparations (e.g., 2-3 mm thick SC 

slices), which remain viable for up to five days (Keifer and Stein 1983; McDonagh et al. 

1998a), allows investigation of the neural circuitry and pharmacology of tetrapod 

vertebrates using high-impedance microelectrodes. 

Elsewhere (McDonagh et al. 1999b), our laboratory has recently reviewed the 

potential value of some new technical developments for advancing understanding of the 

firing-rate properties of ventral-horn neurons (particularly INs) in the mammalian SC. 

These include: the application of the patch-clamp technique to in vitro SC slices; 

improving the viability of SC slices; and, the use of infrared differential interference 

contrast (IR-DIC) video microscopy to visualize and record from small neuronal 

structures like INs. This information is not provided here, as the argument is made in that 

review that the patch-clamp procedure is better applied to INs than MNs in the 

mammalian SC, and further, that such work should be undertaken in parallel with work 

using sharp microelectrodes in turtle SC slices. 



26 

In sections 2.4-2.6 below, previous work of direct relevance to the present project is 

discussed, as undertaken on both the in vivo and in vitro SC. Where relevant, 

measurements are described as having been obtained with low- vs. high-impedance 

microelectrodes (i.e., usually in in vivo vs. in vitro preparations, respectively). 

2.4. SEGMENTAL MOTOR ORGANIZATION AND TERMINOLOGY 

2.4.1. Birds and mammals 

In most birds and mammals studied to date, skeletomotor (extrafusal) muscle fibers 

are of the "twitch" variety (Fetcho 1992), and classified into four categories, as based on 

their anatomical, histochemical, and biochemical properties (Burke 1981). These include 

FG (fast-glycolytic), FI (fast-intermediate), FOG (fast-oxidative-glycolytic), and SO 

(slow-oxidative) fibers, with "fast" referring to the rate of force development. The MNs 

supplying these fibers are termed a for their supply of skeletomotor muscle fibers alone, 

or (3 for their supply of both skeletomotor and fusimotor (intrafusal) fibers. (The third 

MN type, y, supplies intrafusal fibers alone). A single a or P MN innervates each single 

skeletomotor muscle fiber in the adult. Also, each single MN innervates a group of 

muscle fibers of the same type. The combination of a MN and the muscle fibers it 

innervates comprises a MU (MU), and these are also classified into four types: FF, fast-

fatigable (composed of FG fibers); FI, fast-intermediately fatigable (R fibers); FR, fast-

fatigue resistant (FOG fibers); and S, slow (SO fibers; Burke 1981). The histochemical 

profiles of the four MN types are analogous to those of the muscle fibers they innervate 

(Sickles and Oblak 1984). It follows that a and (3 MNs can be sub-classified as FF/ ¥1/ 

FR/ S or FG/ FI/ FOG/ SO, respectively, and both nomenclatures are currently in use. 
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2.4.2. Reptiles and other non-mammalian vertebrates 

Most non-mammalian vertebrates, but not the lamprey (Viana Di Prisco et al. 1990), 

have muscle spindles and fusimotor muscle fibers. These are innervated by (3 (not y) 

MNs (Crowe and Ragab 1970; Maedaet al. 1983; Maier 1992, 1997; Ovalle et al. 1999; 

Yoshimura et al. 1990; cf., however, Bemdt et al. 1969). The above-described a/p 

MN/MU classification schemes, however, also pertain to selected amphibians (e.g., frog 

and toad; e.g., Lannergren and Smith 1966; Smith and Lannergren 1968; Smith and 

Ovalle 1973; Smith et al. 1973) and probably other non-mammalian vertebrates, as well. 

Surprisingly, there are very few MU studies on the lower vertebrates (e.g.. Luff and 

Proske 1976, 1979; Ridge and Thompson 1980; Tonge et al. 1985). Until proven 

otherwise, it is likely that corresponding MU and MN types can be inferred in a muscle 

of a non-mammalian vertebrate species that has been shown to possess the basic fast and 

slow-twitch skeletomotor types. The possibility of a polyneuronal innervation of single 

muscle fibers is, however, an additional complication in at least amphibian (Slack and 

Docherty 1978) and reptilian (Callister et al. 1995) muscle, however. In addition, 

presumably all of the non-mammalian vertebrates (including the turtle) have a non-twitch 

fiber type, the tonic (T) fiber. Little is known about their relative representation in 

muscles of lower vertebrates, however, nor the nature and properties of the MNs that 

supply them (McDonagh et al. 1998a; Stuart et al. 1998). For the present purposes, it is 

assumed that a relatively small group of low-threshold MNs (McDonagh et al. 1998a; 

see their Fig. 6) in the turtle SC innervates exclusively T-fibers, with proof of this 

arrangement awaiting future experimentation. 
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2.5. FUNCTIONAL SIGNIRCANCE OF MN PROPERTIES 

2.5.1. Range of properties within a single motor nucleus 

In vertebrates, the somata (cell bodies) of a and (3 (if present) MNs are located in the 

ventral-horn of the SC. Their "cigar-shaped" arrangement in Lamina IX of the SC, 

referred to as a spinal motor nucleus (pool), typically overlaps with motor nuclei 

innervating other muscles (Burke 1981). 

The MUs within an individual muscle exhibit a wide range of mechanical, 

electrophysiological, biochemical, and morphological properties, which serve as the basis 

for smooth graded muscle contraction, and classification of MUs into relatively distinct 

subtypes (Burke 1981, 1999; Binder et al. 1996; Stuart 1999). The fibers of these 

subtypes may be inferred to have evolved in invertebrates in at least the Cambrian Period, 

570 million years ago, and they are found today from crab to human (Ogata 1988; 

Rathmayer and Mayer 1987; Rome et al. 1988; Stuart and Callister 1993; Stuart et al. 

1984). In parallel, each species has the potential for its single fibers, units and muscles to 

exhibit species' specialization (examples in Richmond et al. 1999; Stuart 1999). Despite 

such specialization, the case for MU types is quite compelling (Burke 1999). 

The mechanical properties of the different MUs vary substantially across the entire 

population in a single muscle, with maximally generated tetanic forces displaying as 

much as a 100-fold range. Additionally, biochemical properties such as myosin ATPase 

activity and oxidative capacity contribute to a > 5-fold range in MU twitch contraction 

times and a > 10-fold variability in fatigue resistance, respectively. Several 

electrophysiological properties of a single muscle's MNs (see below) also exhibit this 

wide range of properties, with input resistance (Rn) and rheobase current (iRh) 
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displaying over a 10-foid range in cats (Fleshman et al. 1981; Gustafsson and Pinter 

1984b). 

Our current understanding of the regulation of an orderly recruitment of small-to-

large MUs to produce force is founded on the interrelation and variation of many of these 

characteristics (i.e., S to FR to FI to FF units). Henneman initially suggested in 1957 that 

"... the hypothesis may be advanced for consideration that throughout the nervous system 

the susceptibility of neurons to discharge is a function of their size..." (Henneman 1957; 

i.e., "size" being the surface area of the cell's soma and dendrites). With further evidence, 

Henneman proposed a decade later that "... the amount of excitatory input required to 

discharge a MN, the energy it transmits as impulses, the number of muscle fibers it 

supplies, the contractile properties of the MU it innervates, its mean rate of firing and 

even its rate of protein synthesis are all closely correlated with its size..." (Henneman 

1977). It is this continuum of electrophysiological, mechanical, and biochemical 

properties of MUs within a single motor nucleus that contribute to the functional 

threshold of excitability for all MNs, allowing their orderly recruitment for generation of 

a smooth, graded muscle contraction. 

2.5.2. MN membrane properties: passive vs. transitional vs. active 

In addition to the property of orderly recruitment within the SC motor pool, the 

profile of force development by striated muscle is also determined largely by the firing 

patterns of the MNs supplying the muscle fibers. MNs are recruited when the somatic 

membrane potential (Vj^; measured in mV) is displaced from its resting level to the 

threshold potential for initiation of a single action potential (AP), or a train of APs. 

Transduction of the AP's discharge (spike-) frequency from the MNs to the muscle fibers 

occurs at the levels of neuromuscular transmission and excitation-contraction coupling. 
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the latter process bringing about the conversion to muscle force (Stephenson et al. 1996). 

The translation of synaptic current to repetitive discharge at the MN level in the SC and 

brainstem is dependent on a number of intrinsic biophysical properties of the cell, which 

will be addressed in this project. Using IC microelectrode recordings, numerous studies 

have investigated the range of these electrophysiological properties with the MNs in three 

generalized states (passive, transitional, and active). 

Passive MN properties. Passive properties refer to those biophysical parameters 

measured when the cell is in its quiescent (not discharging, resting) state, and devoid of 

most (if not all) synaptic and neuromodulatory influences. These parameters include the 

resting potential (Vj.), and membrane time constant (Tjp). 

Resting membrane potential (Vf). The resting voltage difference across the lipid 

bilayer that separates the internal cellular milieu from the external bathing environment 

(Vj.) is measured following penetration of an IC microelectrode into the MN (usually the 

soma) and recording the electrical potential, as referred to ground potential. Average 

values of Vj. (-60 to -80 mV) for spinal MNs do not differ across species, and there is no 

evidence of a consistent systematic variation between MNs in the same SC motor pool in 

the same species (Zengel et al. 1985). The value of Vj- depends on: I) the distribution 

and resting conductance of permeable ions across the lipid membrane (Goldman 1943; 

Hodgkin and Katz 1949); 2) the contribution of some voltage-sensitive conductances that 

are active al rest (e.g., a hyperpolarization-activated, mixed Na'^'/K"'" current (Ih)' 

Forsythe and Redman 1988); 3) the contribution of an electrogenic Na+ZK"*" pump 

(Martin and Levinson 1985), and 4) a leak conductance produced by an imperfect seal of 

the membrane with the IC microelectrode (Binder et al. 1996). The major ionic 
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contributor to is K"*". This results from: 1) a large Ba^-sensitive, K"'" conductance at 

Vp. which is consistent over a wide range of voltages; and, 2) the large negative 

equilibrium potential of K"*" (E^ = -80 to -100 mV; Barrett et al. 1980; Bayliss et al. 

1992). 

Input resistance This parameter is typically defined as the resistance to current 

flow across the neuronal membrane, determined primarily by subthreshold conductances 

of various permeable ions. Under current-clamp conditions, Rjsj is determined by the 

deflection of the steady-state following IC injection of small hyper- and depolarizing 

current pulses. Assuming linearity of membrane and non-rectifying ion conductances, 

subthreshold (< 10 mV) changes in Vj^ follow Ohm's Law: = I • Rjsj, where I is the 

injected current, or that current which is impressed on the trigger zone (Heckman and 

Binder 1988; see below). For a theoretically isopotential neuron, its Rjsj would be 

determined by the ratio of the specific resistivity (Rm) of the membrane (i.e., the density 

of channels open during rest per cm- of membrane) to the total surface area of the cell 

(Ajvj)"- Rn = ^m/^N (Rail 1959). Subsequently, Rail has emphasized, however, that the 

relation between input resistance, total surface area, and specific membrane resistance 

must take dendritic geometry into account. If, for example, a MN neuron has a dendritic 

tree in which the dendrites can be described reasonably as equivalent cylinders with the 

same length, then the relation between input resistance and resistivity is given by: Rfj = 

Rm/AN'tanh(L)/L); with Ajsj representing the total (somatic + dendritic) surface area; and 

L, the electrotonic length of the equivalent cylinder (Rail 1977; his equation 5.16). 

The value of R^^ had previously been thought to be approximately equivalent across 
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the MN pool, such that differences in should vary inversely with cell size, as the size 

principle postulates (Henneman et al. 1965). It therefore follows that for any equal 

current stimulus to all the MNs within a motor nucleus, the Vj^ displacement in smaller 

type S units with a larger Rjsj, will be greater than the change in in the larger type FR 

and FF units, which possess a smaller Rn- Any synaptic or IC-injected current will then 

depolarize the smaller cells to a greater extent, and MNs will be recruited in the 

ascending order of their size. 

There is now substantial evidence for a large variation in R^^ across the MN pool, 

with smaller type S MNs possessing a much greater R^ than the larger MNs (Barrett and 

Crill 1974; Burke et al. 1982; Cullheim et al. 1987; Fleshman et al. 1988), thereby further 

ensuring recruitment according to cell size. Still awaiting resolution, however, is an 

explanation for the unusually low Rfyj of the highest-threshold MNs in the cat (Kemell 

and Zwaagstra 1981). Nonetheless, the differences in Rjsj across the MN pool gives a 

reasonably accurate indication of the efficacy of synaptic and IC-injected currents at the 

MN soma, their functional threshold, and their order of recruitment. 

Membrane time constant (Xfn). The MN's lipid bilayer membrane is embedded with 

protein channels, which allow selective ionic diffusion. It behaves as both a resistor 

(Rj^) and a capacitor (Cj^; measured in farads), separating and storing charge across the 

lipid bilayer. The membrane therefore acts as an equivalent electrical circuit in which the 

voltage displacements in response to IC-injected or synaptic currents do not immediately 

follow Ohm's Law. Rather, the time course for changes in is delayed due to charging 

(or discharging) of the membrane, as determined by given by the product of the 

resistance and capacitance (Tm=Rni * C^i)- Voltage displacement changes exponentially 
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with time, according to the following equations: rising phase, = Vj. (1 - e'Vx^^ ; and, 

falling phase, = Vf (e'^Tm )• These equations employ: t, the time from the beginning 

of the stimulus pulse; V^, voltage displacement at time t; Vj- ,the final voltage the cell will 

reach (determined ohmically); and Tj^, the time at which the has changed to 1 - 1/e, 

or 63% of its maximal value (Rail 1959). Due to a larger Rjsj, the value of Tni is greater 

in the smaller S MNs vs. the FR/FF MNs. Therefore, a synaptic potential in the MNs has 

a longer duration to impress upon the trigger zone of S vs. FR/FF cells for the generation 

of APs (Callister et al. 1995). 

Transitional MN properties. The transitional state of the MN (a term coined by 

Spielmann 1991; see also Spielmann et al. 1993) refers to its behavior as it converts from 

the passive, resting state to the threshold state for initiation of a single AP. Transitional 

properties include the rheobase current, and the actual (Vj^f,) and calculated (caic. 

VRh) rheobase voltage. Broadly included within this category are also the mechanisms 

underlying the spike and afterhyperpolarization (AHP) components of the rheobase AP. 

Fundamental parameters associated with the AHP include: 1) the amplitude of both the 

fast and slow component of the AHP (AHPa^^p-f' AHPamp-s)' determined by the 

difference between and the maximum hyperpolarized potential following an AP 

during either phase; and, 2) the duration of the AHP, characterized by either the 

AHPjjuration (time from to the termination of the post-spike hyperpolariztion; 

Kernell 1965c), and the AHPhaif.jgcay time (voltage trajectory from the maximum 

hyperpolarized potential to the at 1/2 amplitude from Vrjj to this negative potential; 

Zengel et al. 1985). 
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Rheobase current (Inh) and voltage and calc. V^fj). It is conventional to 

assume that the summation of synaptic and IC-injected currents occurs near-linearly 

(ohmically) at the MN's trigger zone (Eccles 1957; Granit et al. 1966; Kemell 1969; 

Schwindt and Crill 1973). Within the MN's dendrites and soma, the degradation and 

spread of current is thought to obey straightforward cable theory for a passive conductor 

(Rail 1959; Rail et al. 1992). The current declines from its site of input (soma and/or 

dendrites) to the trigger zone of the MN, the somatic region of lowest threshold due to its 

increased density of TTX-sensitive Na"*" channels (Catterall 1981; Moore et al. 1983), 

where generation of the AP occurs. is defined as the current necessary to displace 

(reduce) Vj- to the firing level (threshold) for initiation of a single AP. This is measured 

with an IC microelectrode passing depolarizing current. The values of exhibit a 10-

fold range across MNs within a single cat SC motor nucleus (Zengel et al. 1985). They 

are inversely correlated with the Rfvj values, and they vary systematically with MN type 

(Fleshman et al. 1981). 

The minimum Vm at which an AP is elicited, or varies only slightly across the 

MN pool, with the differences often statistically insignificant (Gustafsson and Pinter 

1984b; Pinter et al. 1983). Interestingly, calc. (determined by the equation: + 

[iRh'RN]) ^he measured are often not equivalent due to intrinsic conductances, 

which may be active both at rest and following subthreshold depolarization and 

hyperpolarization (Forsythe and Redman 1988; Schwindt and Crill 1980). Differences 

between the values of V^^and calc. Vj^j^have been measured previously (McDonagh et 

al. 1998a), in order to determine the potential effect of sub-threshold conductances (Ito 
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and Oshima 1965), which may be modulated by extrinsic influences, and thereby alter the 

iVIN's threshold excitability. 

The AP's spike and afterhyperpolarization (AHP). Following depolarizing synaptic 

or IC-injected current sufficient to allow the Vj^ to reach Vj^^, a spike ensues with a 

repolarization phase that overshoots the Vj., and merges immediately with an AHP that 

possesses both a fast and slow lime course. 

At least at a coarse-grain level, the ionic mechanisms of AP generation for turtle MNs 

(Hounsgaard et al. 1988b) are sufficiently similar to those reported for lamprey 

(Buchanan 1993) and cat MNs (Barrett and Crill 1980; Barrett et al. 1980; Schwindt and 

Crill 1984) that they can be assembled for the generic vertebrate MN, as shown in Fig. 

2.1. This summary is an extension of the Binder et al (1996) summary of conductances 

for the generic maimnalian MN (their Table 1). 

Fig. 2.1 shows that the AP begins with a large, rapid depolarization, initiated by 

opening of TTX-sensitive Na"*" channels, followed by a rapid repolarization due to Na"*" 

channel inactivation, the large K''"-dependent leak conductance, and increased 

conductance to K""" ions through TEA-sensitive, delayed rectifier K"*" channels (K^r). 

Additionally, 4-aminopyridine (4-AP)-sensitive, anomalous rectifying channels (K^), 

and possibly fast, high-conductance Ca^'^'-activated K"*" channels (K^^.f, Umemiya and 

Berger 1994) may operate during the repolarization phase, although the latter are yet to 

be demonstrated in turtle MNs (Hounsgaard et al. 1988b). The repolarization usually 

overshoots the threshold Vj^ to attain a hyperpolarization peak that blends with the 

subsequent AHP. Mechanisms for a fast (duration, 2-10 ms) and slow (10-1000 ms) 
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component of the AHP have been proposed for cat (Gustafsson and Pinter 1985), and 

turtle MNs (Hounsgaard et al. 1988b)." 

"Slow" here refers to a component of the AHP sometimes termed "medium" by others 

(e.g.. Binder et al. 1996) in order to distinguish it from a very slow component, which, as 

reviewed by Sah (1996), has been shown to last several s in several vertebrate species, 

including mammals. Cells with such a very slow AHP include, for example: those of: the 

hippocampus, olfactory lobe, and neocortex; vagal MNs of the brainstem; and, peripheral 

sensory and autonomic ganglia. Previous investigations have not observed this very slow 

component in turtle MNs, however (Hounsgaard et al. 1988b; McDonagh et al. 1998a). 

For this reason, we have retained use of the term "slow" (viz. Gustafsson and Pinter 

1985; Kiehn et al. 1997) for the AHP component(s) that blend with the clear-cut fast (2-
10 ms) AHP component, and which lasts for 10-1000 ms thereafter. 

The current viewpoint (e.g.. Binder et al. 1996) is that the fast AHP is dependent 

primarily upon the rapid repolarization due to K[)r, and K(;3a-f currents, while the 

slow AHP is due to the activation of slower Ca-"'"-dependent K"*" channel (Kc^.g). Entry 

of Ca2+ into the cell, possibly through N- and P-type channels (Cafsj and Cap; Bayliss et 

al. 1992), occurs during the rapid depolarizing phase of the AP, and allows increased K"*" 

entry and prolonged hyperpolarization (Umemiya and Berger 1994; Viana et al. 1993). 

The hyperpolarization-activated current (1^) may contribute to the repolarization of at 

least type F MNs, allowing these cells to possess a shorter AHP (Gustafsson and Pinter 

1985). This conductance is fully activated at a Vj^ more negative than the maximum 

hyperpolarization of the AHP in cat MNs, however, and may not contribute to membrane 

repolarization (Binder et al. 1996). While is thought to exist in turtle MNs 

(Hounsgaard et al. 1988b), its participation in the duration and/or amplitude of the MN's 

AHP remains an open issue. 
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FIG. 2.1. Features of the spike and AHP of the AP of the generic vertebrate MN, 
and their underlying conductances. This AP schematic shows the conductances that 
contribute to V^, the conversion from V,. to the threshold for AP discharge, the two 
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phases of the AP's spike (depolarization, repolarization), the plateau potential, PP (if 

present), and the fast and slow components of the AHP. Conductances are shown in bold 
italics if they are known to be the primary contributor to the AP phase in question. The 

substances in parentheses are the better-known blockers of the various conductances. 

Note that the conductances are defined in the Fig 2.1, itself. For further details, see Hille 

(1992), Binder et al. (1996), and Russo and Hounsgaard (1999). 

Both the amplitude and duration of the AHP vary inversely with MN size and 

recruitment threshold (S > FR > FF) in cat MNs (Zengel et al. 1985; Zwaagstra and 

Kernell 1980). It is not known, however, whether this is a result of variations in the 

density, or distinct properties, of channels between the different MN groups 

(Binder et al. 1996). In the mammalian literature (e.g.. Binder et al. 1996; Delgado-

Lezama and Hounsgaard 1999; Kernell 1999) it is conventional to propose that the 

duration of the AHP is the primary determinant of discharge frequency during repetitive 

firing. This parameter has also been correlated with the minimum frequency for 

repetitive firing (fmin) fo"" different MN populations (Kernell 1965c). Recently, our 

group has challenged this position for the generalized vertebrate MN (McDonagh et al. 

1999b; Stuart 1999). Our turtle SC slice work (McDonagh et al. 1998a, 1999a) 

essentially confirmed the previous turtle work of Hounsgaard and Kjaerulff (1992) and 

Buchanan's (1993) results on the lamprey. All of this work has shown that at spinal 

INs have as large (amplitude and duration) an AHP as spinal MNs, and yet, during 

stronger stimulation, they can fire at much higher rates. Clearly, there is need to revise 

thought on the extent to which AHP parameters, which are based usually on that 

measured during a single (or averaged) antidromic (or rheobase) action potential, can 

give insight into a vertebrate IN's peak firing-rate potential. Furthermore, the K^^.g 

current underlying at least the slow AHP is subject to either direct or indirect modulation 



39 

by a number of endogenous neuroactive substances, and thereby change the repetitive 

firing properties of MNs (see below). 

Finally, recall that the above summary of the AP's spike and AHP is at the coarse-

grain level. It could well be argued that insufficient measurements are available to 

generalize across vertebrates on the characteristics of the AP. For example, compare 

published records of even the MN's AP-spike for lamprey vs. turtle vs. cat; i.e.. Fig. 6 in 

Buchanan (1993) vs. Fig. 2 in McDonagh et al. (1999a) vs. Fig. 1 in Schwindt and Crill 

(1984). Interestingly, this issue has not been addressed for the far-more-investigated cat 

S vs. FR vs. FT MNs (Burke 1981), even though the value of such a comparison has been 

well established for other cell groups in the cat (e.g., Koeber et al. 1988). A comparison 

of AP-spike and AP-AHP characteristics across segmental MN types appears warranted 

at this time. 

Active MN properties. The active MN properties control repetitive discharge, which 

come into play when depolarization exceeds the threshold for repetitive firing. The 

frequency of discharge is translated into the generation of force at the level of the muscle 

fibers of the MU according to the frequency (f)-force (F) relationship, as shown in Fig. 

2.2 

The presumed equivalence of IC-injected and synaptic currents (see above) allows 

investigation of the MN's active properties in a variety of in vivo and in vitro 

preparations. As measured with IC-injected currents, they include those associated with 

the steady-state stimulus current (I)-spike frequency (0 relation (Fig. 2.2): the minimum 

current necessary for repetitive firing (Imin)i ^he minimum frequency of repetitive firing 

(fmin)' the maximum frequency of repetitive firing (fmax) corresponding current 

(Ijiiax)' the slope of the I-f relation (f/I slope). 
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Minimum current for repetitive firing (Imin)- Following the lead of Kemell 

(1965a), it is conventional to define this parameter operationally and such that it will 

have relevance to the relatively extensive cat MN literature. Hence, in our laboratory's 

work on turtle SC neurons, Imin defined as the minimum IC-injected current that 

produces consistent, repetitive discharge of the MN throughout a 2-s current stimulus 

(McDonagh et al. 1998a). Values of Imjn vary systematically across the cat SC motor 

pool with type S MNs possessing a smaller value than larger type FR and type FF MNs. 

The lO-fold range of values is similar to that of I" individual cells, Imin 

I.5X in the cat (using 1-10 MQmicroelectrodes), and 1.2X ^he turtle 

(McDonagh et al. 1998a; using > 20 MQ electrodes). The tight correlation between I^in 

and iRh underscores the similarities in mechanisms of the two MN properties, with both 

primarily determined by Vp and Rn- While Vj. and do not vary 

systematically across the MN pool, the variation of is thought to be the primary 

determinant of both Ij^h and Imin' although other conductances (Fig. 2.1) may also 

contribute to the cell's subthreshold excitability (McDonagh et al. 1998a). 

In the field of human MN recording, there has been recent interest regarding the 

quantitative definition of Imin order to distinguish between firing-rate characteristics 

while the MN is firing quite irregularly immediately above its rheobase stimulus, and 

while firing at a slightly higher level of stimulus strength, when the interspike intervals 

between MU APs have exhibited a sudden drop in their coefficient of variation. By these 

means, it has been claimed that it is possible to compare the association between AHP 

and firing-rate for the "subprimary range" vs. primary range of the I-f relation, with the 

intriguing observation that there was no association between AHP and firing rate in the 
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FIG. 2.2. Features of the MU's I-f and frequency-force (f-F) relations. A-B:  

relationship between the transduction properties of the MN and its muscle fibers. 
Numerical dimensions are characteristic of those for FR/FF MUs of the cat hindlimb. A: 

I-f relation of a MN, as determined with an IC microelectrode. Note its initial (primary) 
and subsequent (secondary) ranges of MN discharge. The latter range has been seen but 

quite rarely (see text). Note that virtually no discharge is shown after the firing rate 
reaches the peak of the secondary range (see sect. 3.3.2 below), fi: the frequency-force 

(f-F) relation of the MU supplied by the A MN. Note that most of the force is developed 
within the primary range of MN discharge. Modified from Kemell (1996; his Fig. 1). C-
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D: some features of the conventionally considered I-f relation. C: primary range of 

tiring for S vs. ETl vs. FF MNs of the adult cat. Note progressively increasing Imin'^min 

and Imax'^max values (i.e., S < FR < FF), but identical f/I slopes (the latter being 

somewhat of an open issue; see, e.g., McDonagh et al. 1998a). D: characterization of I-f 

relation of a single generic MN within the primary range of firing, using only three 

parameters; Imitr ^min' slope (note arrows). A second linear relation (dashed 

line) characterizes the I-f relation of the quite rare secondary range of firing. Note that if 

a secondary range is not present (by far the usual case), Imax ^max shown) are 

assigned to the uppermost data point of the primary range. If a secondary range is 

present, Imax ^max assigned to the data point at its upper end, whereas the data 

point that separates the two ranges is designated as Itrans'^trans- Modified from Binder et 

al (1993; their Fig. 1 A, C). 

subprimary range (Kudina 1999). The relationship between this observation and current 

work on experimental animals must await further evaluation (see also Matthews 1999; 

Piotrkiewicz 1999). 

Minimum frequency of repetitive firing (fmin)- MNs under barbiturate 

anesthesia, f^^jn significantly correlated with the reciprocal of the duration of the AHP 

of different MN types (Kemell 1965c). For example, S MNs examined in anesthetized 

cat preparations possess a lower f^^i a longer duration of the AHP than F MNs 

(Gustafsson and Pinter 1984a; Kernell 1965c; Zengel et ai. 1985). Furthermore, 

pharmacological manipulation of the conductances underlying the slow component of the 

AHP is thought to substantially alter these cells' fmln- Convincing experimental 

evidence on this point is lacking, however (see 2.6.3. below). In turtle MNs without the 

effects of anesthesia, however, a significant correlation has not been found between 

AHPfjurmjon fmin (McDonagh et al. 1998a). This issue is addressed below in 

Chapter 3. 
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Studies on humans have demonstrated several interesting features concerning fmin-

For example, for a population of human MUs in the extensor digitorum communis 

muscle that must have included both S and F categories, fmin during graded voluntary 

contractions was quite consistent at 8 Hz from the lowest-threshold, type S MUs to the 

highest-threshold, type FR and FF MUs (Monster and Chan 1977). This observation has 

been confirmed in several other studies (for refs., see Fuglevand et al. 1993, 1999). It 

indicates that at fmin' '^he lower-threshold MUs generate relatively more of their force 

than the higher-threshold units (Fuglevand et al. 1993, 1999). It remains somewhat 

puzzling, however, that some studies on humans have reported that the value of fmin 

increases systematically with recruitment threshold (e.g., Kanosue et al. 1979; see also 

De Luca et al. 1982; Sant'Ambrogio et al. 1969). 

In evaluating the above studies on humans, at least two technical problems must be 

kept in mind. First, it is difficult to maintain secure MU isolation and accurate firing-rate 

measurements as muscle force increases above ~ 30% of the maximum voluntary 

contraction (Fuglevand et al. 1993). Second, the force measured in such studies is 

usually not limited to those muscles in which the test MU is located (for further technical 

details and problems, see Binder et al. 1996; particularly the discussion of their Fig. I). 

While it is attractive in a comparative sense to compare fmin issues across vertebrates, 

the above-cited studies on humans should all be considered a stimulus for further inquiry 

(see also Jones and Bawa 1999; Kudina 1999; Matthews 1999; Piotrkiewicz 1999). 

Slope of the I-f relation (f/I slope). The I-f relation is a near steady-state parameter 

which gives insight into the degree of rate coding that occurs as the MU develops force. 

It is sometimes purported to have an initial (primary) and a subsequent (secondary) range 

of MN discharge (i.e., recall Fig. 2.2 above). This latter range has been seen in -50% or 
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less of hindlimb MNs tested in barbiturate-anesthetized in vivo cats (Kemell 1965b, 

1979), and is not present in anesthetized decorticate, spinalized cats (Baldissera and 

Gustafsson 1971), or in unanesthetized, decerebrate cats (Brownstone 1989; Brownstone 

et al. 1992; Granit et ai. 1966; see also Binder et al. 1996; Schwindt and Crill 1982). 

Furthermore, a secondary range is not readily apparent in the in vitro turtle SC slice 

preparation (McDonagh et al. 1998a; cf., however, Hounsgaard et al. 1988b). 

The primary range of firing in turtle MNs involves a relatively linear correlation 

between current intensity and the frequency of discharge (Hounsgaard et al. 1998b; 

McDonagh et al. 1998a). There is claim that the primary-range f/I slope does not vary 

systematically across the cat MN pool (i.e., S = FR = FF, Fig. 2.2C; Kemell 1965a, 

1965c; Binder et al. 1993). In turtle MNs, however, a trend has been noted for the f/I 

slope to increase as Imin decreases (i.e., steeper slopes for lower-threshold MNs; 

McDonagh et al. 1998a). This issue is addressed further in Chapter 3 below. 

The f/I slope is determined by a number of voltage-sensitive conductances activated 

with varying stimulus intensities. A model of MN firing based on voUage-clamp analysis 

of various ionic currents in cat MNs has recently been developed to replicate the I-f 

relation (Powers 1993) across the MN pool. This "threshold-crossing" model 

incorporates at least two voltage-dependent K"*" conductances with different kinetics of 

activation (likely mimicking both the K[)r and conductances), a low and a high 

threshold Ca2+ conductance, and a variable threshold of AP initiation that increases with 

higher stimulus strength. 

While the reproduction of the I-f relation using Powers' (1993) model is consistent 

with the input-output functions reported for cat MNs, not all vertebrate MNs, including 

the turtle, exhibit similar features (e.g., the lack of a secondary range of steady-state 
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firing in tunle MNs; McDonagh et al. 1998a). Certain features of the model, however, 

may generalize to the I-f relation of MNs across different species. For example, there is 

the claim that the conductance underlying the duration of the AHP is a primary 

determinant of the f/I slope (Binder et al. 1993). This argument is based on the finding 

that the pharmacological reduction of the conductance underlying the AHP not 

only alters (see above), but also results in a significant increase in the f/T slope 

(Chandler et al. 1994; Viana et al. 1993; Nishimura et al. 1989). This issue is touched 

upon in Chapter 4 below. 

The conductance(s) underlying the AHP cannot, however, completely account for the 

slope of the I-f relation. Otherwise, differences in the magnitude of the AHP across a 

MN pool would generate quantitatively different f/I slopes (i.e., FF MNs with a relatively 

short AHP duration would have steeper f/I slopes, which is clearly not the case). 

Experimental determination of the f/I slopes of cat MNs, however, has demonstrated 

allegedly a lack of significant differences across MN types (Kemell 1965b; Kemell 

1979). Although not highlighted in the literature, a second prominent MN property that 

must be responsible for the slope of the I-f relation is the Rjsj, as determined primarily by 

the resting leak conductance and other voltage- and possibly ligand-gated channels open 

in the quiescent state. For a given sub-threshold IC-current stimulus to a MN pool, cells 

will respond ohmically, with cells possessing greater values (type S MNs) 

experiencing larger voltage displacements than cells with smaller values (type FF 

MNs). Furthermore, during supra-threshold stimuli, the cells with higher R^ values will 

continue to experience a greater sensitivity to changes in current stimuli as well. If R^ 

were the only determinant of the f/I slope, type S MNs would experience a greater 

increase in discharge frequency than FF MNs for a given current stimulus above 
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threshold. Therefore, a combination of the differences in the duration and magnitude of 

the AHP, coupled with the differences in Rjsj across the MN pool, may produce 

quantitatively similar f/I slopes across the different MN types. Recall, however, that data 

from our laboratory has shown that the lower-threshold MNs have a steeper f/I slope 

(McDonagh et al. 1998a). This point is emphasized because further speculation on the 

mechanisms of the f/I slope should await more consensus on whether or not its value 

varies systematically across the MNs of a given spinal motor nucleus. 

Saturation of fmnr ^"/ relation. During IC stimulation of vertebrate MNs at 

very large strengths, spike-frequency has been shown to saturate at high levels and, 

oftentimes, to cease firing altogether (Kernell 1965c). This saturation has also been 

observed during sensory afferent stimulation (Burke 1968; Cordo and Rymer 1982), 

following stimulation of brainstem centers (Brownstone et al. 1992; Tansey and 

Botterman 1996), and during voluntary muscle contractions in both cats (Hoffer et al. 

1987) and humans (De Luca et al. 1982; Monster and Chan 1977). The mechanisms of 

this saturation are not well understood, however. A previous investigation in the in vivo 

anesthetized cat provided a correlation between the reciprocal of the AHP and the 

absolute fmax' indicating that the saturation of a conductance (or conductances) may be 

partially responsible for decreasing the accommodation of the spike-generating 

mechanism (Kernell 1965c). Accordingly, MNs with the typically shortest duration of 

the AHP (type FF MNs) should theoretically attain the highest firing rates. This finding 

is controversial, however, and it is not necessarily observed in other preparations 

(McDonagh et al. 1998a). Furthermore, low-threshold MUs often attain higher firing 

rates than high-threshold units during the voluntary muscle activity of both cats (Hoffer 

et al. 1987) and humans (Monster and Chan 1977). Clearly, the saturation of f^ax 
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upper end of the I-f relation requires far more extensive investigation, a point that is 

expanded upon below in Chapter 4. 

2.5.3. Significance of the effective synaptic current (I^) 

Regardless of saturation effects, MN discharge can be approximated over a wide 

range by a simple linear relation characterized by three parameters, Imin' ^min' 

slope, as defined above. As shown in Fig. 2.ID, the Imin describes the "bias", or 

threshold, of the I-f relation, and the fmin ^nd f/I slope establish its "gain", or sensitivity. 

This function can be expressed by the following equation: f = fmin + ((^N " ^min) * 

slope}, where 1^ is defined as the effective synaptic current (i.e., the current actually 

seen at the trigger zone from various synaptic sources). Heckman and Binder (1988) 

were the first to develop a modified voltage-clamp technique to measure Ijsj at the MN 

soma following stimulation of homonymous la afferents. The technique involves IC 

recording in the current-clamp mode and balancing the voltage displacement due to a 

synaptic input by the intracellular injection of current (1^) which returns to its 

control value. Subsequent to its initial use (Heckman and Binder 1988), it was refined 

subsequently (Lindsay and Binder 1991) for the measurement of subthreshold (passive) 

MN responses. The technique was then extended to the study of the various synaptic 

currents driving repetitive MN discharge (Powers et al. 1992; for further developments, 

see Binder et al. 1996). 

If the above variables concerning the threshold and slope of the I-f relation were to 

remain constant, the change in discharge frequency would be a function of I{sj alone. 

MNs would then behave passively in their response to synaptic input, as was initially 

postulated (Eccles 1957; Granit et al. 1966), and an essentially linear input-output 
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function would hold true. It has been shown, however, that extrinsic factors can 

substantially alter this critical and fundamental relationship such that a non-linear input-

output function is now thought to prevail during natural movements (Hultbom 1999). 

2.6. EXTRINSIC VS. INTRINSIC CONTROL OF MN PROPERTIES 

2.6.1. Issues of definition 

Intrinsic MN properties. The intrinsic properties of MNs depend on only those 

conductances operating when the cells are "at rest" (i.e., devoid of neuromodulatory 

and/or synaptic input, at least to the extent that is experimentally possible). Our 

laboratory uses the term "quiescent state" for that period during which the MN is closest 

to allowing demonstration of its true intrinsic properties. As emphasized above, the 

majority of research on such properties has been performed in the anesthetized in vivo cat 

preparation, where a minimal amount of spontaneous synaptic or neuromodulatory input 

may contribute to the measured properties of the test MNs (Schwindt and Crill 1984). In 

this state, MNs behave essentially passively (i.e., linearly; voltage independent) in 

response to synaptic input, summing all IC-injected and synaptic currents algebraically at 

the trigger zone for the generation of APs (Granit et al. 1966). The membrane is capable 

of generating a sequence of APs, with the magnitude of rapid depolarization of each 

single spike usually followed by repolarization of somewhat greater magnitude back to 

exceed the control (see Fig. 2.1 above). 

In both in vivo and in vitro preparations, however, spontaneously discharging 

pre motor INs complicate the study of intrinsic MN properties. In the turtle SC slice 

preparation, for example, it has been estimated that approximately 38% of the 

intermediate gray and ventral-horn ENs exhibit spontaneous discharge in a control bathing 
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medium (McDonagh et al. 1998a; see also Hounsgaard and Kjaerulff 1992). Presumably, 

at least some of these INs exert their excitatory or inhibitory sub-threshold synaptic 

influences on the test MNs, thereby changing measured intrinsic properties. In vitro 

preparations offer the advantage of two possible direct manipulations of the bathing 

medium to reduce this spontaneous input. First, reduction of the external Ca2 + 

concentration can decrease presynaptic release of neurotransmitters and neuromodulators 

(del Castillo and Stark 1952). Due to the dependence of many intrinsic conductances on 

the Ca-"*" electrochemical gradient (Hounsgaard and Mintz 1988), however, the above 

experimental strategy may alter intrinsic MN properties. A second method is to apply 

exogenously some of the basic inhibitory and excitatory neurotransmitter antagonists that 

exist endogenously in the SC. This latter strategy may reduce at least some of the 

spontaneous synaptic input, but again, possibly at the expense of changing intrinsic MN 

properties (see Chapter 3). Unfortunately, the extent of such a reduction of spontaneous 

synaptic potentials is currently unknown. This is primarily due to the wide diversity of 

endogenous neurotransmitters and neuromodulators that may exert their influences on 

test MNs. This seldom-discussed issue is addressed below in Chapter 3. 

Extrinsic MN properties. Recently, it has become increasingly apparent that several 

ionic conductances may be modified by different synaptic and neuromodulatory inputs to 

the MNs and thereby altering a cell's input-output function. Such inputs can modify the 

intrinsic MN properties via ionotropic (ligand-gated ion channel) and metabotropic (G-

protein mediated) receptor activation. Classic ionotropic neurotransmitters (e.g., 

acetylcholine [Ach], glutamate, glycine, y-amino-butyric-acid [GABA]) serve to briefly 

increase the conductance (and decrease Rjsj) of the MN membrane through activation of 

ligand-gated ionic channels (Binder et al. 1996). Conversely, neuromodulatory agents 
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elicit their effects for longer duration through activation of metabotropic receptors and IC 

(cAMP or Ca2+-dependent) messenger systems, modifying those conductances that 

contribute to the intrinsic MN properties. Importantly, most ionotropic transmitters have 

been shown to operate as neuromodulators as well (Hille 1992). 

In an attempt to reproduce the state of the CNS during normal activity, investigators 

in this field evoke extrinsic influences in both in vivo and in vitro preparations via two 

generalized methods. The direct application of various neuroactive agents to the 

environment bathing the MNs is referred to as chemostimulation, which may or may not 

generate a pattern of movement. The second method is through the chemical, 

mechanical, or electrical activation of a rhythmic motor pattern, the two most common 

being locomotion and breathing, and important and significant others being scratching 

and chewing (for review. Stein 1999). 

Chemostimuiation. In recent years, research on the extrinsic modulation of MN 

properties has made necessary a modification of the presumed passive response of MNs 

to synaptic and IC-injected input. Schwindt and Crill (1977, 1980a-c) were the first to 

identify a persistent, inward current in cat lumbar MNs that could occur in the absence of 

extrinsic inputs. It was often increased, however, following pharmacological reduction of 

K"*" conductances or the topical application of penicillin. This inward current resulted in 

a negative slope conductance (N-shape) in an I-V^^ plot, indicating that MN behavior; 1) 

was not entirely linear in response to synaptic and/or IC-injected current; and, 2) can be 

modified by exogenous agents. A flurry of further research in a variety of vertebrate and 

invertebrate preparations has revealed that intrinsic MN properties are modulated by 

various neurotransmitters and neuromodulators within the SC. These agents are capable 

of eliciting several non-linear membrane properties, including plateau potentials and 
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rhythmic oscillations, as described below (Hultbom and Kiehn 1992; Pearson and 

Ramirez 1992). The generation and presence of the plateau potential (PP; Kiehn 1991; 

Pearson and Ramirez 1992) and rhythmic oscillations (Grillner and Wallen 1985, 1999; 

Wallen and Grillner 1987) have been shown to be particularly important components of 

the active MN's repertoire. Examples of both of these processes are provided in Fig. 2.3. 

The plateau potential (PP). At a first approximation, a PP is defined as a sustained 

epoch of depolarization that may (or may not) outlast its excitatory stimulus by several to 

tens of ms (see Chapts. 4-5 below). Termination of the PP occurs either spontaneously or 

by IC-injection of a brief hyperpoiarizing pulse (Hounsgaard et al. 1988a). PPs has been 

demonstrated throughout the CNS of invertebrates and vertebrates, with selected of their 

propenies being species-dependent (Kiehn and Eken 1998; Pearson 1993; Pearson and 

Ramirez 1992; Selverston 1998, 1999). They have even been recorded in as 

phylogenetically "new" CNS tissue as slices of rat (Schwindt and Crill 1999) and human 

(Sayer et al. 1993) neocortex. 

For the animal species focussed upon in this study (turtle and cat), the onset of PPs is 

thought to be primarily dependent on the voltage-gated activation of a relatively slow-

onset, slowly- or non-inactivating Ca-"*" conductance. It is likely that the relevant Ca2+ 

channels are more predominant in the distal dendrites than in the more proximal ones and 

in the soma (Delgado-Lezama et al. 1999; Heckman and Lee 1999a-b; Hounsgaard and 

Kiehn 1993; Lee and Heckman 1996). In at least the decerebrate cat, a persistent Na"*" 

inward current also contributes to the PP (Lee and Heckman 1997, 1998c; Prather et al. 

1988; see also: Chandler et al. 1994; Heckman and Lee 1999a-b; Mosfeldt-Laursen and 

Rekling 1989). The relative location of these Na+ channels has not yet been studied, 

however. It is also known that the above two currents are present in the PPs of many 
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FIG. 2.3. Non-linear behavior of cat, turtle and lamprey MNs. PP behavior in cat (A-
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D), and turtle {E-F) ,  and lamprey (C) MNs. A-D: shifts in the excitability of 2 MNs in an 

acute spinal cat following administration of the 5-HT precursor, 5-hydroxytryptophan (5-

HTP). A: note sustained, extremely rapid firing in P' cell, initiated and terminated by a 

brief IC-injected stimulus pulse (depolarizing and hyperpolarizing, respectfully). Note 

the post-onset (depolarizing) stimulus PP on which the still-repetitive-firing APs are 

superimposed. B-D: response of 2"*^ cell following IC-injection of 17 {B), 18 (C), and 19 

(D) nA depolarizing pulses. Note onset of PP behavior at 18 nA, with firing sustained 

well beyond termination of the stimulus. Modified from Hounsgaard et al., 1988a; their 

Figs. 6A [A] and 7A-C [B-D\). E-F: IC-recorded response of a turtle MN in an in vitro 
SC slice to an IC-injected depolarizing stimulus (1.6 nA) in the presence of 10 |iM 5-HT. 

MN spike-frequency (E) increased throughout the duration of 1.6 nA stimulation, with 

subsequent after-discharge, both being indicative of PP behavior. Subsequently, the AP 

spikes were abolished following 1 (iM TTX application (F) to reveal the PP, which was 

largely abolished after the further application of 10 ^iM nifedipine. Modified from 

Hounsgaard and Kiehn (1989; their Fig. 5). G: IC-recorded oscillations of a lamprey 

MN (in vivo preparation) following application of NMDA and 3 fiM TTX to the bathing 

medium. Opening of voltage-dependent NMDA channels resulted in a rapidly 

depolarizing, mixed Na'^'/Ca^"'" current. (Note: Ca2+ entry activates K'^'ca channels, 

leading to gradual repolarization and PP formation. Repolarization below voltage 

threshold of NMDA channels (blocked by Mg2+) causes NMDA channel closure and 

rapid repolarization. IC sequestration and handling of internal Ca2+ then decreases 

K+Ca current, leading to gradual depolarization to voltage threshold for NMDA 

channels. Modified from Grillner et al. (1991; their Fig. 4A). 

neuron types across many vertebrate and invertebrate species. Other persistent currents 

(e.g., the non-selective cationic current, Ican) contribute in a more species-

selective manner that apparently excludes the turtle and cat (Perrier and Hounsgaard 

1999). 

Across both invertebrates and vertebrates, the manifestation of PPs in MNs is 

facilitated by monaminergic and other neuormodulatory inputs. The primary mechanism 

thought to elicit PPs has been attributed to a reduction in the outward currents (i.e.. 
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decreasing K""" conductance), which renders the neuron incapable of counteracting the 

inward Ca-"*" current (Deigado-Lezama and Hounsgaard 1999; Hultbom 1999; Selverston 

1999; Schwindt and Crill 1984). At least in turtle MNs, neuromodulatory input may also 

enhance the inward Ca2+ current as well (Deigado-Lezama and Hounsgaard 1999). In 

mammalian MNs, PP generation seems to require the presence of descending or spinal 

monaminergic input. In a series of experiments on the in vivo decerebrate cat 

preparation. MNs were shown to demonstrate PPs spontaneously, which were 

subsequently abolished following acute spinalization (Hounsgaard et al. 1988a). 

Intravenous administration of monoaminergic precursors restored PP activity in these 

motoneurons, indicating their dependence on supraspinal monoaminergic input (Conway 

et al. 1988; Hounsgaard et al. 1988a). More recent investigation of PP activity has 

demonstrated its generation in cat MNs following focal application of the noradrenegic 

al agonist, methoxamine. This agent has been shown to potentiate and prolong PPs in 

cat MNs. and augment self-sustained MN discharge by depolarizing the cell, reducing its 

AHP amplitude, and increasing its sustained inward positive current (Bennett et al. 

1998a-b: Lee and Heckman 1998a-b). 

Many more details on the PP are presented below (section 2.4.3) as they provide the 

neuron with a means of increasing its firing rate response to a given increment of 

depolarizing pressure and prolonging discharge with minimal excitation (Heckman and 

Lee 1999a-b; Hultbom 1999). From the outset, it must be emphasized, however, that 

while the PP may increase a MN's fmax' ^he peak value of this parameter may be 

obtained by an excitatory modulation that does not bring on a PP: i.e., the peak firing rate 

attainable by a MN is dependent on neuromodulatory input to the cell, but nor necessarily 

the presence of a PP. 
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Rhythmic oscillations. These potentials (Fig. 2.3G) have no general definition as yet. 

Rather, the term was first used by Wallen and Grillner (1987; see also Grillner and 

Wallen 1999) to describe a rhythmic, non-inactivating oscillation in brought on by 

activation of N-methyl-D-aspartate (NMDA) receptors. The resultant TTX-resistant. 

Mg2+-dependent oscillations in were first recorded in spinal MNs and selected INs 

in an in vitro lamprey preparation. It can be anticipated that such oscillations will 

eventually be shown to generalize across all vertebrates: i.e., including the human 

(Gurflnkel et al. 1998, 1999). For example, oscillatory activity like that shown in 

Fig. 2.3G for the lamprey (see also Sigvardt et al. 1998) has now been seen in a variety of 

other non-mammalian and mammalian MNs in in vitro SC and brainstem preparations. 

These demonstrations have followed the application of NMDA to the bathing medium in 

several species: e.g., turtle, Mintz (1985), Guertin and Hounsgaard (1998a); neonatal rat, 

Hochman et al. (1994); mature mouse, Jiang et al. (1999a-c); and, guinea pig. Chandler et 

al. (1994). 

In the lamprey, the ionic mechanisms of NMDA receptor-induced, MN oscillations 

have been determined to be primarily regulated by a voltage- and NMDA-receptor -

dependent increase in conductance to Na"*" during the depolarizing phase, and activation 

of channels in the repolarizing phase. Dissipation of elevated IC Ca-"*", through 

either sequestration or return to the external environment, decreases this K"*" current and 

gradually depolarizes the cell back to the voltage threshold for the reopening of NMDA 

channels such that the oscillations continue (Grillner and Wallen 1999; Grillner el al. 

1991). During the depolarizing phase, there appears to be but a minor contribution from 

Ca2+ channels (Matsushima et al. 1993). In contrast, in turtle MNs, it has been shown 
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recently that NMDA-induced oscillations depend on current transferred by both 

NMDA receptor channels and L-type Ca-"*" channels (Guertin and Hounsgaard 1998a-b). 

Note, however, that activation of PPs, alone, in turtle MNs does not lead to rhythmic 

oscillations (Hounsgaard and Mintz 1989). 

Rhythmical motor patterns. Imposing extrinsic controls upon the MN via activation of 

a rhythmical motor pattern can be achieved in both in vitro and in vivo preparations by 

one of three methods. These include: I) electrical stimulation of descending command 

systems; 2) electrical or mechanical stimulation of sensory afferent systems; or 3) direct 

application of various neurotransmitter agonists (Stein 1999; Stein et al. 1997). The 

motor pattern can be recorded in the freely moving animal by measurement of kinematic 

and kinetic parameters, and by electroneurographic (ENG) and/or electromyographic 

(EMG) recordings from the active nerves and muscles, respectively. 

Rhythmical motor patterns can also be recorded in the fictive state, when the CNS is 

generating the efferent output to the paralyzed musculature, as recorded with ENGs in the 

presence of neuromuscular blocking agents, or following section of the muscle nerves. 

The associated efferent activity is relatively similar to the output during intact movement 

(Stein 1999; Stein et al. 1997), albeit lacking some-to-many of the details of fine motor 

coordination and postural control which require sensory afferent input from active 

muscle, joint, and cutaneous receptors (Hasan and Stuart 1988; Pearson and Ramirez 

1997). The main value of fictive preparations is that they allow delicate IC and EC 

recording in the absence of movement artifacts. 

IC recordings of single MN discharges during rhythmic motor activity, using sharp 

microelectrodes or whole-cell patch-clamping (the latter reviewed in McDonagh et al. 

1999b) was advanced considerably when Otsuko and Konishi (1974) developed a viable 
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neonatal rat SC preparation. This was followed a decade latter by the development of a 

similarly viable brainstem-spinal cord preparation (Suzie 1984). Further refinements led 

to the demonstration by Smith and Feldman (1987) that the brainstem-SC of the neonatal 

rat was a valuable model for the study of brainstem and spinal pattern generation. In 

regard to the latter, there has been much subsequent success. A chronology of the 

advances on spinal MN measurements and inferences about spinal IN pattem-generating 

activity (during locomotion-inducing behavior) includes studies by: Smith et al. (1988); 

Cowley and Schmidt (1994, 1995, 1997); Schmidt (1994); Hochman et al. (1994); 

Edwards et al. (1997); MacLean et al. (1997, 1998); Hochman and Schmidt (1998); and, 

Schmidt et al. (1998). Particularly relevant to the present discourse were the MN 

measurements of: 1) Rpj and AHP (Schmidt 1994) using sharp microelectrodes (30-80 

MQ); the I-f relation (Edwards et al. (1997) using 50-85 MQ microelectrodes (see 

McDonagh et al. 1999b); and 3) rhythmic membrane voltage oscillations using "blind" 

whole-cell patch clamping (Hochman et al. 1994; MacLean et al. 1997, 1998; Hochman 

and Schmidt 1998), with some intriguing examples of repetitive firing also included. As 

emphasized above, while sharp microelectrode and patch-clamp recording have been 

applied successfully to the SC, they been restricted largely to the study of MNs in very 

young animals (0-14 d-old; e.g., Thurbon et al. 1998). During this developmental period, 

there is a substantial degree of synaptic and ion-channel remodeling such that 

extrapolation of patch-clamp data on newborn and neonatal animals to the adult must be 

approached with caution (Jiang et al. 1999b; Takahashi et al. 1992). Recently, however, 

an in vitro, adult mouse SC preparation has recently been developed in Brownstone's 

laboratory for the study of locomotor pattern generation (Jiang et al. 1999a) and 

repetitive-firing properties (Carlin et al. 1998; Jiang et al. 1999b-c). These various 
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advances promise much for future studies on the neuromoduiation of the MN's repetitive 

firing properties. 

2.6.2. Advances and issues concerning the PP in MNs 

Historical aspects. Russell and Hartline (1978) were the first to emphasize the ubiquity 

and importance of PPs in invertebrate neurons, citing work undertaken in several 

laboratories (for more recent advances, see below). For vertebrates, Schwindt and Crill 

(1977, 1980a-c) first recorded a persistent inward current in cat MNs, presumably similar 

to the PP as currently defined. Shortly beforehand, Hultborn's laboratory had 

demonstrated that short-lasting, afferent synaptic excitation resulted in a sustained 

increase in cat MN excitability and discharge (Hultbom et al. 1975). This maintained 

discharge was terminated by short-lasting inhibitory afferent stimuli. The authors 

initially hypothesized that they had activated a reverberating circuit (viz. Forbes et al 

1929; for another interesting historical precedent on cats, see Granit et al. 1957). 

Subsequent research (Hounsgaard et al. 1984) confirmed the Schwindt and Crill (1980) 

findings of a persistent inward current in vertebrate MNs. Shortly thereafter, the 

Hultbom laboratory further characterized this behavior with the observation that brief, 

IC-injected depolarizing and hyperpolarizing current stimuli could also initiate and 

terminate, respectively, AP sustained discharge (Hounsgaard et al. 1988a; see Fig. 2.3A 

above). The investigators demonstrated that PPs can occur spontaneously in the 

decerebrate cat preparation, are abolished following spinalization, and restored following 

intravenous injection of serotonergic and noradrenergic precursors (see Fig. 2.3B-D 

above; Conway et al. 1988; Hounsgaard et al. 1988a). These results allowed the authors 

to conclude that the generation of PPs in MNs is likely dependent on descending, 

monoaminergic input to the motor pool. 
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Nearly simultaneously, PP behavior was measured quite precisely in turtle MNs in a 

SC slice preparation following application of 5-HT to the bathing medium (Hounsgaard 

et al. 1988b; see Fig. 2.3 E-F above). In response to IC-injected current, turtle MNs 

maintained discharge following cessation of the stimulus. Prolonged discharge 

terminated either spontaneously or following brief hyperpolarizing stimuli, as turtle MNs 

did not demonstrate prolonged (> several s) PP-sustained AP firing as shown in the cat. 

Application of TTX and 5-HT (see Fig. 2.3D above) allowed the clear demonstration of 

the PP underlying AP discharge in turtle MNs. Further research has demonstrated that 

PPs can be generated following application of metabotropic receptor agonists for ACh 

and glutamate (Svirskis and Hounsgaard 1998), but not norepinephrine (Kiehn 1991; 

Kiehn et al. 1992). Stimulation of the dorsolateral funiculus in the in vitro SC slice has 

also elicited PPs in MNs through ACh, glutamate, and 5-HT pathways, as determined 

pharmacologically, even without ionotropic synaptic transmission. The PPs have 

subsequently been shown (Hounsgaard and Kiehn 1989) to be mediated largely by 

modulation of the L-type Ca2+ conductance (i.e., blocked by application of various 

dihydropyridines, including nifedipine). Yet to be determined in the turtle SC slice is a 

possible contribution to the PP of a persistent Na"*" current. A Ca2+ activated Na"*" 

current (Ican) has recently been demonstrated (Perrier and Hounsgaard 1999). It does 

not appear to contribute to the turtle MN's PP, however. 

Since the cellularly (mechanistically) impactful reports of Hounsgaard et al (1988a) 

and Hounsgaard and Kiehn (1989) on turtle MNs, there has been an explosion of interest 

in PPs among cellular vertebrate (including mammalian) researchers. 

Significance of PP studies on invertebrates and vertebrates. Examination of various 

invertebrate species has provided valuable information on the intrinsic ionic 
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conductances of the PP and extrinsic influences responsible for their formation. 

Presumably, many of the findings will subsequently be shown to generalize across 

vertebrates as well, conceding some in-parallel species specializations. For example, in 

the stomatogastric ganglion (STG) of the crab, a set of peripheral stretch receptor 

afferents releasing both ACh and 5-HT, has been shown to induce PPs in dorsal gastric 

MNs (Kiehn and Harris-Warrick 1992a). Direct application of 5-HT to the bathing 

medium of the STG generates a reduction in a Ca^^-dependent K"*" current, to result in a 

slow depolarization of the Vj-. Furthermore, the presence of 5-HT also increased the 

inward-rectifying sag current following hyperpolarizing current pulses. This increase 

was caused by a shift in the voltage activation curve of the conductance underlying 

(Kiehn and Harris-Warrick 1992b). The combination of a reduction in the K"'"-mediated 

outward current, and an increase in the inwardly directed I|-{, was shown to explain, at 

least in part, the induction of PPs in these MNs. 

These results confirmed a previous theory of a possible mechanism of PP generation 

first promulgated by Schwindt and Crill (1980a-c, 1984); namely, a reduction in outward 

K"*" conductances was thought to allow manifestation of the inward Ca^"*" conductances. 

This theory has been confirmed through direct pharmacological manipulation of K"'" 

conductances in the in vitro turtle SC slice preparation (Hounsgaard and Mintz 1988). 

Subsequent studies have inferred a reduction of K"^ conductances (through observation of 

changes in intrinsic membrane properties, specifically V^, Rjsj and AHP parameters) that 

may responsible for generation of PP behavior following application of metabotropic 

agonists. This has involved bath application of 5-HT, muscarine, and the metabotropic 

glutamate agonists, cis- and trans-1-amino-1,3-cyclopentanedicarboxylic acid (cACPD, 
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tACPD; Hounsgaard and Kiehn 1989; Kiehn et al. 1997; Svirskis and Hounsgaard 1995, 

1998). In turtle MNs, 5-HT-induced generation of the nifedipine-sensitive PP has been 

attributed, in part, to a reduction in the K^a-s current (Hounsgaard and Kiehn 1989). 

Both muscarine and ACPD have been shown to increase Rjsj and generate PPs via the L-

type Ca2+ conductance. Furthermore, inhibitory neuromodulation via application of the 

GABAg agonist baclofen, was shown to increase K"*" conductances (through a increase in 

Vj. and reduction in Rjsj) thereby inferred to decrease PP activity in turtle MNs in the SC 

slice preparation. It is still not clear, however, if these modulators bring out a causal 

effect of R^t on the generation of PPs (Svirskis and Hounsgaard 1998), although 

reductions in outward conductances will certainly assist inward regenerative (PP) 

conductances. More recent reports (Russo and Hounsgaard 1999), however, suggest that 

alterations in outward K"*" conductances are not necessary for PP generation and 

suppression, and metabotropic agents likely modify Ca2+ conductances directly 

(Delgado-Lezama and Hounsgaard 1999). It is more likely that neuromodulation elicits 

changes in a number of intrinsic MN conductances simultaneously, including both inward 

and outward currents, to elevate or reduce MN excitability through multiple mechanisms. 

Relation to spike-frequency adaptation. In the absence of PPs, MN discharge in 

response to the IC injection of a depolarizing current step is to first reduce quickly (1^' s 

of stimulation; i.e., initial adaptation) and substantially decrease in firing rate (early 

adaptation). Over the next several s, MN firing rate decreases less rapidly and to lesser 

degree (late adaptation). In the presence of PP behavior, initial spike-frequency 

adaptation may be reduced somewhat, but late adaptation is retained, at least during 

relatively short-lasting (1-2 s) tests. How the PP interacts with adaptive spike-frequency 
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processes is currently unknown, particularly when considering sustained vs. repetitively 

activated MN behavior. A key problem in resolving this issue is that IC-current injection 

more easily activates Na"*" spikes of the initial segment/soma than do PP currents that 

arise largely in the dendrites. This arrangement suggests that PP potentials should have 

relatively little effect on initial adaptation (i.e., within the first 0.5 s of repetitive 

discharge) while retaining the capability to reverse late adaptive processes that occur after 

the first s of discharge (for a complete review of adaptive mechanisms, see Powers 1999). 

Bistable firing and PP formation. This term was introduced by Hounsgaard et al. 

(1984, 1988a; see also Conway et al. 1988; Crone et al. 1988) to describe the firing phase 

in which a MN was exhibiting a PP. The term has confiised many because it seems to be 

a more appropriate term for description of the capacity of the neuron to have two states: 

i.e., to generate APs either without (conventional firing) or with an underlying PP. Such 

bistability was observed in the initial Copenhagen studies of the PP in the decerebrate cat 

preparation (e.g., Hounsgaard et al. 1988a). It was also claimed to occur in MU firing 

patterns observed in freely moving rats (Eken and Kiehn 1989; see below). It has been 

shown subsequently, however, that PPs may wax and wane in MNs, with their presence 

and extent depending on the moment-to-moment inputs received (Bennett et al. 1998a-b: 

Eken 1998; Eken and Kiehn 1989; Lee and Heckman 1998a-b), and possibly on MN type 

(see below). Furthermore, as reviewed recently by Hultbom (1999), it is now known that 

PPs can appear at very low threshold in at least the mature mouse SC preparation (Carlin 

et al. 1998; see below), the decerebrate cat (Bennett et al. 1998a-b) and possibly the 

conscious human (Gorassini et al. 1997, 1998, 1999a, 2000; Kiehn and Eken 1997). 

Manifestation of PPs in relation to MN type. In their studies on decerebrate cats, Lee 

and Heckman (1998a-b) encountered "fully bistable" MNs which could sustain discharge 



63 

for several s, whereas "partially bistable" MNs could generate only 1-2 s of self-sustained 

discharge. This latter short-lasting effect may be due to the activation of a slow outward 

current of as yet unknown origin (Lee and Heckman 1999b). The fully bistable MNs 

were of lower threshold (provisional type S and low-threshold FR) MNs than the partially 

bistable group (provisional higher-threshold FR and FF MNs). The implication of this 

finding is that MNs supplying slow-twitch MUs are more likely to generate PPs than 

those to fast-twitch MNs, as was emphasized recently by Heckman and Lee (1999a-b) 

and Hultborn (1999). The relationship between MN/MU type and PF propensity is an 

important one, and clearly deserving of subsequent study. 

Interactions between PPs and synaptic or IC-injected current. Another important 

question addressed recently concerns the efficacy of synaptic or IC-injected current to a 

MN during PP behavior. In the original studies detailing PP behavior in the decerebrate 

cat preparation, the Hultbom laboratory discovered that IC stimulation of lumbar MNs 

with a triangular-wave depolarizing stimulus produced a PP during the increasing ramp-

up stimulation, causing an acceleration of the firing rate and an increase in the f/I slope. 

Once activated, the PP maintained or slightly increased spike-frequency, which 

subsequently slowed quite gradually during the decreasing IC ramp stimulation. The 

resultant I-f relationship during the IC triangular ramp stimulation produced a counter

clockwise hysteresis (i.e., a leftward shift of the I-f relation) that was not present in the 

absence of a PP (Conway et al. 1988; Hounsgaard et al. 1988a). The specific cellular 

mechanisms for PP generation were not explored in these studies, but were thought to be 

primarily due to activation of the L-type Ca2+ conductance as determined subsequently 

in turtle MNs (see above). Furthermore, changes in the f/I slope were not quantitated, 

and were perhaps confounded by adaptive processes that may have occurred in the cells 
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during their continuous IC stimulation (Kemell and Monster 1982; McDonagh et al. 

1998b; Sawczuk et al. 1995; cf., however. Powers 1999). 

In response to synaptic inputs, the Hultbom laboratory originally reported that 

excitatory and inhibitory synaptic inputs to MNs generate and terminate PPs similar to 

IC-injected depolarizing and hyperpolarizing currents, respectively (Conway et al. 1988; 

Hounsgaard et al. 1988a). More recently published results from the Hultbom laboratory 

have demonstrated additional qualitative MN behavior during PP formation in 

decerebrate cat preparations. Their overall experimental design is shown in Fig. 2.4. It 

emphasized use of; I) intravenous administration of 5-HT or noradrenergic agonists; 2) 

triangular-wave IC depolarizing stimulus; and 3) the above with and without synaptic 

input to the test MN, as evoked by muscle stretch. 

Fig. 2.4 demonstrates some of the results of Bennett et al. (1998a). With la afferent 

excitation (i.e., via homonymous muscle stretch), synaptic activation thought to occur 

primarily in the dendrites (Binder et al. 1996), may decrease the PP threshold due to the 

manifestation of PPs at some distance from the soma (Heckman and Lee 1999a-b; 

Hounsgaard and Kiehn 1993; Lee and Heckman 1996). This decrease was demonstrated 

by a reduction in the spike-frequency at which the PP was generated, indicated by an 

acceleration in firing. This decrease in PP threshold was sufficient to suggest that 

activation of a PP could occur before AP generation. Furthermore, reciprocal inhibition 

of the MN was shown to both shift the I-f relation rightward (as expected), and increase 

the PP threshold. In a subsequent paper, the Hultbom laboratory demonstrated a decrease 

in the PP threshold with repetitive stimulation (Bennett et al. 1998b). This phenomenon, 

known as "warm-up" or "depolarization-induced facilitation", was first shown in dorsal 
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FIG. 2.4. Triangular-wave activation of tiie PP in MNs in the decerebrate cat. A: 
schematic showing the experimental arrangement used in Hultbom's Copenhagen 

laboratory to show the effect of PPs on spinal MNs in the decerebrate cat (first used in 

Hounsgaard et al. 1984). Shown is PP activation of a gastrocnemius-soleus (GS) MN by 

IC current injection in presence of 5-HT, and with and without a steady synaptic input 

from la afferents via stretch of the homonymous (GS) muscle. Note that the PP can be 

terminated by the reciprocal inhibition produced by stimulation of the contralateral 

peroneal (CP) nerve. B: method for measuring PP threshold in such a MN. Shown is the 
A? discharge (clipped spikes) and V,^ responses to a ramp IC current injection. The PP 

threshold was defined as the point where the spike-frequency and (not shown) jump 

steeply (s). Note that the subsequent decrease in IC current stimulus (declining phase of 

ramp) did not fully reverse the steep jump in spike-frequency (i.e., the thin line shows the 
predicted firing rate in the absence of a PP). In this particular example, the PP threshold 

occurred at a spike-frequency of 27 Hz, and the PP continued after the cell stopped firing 

(off plateau at arrow). C: spike-frequency plotted against current for the data. Arrows 

indicate the direction of time. Note the counter-clockwise hysteresis and self-sustained 

firing (i.e., discharge on declining limb of the plot that is below the threshold current for 

the MN's initial [ascending limb] discharge). D-E: influence of tonic synaptic input on 

the PP of a single GS MN. Shown are the spike-frequency responses to the IC injection 
of a triangular stimulating current in the absence of any other form of stimulation (middle 

plots), vs. during sustained muscle stretch to produce tonic EPSPs vs. sustained 

stimulation of the contralateral peroneal (CP) nerve (left-side plots) to produce tonic 

IPSPs. The D traces show spike-frequency and triangular stimulus current vs. time, and 

the E traces are from the same data, plotted as spike-frequency vs. the rising phase of the 

stimulus current. Arrows show the onset of a PP, being lower during EPSP activation, 
and higher during IPSP activation. Modified from Bennett et al (1998a; their Figs. 1 [A-
q and 2 [D-E]). 

and ventral horn cells in the turtle SC and was blocked with nifedipine (for review, Russo 

and Hounsgaard 1999). Warm-up is thought to be due to the different closed states (or 

mode switching) of the L-type Ca2+ channels, which are gradually opened with repeated 

excitation (Artalejo et al. 1990; Pietrobon and Hess 1990). 
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Bennett et al (1998a) were able to demonstrate a reduction in the threshold for the 

PPs during triangular-wave stimulation following blockade of the somatic Na''"-channel-

dependent APs with IC-injected QX-314. (For subsequent caveats on the use of QX-314 

for studying dendritic channels, see Lee and Heckman 1999b). PP generation was 

identified as a sudden "jump" in (their Fig. 4). In this stale, slow sinusoidal la 

afferent stimulation (to generate excitatory synaptic input) and IC injection of bias 

currents allowed investigation of the presumed synaptic profile during sub- and 

supra-threshold PP behavior. Fig. 2.5A-B shows hysteretic profiles of MNs during dual 

sinusoidal stretches and IC-injected bias currents. In Fig. 2.5C, the response of the MN 

at -9 nA hyperpolarizing bias current (presumed to be below threshold for PP behavior) 

was subtracted from the other responses shown. This manipulation of the data was 

performed to remove the effect of synaptic input from the records, and reveal the 

responses of the MN at a more depolarized Vm, where the influence of the PP could be 

demonstrated. With gradually increased IC excitation (which progressively removed the 

hyperpolarizing bias current), the MN generated significant hysteresis until maximal 

activation of the PP occurred. At this latter point, the hysteresis reduced to almost the 

extent as that seen in the subthreshold state. 

Bennett et al. (1998a-b) demonstrated a complicated interaction between synaptic 

inputs, PP behavior, and IC-injected currents, in that synaptic, but not IC-injected 

currents more readily elicit PP behavior. The author's explanation was that the ionic 

channels which carry PPs are located primarily at the dendrites, which is the primary site 

of synaptic input. Conversely, IC-injected currents at the soma quite readily activate the 

Na+-dependent APs necessary for MN signaling, but do not activate the PP as 
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effectively. Therefore, synaptic inputs to cat MNs contribute far more substantially to PP 

generation and subsequent firing rate increases. 

A reasonable further question is to investigate the interaction between synaptic and 

IC-injected currents to determine their relative efficacy for the alteration of MN output. 

Heckman and Lee (1999a) have recently demonstrated substantial amplification of 

synaptic input in cells already demonstrating self-sustained firing. Their response to IC-

injected current to MNs exhibiting self-sustained firing was similar to the responses seen 

without concomitant firing. Their observations led to the authors' claim that " ...not only 

is the cell still responsive to synaptic input during self-sustained firing, ...(but)... the 

synaptic input actually undergoes tremendous amplification (Heckman and Lee 1999b)." 

Their current working hypothesis is that "... a motoneuron which is already firing in the 

self-sustained ... (i.e., the PP) ... mode still has tremendous gain for small synaptic 

inputs but saturates in its response somewhere in the moderate amplitude range." The 

boundary conditions of this so-called moderate range have not yet been forthcoming from 

these authors (see also Hultbom 1999). 

Open issues on the PPs of vertebrate MNs. The database on PPs, as summarized 

above, is quite new (i.e., mostly since 1978) and expanding rapidly. Under such 

conditions, it is not surprising that there are so many open issues on this potential, and its 

effect on MN discharge and the development of muscle force. 

For the moment it appears that across vertebrates, the main component of the PP is 

the L-type Ca-"*" conductance. The relative extent and robustness of a contribution from 

a persistent inward Na"*" and possibly other inward currents is not yet known. Nor is it 

known if the presence of other conductances are species-specific. Furthermore, the 

mechanism for elaboration of the L-type Ca2+ conductance and subsequent PP behavior 
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FIG. 2.5. Muscle-stretch-activated PPs in MNs of the decerebrate cat. Shown are 
stretch-activated PPs in the presence of QX314 to block AP spikes. A: IC recording from 

a GS MN during sinusoidal stretching of the GS muscle. Note the horizontal line (also in 

B) indicating the cell's Firing level (i.e., in the absence of QX314). At the extreme left in 
A, the MN was hyperpolarized by -5 nA, and the MN's Vm response to the stretch phase 

of the sinusoid (upward slope) was strictly a reflex one. When the hyperpolarizing 
holding bias was removed progressively ( 4 steps to -I nA), a PP was activated 

phasically with each stretch. Note that in the presence of a PP, the reflex responses 

became both larger and more prolonged (by seconds). Such self-sustained 
depolarizations were evidence for the presence of a PP. On the extreme right, at a -1 nA 
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holding bias, the stretch produced a more tonic activation of the PP such that Vjj^ 

remained above the estimated firing level. B: averaged and smoothed Vj^ responses of 

the A ceil to other sinusoidal stretches. In this case, the hyperpolarizing holding bias was 

set at -9, -5, -3, -2, and -1 nA. Note that there was no PP at -9 nA, and that the 

thresholds of the subsequent PPs are noted with arrows at a holding bias of -5, -3, and -2 

nA. These thresholds were lower than that required for spike initiation. Note further 

that the PP increased in amplitude and duration as the holding bias was reduced. Finally, 

note that at a holding bias of -1 nA, the PP level was above the firing level, and the 

response to stretch was much smaller, due to the inward currents producing the PP being 

tonically activated and not able to further contribute to a reflex response to stretch. C: 

input-output properties of the test MN, as based on the B data. The reflex responses in B 
for holding biases of -5,-3, and -L nA were plotted against the reflex responses at the 

most hyperpolarized (-9 nA) level, with the latter assumed to represent the reflex 

response without influence of a PP. The direction of time is indicated by arrows (i.e., as 

in Fig. 2.6). In this form of presentation, the magnitude of the PP's effect on the reflex 

response to stretch is reflected in the degree of hysteresis of the loop plot (i.e., the peak 

PP effect was at a holding bias of -3 nA). Note again that at a holding bias of -1 nA, the 

cell responded without a hysteretic effect, for the reasons provided above. Modified from 

Bennett et al. (1998a; their Fig. 6). 

is still under investigation, as it is unclear whether modulation of outward conductances 

is responsible for the full manifestation of PP behavior. 

Other issues concern the duration of the PP, and the cell types in which they are 

manifested. The duration of a PP effect seems to vary across vertebrates, and, at least in 

the cat, is dependent, in part, on MN type (see above; Lee and Heckman I998a-b, 

Bennett et al. 1998a-b). Lee and Heckman (1998a-b; Heckman and Lee 1999b) have 

evidence suggesting that PPs are more fully developed in MNs with slow axonal 

conduction velocities (i.e., type S and low-threshold type FR MNs; see also Bennett et al. 

1998a-b). The MN-type issue has not yet been addressed in other vertebrate species, 

however. Furthermore, in the anesthetized cat, Schwindt and Crill (1980 a-c) reported 
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that -80% of their spinal MN sample could exhibit persistent inward (likely Ca2+ 

dependent) conductances (see also Bennett et al. 1998a; Hounsgaard and Kiehn 1989). It 

is also unclear as to which MN groups may exhibit PP behavior and which do not. 

Hounsgaard et al. (1988a) and Conway et al. (1988) have also described a higher 

proportion of PPs found in cat extensor (anti-gravity) vs. flexor MNs, thereby 

emphasizing the potential importance of the PP in postural control, as also emphasized by 

Heckman and Lee (I999a-b). 

Also requiring further investigation is the extent of MN adaptation during elaboration 

of a PP, and the conditions and boundaries during which the PP is defined and elicited. 

To these latter points, PP studies on experimental animals have made use of a relatively 

limited number of quite stereotyped stimulation paradigms. There is need for systematic 

studies on the effects of the rate of rise of IC-injected and/or synaptic current on PP 

activation. Furthermore, while a variety of endogenous and exogenous excitatory and 

inhibitory neuromodulators have been shown to influence PP generation, there has been 

no emphasis to date on the range of PP responses to a standard neuromodulatory 

stimulus. Without such information, it is difficult to predict the relative efficacy on PP 

generation of various neuromodulators and neuromodulatory conditions, and inferences 

concerning PP generation during natural movements will continue to remain 

controversial. 

In summary, it is now clear that the PP is as fundamental to MN operation as the AP's 

spike and AHP components, and that it is ubiquitous across various neuron types within 

the CNS of both invertebrate and vertebrate species, including the human. Several open 

issues remain, however. Investigation into most of these issues is beyond the scope of 

this study. Indeed, it would be virtually impossible to resolve many of them in the in 
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vitro SC slice preparation. Rather, they could well be resolved by use of reduced SC 

preparations with intact peripheral nerves and/or muscles, such as the recently developed 

in vitro preparations of the adult tunle (Currie and Lee 1996) and mudpuppy (Wheatley 

and Stein 1994). While technically difficult, identification in such preparations of the 

specific type of MNs that can exhibit full-blown PPs should considerably advance the 

understanding of this key MN property. 

For the present study, which emphasizes the PP properties of MNs in the turtle, and 

their relation to those in the cat and human, the focus is on the potential influence of the 

PP on the I-f relation, as addressed below. 

2.6.3. Extrinsic modulation of the I-f relation 

It is now known that many synaptic and neuromodulatory influences, which 

presumably operate during natural movements, can shift the I-f relation by altering a 

variety of intrinsic sub- and suprathreshold conductances of MNs (Binder et al. 1993, 

1996). Clearly, the active MN does not behave passively in response to synaptic input. 

Rather, extrinsic modulation enables the MN to shape its own input-output relation (at 

least to some extent), thereby changing the synaptic stimulus current in the CNS 

necessary to produce and/or sustain a given muscle force in the periphery. Fig. 2.6 

demonstrates how modification of intrinsic conductances underlying passive MN 

propenies (i.e., activated at rest, or below Vj^j^) can cause a leftward (or rightward) shift 

(i.e., change in threshold) in the minimal point of the I-f relation (Imjn. fmin)-

Fig. 2.6 shows that a modulator-induced increase in Rfsj decreases the threshold 

current for AP generation and Imin' thereby shifting the I-f relation to the left. 

Alternatively, a modulator-induced decrease in the AHP may increase the slope of the I-f 

relation and generate a vertical shift. A reduction in the primary conductances 
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underlying the AHP allows the trajectory of the following the AP to reach 

quicker, thereby increasing (at least theoretically) f^ij^ and the f/I slope. These two latter 

changes have yet to be established with rigor. Chapter 4 addresses this issue. 

Modulation of subthreshold conductances. In in vivo adult and in vitro neonatal rat 

preparations, direct application of thyrotropin-releasing hormone (TRH), 5-HT, and 

dopamine (DA) have been shown to decrease the intrinsic K^a-S' Ba'^'-sensitive K"*" 

conductance (Bayliss et al. 1992; Elliott and Wallis 1992; Lindsay and Feldman 1993). 

This conductance is thought to be responsible, in part, for the resting leak conductance, 

and hence, the passive properties of Vp Rjvj, and Xm (Binder et al. 1996). Following 

direct application of 5-HT to adult rat facial MNs and lobster stomatogastric ganglion 

MNs, an increase in Vj. and has been observed, via an increase in and a decrease 

in the K^a-s potentials near Vj. (Kiehn and Harris-Warrick 1992a; Larkman and Kelly 

1992). In studies on the in vitro neonatal rat preparation (Bayliss et al. 1992; Lindsay and 

Feldman 1993), the resultant changes in intrinsic MN properties were expressed by > 

50% increases in Rjsj, and a -30 mV depolarization of V^. Modulation of the I-f relation 

due to changes in passive properties have also been shown in rat hypoglossal MNs 

(Bayliss et al. 1992) following TRH application (Fig. 2.7A), and in phrenic MNs after 

application of 5-HT (Lindsay and Feldman 1993). The increase in Vj- and R^ in these 

studies reduced Imin' thereby resulting in a leftward shift of the I-f relation. 

Modulation of suprathreshold conductances. Modification of intrinsic MN 

conductances active at or near has been shown to alter the fmin slope of 

MNs, thereby altering the gain of their I-f relation (Binder et al. 1993). From work on 

various in vitro preparations, a major contributor to this modulation is the reduction of 
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FIG. 2.6. Neuromodulation of sub* and suprathreshold MN conductances and their 
effect on the I-f relation. Schematics showing the IC measurement of selected 
properties of the generic vertebrate MN. A: responses to IC injection of positive and 

negative currents (bottom trace) in the control (top left trace; thin line) vs. 

neuromodulated (top right; thick) state. Excitatory neuromodulation of subthreshold 
conductances responsible for Rfsj and Vj. cause greater displacements in V(^ during 

depolarizing stimuli, even to the threshold point (Vjj^r) for AP initiation. Such 

neuromodulation increases Rjsj and decreases Vp thereby reducing ^min-

injection of a depolarizing stimulus in the control (thin line) vs. excitatory 
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neuromodulated (thick line) state. Modulation of supra-threshold conductances shortens 

the AHP, and speeds the Vjj^-trajectory return to Vjjy, thereby increasing spike-

frequency. C: extrinsic modulation of subthreshold conductances (A) is thought to alter 
Imin' while only slightly changing fmin the f/I slope. Conversely, extrinsic 

modulation of supra-threshold conductances (5) should alter f^^n ^he gain (f/I slope; 

thick dotted line) of the I-f relation, without affecting Imin- Modified from Binder et al. 

(1993; their Fig. IB). 

the K(3a.5 current. This current is the main regulator of AHP duration, which has been 

found to correlate with f^jj^ in classical in vivo anesthetized cat studies (Kemell 1965c). 

By either decreasing the amount of IC Ca2+ entry during the AP (Bayliss et al. 1995; 

Matsushima et al. 1993), or by direct modification of the Ca2+-dependent K"*" channels 

(Hounsgaard and Kiehn 1989; Van Dongen et al. 1986; Wallen et al. 1989), a reduction 

in the K^a-s current has been shown to decrease the duration of the AHP. According to 

conventional models of MN firing (Binder et ai. 1993), this change should increase both 

fmin the f/I slope. An example of this form of modulation is shown in Fig. 2.7B, 

following 5-HT application to lamprey SC neurons (Wallen et al. 1989). In these cells, 

the only subthreshold post-synaptic effect of 5-HT was a reduction of the AHP via direct 

modulation of the Ca2+-dependent K"*" conductance. Alteration of this current was, in 

fact, shown to produce a change in the f/I slope. (Note also in Fig. 2.7B that the 

modulator-induced increase in fmax "ot require that the lamprey MN exhibit a PP). 

In evaluating the Fig. 2.7A-B results, it bears emphasis that the parameter, fmin' 

operationally; i.e., its criteria are arbitrary and idiosyncratic (i.e., investigator-dependent; 

e.g., see McDonagh et al. 1998a). As a result, Imin ^^o an arbitrary parameter. In 

contrast, the f/I slope is measured quite objectively, such that its modulator-induced 
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FIG. 2.7. Neuromodulation of the I-f relation in rat and lamprey MNs. 
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FIG. 2.7. Neuromodulation of the I-f relation in rat and lamprey MNs. A: the I-f 

relation of a rat hypoglossal MN in the control vs. TRH-modulated state. Modulation of 

the subthreshold, Ba'^'-sensitive K"*" current, the primary determinant of Vp and Rn, 

caused a decrease in Imin. and a subsequent leftward shift of the I-f relation. Modified 

from Bayliss et al. (1992; their Fig. lOA). B: the I-f relation of a lamprey spinal MN in 

the control vs. 5-HT-modulated state. Modulation of the K''"Ca-s current was shown to 

cause a decrease in the duration and amplitude of the AHP (not shown), and an increase 

in the fmin and f/I slope of the I-f relation. Usually, however, such modulation 

(reduction) of the duration of the AHP and the magnitude of its underlying conductance 

m a y  n o t  i n c r e a s e  t h e  f m i n  ( b a r e l y  e v i d e n t  i n  B ) ,  b u t ,  r a t h e r ,  d e c r e a s e  t h e  I m i n  ( v i z .  A  ;  

see text for further discussion of this point). Modified from Wallen et al. (1989, their Fig. 
3C). 

changes are more reliable across laboratories for evaluation of the effects of AHP 

modulation on the I-f relation. This issue is addressed below in Chapter 4. 

Alteration of the I-f relation during PP behavior. Changes in the intrinsic I-f relation 

during extrinsic modulation of PP behavior have not yet been studied in sufficient detail. 

Although 5-HT-induced changes in fj^j^ and the f/I slope of a single turtle MN have been 

shown to accompany PP behavior (Hounsgaard and Kiehn 1989), the former two changes 

are also a manifestation of the changes in the conductances underlying the AHP (see 

above). The effects of muscarine and ACPD on the I-f relation have yet to be studied 

(Svirskis and Hounsgaard 1998). Clearly, a quantification of the effects of 5-HT, 

muscarine, and ACPD on the I-f relation of MNs is needed to address the extent to which 

various sub- and suprathreshold conductances come into play in the modulation process. 

This issue is the key rationale for the Chapter 4 study. 

Despite the apparent lack of quantitative research on the role of PPs in 

neuromodulation of the I-f relation, it is clear that varying modulators and activation 



78 

patterns modify sub- and supra-threshold conductances responsible for the intrinsic 

properties of MNs. These may contribute to the manifestation of PP behavior and 

alterations in the I-f relation. To date, the only full-length report on modulation of the I-f 

relation during a dynamic motor pattern is the work of Brownstone et al. (1992) which 

was undertaken in Jordan's Winnipeg laboratory. Their results have had a major impact, 

as discussed below. 

2.6.4. Modulation of the I-f relation during controlled Active locomotion 

The Brownstone et al. (1992) report. In the high-decerebrate, paralyzed, in vivo cat 

preparation, stimulation of the mesencephalic locomotor region (MLR) generates a 

fictive locomotor pattern (for review; Stuart and McDonagh 1998). During such activity, 

Brownstone et al. (1992; see also Brownstone 1989) observed three alterations in spinal 

MN behavior, which argued against conventional models of MN firing (Binder et al. 

1993, 1996). First, during MLR stimulation, there was no association between AHP 

parameters and MN discharge frequency. Such a relationship is doctrinaire thought in the 

segmental motor literature (e.g., Gustafsson and Pinter 1974a; Kemell 1965c, 1999; 

Russo and Hounsgaard 1999; cf., however, McDonagh et al. 1999b; Stuart 1999). 

Second, MN spike-frequency of extensor MNs during fictive slow walking was at rates 

(30-50 Hz) induced only by relatively large IC-injected currents (cf., however, Kemell 

1965b). Finally and most significantly. Fig. 2.8A-B shows that the IC injection of 

progressively increasing, depolarizing current to 5/6 extensor MNs during the 

depolarized phase of the fictive locomotor cycle did not increase their frequency of 

discharge as expected (i.e., the f/I slope was 0). Conversely, only small (-2 nA) 

hyperpolarizing currents were required to stop MN discharge completely. (In 1/6 
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extensor MNs, the f/I slope increased during the fictive locomotor pattern, a result in 

accord with the conventional model of modulation of the I-f relation). 

In Fig. 2.8A, note that Brownstone et al. (1992) showed that the control f/I slope prior 

to controlled locomotion was 0.7 Hz/nA, whereas a mean of 1.9 Hz/nA has been found in 

the anesthetized in vivo cat (Kemell et ai. 1965b). This difference in f/I slope may be 

due to inadequate sampling in both studies (albeit the Kemell result has been repeatedly 

confirmed and widely disseminated; e.g., Heckman and Binder 1993). It is more likely, 

however, that the difference reflects a fundamental physiological difference in the MN 

input-output function in decerebrate vs. anesthetized in vivo cat preparations. 

Fig. 2.8B has been more widely considered. It shows that during the excitatory phase 

of the MN cycle, the IC injection of progressively increasing depolarizing currents did 

not produce further increases in spike-frequency: i.e., the f/I slope became zero. This 

finding led Brownstone et al. (1992) to propose that during fictive locomotion, repetitive 

firing is not regulated by a linear summation of synaptic input at the trigger zone, as was 

then the conventional viewpoint (Eccles 1957; Granit et al. 1966). Rather, it was 

suggested that "... although mammalian MNs have this capability to fire repetitively in 

response to injected current, the central nervous system need not rely on this intrinsic 

ability..." (Brownstone et al. 1992; pg. 454). 

Among the alternative mechanisms proposed by Brownstone et al. (1992), hindsight 

shows that the most promising was the extrinsic modulation of the intrinsic conductances 

responsible for the AHP and the manifestation of non-linear bistable membrane 

properties generating the observed phenomena. For example. Fig. 2.8C shows the spike-

frequency vs. IC-injected depolarizing current for one of the MNs with a fully developed 

PP in the Lee and Heckman (1998a-b) sample. After the response to the first level of 
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FIG. 2.8. The I-f relation during controlled fictive locomotion compared to that in a 
MN exhibiting PP activity. A-B: The I-f relation of cat hindlimb MNs (n = 6) in an in 

vivo decerebrate cat preparation before (A) and during (B) controlled fictive locomotion. 

A: the mean f/I slope was 0.7 Hz/nA (range, 0.4-1.3; n=6). This value was much less 

than the 1.7 Hz/nA (range, 1.1-2.5; n=9) value reported earlier for anesthetized cat 

preparations (Kemell 1965b [not shown in present fig. 2.8]; their Fig. 8; i.e., their pg. 78, 

para. 1 sample). B: I-f relation during controlled, fictive locomotion, achieved by IC 

injections of a depolarizing current during depolarized phases of the MN's Vm 

throughout the locomotor cycle. No relation between stimulus current and discharge 
frequency was observed. Modified from Brownstone et al. (1992; their Fig. 7). C: A plot 

of the strength of IC-injected depolarizing current vs. spike-frequency for a MN 

exhibiting a fully bistable PP in a decerebrate cat preparation. Note that after the first 

jump in spike-frequency to the initial stimulus, the MN exhibits no further increase in 

spike-frequency as the strength of the stimulus is increased. Modified from Heckman 

and Lee (1999b; their Fig. 4B) as based on data from their earlier Lee and Heckman 
(1998a-b) study. 

depolarizing stimulus, the MN exhibited no further increase in spike-frequency as the 

stimulus strength was increased. Such rate-limiting behavior is quite reminiscent of that 

observed by Brownstone et al. (1992), particularly if in the fictive locomotor state, the PP 

was generated at a lower threshold than in the Lee and Heckman (1998a-b) study. 

Subsequent relevant studies. Fig. 2.9 shows that in a 1994 report, Brownstone et al. 

(1994) found that during controlled fictive locomotion, quite small synaptic or IC-

injected currents rapidly brought the MN's to a substantially more depolarized level. 

This indicated the presence of non-linear membrane properties, such as the PP. 

If the voltage threshold of the PP can be below that for initiation of an AP, as recently 

shown for cat MNs (Bennett et al. 1998a-b; Lee and Heckman 1988a) and inferred for 

human ones (Gorassini et al. 1998; Kiehn and Eken 1997; see below), an analogous 

voltage-dependent inhibition may explain the cessation of firing seen by Brownstone et 
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al. (1992) following injection of small hyperpolarizing currents. Additionally, the large 

conductance increase (i.e., decrease in R^) during the active phase of the MN's fictive 

locomotor cycle, which was seen in the Brownstone et al. (1994) report, could explain the 

earlier Fig. 2.8B result (i.e., no increase in spike-frequency with an increasing IC 

stimulus). The Fig 2.9 Brownstone et al. (1994) findings further suggest that IC-injected 

and synaptic currents are not necessarily equivalent during the activation of various 

descending inputs onto MNs. Interestingly, others initially proposed this idea over two 

decades earlier (Kemell 1969; Schwindt and Calvin 1973; Shapovalov 1972), but it has 

been relatively ignored until quite recently. Clearly, the 1994 results of Brownstone et al. 

could account for the Fig. 2.8A-B result, and, further, explain the high MN discharge 

rates seen during the locomotor state of freely moving decerebrate (Zajac and Young 

1980) and intact conscious (Hoffer et al. 1987) cats. 

Another finding that is consistent with a component of the 1992 Brownstone work 

has been reponed by Schnudt (1994) in his study on NMDA-induced fictive locomotion 

in the in vitro neonatal rat. He found that the duration of the AHP of MNs was reduced, 

but he did not comment on this change's effect on spike-frequency. Conversely, in the 

same preparation, there is recent claim (Edwards et al. 1997) that during 5-HT/NMDA-

induced fictive locomotion, AHP changes were equivocal, whereas MN f/I slopes were 

reduced by "...about 50%, but were always significantly greater than zero...": i.e., never 

to the extent observed by Brownstone et al (1992). Similarly, there is a recent enigmatic 

abstract from the Jordan laboratory (Fedirchuk et al. 1998) which described the I-f 

relation in different phases of the fictive locomotor step cycle of the high decerebrate cat 

(i.e., as in Brownstone et al 1992). It was stated that "...firing during the depolarized 

phase of the fictive step cycle was generally less affected by intracellular current 
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FIG. 2.9. Voltage-dependent excitation of cat hindlimb MNs during controlled 
fictive locomotion. IC recordings (top traces) from 2 cat MNs in presence of IC-injected 

QX-314 to block Na"''-dependent APs during controlled fictive locomotion. Lower traces 

show profile of IC-injected, triangular-wave depolarizing stimulus. A: PP behavior 

elicited in the 1" MN during the depolarizing phase of stimulation, as indicated by the 
rapid "jump" to a more depolarized potential. During the hyperpolarizing phase, the 

PP was not in operation. B: brief responses of the 2"'' MN to short depolarizing pulses 

superimposed on the PP response to the triangular stimulus. Note the increase in 
conductance (i.e., decrease in Rf*^) during the depolarized PP phase of the overall 

response. Modified from Brownstone et al. (1994; A, their Fig. 3A1; fl, their Fig. 4 C-D). 

Injection ... (nonetheless) ... The results show that the F/I (i.e., the I-f ) relationships 

persist during fictive locomotion...during this depolarized phase ..." Conversely, the flat 
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f/I slope values reported by Brownstone et al. (1992) in the in vivo decerebrate cat 

preparation, have been mimicked to some extent following direct application of 

methoxamine (Lee and Heckman 1998a; their Fig. 3A). 

The modulation of the I-f relation during locomotor-like patterns needs further 

examination. For technical reasons, the important, albeit controversial, Brownstone et al. 

(1992) report on decerebrate cat preparations was understandably limited to a relatively 

small MN sample size. There are also potential discrepancies between the neonatal rat 

results of Schmidt (1994) and Edwards et al. (1997), and the subsequent decerebrate cat 

results of Fedirchuk et al. (1998). The latter seem odds with the methoxamine results of 

Lee and Heckman (1998a), the nialamide results of Bennett et al. (1998a), and, most 

tellingly, the Fig. 2.8C result of Heckman and Lee (1999b). Clearly, the above 

discrepancies show that quantification of modulator-induced effects on the I-f relation is 

tightly linked to consideration of the functional significance of PPs and the f/I slope 

observations of Brownstone et al. (1992). 

2.7. CURRENT ISSUES REGARDING THE I-f RELATION AND PLATEAU 

POTENTIALS 

2.7.1. Modeling human MN behavior without consideration of neuromodulation 

The results of Brownstone et al. (1992) have been mentioned only briefly in 

subsequent relevant articles and reviews. There has been more interest since his 

subsequent work (Brownstone et al. 1994), however (e.g., Edwards et al. 1997). The 

initial indifference may have been due, in part, to the lack of universal enthusiasm for the 

paralyzed, controlled-locomotion, high-decerebrate cat preparation as a valuable model 

for the study of normal movement. This viewpoint runs counter to the valuable 
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information gleaned from this preparation on many aspects of neuronal network behavior 

during normal locomotion. These include: 1) the relative timing of swing vs. stance 

phase of the step cycle; 2) hindlimb EMG patterns during various locomotor gaits; 3) the 

role of various neurotransmitters and neuromodulatory agents in the operation of SC 

rhythm-generating circuitry; 4) quantifying the locomotor-related discharge patterns of 

specific already identified IN populations (e.g., Jankowska 1992; Matsuyama and Mori 

1998) that have potential bearing on the SC pattern generator for locomotion; and 5) 

testing the effects on rhythm generation of specific descending command and peripheral 

sensory inputs; (for review; Grillner and Dubuc 1988; Grillner and Wallen 1999; Stuart 

and McDonagh 1998, 1999). 

There is also current uncertainty on the associations between, and the mechanisms 

underlying the differences between the firing patterns of hindlimb MNs during the 

unrestrained walking of the intact conscious cat vs. the controlled treadmill walking of 

the high-decerebrate cat vs. the fictive walking of the latter preparation (Grillner and 

Dubuc 1988; Hoffer et al. 1987; Krawitz et al. 1997; Zajac and Young 1980). It seems 

well-accepted, however, that among such mechanisms, each of the above preparations 

may feature differing degrees of influence on MN behavior identified to this point; e.g., 

the AHP (Brownstone et al. 1992); voltage-sensitive depolarizing conductances including 

those underlying the PP (Bennett 1998a-b; Brownstone et al. 1994); the threshold for 

repetitive fining (Krawitz et al. 1997); and, for the former two preparations, afferent-

evoked enhancement and prolongation of MN discharge (McCrea 1998). 

Prior to the Brownstone (1989) and Brownstone et al. (1992, 1994) reports, it was 

conventional for studies on the spike-frequency EMG patterns of MUs in conscious 

humans to rely on the results of MN firing patterns from the literature on deeply-
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anesthetized, in vivo cat preparations: e.g., the human MU reports of Datta and Stephens 

(1981) and Miles et al. (1987). There are also quite recent examples of this reliance (e.g., 

Jones and Bawa 1999; Kudina 1999; Matthews 1999; Miles 1999; Piotrkiewicz 1999), 

albeit with rigor and thought-provoking results. Tellingly, however, MN discharge in 

decerebrate cat preparations demonstrates very little spike-frequency modulation in 

response to synaptic or injected current in the freely moving (Zajac and Young 1980) and 

fictive (Brownstone et al. 1992; Tansey and Botterman 1996) locomotor states. Such 

non-linear MU behavior has been emphasized in the human MU study of Fuglevand et al. 

(1993), who modeled the central drive to the MN pool on the basis of muscle force output 

and EMG. This was the first human MU report to emphasize the potential significance of 

the Brownstone (1989) study, and, as such, it was a seminal contribution to the MU 

literature. 

2.7.2 . Simulating cat MN behavior without consideration of active MN properties 

Hoffer et al. (1987) offered a traditional viewpoint of the control of MN discharge 

during the unrestrained walking of the intact cat, in which case spike-frequency 

modulation was shown to occur. To mimic the synaptic drive to the MN pool, these 

investigators used a rectified, filtered EMG signal as a template for the depolarizing 

current IC-injected into a single MN. The investigators were able to generate a MN 

spike-frequency profile that they claimed was similar to that of the MNs whose unitary 

discharge they measured during their experiments on unrestrained walking. From this 

single observation, the authors speculated that regulation of MN discharge does not 

require consideration of neuromodulatory influences on intrinsic MN properties. Rather, 

the MN's discharge frequency pattern was proposed to be due solely to the synaptic drive 

to the cell as simulated with IC-injected current. A significant reservation about their 
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conclusion is that their observed MN discharge patterns from freely moving cats were 

compared to the discharge of a single MN in the quiescent, anesthetized state. 

Furthermore, interpretation of the EMG data as "motor drive" cannot differentiate 

synaptic input or neuromodulatory influences. In their interpretation of the data, the 

authors completely ignore the possibility of descending neuromodulatory input that must 

surely operate during natural movements. The results of Bennett et al. (1998a-b) would 

now argue in their favor, however, that the PP only serves to boost the firing rate of MN, 

and that significant rate modulation can and does occur in reduced and intact cat 

preparations. 

2.7.3. Functional significance of plateau potentials 

There is a progressively and rapidly increasing body of new and re-interpreted 

experimental evidence derived from human and experimental animal studies that supports 

a prominent role for PP MN behavior during natural movement. From the near-outset, it 

has been known that PPs are elicited in vertebrates by descending monaminergic input 

(Hounsgaard et al. 1988a), and many such command neurons are tonically active in the 

waking state (Aston-Jones et al. 1991; Jacobs and Fomal 1997), with discharge that is 

modulated by movement (Veasey et al. 1993). These findings should be kept in mind 

when evaluating the following three developments concerning normal motor behavior. 

Standing and walking in the conscious rat. Eken and Kiehn (1989) used peripheral 

nerve stimulation to provide short-lasting synaptic excitation and inhibition (i.e., as used 

previously in PP studies in decerebrate cats; Conway et al. 1988; Hounsgaard et al. 

1988a) to soleus MNs of the conscious, freely moving rat. During quiet standing (i.e., a 

lime when the collective synaptic drive to the motor pool was assumed to be constant), an 

abrupt, prolonged increase in the spike-frequency of hindlimb was shown to occur either 
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seemingly "spontaneously" (i.e., an assumption of the authors), or following brief 

synaptic excitation (Fig. 2.10). 

The abruptly occurring and sustained increase in MU spike-frequency shown in Fig. 

2.10 outlasted peripheral nerve stimulation, indicating the possibility of PP behavior 

contributing to MU firing. Similar responses were reported in a subsequent study (Eken 

1998), which further hypothesized that PPs were generated randomly across his 

population of low-threshold MUs. Furthermore, in other experiments (Kiehn et al. 1996), 

the presumed PP-influenced MU discharge (as reflected in the whole-muscle EMG) was 

not observed in the rat soleus muscle following experimental depletion of spinal 

monoamines, thereby suggesting the dependence of PP generation on descending or 

spinal 5-HT, NE, and/or DA systems. 

Subsequently, Gorassini et al. (1999a) recorded MU firing rates in the conscious, 

adult rat during quiet standing and unrestrained movement. Interestingly, abrupt, 

sustained increases in MU spike-frequency were not observed during quiet standing, as 

was the key feature of the Eken and Kiehn (1989) and Eken (1998) studies. Fig. 1 lA 

shows recordings made by Gorassini et al. (1999a) of pairs of single MUs in 

predominately fast-twitch muscles (lateral gastrocnemius and tibialis anterior) during 

unrestrained locomotion. In such instance, there is substantial evidence to suggest that 

the synaptic input to spinal MNs from the spinal intemeuronal pattern generator for 

rhythmical repetitive stepping is a repetitively occurring, smoothly rising excitatory 

drive, followed by a smoothly rising inhibitory drive (Buchanan 1999; Grillner and 

Wallen 1999). Upon recruitment during each step, the Fig. 11 MU spike-frequency 

jumped immediately to a very high rate, but at different times within the step cycle. To 
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FIG. 2.10. An example of presumed PP behavior in the conscious rat. Shift in the 
unitary EMG discharge of a rat soleus MU in the quietly standing animal. The authors 

presumed (but did not claim to prove) that this shift was "spontaneous"' (i.e., not due to 
an altered synaptic input). They proposed further that the shift was attributable to a PP. 

A: arrows (at a-b) show when the unit's discharge exhibited an abrupt change in spike-
frequency (albeit there was a slight shift in posture at the b arrow). B: the spike-

frequency was smoothed by averaging each 5 consecutive interspike intervals, in order to 

bring out its low-frequency fluctuations. Modified from Eken and Kiehn (1989; their 
Fig.4). 

the authors, this gave indirect evidence of an intrinsic MN mechanism (or mechanisms) 

operating during locomotion (see below for two reservations). 
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The Fig. 2.11A finding was reinforced by comparing a single MU firing pattern 

during sinusoidal stretch (Fig. 2.1 IB) vs. locomotion (Fig. 1IC) in the adult rat. Fig. 

2.IIB shows that during sinusoidal stretch, the unit's stretch-evoked response was again 

at a high ("preferred"; see Fig. 2.14 below) rate, with no indication of a graded response. 

Fig. 2.1IC shows that this MU's response during locomotion was at an even higher firing 

rate, thereby indicating a much higher synaptic drive during walking than during the 

sinusoidal stretch stimulus. 

Gorassini et al. (1999a) next analyzed the sinusoidal stretch responses in more detail. 

Fig. 2.12 shows that they observed two types of stretch response, termed "phasic" vs. 

"tonic." In both cases, it was argued that a PP was present, but one that was of lesser 

magnitude and phasically activated in the former case, and tonically present at higher 

magnitude in the latter (cf.. Fig. 2.7). Phasic vs. tonic MU behavior was observed both 

across different MUs, and within the same MU. This difference in behavior was 

attributed by the authors to a difference in the degree of descending excitatory synaptic 

drive (i.e.. more drive for the tonic vs. phasic response). 

Fig. 2.12 provides an example of a MU converting from phasic to tonic behavior 

during the application of sinusoidal stretch to the homonymous muscle. The authors 

presumed that this change was "spontaneous": i.e., not attributable to altered synaptic) 

input. (This point could not be proven, of course). While in the phasic mode, the MU's 

instantaneous spike-frequency was always higher for the first interspike interval than for 

the last few intervals. This behavior resulted in an asymmetrical, synaptic input-firing 

frequency output relationship. The tonic MUs underwent a symmetrical rate modulation 
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FIG. 2.11. Activity of hindlimb MUs during locomotion and sinusoidal stretch in the 
rat. A: activity of 2 simultaneously recorded MUs during a single locomotor step. Upon 
recruitment, both units fired at a particularly fast rate before subsiding to a much lower 

rate. When the second unit was recruited, there was no second jump in the firing rate of 

the first unit, thereby indicating that both units' initial high rate was not due to increase in 



92 

the synaptic drive from the spinal locomotor network. Rather, it seems likely that the 
initial jumps were due to intrinsic MN mechanisms, including possibly the PP. Modified 

from Gorassini et al. (1999a; their Fig. 1). B-C: comparison of the recruitment pattern 
of another MU during sinusoidal stretch {B) and locomotion (C). Note that higher firing 

rates were attained during locomotion vs. stretch, with the latter produced in the 

hindlimbs by the experimenter gently rocking the rat's body back and forth. (In this and 

Fig. 12, the movement of the experimenter's hand was guided by attaching a string from 

the hand to a motor that produced sinusoidal length changes). Rectified and smoothed 

gross EMG records are shown for the two unit-bearing muscles. Superimposed MU 

compound EMG APs are placed to the right of the spike-frequency graphs (as also in Fig. 

2.12). Modified from Gorassini et al. (1999a; their Fig. 2). 

(Hz) 40 

Length 

LG motor unit 
Phasic Tonic 

Time (s) 

FIG. 2.12. Example of a MU's conversion from phasic to tonic discharge during 
sinusoidal muscle stretch in the rat. The upper trace shows the length output of the 

motor guiding the experimenter's hand during application of sinusoidal stretch to the 

hindlimbs (see legend to Fig. 2.11). When the stretch was first applied, the rat was at 
rest. Note that the first 8 MU spike-frequency responses (lower trace) were of the phasic 
pattern, with an asymmetrical firing pattern (see below) becoming evident by the second 
response (interpreted by the authors as the onset of a PP). On the conversion from the 9"* 

to the 10'*' response, the MU began to exhibit tonic responses (last 7 stretches). These 
were interpreted (i.e., assumed) by the authors to mean that there had been an even 
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further increase in the descending excitatory drive to the MN pool. Note the difference in 

the phasic vs. tonic spike-frequency response. For the former, the instantaneous spike-

frequency was always higher for the first interspike interval than for the last few intervals 

in the response, thereby producing asymmetrical discharge. For the latter, the spike-

frequencies at the beginning and end of each stretch sinusoid were nearly identical, with 

the peak rate at the point of peak stretch, thereby reflecting symmeuncal discharge. The 
horizontal line (inserted into the lower trace) indicates the MU's average initial firing rate 

during its period of phasic activation. Modified from Gorassini et al. (1999a; their Fig 3). 

in response to sinusoidal muscle stretch, with some units converting spontaneously from 

phasic to tonic responses, or vice versa. 

Gorassini et al. (1999a) suggested that the asymmetrical rate modulation in phasically 

behaving units was remarkably similar to the counter-clockwise hysteresis of the 

predicted I-f relation in MNs in the decerebrate cat demonstrating PF behavior, as 

discussed above (Bennett et al. 1998 a-b; see Figs. 2. 6-7 above). A shift from phasic to 

tonic behavior in the awake rat was interpreted as an increase in synaptic excitation, 

warm-up (see above), or both. Notably, the authors emphasized that the MU patterns 

they observed in the conscious rat were quite similar to those observed previously by 

Bennett et al. (1998a-b) in the decerebrate cat (see Fig. 2.5 above). It is of particular 

interest that the I-f relation of MNs supplying their phasic units can be inferred to have 

possessed a non-linear association (i.e., like the MNs studied by Brownstone et al. 1992, 

in the decerebrate cat) whereas the tonic units would possess a linear I-f relation; i.e., like 

those in a deeply anesthetized cat; viz.. Fig. 2.1 A). 

In the subsequent (1999b) report of Gorassini et al. on MU firing patterns in the 

conscious rat, the focus was on the comparison of patterns across several muscles. The 

most interesting comparison was that of the MUs of the soleus (composed of 

predominately slow-twitch units; data of Eken 1998) and its companion extensor muscles 
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(medial and lateral gastrocnemius; composed largely of fast-twitch units). It was shown 

that the units of soleus were far more prone to exhibit a rate modulation of their discharge 

during the stance phase of the step than were the gastrocnemius units. In this report, this 

observation was not interpreted to mean necessarily that the gastrocnemius units were 

more prone to exhibit PPs. Rather, the focus was on the idea that during controlled 

locomotion of high-decerebrate cats (viz., Brownstone et al. 1992, among others) MU 

firing patterns are largely subject to non-linear intrinsic MN properties (including the 

PP), whereas during the natural walking of the intact rat, MNs respond to a more equal 

balance of their intrinsic non-linear properties and synaptic input from the spinal pattern 

generator for locomotion. 

The results of Gorassini et al. in their two rat (1999a, 1999b), and human (see below) 

studies may indicate the functional significance of the PP. There are four caveats about 

these studies, however. First, their presumption of the presence of a PP in a test MN is 

based on the prior inference that the MN is not experiencing an increase in synaptic input 

at the time the PP is inferred to occur (see below). Second, they did not address the 

possibility that at least part of the asymmetrical MN discharge patterns they measured 

was due to spike-frequency adaptation, which can last beyond 1 s (i.e., beyond the time 

consumed by doublet discharge; Powers 1999; Spielmann et al. 1993). As such, its 

presence, though perhaps attenuated, cannot be precluded when considering the spike-

frequency responses of phasic MUs (see above). Due to a paucity of relevant other data, 

this issue must remain open, at least for the moment. Third, and particularly in relation to 

their 1999a report, no precise mechanism was suggested as to why the majority of units 

exhibited phasic PP-influenced responses, and the minority exhibited tonic, non-PP-

influenced responses, and, as such, could "... be used as a measure of the net synaptic 
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drive onto the motoneuron pool" (Gorassini et al 1999a; pg. 709). (That is, their 

argument is less than rigorous that selected units "... began to fire tonically probably as 

a result of an increase in descending drive"; pg. 711). Fourth, the relationship between 

their tonic and phasic MU responses and MU type is somewhat obscure, as 

gastrocnemius (predominantly type F MUs) and not soleus (type S MUs) demonstrated 

presumed PP activity, as opposed to previously results (Bennett et al. 1998a; Lee and 

Heckman 1988a-b). Despite these caveats, the observations of Gorassini et al. (I999a-b) 

require detailed consideration because of the demonstration of: I) an abrupt increase in 

selected MUs' discharge in a variety of muscles of the rat hindlimb (see also Eken 1998); 

and 2) this abruptness being evident during both sinusoidal stretch and locomotion. 

Taken together, these results suggested that many of the tested units were firing at some 

preferred rate. This finding is in keeping with results obtained in some parallel studies 

undertaken on conscious human subjects (see below). 

Cramps and myokymia in humans. Baldissera et al. (1994) have reported that 

sustained, involuntary muscle cramps, spasms, and myokymia, can be activated and 

terminated in selected patients by brief excitatory and inhibitory reflex activation, 

respectively, as shown in Fig. 2.13. 

In view of the similarity of their stimulus paradigms to those used both in the original 

demonstration of prolonged MN discharge in decerebrate cats (Hultbom et al. 1975) and 

subsequent, pre-1994 reports on the PP (see above), Baldissera et al. (1994) proposed that 

"... motor neuron bistability may be the single pathogenic mechanism underlying the 

multiple etiology of cramps..." This intriguing idea, and its relation to non-pathological 

human MN discharge, has not yet been examined to a further degree. 
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Low PP threshold and preferred firing rates of human MUs. From the outset, any 

discussion of human MUs must begin by emphasizing that since the mid-1920s (early 

A 
Sol EMG raw 

Mmax 

LLL^ — 

tendon tap 

FIG. 2.13. Induction of a reflex-evoited cramp in the soleus muscle by the natural 
activation of muscle spindles in the human. Measurements included the raw (upper 

trace) and integrated (middle trace) soleus interference-pattern EMG, and stimulus 

artifacts (lower trace). Cramps developed in the soleus and gastrocnemius (not shown) 

muscles after 3 light taps (/) or continuous low-amplitude vibration (2) of the Achilles 
tendon. (Both types of stimulation are selective for activation of spindle la afferents). In 

both cramps, the sustained contraction was terminated by brief supra-maximal electrical 

shocks to the posterior tibial nerve: i.e., to produce brief inhibitory post-synaptic 

potentials in relevant MNs in the SC; viz.. Fig. 2.3 A above. Modified from Baldissera et 
al. (1992; their Fig. IC). 

refs. in Freund, 1983; Gydikov et al. 1973; Stuart and Enoka, 1983) it has been known 

that the discharge of a single unit can be controlled readily and maintained steadily by a 

human subject (given audio/visual feedback) at various frequencies within about a 10 Hz 

range above the recruitment threshold level (i.e., -8-18 Hz). When using this 

experimental paradigm with ever-progressing sophistication (recent refs. in Fuglevand et 

al. 1993, 1999) there are no reports that MUs exhibit an abrupt jump to a higher range of 
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discharge. Rather, there appears to be a force range (probably < 10% of the overall force 

capacity of the muscle) over which the firing rate of a MU is modulated linearly. Above 

this range, firing rate seems to asymptotically reach a limit (see below). In what follows, 

some other patterns of low-threshold MU firing behavior are described. The relationship 

between these recent findings, and the above well-established and repeatedly confirmed 

observations remains an open question. For the moment, it is perhaps best to simply 

acknowledge that the two sets of observations are currently co-existent, with much 

further work required to resolve their differences (e.g., their muscle and/or task 

dependencies). 

In a recent study, Kiehn and Eken (1997) used muscle tendon vibration to excite 

reflexively lower-leg MUs in the conscious human. Their goal was to test for the 

possibility of PP behavior occurring during voluntary isometric contractions. As in the 

freely moving rat, short-lasting vibration during low force, isometric contractions often 

recruited a MU into a so-called "preferred" firing frequency that continued well beyond 

the duration of vibration. During paired MU recordings during force production, with 

one MU recruited and the other (higher-threshold) one silent, tendon vibration again 

recruited the previously silent MU into prolonged firing while only transiently altering 

the discharge rate of the previously active MU. The prolonged discharge of the newly 

recruited (higher-threshold) unit was probably not a result of an increase in synaptic drive 

after the vibration was removed, since the firing rate of the first unit did not increase. 

This observation led to the interpretation that the generation of sustained discharge in the 

initially silent MU was due, in part, to its generation of a PP. The authors postulated that 

PPs might be a part of normal MU behavior during force development. Fig. 2.14A shows 
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graded isometric ramp contractions in which their recordings from low-threshold MUs 

are indeed suggestive of PPs during normal human movement. 

During the Fig. 214A contractions, recruited MUs demonstrated a rapid increase in 

spike-frequency to a "preferred firing range" that was maintained despite changes in the 

amount of developed force (Kiehn and Eken 1997). Interestingly, analogous results have 

been obtained in different human muscles from a number of laboratories, although the 

sustained MU discharge was not attributed to PPs (e.g., Bawa and Calancie 1983; De 

Luca et al. 1982; Denier Van Der Gon et al. 1985; Romaiguere et al. 1993; Vander 

Linden et al. 1991). 

Kiehn and Eken (1997) emphasized that their focus on a potential association 

between preferred MU spike-frequencies and PPs "... should not be seen as an attempt to 

provide a conclusive proof for the existence of plateau potentials in human MNs, but 

rather as a possible way of explaining the available data" (their pg. 3066). Nonetheless, it 

is indeed compelling that shortly thereafter, quite similar MN behavior to that shown in 

Fig. 2.14A was reported by Lee and Heckman (1998a) for decerebrate cat MNs in the PP 

state during ramp IC stimulation (Fig. 2.14B; see also Bennett et al. I998a-b; Heckman 

and Lee 1999b, their Fig. 4; Hounsgaard et al. 1988a; Hultbom 1999). 

Also of relevance is the Gorassini et al. (1997) report on the reduction in recruitment 

threshold of human tibialis anterior MUs by repeated muscle activation. They noted that 

the subjective effort to recruit a MU was always much higher on the first contraction 

compared to subsequent contractions which demonstrated a similar time course of human 

MN facilitation (warm-up) of PP development to that shown previously in turtle and cat 

MNs (see above). In all, Gorassini and colleagues have three recent publications that 
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FIG. 2.14. PP effects on the spike*frequency pattern of human MUs and cat MNs. 
A: Unitary EMG spike-frequencies of human MUs during voluntary isometric ramp-hold 

contractions in the tibialis anterior (1) and ramp-hold-ramp contractions in the soleus 

muscle (2) AJ: the instantaneous spike-frequencies of three human MUs (top trace) 

during a voluntary isometric ramp contraction (bottom trace). Typically, each unit's 

spike-frequency increased steeply after its recruitment, followed by much smaller 

increases with increasing force production. This jump to a relatively high spike-

frequency is termed the "preferred firing range". It is a common feature of human MU 

behavior during voluntary contractions (see text for references). A2: arranged like AI, and 

showing the spike-frequency responses of two soleus MUs during a ramp-hold-ramp 
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pattern of voluntary force production. For ̂ 7-2, note that the 15 Hz calibration bar is set 

a little above 0 Hz: i.e., there are four data points at 0 Hz in Al and 2 data points at 0 Hz 

in A2. (Modified from Kiehn and Eken 1997; their Figs. 4, 5). B: the spike-frequency 

(top traces; smoothed firing rate; moving average of 5 interspike intervals) of 2 cat 

hindlimb MNs (1-2; decerebrate preparation) during the IC-injection of a triangular-wave 

current (bottom traces). In the Bl cell, that had a more fully developed PP, there was an 
immediate steep jump in spike-frequency at Imin' whereas in the B2 cell, that had a less-

developed PP. this jump occurred a little later (i.e., at -8 nA > Inun)- Note the higher 

firing rates attained by the latter cell, despite the authors' other evidence suggesting that 
this ceil had a lesser PP. (Modified from Lee and Heckman 1998a; their Fig. 4 C-D; see 
also Heckman and Lee 1999b; their Fig. 4). 

implicate PPs in the discharge of human motor units during the voluntary contractions of 

healthy (1997, 1998) and spastic subjects (1999b). 

In all of the above-mentioned reports on conscious rats and humans (aJ seriatim'. 

Baldissera et al. 1992; Kiehn and Eken 1997; Gorassini et al. 1997; Eken 1998; Eken and 

Kiehn 1998; Gorassini et al. 1998, 1999a, 1999b, 2000), PPs were presumed to occur in 

situations in which it was inferred that there was no alteration in the synaptic input to the 

relevant MNs. This claim, while based on carefully evaluated experimental conditions, 

is not yet based on objective criteria that have universal acceptance. The issue of the 

occurrence of PPs during natural movement must therefore remain open. 

Another issue of concern is that the current interpretation of the results of human MU 

studies rests heavily on results obtained on decerebrate cats by Bennett et al. (I998a-b) 

and Lee and Heckman (1996, 1998a-b; Heckman and Lee I999a,b). As pointed out by 

Heckman and Lee (1999b), rate limiting MN behavior in human studies generally occurs 

when the spike-frequency of their MUs reaches 15-20 Hz vs. 40-50 HZ for MNs in 

decerebrate cats. This difference complicates the inference as to just when the threshold 

for a PP is reached in the human work. 
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Despite the above reservations, it is still compelling to make comparisons of PP 

generation across species. For example, to stimulate thought on this issue, Heckman and 

Lee (1999b) have suggested that human MU researchers can legitimately infer sustained 

PP behavior in presumably low-threshold type S MNs) during slowly rising voluntary 

contractions (~5-lO % of the MVC/s). They have argued that PPs are present when the 

firing pattern of the tested MUs meets four criteria: 1) a transition from a high initial 

spike-frequency/muscle force slope to a much lower slope (rate limiting behavior; e.g.. 

Monster and Chan 1977) while force is increasing slowly; 2) a more variable spike-

frequency after the onset of rate limiting behavior; 3) as force is reduced voluntarily, a 

linear decrease in spike-frequency/muscle force; and 4) a cessation of discharge (de-

recruitment) at a lower force than occurred at recruitment. It bears considerable emphasis 

that each of these four criteria must now be evaluated in depth by experimentalists who 

study human MU firing patterns. Some of the issues to be addressed in such an 

evaluation are taken up below in Chapter 5. 

It was also suggested by Heckman and Lee (1999b) that PPs are most likely to occur: 

I) "... in low threshold motor units in proximal muscles and least likely to occur in high 

threshold motor units of distal muscles..."; and 2) "... in task requiring steady 

stabilization and less likely in tasks where precise and dynamic changes in force are 

needed..." (pg. 55) At this stage, it would seem that the latter generalization does not 

necessarily hold across species, however (e.g., the rat locomotion studies of Gorassini et 

al. (1999a, 1999b). 

Summary and relevance of the PP to the I-f relation. Taken together, recent results 

obtained using unanesthetized decerebrate cats (Bennett et al. 1998a-b; Heckman and Lee 

I999a-b; Hultbom 1999; Lee and Heckman 1998a-b), the conscious rat (Eken 1998; 
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Gorassini et al 1999a, 1999b; Kiehn et al. 1996), and the conscious human (Baldissera et 

al. 1992; Gorassini et al. 1997, 1998, 2000; Kiehn and Eken 1997) have accommodated a 

number of prior findings and viewpoints on the PPs of MNs. First, it is now more 

universally accepted that PPs may participate in normal MU firing behavior in intact 

conscious animals, and possibly humans. Second, PPs are more likely to be generated 

within the MN's dendrites than its soma, thereby explaining why accelerated MN 

discharge can be recorded IC under selected circumstances without an associated increase 

in membrane depolarization. Third, PPs can occur at low threshold, and thereby 

influence a MN's discharge immediately on its recruitment, or shortly thereafter. Fourth, 

the warm-up phenomena first identified in the turtle dorsal and ventral horn of the SC 

slice may influence MU discharge in intact vertebrates. Fifth, during the IC injection of 

progressively increasing depolarizing currents, cat MNs in the fully bistable state can 

exhibit a rate limiting behavior somewhat like that observed by Brownstone et al. (1992) 

during the near-same preparation's Active locomotion. Finally, rate modulation during 

manifestation of the PP by the summation of synaptic or IC-injected depolarizing current 

with the PP depolarization may occur in selected MNs, but it remains open if such MNs 

supply slow vs. fast twitch MUs. This latter issue was not addressed in the Brownstone 

et al (1992) study. 

Regardless of current open issues and uncertainties concerning the operation of PPs 

across and within different species and preparations, there is a progressively growing 

body of data to suggest that MU behavior during voluntary force production is 

accompanied by the presence of non-linear MN properties (particularly PPs). This was 

one of the initial propositions of Brownstone (1989) and Brownstone et al. (1992). As a 

result, non-linear MN properties will have to be accommodated in the modeling of the 
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central drive to the human MN pool on the basis of muscle force output and EMG (e.g., 

as in Fuglevand et al. 1993). 

2.8. SUMMARY: THE OVERALL RESEARCH PROTOCOL 

This dissertation addresses three issues of current relevance in segmental motor 

neurobiology. 1. Chapter 3 details the intrinsic properties of adult turtle MNs that were 

determined in the in vitro SC slice preparation. It provides information on the control, 

intrinsic properties of our previous (McDonagh et al. 1998a, 1999a-b), newly generated, 

complete samples on turtle MNs, and compares them to analogous findings on lamprey 

and cat MNs. 2. Chapter 4- quantifies the effects of selected neuromodulators on intrinsic 

properties of turtle MNs, including three excitatory (5-HT, muscarine, tACPD) and one 

inhibitory (baclofen) modulators. All four have been shown previously to have effects on 

turtle MNs (Hounsgaard and Kiehn 1989; Svirskis and Hounsgaard 1997. 1998), but 

without the provision of quantitative measurements of repetitive firing. This chapter 

provides the most quantitative description to date of the changes in passive, transitional, 

and active biophysical membrane properties of turtle MNs following neuromodulation by 

the selected agents, with an emphasis on the I-f relation. 3. Chapter 5 addresses MN 

firing patterns during ramp, IC- stimulation patterns in the control bathing medium vs. 

application of modulator agents to evoke PP behavior. These results are compared 

qualitatively to decerebrate cat MN discharge in the presence of PPs, and to human MU 

firing during voluntary contractions. It is our contention that MN firing behavior in these 

three very different experimental conditions and species are unified by a PP-induced 

tendency for MNs to exhibit a preferred range of spike-frequencies during voluntary 

contractions of the musculature. 
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CHAPTER 3. ELECTROPHYSIOLOGICAL PROPERTIES OF TURTLE 

MOTONEURONS 

3.1 SUMMARY 

The purpose of this study was to: 1) evaluate the stability and consistency of 

electrophysiological measurements of selected passive, transitional, and active (firing) 

properties of motoneurons (MNs), as recorded intracellularly (IC) in slices of 

lumbosacral spinal cord (SC) taken from the adult turtle; 2) evaluate a previously 

introduced provisional classification scheme for turtle MNs innervating twitch muscle 

fibers; and 3) compare the properties of turtle MNs to those of the cat. Robust 

measurements were made on 63 MNs for up to 3.5 hr of repealed testing. Spontaneous 

intemeuron (IN) discharge was shown to have a minimal effect on the MNs' passive and 

transitional properties, and a small, albeit significant effect on some of the active 

properties. The measurements on the present 63 MNs were within the range of those 

presented in two previous reports: one involving near-identical electrophysiological 

measurements made on 56 MNs, and the other both electrophysiological and 

morphological measurements made on 11 MNs. Our total 130-cell sample was 

provisionally classified into four groups (1 to 4) on the basis of a cluster analysis of their 

input resistance, rheobase, and the slope of their stimulus current-spike frequency 

relation. This nomenclature was appropriate for cells of progressively increasing, mean 

threshold (I to 4) and with other properties consistent with such a recruitment pattern. It 

is argued that our turtle type 1, 2, and 3 MNs are like cat MNs, which innervate slow-

twitch (SO) muscle fibers, fast-twitch FOG fibers, and fast-twitch FG fibers, respectively. 

Our turtle type 4 MN is thought analogous to a particularly high-threshold cat and human 
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MN that innervates highly fatigable FG fibers in both species. In summary, the results 

extend on several recent reports from two laboratories that have emphasized the value of 

the SC slice preparation of the turtle for study of spinal neurons that may generalize 

across adult tetrapod vertebrates. The results include properties associated with repetitive 

firing, which are difficult to measure in in vivo mammalian preparations. 

3.2 INTRODUCTION 

Detailed investigation of the active (repetitive-firing) properties of spinal MNs have 

been technically difficult to obtain in in vivo mammalian preparations when using low-

resistance electrodes. Nonetheless, such measurements (the majority made in cat 

preparations) have been relatively consistent and reliable across laboratories (Binder et al. 

1996; Burke 1981). Furthermore, a substantial literature is available on the associations 

between the properties of cat MNs and those of the muscle fibers they innervate, and the 

significance of such associations for the graded development of muscle force (Binder et 

al. 1996; Burke 1981; Henneman and Mendell 1981; Kemell 1992). This work, which 

has involved contributions from many laboratories, has been facilitated by the widespread 

practice of classifying MNs according to their exclusive innervation of a particular type 

of muscle fiber (i.e., SO, FOG, FG) and/or corresponding motor unit (S, FR, FF, 

respectively). A further advantage of this classification scheme (introduced by Burke 

1967; Burke et al. 1973) is that it can be used on the basis of the MNs' 

electrophysiological properties alone (Zengel et al. 1985). Such provisional classification 

has proven useful in studies on paralyzed preparations, in which stable in vivo IC 

recording was the primary requirement, but in which one of the goals was to also draw 

inferences on the graded development of muscle force (e.g., several 1988-95 reports from 
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the Binder laboratory cited in Binder et al. 1996; LaBella et al. 1989; Spielmann et al. 

1993). 

Recent IC recording studies using high-resistance microelectrodes in in vitro slices of 

the turtle spinal SC have provided the opportunity to quantify measurements of the 

repetitive-firing properties of spinal MNs (Hounsgaard and Mintz 1988; Hounsgaard et 

al. 1988b; McDonagh et al. 1998a, 1999a-b; see also Robertson and Stein 1988; 

Rosenberg 1972; Stein et al. 1982; Yamashita 1986). To this point, little information is 

available, however, on the consistency and reliability of such measurements in turtle 

MNs (e.g., as in McDonagh et al. 1999a; their Fig. 1). Also, little information is yet 

available on the mechanical properties of motor units in turtle hindlimb muscles (e.g., 

Callister et al. 1995). It is known that such turtle skeletomotor twitch fibers resemble 

those of the cat in both their histochemical staining and relative size (Laidlaw et al. 

1995). Furthermore, in our initial study of 56 turtle MNs (McDonagh et al. 1998a), an 

objective cluster analysis was shown to provide a set of provisional classification criteria 

like those developed by Zengel et al. (1985) for cat MNs. 

In this report, we present data on an additional 63 MNs, and our total sample of 130 

MNs. The repeatability of measurements made on turtle MNs was confirmed by 

demonstrating robust measurements made for over 3 hr of repeated testing. The 

measurements' consistency was shown by comparing the present ones to those made on 

two previous MN samples from our laboratory (McDonagh et al. 1998a, 1999b). Next, 

we confirmed and extended upon our previous provisional classification scheme by 

showing its appropriateness for our current total sample of MNs. Finally, we extended 

upon our previous comparison of MN properties of turtle vs. cat MNs (McDonagh et al. 
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1998a). This comparison adds support to Fetcho's (1992) argument that in terms of their 

segmental motor system, turtles are adjacent to mammals phylogenetically. 

Some of the results have appeared in abstract form (Hornby et al. 2000b). 

3.3. METHODS 

The techniques required for the Chapter 3-5 studies were recently described in detail 

by our laboratory. They are presented below in brief, except for selected modifications 

and some additional pharmacological tests. 

3.3.1. Dissection and slice preparation 

All protocols involving the use of animals were approved by the Institutional Animal 

Care and Use Committee (lACUC) of The University of Arizona and were in conformity 

with local, state, and federal regulations for the care and use of laboratory animals. 

Adult, North American pond turtles, Pseudemys (Trachemys) scripta elegans, were 

deeply anesthetized with sodium pentobarbital and perfused intracardially. Following 

decapitation, the D8-S2 portion of the SC, which contains the hindlimb enlargement, was 

removed and placed in chilled physiological saline. Next, the SC was removed gently 

and sliced transversely into six 2-mm-thick slices. These were allowed to recover in 

oxygenated physiological saline at room temperature (25-26° C) for 2-3 hr prior to the 

recording session. Each test slice was glued to filter paper, submerged in the recording 

chamber bath, and anchored with small glass weights. The slice was continuously 

perfused with oxygenated physiological saline flowing through the chamber at a rate of 1 

ml/min. At the end of each day's recording session (approximately 5-6 hr), the slices 

were refrigerated (4° C) overnight in a sealed container of physiological saline, which had 
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been saturated with 98% 02/2% CO2. The slices were warmed to room temperature for 

recording on the same, or the first or second subsequent day. 

3.3.2. Recording procedures 

IC potentials were recorded at room temperature from MNs of the ventral horn, using 

sharp microelectrodes (impedance, 40-70 MQ) of thin-wall borosilicate glass with 

filament (outer diameter. 1.5 mm). They were filled with 1 M K"^ acetate. For most cells, 

recordings were made in Lamina IX at depths of 10-3(X) (im from the cut surface of the 

slice. Successful penetration of a spinal MN was characterized by a rapid negative shift 

in potential to the cell's resting membrane potential (Vj.; usually from -60 to -80 mV), 

and by the production of action potentials (APs) which occurred in response to an 

injected current > 0.4 nA, thereby precluding the testing of an ventral-horn IN 

(McDonagh et al. 1998a). The membrane potential (V^) was amplified, filtered (0-3 

kHz), and recorded on a tape recorder and on a Macintosh computer. 

3.3.3. Measurement of membrane properties 

Test cells were studied for 19-218 min (mean, 51 min). The passive (cell at rest) 

properties measured included: (in mV), Rjsj (MQ), and membrane time constant (T^^, 

ms). Transitional (rest-to-threshold) properties included; rheobase (iRh' rheobase 

voltage (Vr}^, mV); calculated rheobase voltage (calc. Vrj^, mV; i.e., Ir^] + Vj-); 

and, four after-hyperpolarization (AHP) parameters (defined below), as based on the A? 

generated in the iRh ^^^t. The latter were AHP amplitude (two mV measures) and 

duration (two ms measures). Active (repetitive-firing) properties included: the minimum 

stimulus current (Imin' repetitive firing (defined as the current required to 

elicit > 5 APs throughout a 2-s stimulus pulse); the minimum (fmin) maximum 
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(fmax) firing rates (Hz) of repetitive discharge; the stimulus current at fmax (^max' 

and, the slope of the stimulus current-spike frequency (I-Q relation (f/I slope, Hz/nA). 

Input resistance. The "steady-state" (not peak) was measured as the slope of the 

linear regression of a voltage response to four, 2-s constant current pulses (2 

depolarizing, 2 hyperpolarizing; each an average of 4 successive sweeps) of varying 

magnitude, which were applied to the cell at its Vr. 

Membrane time constant. Tni was averaged from the decay of the voltage response at 

the termination of four current steps during the Rn test described above. 

Rheobase current and voltage. was measured as the smallest-amplitude, 2-s 

injected current pulse that elicited a single AP. was determined by Vj|^ at initiation 

of the AP. Calculated VR^were determined algebraically from the Vp Rj^, and Ir^-

Afterhyperpolarization. These measurements were made on the averaged AHP of the 

AP trajectories generated in successive rheobase tests (up to 16 sweeps). For all cells, 

this average AHP was derived from 12-16 sweeps, and exhibited a clear separation 

between an initial larger-amplitude, brief (duration <10-20 ms), fast component, and a 

subsequent, lesser-amplitude, slow component or components (duration, -50-450 ms; 

e.g.. Fig. 3.2). Accordingly, the AHP measurements included: AHPamp-f' voltage 

difference (in mV) between spike onset and peak of the fast AHP: AHPamp-s' voltage 

difference (in mV) between spike onset and peak slow AHP; AHPjui-ation' from 

spike onset to termination of post-spike hyperpolarization; AHPhaif.jgcay time' 

ms) for voltage decay from peak slow AHP to one-half of that level. 

I-f relation. This relationship was determined for steps of increasing current intensity 

applied at 10-s intervals. The mean f/step was based on the 2^^ s of discharge. Initial 
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stimulus intensity was set at Imin- Depolarizing current was increased step-wise above 

Imin 0-^ "A steps to 2 nA. Subsequently, 0.2 nA steps were applied to the end-point. 

The latter was a somewhat subjective measurement, as it has been in preceding reports on 

the I-f relation. In the present study, it was selected for when the cell: 1) was about to 

stop, or stopped firing; 2) reached a plateau in its firing rate for 2-3 consecutive current 

steps; or 3) was subjected to a potentially damaging current intensity. Each of these 

possibilities warrants special comment. The first criterion was by far the most frequently 

used one (-85% of the sample). It required considerable experience and preliminary 

experimentation, because it was essential that the cell experience as limited and 

temporary an accommodation of its spike-generating mechanism as was experimentally 

feasible (Brownstone et al. 1992). The second type of behavior occurred quite rarely. 

Furthermore, the present and preliminary experiments revealed that for those few cells 

that reached a rate-plateau, this rate was maintained for only 1-2 additional current steps. 

Rather, the cell would then stop firing, or its rate would fall dramatically before ceasing 

altogether. The third criterion was only invoked for a few cells of unusually high 

threshold. While it is conceded that subjectivity is an issue for the Imax'^max 

measurements, this was not the case for the Imin'^min' slope measurements. 

Furthermore, the results of McDonagh et al. (1998a), and the present results revealed thai 

the f/I slope measurements were not contaminated by our Imax' ^max measurements: 

i.e., the f/I slope was well established at the lower-strength stimulus current data points. 

The linear portion of the I-f relation was taken as the one-phase f/I slope for 

individual cells. (Note: the term "one-phase" is introduced in this chapter to distinguish 

the measurement from two-phase measurements which are required in Chapts. 4-5 for 

comparing the I-f relation of MNs in the control vs. excitatory modulated state). As in 



I l l  

this laboratory's previous results (McDonagh et al. 1998a), there was no evidence of a 

secondary range of firing in the one-phase I-f relation: i.e., stronger stimulation 

producing an abrupt change to a steeper f/I slope (cf. Kemell 1965b, 1992, 1995). 

During the 2-s stimulus pulse trains of the I-f test, most cells were still exhibiting some 

spike-frequency adaptation (Powers 1999) during the s of stimulation, at which time 

the f/I slope was calculated. Only one cell exhibited accelerating rather than adapting 

discharge during the 2-s current pulses; see Chapt. 4 below). In previous studies, such 

accelerating discharge was also observed quite rarely in spinal turtle MNs (Hounsgaard et 

al. 1988b; McDonagh et al. 1998a) In previous studies, such accelerating discharge was 

also observed quite rarely in spinal turtle MNs (Hounsgaard et al. 1988b; McDonagh et 

al. 1998a). (Such behavior is commonly observed, however, when recording from turtle 

spinal INs in the same control bathing medium; Hounsgaard and Kjaerulff 1992). 

3.3.4. Identification of MNs 

All the tested cells had an Ir^ value > 0.4 nA and an f/I slope < 50 Hz/nA. 

Previously, our laboratory has shown that these values clearly separate MNs from INs 

using both electrophysiological criteria (McDonagh et al. 1998a; their Table 1) and 

morphological evidence from reconstructions of stained cells, the latter revealing that 

MNs, but not INs, have an axon with a trajectory to the ventral edge of the SC 

(McDonagh et al. 1998a-b; 1999a). The presently used Ir^ > 0.4 nA criterion also 

excluded (albeit provisionally) the possibility that the MNs under investigation supplied 

non-twitch muscle fibers. (This issue requires subsequent direct resolution, however, by 

combining IC MN stimulation with measurement of the mechanical properties of the 

muscle fibers supplied by the MNs: for review, see the above three McDonagh et al. 

reports; also Stuart et al. 1998). 
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3.3.5. The issue of spontaneous IN discharge 

Are turtle SC slice measurements of the intrinsic properties of MNs distorted by 

random (unpattemed) synaptic potentials from spontaneously discharging INs? Recently, 

this issue was addressed in a study on turtle dorsal horn INs (Russo et al. 1998; see sect. 

3.5.2. below) but there is no previous information on spinal MNs. In control experiments 

on 10 MNs, we tested for this possibility by comparing measurements made in the 

control bathing medium vs. one in which a cocktail of neurotransmitter antagonists was 

added. Selected antagonists to the major ionotropic neurotransmitters in the SC, applied 

in concentrations consistent with previously reported results: strychnine (5 |iM; 

Umeimeya and Berger 1994); biccuculine (10 jiM; Umeimeya and Berger 1995; Tegner 

et aJ. 1993); and kynurenic acid (1 mM; Currie and Stein 1992). These agents were first 

made up as high-concentration stock solutions in either standard Ringers solution or 

DMSO, and later diluted to the final concentration. Intrinsic MN properties were first 

determined in control Ringers solution, and then retested 6-8 min after adding the 

transmitter antagonists to the bathing medium. 

Fig. 3.IA-C shows the antagonists' effects were quite small in some MNs, whereas D 

shows that in our 10-cell population, an effect could be significant. In average 

measurements made on this sample, and most AHP parameters were unaltered, and 

the mean changes in Rjm (+27%), Irj^ (-4.5%), and AHPgnip-s (-10%) were insignificant. 

Similarly, while most of the I-f parameters were altered only slightly, the mean 18% 

increase in the f/I slope was significant. 

Despite the Fig. 3. ID result, there is a pronounced drawback to the strategy of adding 

neurotransmitter antagonists to the control bathing medium. This is the potential effect of 

such antagonists (e.g., strychnine) on specific intrinsic MN conductances (see 
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FIG. 3.1. Examples of the effects of transmitter antagonists on the intrinsic 
properties of MNs. Measurements made on representative MNs whose SC slice was in 

the control bathing medium vs. one composed, in addition, of a cocktail of transmitter 

antagonists (see Methods). A: determination of Rjsj in a MN via a 2-s, IC-current 
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injection of ± 0.20 and ± 0.30 nA. Vj^ displacements were averages of 4 consecutive 

sweeps (tests). Spontaneous synaptic activity not observed in the raw recordings, and the 
effect of the antagonists on the measurement of Rjsj was minimal. B: profile of the cell's 

AHP at the rheobase setting. In the control medium (1.8 nA; stimulus duration, 500 ms), 

the AHP shown was based on 16 consecutive sweeps. In the test medium (2.0 nA; same 

stimulus duration), the AHP shown is also a 16-sweep average. Again, the antagonists' 

effects were slight and insignificant. C: firing pattern of another MN during a 2.5 sec. IC 

current injection of 2.8 nA. The mean f response (of 2"^^ s of discharge) was 11 Hz in 

the control condition vs. 9 Hz in the test condition. D: the on-average I-f relation of 10 

MNs is shown for the control vs. test bathing medium. The plots are represented by the 

mean of two pairs of data points; Imln^fmin' ^max'^max- Error bars and dashed 

lines indicate the S.D. of the f responses. Note the substantial overlap of the two I-f 

averages, there being no significant differences in several of the relation's parameters (see 
text). The antagonists did shift the I-f relation slightly leftward, however, and they 

significantly increased the f/I slope (from 11 to 13 Hz/nA; P < 0.05). 

Discussion). For this reason, neurotransmitter antagonists were not routinely added to the 

control bathing medium, this being also the practice in the Hounsgaard laboratory (e.g., 

Hounsgaard and Kiehn 1989; Hounsgaard and Mintz 1988; Hounsgaard et al. 1988b; 

Svirskis and Hounsgaard 1997, 1998). 

3.3.6. Cluster analysis procedures 

The presently studied 63 MNs were grouped with our previous sample of 67 MNs 

(i.e., adding the cells from McDonagh et al. 1998a and 1998c). The total sample of 130 

MNs was then classified into four distinguishable groups on the basis of their Rjsj, Irj^' 

and one-phase f/I slope values by use of the objective Ward agglomerative hierarchical 

cluster analysis. Rfyj was selected as a cluster-analysis parameter because of its close 

inverse association with cell size (surface area of the cell's soma and dendrites; Binder et 

al. 1996; Burke 1981) for which there are remarkably few morphological measurements 
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in the vertebrate literature (McDonagh et al. 1998c). was chosen to accommodate 

aspects of cell excitability that are in addition to cell size (Binder et al. 1996). The one-

phase f/I slope was chosen because it is such a fundamental indicator of the cell's ability 

to convert depolarizing current into repetitive discharge (Binder et al. 1996; McDonagh 

et al. 1998a). 

The cluster-analysis procedure began with 130 data points, each representing the 

three normalized (dimensionless) variables for each of the test cells. The squared 

Euclidean distance between each data point was used to calculate a distance matrix. Data 

points with a minimum distance between each other were progressively fused to form 

new clusters with multiple data points and new distance matrices. The progressive fusion 

and computation of distance matrices continued until a single cluster remained. The 

above procedures are presented below in the form of a dendrogram (Fig. 3.3). 

The above cluster-analysis procedure was repeated for the presently studied sample of 63 

MNs. The result is only mentioned in brief in the Results section because it provided 

essentially the same information as the analysis of the total 130-cell sample. The latter is 

a sounder classification procedure, however, because it accommodated a wider range of 
cell values in keeping with the much larger cell sample. 

3.3.7. MN nomenclature 

The MN nomenclature adopted in the Results section is in the order of the increasing 

threshold of four groups of cells; i.e., MN-1 to MN-4. This corresponds to our originally 

used O-MN to MN-3 (McDonagh et al. 1998a), and subsequently used MNjj (low-

threshold; for the present MN-1) and MN^j (high-threshold; for the present MN-2 to 4; 

McDonagh et al. 1999a-b). 
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3.3.8. Statistical analysis 

Statistical differences between MN properties were evaluated with a paired t-test for 

the study of MN properties following application of neurotransmitter antagonists to block 

spontaneous synaptic input. Significance level was taken at P < 0.05. Unless noted 

otherwise, the values presented below are the mean ± S.D. for various groups of cells. 

3.4 RESULTS 

This report is based on electrophysiological measurements made on 63 MNs, and this 

sample combined with 67 MNs from two of our previous studies (McDonagh et al. 

1998a, 1999b). 

3.4.1. Stability of MN recording 

Fig. 3.2 shows that throughout the test period, the IC recording from an exemplary 

MN was remarkably stable, as were the repeated measurements of control intrinsic 

properties, including the I-f relation. We consider this to be an important control finding, 

particularly since the issue of spontaneous IN discharge in the SC slice is a vexatious and 

not easily disposable one (see above). 

3.4.2. Quadripartite classiflcation of turtle MNs by cluster analysis 

Fig. 3.3 provides a cluster-analysis dendrogram of our total sample of 130 MNs. It 

shows four cell groups as in our initial study (McDonagh et al. 1998a). A near-identical 

dendrogram resulted from restricting the analysis to the presently studied 63-cell sample, 

but the Fig. 3.3 one is more encompassing, being based on our full sample of cells. 
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FIG. 3.2. Stability of MN discharge throughout the lest period. 
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FIG. 3.2. Stability of MN discharge throughout the test period. A-B: IC recordings of 

the repetitive discharge of a MN early (A) and late (B) in the test period. In both cases, 

the discharge was in response to the IC injection of a 2-s, 3.8 nA current pulse. The APs 

are from the beginning of the 2'^'^ s of the response. The A response was recorded 12 min 

after cell penetration. The mean firing rate throughout the 2"*^ s of response was 37 Hz 

and mean AP amplitude (peak-to-peak) was 82 mV. The B response was recorded 185 

min later. The corresponding measurements were 43 Hz and 85 mV. Between the two 

responses, the SC slice was alternately bathed in a 5-HT (10, 20, 50, 100 nM)-added 

bathing medium and a 20 min wash with the control solution (see Methods). C: the I-f 
relationship of the same MN, again at -12 min into the testing period (thin line), and 

~I85 min later (thick line). The f/I response was 16 Hz/nA at 12 min and 14 Hz/nA at 

185 min. This figure demonstrates the remarkable stability of IC recording in a turtle SC 

slice preparation (see also McDonagh et al. 1999a; their Fig. 1), and the robustness of the 

MNs' responses, which in this particular cell were measured over a total time frame of 

218 min. 

Table 3.1 compares several of the properties of the four cell groups of Fig. 3.3. They 

are discussed in the order of their increasing, on-average threshold: MN-1, (16 % of total 

sample); MN-2, (29%); MN-3, (49%); and MN-4, (6%). In our previous cluster analysis 

of 56 MNs (McDonagh et al. 1998a; their Table 2), the relative distribution of the 4 MN 

groups was: MN-1, 25%; MN-2, 46%; MN-3, 21%); and MN-4, 7%). These relative 

percentages are sufficiently similar for the 1 and 4 categories to give confidence that a 

quadripartite classification is a robust finding. (The relative representation of type 2 vs. 3 

ceils is addressed below in the Discussion). 

Table 3.1 also provides a comparison of the range of parameter values for our total 

130-cell sample vs. the presently added 63 MNs. Within the MN 1-4 categories, the 

ranges of values for each parameter are quite similar for the two populations of cells. 

Furthermore, for our total sample, the range of values is quite similar to that that accrues 

from the various MN values and samples provided in reports from Hounsgaard's 
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FIG. 3.3. Cluster analysis of our total 130-cell sample of turtle MNs. 
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FIG. 3.3. Cluster analysis of our total 130-cell sample of turtle MNs. Dendrogram 
produced by a cluster analysis using the cells' values for Rf>j, one-phase f/I 

slope. The cell groups are numbered 1 to 4 on the basis of their increase in on-average 

threshold (see Table 3.1). The presently studied 63 cells were distributed throughout the 

4 cell categories (MN-I, 5 cells; MN-2, 16; MN-3, 37, MN-4, 5). The relative length of 

the horizontal lines represents the squared Euclidean distance between the groups. A 

greater Euclidean distance between successive clusters represents a greater potential 

heterogeneity within the cluster (McDonagh et al. 1998a; see their Methods). As such, 

this dendrogram shows that the low-threshold MN-1 ceils were clearly separate from the 
MN-2 to 4 group. Among the latter 3 groups, the MN-4 group was quite separate from 

the more intermingled MN-2 and 3 groups. Note fiirther that the intermingling between 

these two latter groups was somewhat more extensive than between the two components 

of the group we have designated as MN-1. 

laboratory (Hounsgaard and Mintz 1988; Hounsgaard et al. 1988b). Taken together, 

these comparisons show that the measurement of MN properties in turtle SC slice 

preparations is quite repeatable across studies from the same and different laboratories. 

MN-1. As in our previous study (McDonagh et al. 1998a), Table 3.1 shows the lower 

threshold MN-l group's passive, transitional, and active properties were clearly separate 

from those of the three higher-threshold groups. The only parameters that did not 

distinguish the MN-l category from the others were AHPamp-S' which was relatively 

similar across groups, and the f/I slope. This latter parameter was significantly greater 

for MN-1 vs. MN-3 and 4, however. Surprisingly, its value for the MN-l group was 

significantly lower than that for the MN-2 group, but the range of values was rather 

similar for the two groups (11-35 vs. 13-46 Hz/nA for MN-1 vs. 2). With larger samples, 

it is likely that these two groups will display quite similar f/I slope values, which in the 

present study were over twice as large as the values for the MN-3 and 4 groups. 
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TABLE 3.1. Properties of laboratory's total and present MN samples 

Group MN-1 MN-2 MN-3 MN-4 DifTerenccs 
(n-total) (21) (38) (63) (8) (/'<0.05) 
[n-prcsent] [2] [15] [41] [5] 

Passive 

RN 35 ± 7.7 13 ± 6.4 13 a 4.8 4.9 ± 1.3 1 > 2, 3. 4 
(Mf2) (27-51) (2.5 - 33) (3.4 - 23) (2.6 -7.0) 2 >4 (Mf2) 

[28 - 36] [5.4 - 22] [3.4 - 22] [2.6 -7.0] 

19 ± ll' 12 ± 4.6 11 i: 6.32 8.0 ± 4.8 I > 2. 3, 4 
(ms) (2.5 - 48) (5.5 - 23) (4.7 - 52) (3.9 - 18) 

[19- 19] [7.7 - 20] [4.7 - 16] [3.9 -5.5 

Transitional 

iRh 0.6 ± 0.4 1.2 ± 0.6 1.8 ± 0.8 
(nA) (0.2 - 1.5) (0.2 -3.3) (0.5 - 3.8) (nA) 

[0.5 - 0.6] [0.5 -3.3] [0.5 - 3.4] 

AHPduration 228 ± 109 178 ± 50 194 ± 58 
(ms) (23 - 390) (72- 260) (71 -350) (ms) 

[267 - 296] [111 -260] [82 - 309] 

AHP half- 93 i 56 67 ± 27 83 ± 3I5 
decay time (2.7 - 200) (18- 129) (21 - 165) 
(ms) [72 - 75] [46- 129] [34 - 144] 

(mV) 
10 ± 3.7 8.5 ± 2.0 11 ± 2.4 

(mV) (2.0 - 18) (3.0 - 13) (6.6- 18) (mV) 
[11 - 14] [5.3 -13] [6.7 - 18] 

5.3 ± 1.1 I < 2 < 3 < 4 
(4.4 - 7.5) 
[4.4 - 7.5] 

208 ± 76'^ ' > 2 
(143-356) 

[143 - 182]'* 
94 ± 28 I > 2 
(64- 135) 
[72- 135] 

11 ± 2.9^ 2 <3 
(8.4- 15) 

[8.4 - 13]4 

Active 

Imin 0.8 ± 0.4 1.7 ± 0.8 2.4 :t 1.1 6.4 ± 1.5 1 < 2 < 3 < 4 
(nA) (0.2 - 1.8) (0.2 - 4.2) (0.6 - 4.6) (4.8 -9.0) (nA) 

[0.6 - 0.7] [0.7 - 4.2] [0.6 - 4.6] [4.8 -9.0] 

Imax 2.8 ± 0.6 3.3 ± 1.0 5.0 ± 1.6 11 ± 2.5 1 < 2 < 3 <4 
(nA) (1.6-3.5) (0.7 - 6.0) (2.2 - 10) (8.0 - 15) (nA) 

[2.6 - 3.0] [1.8-6.0] [2.2- 10] [8.7 - 15] 

'"min 5.1± 2.3 6.5 ± 2.7 6.6 ± 2.7 7.3 ± 2.7 No 
(Hz) (1.9- 11) (2.2 - 14) (3.2 - 15) (4.3 - 12) differences (Hz) 

[3.4 - 5.8] [3.1 - 13] [3.2 - 14] [5.9 - 12] 

'max 45 :l: 16 45 ± 12.6 34 ± 11 28 ± 9.1 I > 3. 4 
(Hz) (19 - 78) (22 - 72) (14-69) (20-•43) 2 > 3. 4 (Hz) 

[46 - 46] [36-64] [19-69] [22-•43] 

onc-phasc 20 ± 5.8 24 ± 8.0 10 ± 3.1 4.4 ± 1.3 1 < 2 > 3 >4 
f/I slope (11 -35) (13-46) (3.0- 18) (2.9 -6.3) 
(Hz/nA) [ 1 8 - 2 1 ]  [ 1 5 - 4 1 ]  [3.0- 18] [2.9 -6.3] 
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Values presented are mean ± S.D., (range for total 130-cell sample), and [range for 

present 63-cell sample]. For each property, significant differences (P < 0.05) across the 

four MN groups are listed in the far right column. The total cell sample (n=130) is 

identical to that shown in the Fig. 3.3 dendrogram. It comes from McDonagh et al. 1998a 
(n=56) and 1999b (11), and the presently studied cells (63). The numbers in square 

parentheses, [ ], are for the present 63 cells, whose responses to neuromodulation are 

presented in Chapters 4-5. Note that the mean values for the three cluster analysis 
parameters, one-phase f/I slope, are significantly different from one 

another, except for the value of MN-2 vs. 3 cells. Our previous work (McDonagh et 

al. 1998a) also indicated a slightly higher f/I slope value for MN-2 vs. MN-1 cells, but it 

is likely an aberration of the still relatively small sample of MN-1 cells. The footnotes 

indicate when measurements were made on less than the full sample (for explanations, 

see the Methods section): ^ n=20/21, ^ 62/63, ̂  6/8, ^ 3/5, and ^ 61/65. 

MN-4. At the high-threshold end of the spectrum. Table 3.1 shows that the properties for 

the MN-4 group were clearly distinguished from those for the three lower-threshold 

groups. This was particularly so for R^, iRh. Imin- ^ max' ^^e f/I slope, thereby 

confirming one of our previous findings (McDonagh et al. 1998a). 

MN-2 vs. 3. The separation of MN-2 from 3 was less clear-cut than the above two. 

Nonetheless, significant differences were observed for Ir^' ^min' ^max' slope 

values, thereby supporting the validity of separating the MN-2 and 3 categories. In the 

Discussion section's Table 3.3, the MN-3 and 4 groups are combined as is the custom 

when classifying cat MNs. In this case, significant differences between the MN-2 and 

3+4 groups were observed for several additional parameters, the total number including: 

^Rh' '^^Phalf-decay time ^^^amp' ^min' ^max' ^max' slope. In summary. 

Tables 3.1 and 2 both illustrate the logic of separating an MN-2 group from the higher-

threshold MNs, with less differences seen between MN-2 and MN-3 groups than between 

MN-2 and MN-3+4 groups. 
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Note also that Table 3.1 shows that as seen previously (McDonagh et al. 1998a), there 

was a much greater range of values for ^min ^5) than for (X 20). 

This indicated that as in cat MNs (Binder et al. 1996), alone could not account for 

cell excitability: i. e., as estimated by o*" Imin-

3.4.3. Range of individual and combined values for the three cluster analysis 

parameters 

Single values. Fig. 3.4 shows the distribution plots for the three cluster analysis 

properties (R^j, iRh' slope). The upper component of Table 3.2 presents 

arbitrarily chosen individual values (boundary criteria) for each single cluster analysis 

parameter that provided the most separation between the four MN groups. 

Fig. 3.4A shows a skewed unimodal distribution of Rjsj, ^^"^1 f/I slope among the 

four groups. Similarly, the upper component of Table 3.4 demonstrates that no 

arbitrarily-chosen value for each of these parameters could distinguish one particular 

group of cells from another in the progression from low-threshold MN-1 to high-

threshold MN-4 cells. As a result, only 65-68% of the cells could be fitted into their four 

groups by the selected criteria. The extreme MN-1 and 4 groups were rather well 

separated by their single criteria, however, with Rjsj and Irj, particularly well separated 

for the MN-1 cells (95 and 81%, respectively), and all three parameters for the MN-4 

cells (88, 100, and 100% for R^, Irj^, and f/I slope, respectively). 

Combined values. As an extension of the above analysis, we tested empirically derived 

boundary criteria that have figured prominently in the subclassification of cat MNs (e.g., 

Gustafsson and Pinter 1984a; Zengel et al. 1985), and which were also used in one of our 

previous studies on turtle MNs (McDonagh et al. 1998a). These results are shown in the 

lower part of Table 3.2 and in Fig. 3.5. 
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FIG. 3.4. Distribution of cluster analysis properties across provisional MN types. 
A-C: Distributions of individual values for the three cluster analysis properties (R^f, iRh' 

and one-phase f/I slope) of the four cell groups (MN 1 to 4). This presentation shows: I) 

the clear-cut distinction between the MN-1 and 4 groups; and 2) the intermediate, largely 

overlapping values of the MN-2 and 3 groups. 

Irh/Rn- ^ value of the iRh^'^N ^ captured all of the high-threshold MN-4 

cells, whereas, at the other end of the spectrum, a value < 0.025 captured 81% of the low-

threshold MN-l cells and very few MN-2 cells. The separation between MN-2 and 3 

cells (at 0.11) was again less clear-cut. 

f/I slope/lRi,. As with the above ratio, a f/I slope/Ij^j^ ratio < 1.5 separated all of the 

MN-4 cells from the other groups. The other two cut-off points (10.4 and 32) were far 

less effective. 

• f/I slope. This combination provided separations quite similar to those obtained 

using iRh^N- ' ̂  value < 42 captured all of the MN-4 cells, and at the other end of the 

distribution a value > 5(X) separated out 81% of the MN-l cells. An in-between value of 

197 was not particularly effective for separating the MN-2 and 3 groups. 

Summary. While the present analysis is similar to that of our previous report 

(McDonagh et al. 1998a), one additional finding deserves special emphasis. It is 

conventional to distinguish the lowest-threshold population of MNs from higher-

threshold groups (Binder et al. 1996). Not emphasized in previous reports, however, is 

the current finding that the small highest-threshold population of MN-4 cells was even 

more clearly and consistently distinguished from lower-groups. For example, for the 6 

cut-off criteria presented in Table 3.2, the average number of predicted MN-4 cells was 

98% vs. 75% for the MN-l cells. 
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TABLE 3.2. Boundary criteria for cell classification: predictive power of single vi'. 
combined cluster analysis parameters 

Parameter Criteria MN Typ)e Percent Grouped MNs 

(%) (%) 

Single 

RN >27 1 95 65 

(MQ) 
<27. >16 2 32 

(MQ) 
<16, ^6 71 

(MQ) 
<16, ^6 3 71 
<6 4 88 

iRh <0.8 1 81 68 

(nA) 
>0.8, <1.5 2 58 

(nA) 
>0.8, <1.5 

65 
(nA) 

>1.5,^ 3 65 
>4 4 100 

f/I slope ^0 1 43 68 
(Hz/nA) <20, >15 2 37 

<15, >6.4 3 92 
<6.4 4 100 

Combined 

^Rh/^N <0.025 1 81 68 
>0.025, <0.11 2 63 

>0.11, <0.74 3 62 
>0.74 4 100 

f/I slope/I^h >32 1 67 74 
<32, >10.4 2 68 

<10.4, >1.5 3 76 

<1.5 4 100 

Rfvj * f/I slope >500 1 81 68 

<500, >197 2 55 
<197, >42 3 68 

<42 4 100 

Arbitrary cut-off criteria showing the MN type with the highest percentage of ceils within 
the boundary so formed. For example, at an > 27 there were 95% of the MN-1 
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group, and 1/38 (3%) of the MN-2 ceils. Similarly, for MN-2 cells, 32% were within the 
< 27, > 16 MQ boundary vs. 23% of the MN-3 category. These criteria included each 

single cluster-analysis parameter (Rn, IrH' slope) and three combinations thereof 

slope/lRji, slope). Note that the mean percentages of so-distinguished 

cells for the entire sample were mostly lower than the values for the individual MN 
groups. This was attributable to the relatively small number of MN-1 and MN-4 cells, 

and the substantial overlap between parameter values for MN-2 and 3 cells. Note further 

that the predictive power of the combined parameters was nearly identical to that of the 
single parameters, with all values in the 65-74% range. 

3.4.4. I-f relation of the four MN groups 

Fig. 3.6 compares the average I-f relation of our four MN groups. It shows that there 

was a trend for an association between cell threshold, the fmax value, and the steepness 

of its f/I slope. 

During the I-f test, the f^^jn value (range, 1.9-15 Hz) was relatively consistent across 

the four cell populations, with no significant differences between the mean values for this 

parameter, which ranged from 5.1 to 7.3 Hz. For fmax (range, 14-69 Hz), however, the 

two lower-threshold populations had a mean value (45 Hz) much greater the two higher-

threshold ones (34 Hz for MN-3; 28 HZ for MN-2). Similarly, for the f/I slope (range, 3-

46 Hz/nA), the steeper (near-identical) mean slopes were for the MN-1 and 2 cells (20 

and 24 Hz/nA, respectively), with progressively less steep slopes for the MN-3 (10 

Hz/nA) and MN-4 (4.4 Hz/nA) groups. These findings also confirmed that our previous 

ones (McDonagh et al. 1998a; see their Figs. 6 and 12). 
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FIG. 3.5. Boundary criteria for provisional MN groups by using combined cluster 
analysis properties. A-C; scatter plots of associations between properties for the four 

MN groups (see also Table 3.2). A: an arbitrarily chosen cutoff value for Irh/Rn 

0.025 separated most of the low-threshold MN-1 cells from the other cell groups, as did 

0.74 separate out all the high-threshold MN-4 cells. A dividing line at 0.11 was less 

effective in separating MN-2 from MN-3 cells. B: A one-phase f/I slope/lRh value of 1.5 

separated all the MN-4 cells from the remainder, as did 10.4 separate most of the MN-3 

cells from the MN-2 and 1 categories. A value of 32 was less effective in separating the 
two latter groups. C: A one-phase f/I slope • Rjsf value of 42 separated all the MN-4 cells 

from the remainder, and one of 500 separated out most of the MN-1 cells. A value of 197 

was less effective in separating the MN-2 and 3 groups. The main feature of this figure is 

that the MN-4 and 1 groups are far more easily distinguished from the MN-2 and 3 
groups than are the two latter from each other. 

3.5 DISCUSSION 

The present study has confirmed our previous findings (McDonagh et al. 1998a, 

1999a-b) and those of Hounsgaard et al. (1988b), and has extended on them by enlarging 

our data base on the intrinsic biophysical properties of turtle spinal MNs and comparing 

them to analogous MNs of the cat. 

3.5.1. Stability and reproducibility of measurements made on turtle MNs 

As the data base on turtle MNs enlarges, it is becoming evident that IC measurements 

made in turtle SC slice preparations with sharp microelectrodes provide remarkably 

reproducible values for even repetitive firing properties. In addition, such measurements 

are as reproducible as the far more extensive set currently available for cat MNs (Binder 

et al. 1996; Burke 1981) as recorded in in vivo preparations, using low-resistance 

microelectrodes. It must be recognized, however, that "control" MN measurements 

reported to date for the turtle SC slice include a degree of stimulation that results from 

spontaneous IN discharge in the SC slice. 
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FIG. 3.6. I-f relations for the four MN groups. The cell sample for these plots were as 

in Tables 3.2-3 (i.e., MN 1, 21 cells; MN 2, 38; MN 3, 63; MN 4, 8). Use was made of 

end points representing mean Imin' fmin' ^max' ^max- these values are 

shown. Slopes of the connecting lines (in Hz/nA, mean values indicated) were slightly 

different from the one-phase f/I slope values reported in Table 3.1 because of a minor 

variation in the method of calculation (see also McDonagh et al. 1998a). The overall 

relations remain unchanged. Note lack of a secondary range of firing for any MN type. 
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Note also that the f/I slope values of the MN-1 and 2 cells are relatively close (both being 

the steepest), and that the f/I slope value became progressively flatter with an increase in 
cell size (i.e., from MN-2 to 3 to 4). 

3.5.2. Effects of spontaneous IN discharge on intrinsic MN properties. 

Previously, both Hounsgaard's and our laboratory have reported that about 50% of 

ventral horn INs in a SC slice of the adult turtle exhibit a limited degree of irregular 

spontaneous discharge when the slice is in a control bathing medium (Hounsgaard and 

Kjaerulff 1992; McDonagh et al. 1998a). In addition, McDonagh et al. (1998a) reported 

the limited presence of miniature spontaneous EPSPs and IPSPs in their control IC 

recordings from MNs. Similar findings have also been reported in the cat MN literature 

(Schwindt and Crill 1984). These findings prompted the present preliminary experiments 

on the effects of adding neurotransmitter antagonists to the bathing medium which are 

summarized above in the Methods section. Except for the one-phase f/I slope, the 

changes induced in intrinsic MN properties were quite variable and insignificant. 

Recently, in their study of dorsal-horn INs, Russo et al. (1998) suggested that a tonic 

inhibitory mechanism provided by ligand-gated channel opening (glycine and GABA^) 

may be present in the turtle SC slice in the control bathing medium. They reported that 

application of strychnine and bicucculine (at higher concentrations than those used in the 

present study), plus two separate glutamate antagonists for the NMDA and AMPA 

receptors, elicited plateau potentials (PPs) in dorsal horn neurons. Similar changes in PP 

properties have been observed with other pharmacological agents that reduce outward 

conductances (Hounsgaard and Mintz 1988; Schwindt and Crill 1980a-c). In our Fig. 3.1 

experiments on 10 MNs, PPs were not evident after application of antagonists to the 

bathing medium. The changes in R^. iRh' slope were, however, consistent with 
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Russo and Hounsgaard's (1998) proposition. Other factors must also be considered. For 

example, Shapiro et al. (1974) showed that relatively high concentrations of strychnine 

(100 |iM-1 mM) produced a reduction of both the Naj and currents in the Xenopus 

embryo SC. Much lower (1 nM) concentrations were shown to block non-specific K"*" 

conductances, as well (Dale 1995). Furthermore, low doses (1-10 p.M) of strychnine 

have been shown to reduce or block the L-type Ca2+ conductance (responsible for the PF 

in turtle MNs; see Chapts. 2, 4-5) in frog sympathetic ganglia (Oyama et al. 1988), and to 

interact with cholinergic and serotonergic receptors in Aplysia neurons (Faber and Klee 

1974). 

In our preliminary experiments, a tonic inhibitory mechanism could account for the 

observed change in Rjsf, but it would not necessarily explain the significant change seen 

in the one-phase f/I slope. Conversely, a reduction of the Cajsj channel conductances 

(Dale 1995) could account for a reduction in Ca2+ IC concentration during AP 

generation, and thereby reduce K"*" conductances underlying the AHP: i.e., the AHPamp-s 

is generally thought to be a primary determinant of the f/I slope (Kemell 1999; Russo and 

Hounsgaard 1999). The slight reduction we observed in the 10 tested MNs was 

insufficient, however, to account for the change in f/I slope. It therefore remains unclear 

as to whether the primary mechanism for the observed changes in intrinsic MN properties 

after the addition of neurotransmitter antagonists to the bathing medium was the presence 

of a tonic inhibitory mechanism, as suggested by Russo et al. (1998), or the non-specific 

action of strychnine on the MNs' Ca2+ channels. 

At this stage, we conclude that our interpretation of results obtained in the present 

study, and those reported below in Chapters 4 and 5, must include two caveats. First, the 



133 

measurements of control intrinsic MN properties were affected to at least some extent by 

spontaneous IN discharge in the SC slice. Second, the removal of such potential IN 

postsynaptic effects by the addition of neurotransmitter antagonists (particularly 

stry chnine) to the bathing medium is not practical, as the results obtained would not have 

been readily interpretable: i.e., the distinction between the presence of a tonic inhibitory 

input to MNs vs. non-specific pharmacological interactions between the antagonists. 

Summary. It is clear that the potential effects of spontaneous IN activity must be kept in 

mind in the interpretation of results obtained from turtle and presumably other animal SC 

preparations in which there is the possibility of a degree of spontaneous IN discharge. It 

must also be recognized, however, that the blockade of such postsynaptic IN effects on 

MNs by the addition of neurotransmitter antagonists to the bathing medium invariably 

brings on not readily disposable problems of interpretation. Furthermore, despite the 

presence of spontaneous IN discharge in a slice of turtle SC, there is remarkable 

robustness (stability and repeatability) in the measurements made on both MNs and INs 

in this tissue both within and across laboratories. 

3.5.3. Quadripartite classification of turtle MNs 

Review of the extensive literature on vertebrate MNs and the less extensive one on 

MUs (e.g., as in Chapt. 5), suggests that it is parsimonious to conclude that virtually all 

their neuronal and neuromechanical/mechanical properties, respectively, are distributed 

unimodally (albeit with different profiles). Cluster analyses bring out associations, 

however, which must have functional relevance, particularly when they emphasize the 

repetitive firing properties of MNs (in particular, spike-frequency adaptation, the I-f 

relation and its fmax) force-generating capacity and fatigability of MUs. 

Furthermore, classification schemes for MNs and MUs provide a valuable means of 
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comparing properties across different vertebrate species, and testing for situations in 

which they have been conserved throughout evolution vs. enhanced to solve a single 

species' particular requirements (Stuart 1999). On these bases, we believe that the 

present classification of turtle MNs into 4 groups should invite comparisons to other 

vertebrate species, and thus advance understanding of comparative segmental motor 

mechanisms. 

We have chosen the numbers 1 to 4 to indicate MN cell groups of increasing 

threshold, with the anticipation that once subsequent studies have revealed the 

mechanical properties of the muscle fibers innervated by the MNs, then the numerical 

nomenclature can be replaced with a more functional one (see below). Our emphasis on 

a MN-4 category is meant to emphasize previous findings on human (McComas 1977; 

see his Fig. 7.3) and cat MNs (Kemell and Zwaagstra 1981) that have received 

surprisingly little attention. In these two species, there seems to be a relatively small 

number of MNs innervating high-force, highly fatigable MUs that can only be activated 

by extreme voluntary effort (human) or the IC injection of unusually strong currents (cat). 

Thus, it is a testable proposition that our present MN-4 category of turtle MNs may 

generalize across vertebrates. 

3.5.4. MN properties across vertebrates; turtle vs. cat 

Table 3.3 is an update of some previous information in McDonagh et al. (1998a; their 

Table 6), which also included information on the lamprey and spinal ventral-horn INs. 

The purpose of the previous McDonagh et al. (1998a) Table 6 and the present Table 3.3 

is to emphasize the heuristic value of comparing neuronal properties across vertebrate 

species (viz. Fetcho 1992; Pearson 1993; Stuart and Callister 1993). 
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The exclusion of the lamprey in Table 3.3 is because no information is available on 
this species' low- vs. high-threshold MNs, even though their MNs' function during 

rhythmical locomotor movements has been studied intensively (Buchanan 1999; Griilner 

and Wallen 1999). This deficit in the lamprey literature also pertains to young tadpoles 

(Roberts et al. 1998) and other non-mammalian vertebrates whose locomotor pattern-

generating circuitry has been explored in-depth (for review: Kiehn et al. 1998; Stein et al. 

1997). 

Table 3.3 shows that the relative values for Rjsj and quite similar for our MN-

I vs. 2 vs. 3+4 cells and cat S vs. ETl vs. FF cells. The latter cat MN groups supply SO, 

FOG and FG muscle fibers, respectively (nomenclature of Burke 1981). These fiber 

types are indeed possessed by turtle hindlimb muscles (Callister et al. 1995; Laidlaw et 

al. 1995), thereby inviting study of whether their innervation is by the different MN types 

proposed in the present study. Note further in Table 3.1 that the present assumption in 

the cat MN literature is that the f/I slope is quite similar for low- vs. high-threshold MNs 

(i.e., recall Fig. 2.2C). This is clearly not the case in the turtle (see also Fig. 3.6), thereby 

inviting a re-evaluation of the cat database on this key parameter. 

A caveat in the above line of reasoning is that our Fig. 3.3 dendrogram suggests that for 

the Table 3.3 type of across-verebrate comparisons, it would be more logical to group the 

turtle MNs into MN-1 (like cat S) MNs, MN-2+3 (like cat FR+FF) MNs, and MN-4 (like 

high-threshold cat FF) MNs. In other words, it could be argued that our present Table 3.3 
is too arbitrary and that it "forces" too restrictive a type of comparison to the different 

types of cat MN. This issue can remain open until a larger sample of turtle MNs is 

available, particularly in the MN-1 and 4 categories. 
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TABLE 3.3. Cluster analysis properties ofMNs: turtle vs. cat 

Species Property ^ 
MN type (MQ) iRh (nA) f/I slope (Hz/nA) 

Turtle^ 

FF-Iike 12 ±5.2 2.2 ± 1.4 9.7 ±3.5 

FR-like 13 ±6.4 1.2 ±0.6 24 ± 8.0 

S-like 35 ±7.7 0.6 ± 0.4 20 ± 5.8 

Cat^ 

FF 0.6 ± 0.0 20 ± 1 1.5 ±0.0 

FR 0.9 ±0.1 13 ± 1 1.5 ±0.0 

S 2.6 ±0.3 3± I 1.5 ±0.0 

1 Values presented are mean ± S.D. 

2 The MN-3 and MN-4 categories in Table 3.1 have been joined to form a 

group of MNs thought analogous to cat FF MNs. The FR-like cells 

correspond to MN-2 in Table 3.1, and the S-like group to MN-1. 

^ All recordings made in paralyzed, largely spinal, cats at body temperature 

(-36° C), using 1-10 MQ mlcroelectrodes. The preparations were deeply 

anesthetized with sodium pentobarbital. and values from Stuart and 

Enoka (1983). For cell source, see their Table 17-2: i.e., FF (n=31) and FR 
(n=21) MNs from medial gastrocnemius motor nucleus (Fleshman et al. 

1981) and S cells (n=10) from soleus nucleus (J.B. Munson, personal 

communication to ref. authors). The f/I slope values are from Table 2 in 
Heckman and Binder (1991). These values were averages for model 
(simulated) cells, which were based on experimental data for the cat medial 

gastocnemius muscle provided by Kemell (1965b, 1979). In Heckman and 

Binder's (1991) Table 2, cells 1-25 (n=6) represented type S MNs, cells 30-
50 (n=5) type FR, and cells 55-100 (n=10) type FF. (Note that the cat 

medial gastrocnemius muscle is supplied by ~270-300 MNs, with 25% type 

S, 25% type FR, and 50% type FF; Burke 1981). 
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3.5.5. Unresolved identification issues 

In our previous report (McDonagh et al. 1998a), we emphasized that several 

identification issues on turtle MNs now require resolution using a variety of in vitro and 

in vivo turtle preparations. These include; I) comparison of the properties of MNs 

innervating twitch vs. non-twitch muscle fibers (Stuart et al. 1998); 2) the relative 

representation of P MNs among turtle low- vs. high-threshold MNs; and 3) the 

mechanical properties of MUs innervated by the 4 groups of MNs (i.e., the present 1 to 4 

groups). In the present study, it is likely that the relative number of low-threshold MNs 

was underestimated, because the MN sample was limited to cells with an Ir^ > 0-^ "A. 

While this strategy clearly excluded spinal INs, it neglected MNs with a Ir^ value that 

overlapped with that of the higher-threshold spinal INs (McDonagh et al. 1998a; see their 

Table 1). This problem illustrates that improved provisional electophysiological 

techniques are required to separate low-threshold MNs from spinal INs: i.e., in 

experiments in which it is not practical to combine electrophysiological and 

morphological measurements (e.g., as in McDonagh et al. 1998b). For technical reasons, 

such latter studies inevitably involve sample sizes too small for statistical treatment. A 

wider array of cluster analysis parameters should now be considered, including, for 

example, initial spike-frequency adaptation, fmax' ^^e propensity of the test cell to 

exhibit a plateau potential (Chapt. 4). In these three cases, information is already 

generated in our and Hounsgaard's laboratories showing relatively clear-cut differences 

between low-threshold MNs and spinal INs (McDonagh et al. 1998a, 1999a; Hounsgaard 

and Kjasrulff 1992). Note, in particular, the potential advantage of adding an adaptation 

parameter, because the I-f relation and spike-frequency adaptation are the two key ones 

for defining a MN's repetitive firing properties. Since the function of MN discharge is to 
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produce force, it seems only fitting that MN properties most closely tied to force 

development should be the ones used in provisional classification schemes. 

3.5.6. Summary 

The present study has re-affirmed that an objective cluster analysis of 

electrophysiological properties can provide a provisional classification of several types of 

MN that bear strong similarity to types which have been found previously in the cat. The 

latter system has been used extensively to advance understanding of the mammalian 

segmental motor system (Binder and Mendell 1991; Binder et al. 1996). Hence, it is 

likely that the applicability of this classification scheme to turtle MNs will stimulate the 

testing of its generalization to other non-mammalian species. A further feature of the 

present and our previous work on turtle MNs is its emphasis on a key repetitive firing 

property, the I-f relation, as a effective classification parameter, thereby advancing MN 

classification schemes into the realm of active MN discharge and its attendant relevance 

to the graded development of muscle force. 
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CHAPTER 4. EFFECTS OF NEUROMODULATION ON THE PROPERTIES OF 

TURTLE MOTONEURONS 

4.1. SUMMARY 

For greater than 20 years, various neurotransmitters and their agonists have been 

shown to modulate the behavior of vertebrate motoneurons (MNs). Such 

neuromodulation has been shown to alter sub- and supra-threshold conductances, and 

generate non-linear membrane behavior such as plateau potentials (PPs) and rhythmic 

oscillations. The purpose of this study was to quantitate the effects of excitatory and 

inhibitory neuromodulation on selected passive, transitional, and active (repetitive-firing) 

properties of turtle spinal motoneurons (MNs) in slices of spinal cord (SC). Responses 

were noted following application of one of four excitatory modulatory conditions 

(serotonin [5-HT], muscarine, trans-1-amino-1,3-cyclopentanedicarboxylic acid 

[tACPD], all combined) or one inhibitory (baclofen) condition. A sample of 44 MNs 

was divided into two groups, on the basis of whether MNs demonstrated (28/44) or did 

not demonstrate (16/44) a nifedipine-sensitive PP. For both MN groups, the relative 

efficacy of excitatory modulation on both non-PP and PP MNs was generally in the 

order: combined application > 5-HT = muscarine > tACPD. As noted in previous reports 

across a variety of vertebrate species, excitatory modulation lowered the resting potential, 

increased input resistance, decreased the rheobase, reduced several afterhyperpolarization 

values, and shifted the stimulus current-spike frequency (I-f) relation to the left. 

Inhibitory modulation had the reverse effects. In many instances, the effects of 

neuromodulation differed significantly for non-PP vs. PP MNs. The results also 

challenged doctrinaire thought on the inter-associations between several of the measured 
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properties, particularly in instances in which PPs were generated by excitatory 

modulation. The most pronounced of the differences between non-PP and PP MNs was 

in their I-f relation. To describe this difference, it was necessary to measure a two-phase 

relation, in addition to the conventionally measured one-phase relation. In PP MNs, 

excitatory modulation considerably steepened the first (initial) phase of the I-f relation 

and flattened the second (later) phase. The latter result bore similarities to that obtained 

in a previous study, which detailed MN firing behavior during fictive locomotion in the 

decerebrate cat preparation. This turtle SC slice - in vivo decerebrate cat comparison 

thereby emphasized the evolutionary conservation of a key ionic mechanism, the PP, for 

regulation of the repetitive discharge of vertebrate MNs. 

4.2. INTRODUCTION 

Following the advent of intracellular (IC) recording from SC MNs in the barbiturate-

anesthetized cat (Brock et al. 1952), Eccles and colleagues proposed that MNs 

algebraically sum IC-injected and synaptic current at their trigger zone in a passive, linear 

fashion (Eccles et al. 1957: Granit et al. 1963). Further research has demonstrated, 

however, that the MN's response to synaptic input is subject to the influence of various 

endogenous neurotransmitters, neuromodulators, and their agonists. These agents alter 

the sub- and/or supra-threshold ionic conductances responsible for the MN's action 

potential (AP) and its repetitive discharge. As a result, a neuromodulated MN responds 

non-linearly to IC-injected and synaptic current (for review; Binder et al. 1996; Heckman 

and Lee 1999b; Hultbom 1999; Russo and Hounsgaard 1999). 

The MN's response to IC-current injection in the control vs. neuromodulated state is 

revealed, in part, by a change in the profile of its I-f relation. This parameter and spike-
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frequency adaptation are key aspects of the MN's repetitive firing properties (for review. 

Binder et al. 1996, Powers 1999). Recent studies have suggested that modification of MN 

conductances active below the threshold for generation of an AP changes the threshold 

for repetitive firing, thereby causing a change in the bias of the I-f relation. Conversely, 

neuromodulators that alter conductances activated near or above the AP threshold alter 

the gain of the relationship. These effects have been shown previously in a variety of in 

vivo and in vitro preparations (for review. Binder et al. 1996; Hultbom and Kiehn 1992; 

Russo and Hounsgaard 1999), but without provision of quantitative measurements of 

repetitive firing. For this reason, far less is known about the robustness of these effects, 

and their functional significance during natural, near-natural, and fictive movements. In 

one particular latter circumstance, for example, excitatory (depolarizing) IC-injected 

current was superimposed on cat hindlimb MNs in the in vivo decerebrate cat during 

fictive locomotion. When the MNs were subject to synaptic and neuromodulatory inputs 

during the excitatory phase of the fictive step, IC current injection did not cause an 

increase in MN discharge frequency as would be expected conventionally (Brownstone et 

al. 1992). 

The most likely of current hypotheses to account for the Brownstone et al. (1992) 

result is that during fictive locomotion, MNs elaborate PPs. This phenomenon is defined 

in vertebrate spinal and invertebrate MNs as a sustained (several ms to sometimes 

tens/hundreds of ms) epoch of depolarization in a neuron that outlasts a brief excitatory 

synaptic or IC stimulus. The PP either dissipates spontaneously or is turned off by a brief 

hyperpolarizing stimulus. PPs were first reported virtually simultaneously in various 

invertebrate neurons (Russell and Hartline 1978) and cat MNs (Schwindt and Crill 1977, 

1980). The latter including findings on the in vivo decerebrate preparation (Hounsgaard 
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et al. 1984, 1988a). Subsequently, the PP of turtle MNs in a SC slice was shown to be a 

manifestation, in large part, of the L-type Ca2+ conductance (Hounsgaard and Kiehn 

1989: Svirskis and Hounsgaard 1998). Further research has since indicated a possible 

contribution from a persistent Na"*" conductance (Lee and Heckman 1998c, Svirskis and 

Hounsgaard 1998). Changes in the intrinsic I-f relation of MNs during the extrinsic 

modulation of their PP behavior have not yet been studied quantitatively, however. Lee 

and Heckman (1998a) have demonstrated that MNs manifesting PP behavior in the 

decerebrate cat preparation alter their discharge frequency only slightly during 

simultaneous IC stimulation. Conversely, Bennett et al. (1998a-b) and more recent work 

from Heckman and Lee (1999b) have demonstrated significant rate modulation with re

injected and synaptic depolarizing pressure (see also Powers and Binder 1998a-b). As a 

result, the Brownstone et al. (1992) findings have remained controversial, albeit 

potentially valuable (Stuart 1999). 

The present study addressed the extent to which the intrinsic biophysical properties of 

spinal MNs in the adult turtle were modified by extrinsic neuromodulatory influences. IC 

recording and stimulation of MNs by use of high-impedance microelectrodes was 

undertaken in the in vitro turtle SC slice preparation of Hounsgaard et al. (1988b). MN 

properties, with an emphasis on the I-f relation, were measured in the control condition, 

and following application of both excitatory and inhibitory modulators. Neuromodulation 

was shown to have a powerful effect on the I-f relation, particularly in PP-generating 

MNs. 

Preliminary accounts of some of the results have appeared previously in abstract form 

(Hornby et al 1997, 1998; Stuart et al. 1999) 
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4.3. METHODS 

Most of the techniques required for this report were described recently in detail by 

our laboratory (McDonagh et al. 1998a), and were presented in brief in the preceding 

chapter. They are presented below in even briefer form, except for minor modifications 

and additional pharmacological tests. 

4.3.1. Dissection and slice preparation 

The Institutional Animal Care and Use Committee (lACUC) of The University of 

Arizona approved all of the experimental procedures. They were in conformity with 

local, state, and federal regulations for the care and use of laboratory animals. SC slices 

(2 mm-thick) were obtained from adult. North American pond turtles, Pseudemys 

(Trachemys) scripta elegans, which were deeply anesthetized with sodium pentobarbital, 

and perfused intracardially. The slices were allowed to recover in oxygenated 

physiological saline at room temperature (25-26° C) for 2-3 hr prior to the recording 

session. Throughout this period, the test slice was perfused continuously with 

oxygenated turtle physiological saline flowing through the recording chamber at a rate of 

1 ml/min. At the end of each day's recording session (5-8 hr), the slices were refrigerated 

(4° C) overnight in a sealed container of physiological saline that had been previously 

saturated with 98% 0-J2% CO2. For recording on subsequent days (i.e., up to 48 hr 

following surgery), the slices were warmed to room temperature. 

4.3.2. Recording and measurement procedures 

IC potentials were recorded in spinal MNs, using microelectrodes of thin-wall 

borosilicate glass with filament (outer diameter, 1.5 mm). These were filled with 1 M K""" 

acetate. Successful penetration of a cell was characterized by the production of AP 

responses to an IC-injected current > 0.4 nA (i.e., thereby restricting the analysis to MNs; 
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see Chapter 3). The membrane potential of each test MN was amplified, filtered 

(0-3 kHz), and recorded on a tape recorder and on a Macintosh computer. 

Membrane properties. Each test cell was studied for an average of 51 min (range, 19-

218 min). The passive (cell at rest) properties measured included: resting membrane 

potential (Vj.; in mV); input resistance (R^f, Mil); and, membrane time constant (Tm, 

ms). Transitional (rest-to-threshold) properties included: rheobase (iRh' rheobase 

voltage (V|^{^, mV); calculated rheobase voltage (calc. mV; i.e., [Rn* Ir^] + Vj.); 

and. four after-hyperpolarization (AHP) parameters, based on the AP generated in the 

iRh test. The latter included: AHPamp.f, voltage difference (mV) between AP-spike 

onset and peak of the fast component of the AHP; AHPaj^p-s' voltage difference (mV) 

between spike onset and peak of the AHP's slow component; AHP^jui-ation' ('"s) 

from AP-spike onset to termination of post-spike hyperpolarization; AHP^alf-decay time 

time (ms) for voltage decay from peak of the AHP's slow component to one-half of that 

level. Active (repetitive firing) properties included: Imin ("A; defined as the current 

required to elicit > 5 APs throughout a 2-s stimulus pulse); minimum (fmin) 

maximum (fmax) firing rates (Hz) of repetitive discharge; Imax' ("A), stimulus current at 

fmax ; one-phase f/I slope (Hz/nA), slope of the steady state one-phase stimulus 

current (I)-spike frequency (0 relation. The f/l slope was also divided into two phases, as 

described below. 

Two-phase measurement of the f/I slope. The profile of the steady state I-f relation 

across vertebrate MNs is somewhat sigmoidal (see, e.g., Buchanan 1993; his Fig. 8 for 

lamprey MNs; Hounsgaard et al. 1988b, their Fig. 4C for turtle MNs; Kemell 1999; his 

Fig. 1 for cat MNs). For the issues addressed to this point in the field of segmental motor 
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mechanisms, however, it has been sufficient to approximate the relationship as a simple 

linear function (Binder et al. 1996; for an historical span, see also Kemell 1965a-c, 1999). 

Accordingly, in this laboratory's previous reports that featured a comparison of turtle and 

cat MN properties (e.g., McDonagh et al. 1998a-c; Chapter 3 above), a linear, one-phase 

approximation of the I-f relation was provided. For the present study, this procedure was 

included in order to compare results to previous work. Note that in all these cases, there 

was virtually no MN discharge once the peak firing rate has been attained (see sect. 3.3.2 

in the preceding chapter. 

The above linear description of the I-f relationship was not sufficient, however, for a 

full analysis of MN behavior following application of excitatory neuromodulators or their 

agonists. In the presence of excitatory neuromodulators, many turtle MNs exhibited PP 

behavior (see below). This produced a transition point in their I-f relation, with the pre-

transition phase markedly steeper (greater) than the post-transition one. This behavior 

necessitated a two-phase measurement of the f/I slope. Furthermore, in order to compare 

the neuromodulated I-f relation to the control condition, it was necessary to measure a 

control two-phase f/I slope as well. The procedure is shown in Figure 4.1. 

Determination of the two-phase I-f relationship required three sets of data points: 

^min'^min' Urans'^trans' ^max'^max- ^he Imin'^min ^max'^max measurements, 

which are sufficient for description of the conventional one-phase I-f relation, were made 

as in previous reports (e.g., McDonagh et al. 1998a). In the test (neuromodulated) 

condition, Itrans'^trans measurements were made by visual inspection, as there was 

usually a clear-cut transition point in the I-f relation. For the control condition, and in a 

few of the test state cases (i.e., those in which the neuromodulator(s) did not elicit PP 

behavior), the transition point was obscure. In these cases, Iirans determined as the 
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current midway between and Imax' ^trans determined as the response of the 

MN at that current. Note that the transition point refers only to a change in the slope of 

the I-f relation. It gives no direct indication of the onset, or time course of accelerated 

(PP-influenced) MN discharge both within and across stimulus current steps. 

The pre-transition f/I slope was calculated as the regression line of all the data before 

and including the transition point, and, similarly, the post-transition f/I slope was 

calculated as the regression line of all the data after and including the transition point. 

The f/I slope ratio was calculated as the latter slope divided by the former one. 

For simplicity, the mean I-f relations in this and all subsequent figures are drawn with 

lines connecting the relevant pairs of points. Therefore, the values of the diagrammed 

slopes of the I-f relations in the figures differ slightly from those used in the analysis and 

tables, as performed previously (e.g., see McDonagh et. al. 1998a). 

4.3.3. Pharmacological procedures 

Pharmacological agents were applied singly and in combination at concentrations 

consistent with previously published results and/or at doses which (in our work) produced 

maximal alterations in MN behavior. The agents were first made up as high-

concentration stock solutions in either standard turtle Ringers solution or dimethyl 

sulfoxide (DMSO), and later diluted to the final concentration. They included: serotonin 

(5-HT; 100 mM; Hounsgaard and Kiehn 1989); muscarine (20 mM; Svirskis and 

Hounsgaard 1998); tACFD ( 20 mM; cf., Svirskis and Hounsgaard 1998); and baclofen 

(100 mM; cf., Svirskis and Hounsgaard 1998). Intrinsic MN properties were first 

determined in control turtle physiological saline at room temperature (25-26° C). They 

were then re-measured following application of modulatory agents to the bathing medium 
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test 

I(nA) 

FIG. 4.1. Measurement of the modulator-induced, two-phase I-f relation. 
Schematic of the I-f relation of a generic MN in a neutral bathing medium (control, open 

circles), and following application of one or more excitatory neuromodulators (test, filled 
circles) which produced PP behavior in many of the cells. Criteria for selection of the 

data points Ifnin'^min' ^trans'^trans' ^max'^max* described in the text. In this 

schematic, the extent of two-phase behavior is exaggerated for the control state (i.e., in 

order to demonstrate the two-phase measurement technique). In the control state, our 

turtle MNs exhibited a minimal, if any, two-phase I-f relation (see below; Figs. 4.5-9). If 
present in the control state, a two-phase I-f relation was more likely to occur in PP-
generating MNs (see text). .A.lso to simplify explanation of the two-phase measurement, 

the schematic shows a modulator-induced increase in fmax- This could occur in non-PP 

MNs, and it was not necessarily present in modulator-influenced PP MNs. In this and 

several subsequent figures, the measurement (and visualization) of the one-phase I-f 

relation involved determining the slope of a straight line connecting Ifnin'^min 

^max'^max-
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for 6-8 min. As is customary in such studies, preliminary experiments established that 

measurements made in a subsequent control bathing medium 1-2 hr following the test 

measurements, revealed values almost identical to the original control ones. Some 

residual modulatory effects were often noted, however. For this reason, the present 

procedure was to use separate SC slices for the measurements made on each single MN. 

To investigate PP behavior in MNs, and its ionic basis, the channel blockers TTX (1 

jiM; a fast Na"*" channel blocker; Hounsgaard et al. 1988b) and nifedipine (15 |iM; a 

partial blocker of the L-type channel; Hounsgaard and Mintz 1988) were applied 

for up to 30 min before the properties of MNs were reinvestigated. 

4.3.4. Identification of PPs 

Background. Previously, Russell and Hartline (1982) have provided 12 tests, which in 

various combination, have been used to identify PPs in a variety of neurons in various 

invertebrate and vertebrate species (for review: Hartline and Graubard 1992). For turtle 

MNs. some of these tests have been used by the Hounsgaard laboratory (e.g., Hounsgaard 

et al. 1986). In addition, Hounsgaard and Kiehn (1989) have emphasized the value of an 

additional single criterion, wherein the MN exhibits an acceleration, rather than 

adaptation, of its discharge in response to a constant-current stimulus. This acceleration 

was shown to be due, in large part, to an increase in an L-type Ca2+ conductance 

sensitive to the dihydropyridines (see also Delgado-Lezama et al. 1997; Svirskis and 

Hounsgaard 1997, 1998). The significance of this single PP criterion is reinforced by the 

previous literature across vertebrates on MN spike-frequency adaptation, because it has 

shown consistently that in non-PP generating vertebrate MNs, firing rate progressively 

decreases throughout the constant-stimulus period (e.g., Kemell and Monster 1982; 
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Powers et al. 1999). In the present study, we relied extensively on this accelerated firing 

criterion. 

Present approach. Following determination of control MN prof)erties, application of 

excitatory neuromodulators revealed one of two distinct MN firing responses. In 36% of 

the tested ceils, excitatory neuromodulation elicited a generalized increase in MN 

excitability manifested by an increased Vj. and RfM, decreased AHP amplitude and 

duration, and a leftward shift in the I-f relation. We interpreted these responses as 

appropriate for a non-PP-generating MN. In contrast, in the other 64% of the MNs, firing 

following neuromodulation was characterized by the appearance of accelerated discharge 

(as discussed above) well before and/or during the 2^^^ s of the 2-s IC stimulus pulses. In 

addition, there was usually a pronounced manifestation of a two-phase I-f relation. We 

interpreted these two changes as commensurate with PP-like behavior (hereafter termed 

PP behavior). This interpretation required some control experiments that accommodated 

previously established criteria (see above). Figure 4.2 demonstrates for the 

neuromodulated state, a nifedipine-sensitive accelerated MN discharge during a 2-s 

constant-current IC stimulus. This result was consistent with the previous results of 

Hounsgaard and Kiehn (1989), and was demonstrated in 4 MNs following application of 

either 5-HT, muscarine (as in Fig. 4.2), or tACPD. 

To further identify PP behavior in MNs, Fig. 4.3 demonstrates the underlying change 

in Vppi of a MN in which PP behavior was induced following application of a cocktail of 

excitatory neuromodulators (5-HT + muscarine + tACPD) and TTX to block the APs. In 

the four sweeps shown (at increasing stimulus strength), note the sudden depolarization 

of to a near-steady-state level during constant-current IC stimulation. The PP is the 

difference between the neuromodulated-only and the neuromodulated + nifedipine 
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recordings of The delay in its onset during the lower-strength IC stimulus pulses 

was subsequently reduced at higher stimulus strengths. Partial or complete blockade of 

PP formation by nifedipine revealed the dependence of this behavior on largely the L-

type Ca2+ conductance, as has been shown previously (Hounsgaard and Kiehn 1989; 

Svirskis and Hounsgaard 1997, 1998). 

Fig. 4.3 shows that PP behavior was not fully suppressed by nifedipine at the higher 

stimulus strengths. Similar results of the incomplete block of the L-type Ca2 + 

conductance has been demonstrated in cone photoreceptors (Wilkinson and Barnes 1996) 

and human pancreatic cells (Polio et al. 1993). Although the L-type Ca2+ conductance is 

thought to be the primary contributor to PP behavior in turtle MNs (Hounsgaard and 

Kiehn 1989; Hounsgaard and Mintz 1988), the incomplete abolition of the PP by 

nifedipine is consistent with the possible presence of a persistent Na'^-dependent current 

(see above). Presumably, it is also modulated by the various extrinsic influences 

(Chandler et al. 1994; Lee and Heckman 1998c; Mosfeldt-Laursen and Rekling 1989). 

Based on the above tlndings, and consistent with the previous description of PPs in 

the in vitro turtle SC slice (Hounsgaard and Kiehn 1989), PP MNs were identified as 

those cells demonstrating accelerated firing responses during the 2-s, constant-current IC 

stimulus pulses used for determination of the I-f relation. As shown below, this 

distinction between PP vs. non-PP MNs was a critical aspect of the overall analysis. 

The above measurements were straightforward for 53/57 MNs. Among the remaining 

4 cells, AHP measurements could not be made accurately in 2 (PP MNs; 1 subjected to 

5-HT modulation, and 1 to muscarine), a problem encountered in previous reports from 

this and other laboratories (e.g., Kernell 1966; McDonagh et. al. 1998a). For the 

remaining 2 MNs, PP behavior began at Imin' has also been noted (Bennett et al. 
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FIG. 4.2. The identification of PP behavior in MNs. A: spike-frequency responses of 

a single MN to a 2-s IC stimulus pulse (2.8 nA) in control, test (following application of 

20 |iM muscarine to elicit PP behavior), and test + nifedipine (following 30 min 

application of 15 (iM nifedipine) states. B: components of the A recordings at a faster 

sweep speed. C; profile of instantaneous spike-frequency vs. time for the A responses. 

Note that the control response is at a relatively low spike-frequency with no acceleration 

within the 2-s stimulus epoch. This is in sharp contrast to the PP behavior brought on in 

the test condition. Note, in particular, the acceleration of discharge in the 2*^*^ s of 

stimulation. The subsequent application of nifedipine blocked the L-type Ca2 + 

conductance to a large, but not complete, extent, as revealed by the reduction in spike-

frequency, and a loss of its acceleration phase. We attribute the remaining, non-blocked 

accelerated discharge to the persistent Na"^ inward current (see above), for which a 
blocker is not yet available. 

1998b). For these 2 cells, only values for the one-phase I-f relation are reported (i.e., the 

data point for Itrans'^trans considered to coincide with that for Imin'^min)-

4.3.5. Statistical analysis 

The significance of the differences in the measured intrinsic properties brought on by 

neuromodulators (i.e., control vs. test condition) was evaluated by use of standard paired 

t-test. with significance noted at P < 0.05 and < 0.01. The significance of the differences 

in the relative extent of modulation by the various modulators was tested by the use of a 

standard unpaired t-test, again noted at P < 0.05 and < 0.01. Correlation analyses 

between the values for MN parameters under control vs. excitatory modulated conditions, 

and for non-PP vs. PP MNs, were undertaken using standard procedures. 

4.4. RESULTS 

The data base for this study consisted of 57 MNs whose properties were within the 

range of values reported previously (see Chapter 3; Table 3.1). For some analyses, the 
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A 3.2 nA 1 (all + TTX) 

2 (all + TTX + nifedipine) 

B 3.4 nA 

C 3.6 nA 
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20 mV 

0.5 s 
all = 5-HT + muscarine + tACPD 

FIG. 4.3. Partial blockade by nifedipine of the L-type conductance 
responsible for PPs in MNs. Membrane potential responses of a PP MN in response to 

2-s, IC stimulus pulses of increasing strength. Responses are compared following 

application of a cocktail of three PP modulators (100 nM 5-HT + 20 ̂ M muscarine + 20 



154 

|j.M tACPD) and 1.0 |iM TTX vs. the same cocktail + 15 (iM nifedipine. To simplify this 

figure, the control responses are not shown. They resembled closely the 

neuromodulated-only responses. A-B: at the two lower stimulus strengths (3.2 and 3.4 
nA) the MN responded with slowly developing PP behavior that was subsequently 

completely blocked by nifedipine. C-D: at the higher stimulus strengths (3.6 and 3.8 

nA), the PP behavior was not fully suppressed by nifedipine (see text). 

cells were classified as MN-1 to 4: i.e., in the order of their increasing threshold 

(rheobase), as presented previously in Chapt. 3. 

The results are reported below in the order of the effects of four forms of excitatory 

modulation (5-HT, muscarine, tACPD, all three combined) on: I) non-PP and PP MNs 

when considered as a single sample; 2) non-PP vs. PP MNs; 3) low- vs. high-threshold 

PP MNs; and, 4) associations among and between the passive/transitional and active 

properties of MNs. Finally, the effects of a single inhibitory neuromodulator, baclofen, 

on MN properties are presented. To simplify the presentation of numerical data, the 

parameters are always presented in the order of passive and transitional MN properties, 

followed by active properties. 

Because much of the previous work on the neuromodulation of MN properties has not 

featured quantitative information on repetitive firing (Chapt. 2), it was considered 

necessary to present a substantial amount of systematic, tabular statistical data. This 

information is provided in 8 tables in the Appendix (Chapt. 7). 

4.4.1. Effects of excitatory neuromodulation on MNs 

Passive and transitional properties. Appendix Table 4.1 A shows that the excitatory 

modulators reduced Vf (range of the 4 mean modulator effects, 1.2-6.8%), increased Rjsj 

(17-32%), decreased (-23-38%), and decreased the values for the 4 AHP parameters 

(-0.1-23%). The combined relative extents of change and their statistical significance 
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were in tlie parameter order: Irjj (3/4 moduiator-induced changes significant) > (2/4 

significant) > AHPanip.g (3/4 significant) > AHPhaif.jecay time (2/4 significant) > 

AHPjuration significant) > (2/4 significant) > AHPan^p^f (consistently slight and 

insignificant effects). The relative efficacy of the 4 modulator applications was in the 

order: 5-HT (significant changes in 6/7 parameters; examples in Fig. 4.4) > all 3 

modulators (5/7 parameters affected significantly) > muscarine (2/7 significant changes) 

> tACPD (consistently modest and insignificant effects). 

Active properties: one-phase I-f relation. Appendix Table 4. IB shows that the effect 

of excitatory modulation was relatively stronger on the 5 parameters of the one-phase I-f 

relation than on the cells' passive and transitional properties. The values of Ij^n and 

fmax particularly affected, with Imin reduced significantly for 3/4 modulator 

applications (range of the 4 mean modulator effects, -21 - -42 %), and Imax increased 

significantly for all 4 applications (23-59 %). The overall effect of neuromodulation was 

to shift the I-f relation to the left and upwards, with a lesser, although consistent, increase 

in the slope of the relation. These changes were similar for 5-HT, muscarine and the 

combined modulators, with all such effects much greater than those evoked by tACPD. 

Active properties: two-phase I-f relation. Fig. 4.5 (and Appendix Table 4.IB) 

demonstrate that for the five additional parameters of the two-phase I-f relation, only the 

post-transition f/I slope was not altered significantly by the 4 neuromodulator 

applications (mean changes, 0.8-19 %). The changes were, however, significant for 

Ifrans - -31%, 3/4 applications), ftrans (30-90 %, 3/4 applications), pre-transition f/I 

slope (55-238 %, 4/4 applications), and f/I slope ratio (-35 - -55 %, 4/4 applications). 

The result of these changes was to not only shift the I-f relation to the left and upwards. 
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FIG. 4.4. Examples of modulator-induced changes in MN properties. Representative 
changes for passive, transitional, and active properties of a non-PP MN following its 
modulation by 5-HT. A: V,- responses (4-sweep averages) to IC current injection (± 0.20, 

± 0.30 nA) in the control vs. 5-HT-added bathing medium. B: change in 16-sweep 

average AH? profile (AP spike truncated) of single APs elicited by IC stimulation for 

500 ms at (^-2 nA for control; 0.5 nA for 5-HT). Note that 5-HT significantly 

reduced the amplitude and duration of the slow component of the AHP. C: for control vs. 

test condition, a 9 vs. 26 Hz spike-frequency response to a 2-s, 2.0 nA, IC-stimulus pulse. 
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but to also elicit a more pronounced two-phase profile of the I-f relation. The relative 

extent of these changes was in the order: muscarine = all 3 modulators > 5-HT > tACPD. 

4.4.2. The impact of PP behavior on the I-f relation 

For MNs demonstrating PP behavior following excitatory neuromodulation, the 

effects of nifedipine were two-fold. First, it reduced but did not abolish the acceleration 

of MN discharge during the 2-s, IC-injected depolarizing current. This result, 

(demonstrated above in Figure 4.3), was consistent in all MNs tested. Second, nifedipine 

modified consistently the modulator-induced two-phase I-f relation profile back toward 

but not reaching a one-phase profile (i.e., similar to control condition). Such results cire 

shown in Fig. 4.6 for 4 MNs, each of which was subjected to a different form of 

excitatory modulation. 

The nifedipine-induced alteration of the MN's I-f relation shown in Figure 4.6 is 

consistent with a migration of the transition point downward (decreased ftrans ) 

the right (increased Itrans) a decreased pre-transition f/I slope and increased post-

transition f/I slope, as compared to the PP-generating neuromodulated state. These 

changes moved the I-f relation back toward its control profile. It was particularly 

noteworthy, however, that a pronounced neuromodulator-induced alteration in the I-f 

relation was still evident after the nifedipine-induced reduction (if not elimination) of the 

PP. Previous studies have shown similar decreases in acceleration of discharge following 

application of nifedipine (Hounsgaard and Kiehn 1989; Hounsgaard and Mintz 1988), 

albeit previous demonstrations of changes in the I-f relations are quite limited 

(Hounsgaard and Mintz 1988). Our Fig. 4.6 result suggests that the manifestation of the 
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FIG. 4.5. Excitatory modulation of the I-f relation. Comparison of the on-average, 

modulator-induced changes in the two-phase I-f relation of 4 sets of 11 cells, each 

subjected to a different modulator application: A, 5-HT; B, muscarine; C, tACPD; and D, 

all 3 modulators combined. In this figure, and Figs. 4.9 and 4.11 below, vertical error 
bars indicate the S.D. of the mean ftrans ^"d fmax responses. In each plot, the 

conventional one-phase I-f relation can be visualized by a line connecting the Imin'^min 

and Ifxiax'^max points. Note that the modulators' effect was to shift this relation to 

the left and produce a steeper slope. The relative extent of these changes was more-or-
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less similar but in the order: muscarine > 5-HT > all 3 modulators > tACPD (the latter's 

effects were relatively slight). The two-phase I-f relation was affected much more 

profoundly, due to the generally substantial reduction in Itrans increase in ftrans- T^he 

result was to markedly increase the pre-transition f/I slope and reduce the f/I slope ratio, 

the order of effectiveness being: all 3 modulators > muscarine > 5-HT > tACPD. 

two-phase I-f relation is not solely dependent on the presence of the L-type Ca^""" 

channel, with modulation of other conductances contributing substantially to the change 

in the I-f relation (see Chapt. 2). 

The Fig. 4.6 analysis also suggested the need to distinguish between the modulators' 

effects on the two-phase I-f relation of non-PP vs. PP cells. In the combined sample of 

cells, the possibility existed that the non-PP cells may have been affected insignificantly 

by the excitatory modulators. This was clearly not the case, however, as shown below. 

4.4.3. Effects of excitatory modulators on non-PP vs. PP MNs 

Separate effects of tlie four modulator applications. Figs. 4.7-8 (and Appendix Tables 

4.2A-B) provide comparisons of the relative effects of the four excitatory modulator 

applications on non-PP vs. PP cells. 

The number of non-PP vs. PP cells differed for each of the 4 sets of 11 cells in Figs. 

4.7-8. In the 4 sets of comparisons, however, the control absolute values for the tested 

parameters were quite similar for non-PP vs. PP cells (and quite similar to the mean 

values for the combined cells, as shown above in Figs. 4.4-5). 

There were three main features to the Figs. 4.7-8 comparison of non-PP vs. PP cells. 

1. The modulators had a greater effect on the I-f relation of PP vs. non-PP cells. This 

was attributable largely to the greater modulator-induced reduction in the Itrans values of 

the PP cells. The result was to increase the pre-transition f/I slope, flatten the post-
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FIG 4.6. Effect on the two-phase I-f relation of a nifedipine-induced block of the L-

type Ca^"*" conductance. Individual data points are shown for the two-phase I-f relation 

of 4 MNs which exhibited PP behavior in responses to the presence of single (A-C) and 

combined (D; all 3) excitatory modulators. Data points are for control (open circles) vs. 

test (modulator-added; closed circles) vs. test + nifedipine (filled triangles) conditions. In 

each plot, the extreme data points are for Imin'Wn ^max'^max' provided above in 

Figures 4.4-7. Arrows show the Itrans'^trans values. For all 4 modulator-added 

conditions, nifedipine converted the two-phase I-f relation back toward that for the 

control state, with this effect most prominent for the muscarine-added condition, and least 

prominent for the alI-3-moduiators' condition. 

transition f/I slope, and thereby reduce the f/I slope ratio of the PP cells to a greater 

degree than that which occurred in non-PP cells. 2. The modulators increased the fmax 

value to the same relative extent for PP vs. non-PP cells, thereby indicating that the 

maximum discharge capability of the MNs was not dependent on the presence of a PP. 3. 

The relative efficacy of the modulators was generally in the order: all 3 modulators > 

muscarine = 5-HT > tACPD. 

Grouped effects of the four modulator applications. Admittedly, the 4 samples of 

non-PP vs. PP cells in Figs. 4.7-8 were usually too small (range, 2-9 cells) for a statistical 

verification of trends. Previous reports have emphasized, however, that the mechanisms 

by which the three presently used modulators induce PP behavior are relatively similar 

(Hounsgaard and Kiehn 1989; Svirskis and Hounsgaard 1998). Accordingly, the 

following analysis grouped the responses of the 16 non-PP vs. the 28 PP MNs. (Note that 

only 1/44 cells displayed PP behavior in the control condition). 

Passive and transitional properties. Appendix Table 4.3 A shows that the extent of 

modulation of Vj. (-4.5%) and Rp^ (-25%; both values significant) was quite similar for 

the grouped non-PP vs. PP cells. The transitional property of Irj^ was modulated 
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FIG. 4.7. Effects of 5-HT and muscarine on the two-phase I-f relation of non-PP vs. 
PP MNs. Comparison of the average two-phase I-f relation of non-PP ( A ,  O  vs. PP ( B ,  

D) MNs in control vs. test (modulator-added) condition. In this figure, and Figs. 4.8 and 

4.10 below, vertical error bars indicate the S.E. of the mean responses. Note that all four 

control I-f plots retained a near-one-phase profile, where as 3/4 test ones had two clear 

phases. A: 5-HT induced a clear leftward shift in the I-f relation of non-PP (7/11) MNs 
and a trend toward a steeper pre-transition f/I slope, with moderate-to-pronounced (and 

sometimes significant) changes in 4/9 I-f parameters: i.e. in Itrans' ^max' ^trans' 

fmax- 5-HT-induced effects were greatly augmented in PP MNs (4/11), with 

pronounced changes in 6/9 I-f parameters: i.e., in Itrans' ^trans' ^max' pre-transition f/I 
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slope, post-transition f/I slope, and f/I slope ratio. C: muscarine induced a less-
pronounced leftward shift in the mean I-f relation of non-PP (3/11) MNs, and no trend 

toward a two-phase relation, with significant changes in only 2/9 I-f parameters: i.e., in 

^trans' ^max- muscarine-induced effects were greatly augmented in the PP (8/11) 

cells, with pronounced changes in 8/9 I-f parameters; i.e., all but fmin- summary on 

this figure, both 5-HT and muscarine had a far greater effect on the I-f relation of PP vs. 

non-PP MNs, albeit the effects on the latter were clear-cut. 

significantly more for the PP (-33%) vs. non-PP (-22%) MNs. Strikingly, the changes 

induced in AHP parameters were quite different for non-PP vs. PP MNs. For non-PP 

.MNs, the values for all 4 AHP parameters changed significantly (range, -9-22%). In 

contrast, for the PP cells, only AHPamp-s changed significantly (-11%). 

Active properties. Analysis of the one-phase I-f relation. Appendix Table 4.3B 

shows that for 3/5 parameters of the one-phase I-f relation (Imin' ^max' one-phase f/I 

slope), the grouped modulator effect (20-30%) was significant but similar for both non-

PP and PP cells. For the remaining 2 parameters, fmin ^maX' ^^is effect was 

significant for PP (60 and 10%, respectively) but not non-PP cells. As a result, the 

overall modulator effect on the one-phase I-f relation was to shift the relationship upward 

and leftward. These effects occurred to a greater degree in PP vs. non-PP cells. There 

was virtually no difference in the extent of f/I slope change in the two cell groups, 

however. 

Active properties. Analysis of the two-phase l-f relation. Fig. 4.9 (and Table 4.3B) 

shows the powerful effects of excitatory modulation on the grouped non-PP and PP MNs. 

In non-PP cells, significant modulator-induced changes were observed in 3/5 of the 

additional I-f parameters: i.e., Itrans (-12%), ftrans (38%), and pre-transition f/I slope 

(43%). For PP cells, significant changes were observed in these three parameters (-35%, 
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FIG. 4.8. Effects of tACPD and a combination of excitatory modulators on the two-
phase I-f relation of non-PP vs. PP MNs. Comparison of the average two-phase I-f 
relation of non-PP (A, C) vs. PP (fl, D) MNs in control (open circles) vs. test (closed 
circles) condition. Note that, again (viz. Fig. 7), the control I-f plots have a near-one-

phase profile, whereas all 4 test ones have two clear phases. A: tACPD induced a slight 

leftward shift in the I-f relation of non-PP (4/11) MNs and a very slight trend toward a 

steeper pre-transition f/I slope, with moderate changes in only 3/9 I-f parameters: Itrans ' 

^trans ' ^max- tACPD-induced effects were greatly augmented in PP (7/11) MNs, 

with moderate-to-pronounced (including some significant) changes in 8/9 I-f parameters; 
i.e., all but Imax- cocktail of all 3 modulators induced a pronounced leftward shift 
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in the I-f relation of non-PP (2/11) MNs, and a clearcut two-phase relation, with 

pronounced changes in 6/9 I-f parameters: i.e., all but Imin' ^max' post-transition f/I 

slope. D: the cocktail-induced effects were greatly augmented in PP (9/11) cells, with 

significant changes in all 9 I-f parameters. In summary on this figure, both tACPD and 
the excitatory cocktail also had a far greater effect on the I-f relation of PP vs. non-PP 

MNs, albeit again, the effects on the latter were still clear cut (particularly in the case of 
the excitatory cocktail). 

63%, and 216%, respectively), and for the remaining two, post-transition f/I slope (-27%) 

and f/I slope ratio (-67%), as well. 

A key feature of Fig. 4.9 is that it demonstrates that among all 9 parameters of the 

two-phase I-f relation, 6 exhibited a grouped modulator effect that was nearly or greater 

than twice as pronounced in PP vs. non-PP cells. These included: f^in (60% vs. 17%); 

Itrans (-35% vs. -12%); Imax (-10% vs. -2.4%); pre-transition f/I slope (216% vs. 43%); 

post-transition f/I slope (-27% vs. 14%); and, f/I slope ratio (-67% vs. -16%). Note 

further that the grouped modulator effect on the post-transition f/I slope was a slight 

increase for non-PP MNs, but was markedly decreased for the PP MNs. Indeed, for 7/28 

of the latter cells, the post-transition f/I slopes were < 2.0 Hz/nA. Furthermore, in 10/28 

PP MNs, the grouped modulator effect was to induce a negative post-transition f/I slope 

for at least 3 consecutive increasing stimulus current steps injected well before that 

producing the Imax value. None of these 10 cells exhibited this behavior in the control 

condition (see Fig.4.8B above). 

Summary. There were five features to the above non-PP vs. PP comparisons. 1. In 

the combined MN groups, the non-PP and PP MN passive properties were essentially 

similar, and did not predict the differences observed in their I-f relations. 2. There were 

significant differences in the effects of neuromodulation on transitional properties of non-
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FIG. 4.9. Effects of excitatory neuromodulation on the two-phase I-f relation: 
grouped non-PP vs. PP MNs. Comparison of the average two-phase I-f relation of all 

of the non-PP (A, 16/44) vs. PP (B, 28/44) cells presented above in Figs. 4.7-8. 

Responses are again shown for control (open circles) vs. test (closed circles) condition 

(i.e., for the latter, sets of 11 cells were tested after the application of either 5-HT, 

muscarine, tACPD, or their cocktail combination). Error bars and dashed lines indicate 

the S.D. of the spike-frequency responses. ** indicates statistical significance (P < 0.01) 

of a spike-frequency difference for a control vs. modulated condition (for further 

statistics, see Table 7.4.3). Note that the two control I-f relation plots had a similar, 
relatively modest two-phase profile, whereas the two test ones (particularly that for PP 

cells) had two clear phases. A: non-PP MNs demonstrated a clear modulator-induced 

leftward and upward shift in their overall I-f relation and a steeper pre-transition f/I slope, 

with significant modulator-induced changes in 5/9 I-f parameters: i.e., in Imin' ^trans ' 

^trans' ^max' pre-transition f/I slope. B: modulator-induced effects were augmented far 

more in the PP cells, with significant changes in all 9 I-f parameters. A further feature of 

this analysis (details in Table 7.4.3) was that the relative magnitude of modulator-induced 

changes in 5/9 I-f parameters were significantly greater for the PP vs. non-PP cells; i.e., 

^trans ' ̂ trans ' pre-transition f/I ratio, post-transition f/I ratio, and f/I slope ratio. 

PP vs. PP MNs, with greater effects on the AHP of non-PP MNs, and the Irj^ of PP MNs. 

3. The iRh differences were correlated with the extent of the leftward shift in the I-f 

relation (i.e., lowering of the Imin value) of the two cell groups. More ambiguous, 

however, were the effects of neuromodulator-induced AHP changes on the I-f relation of 

non-PP vs. PP MNs. 4. There was a significantly greater modulator-induced alteration in 

the transition point of PP vs. non-PP MNs. It included a greater increase in ftrans values 

(albeit not significant), and a significantly greater decrease in Itrans values. This 

difference in the relative modulation of the transition point underscored the change in the 

fundamental I-f relation from a more-traditional linear one-phase I-f relation to the two-

phase model necessary for adequate description of MN behavior during manifestation of 
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PPs. 5. A substantial proportion (36%) of PP MNs exhibited a negative input-output 

transduction of stimulus current to spike-frequency during the post-transition-phase of the 

I-f relation. 

It was of interest to determine if the pronounced differences between the I-f relation 

of non-PP vs. PP cells could be predicted on the basis of the extent to which excitatory 

modulation changed the values of their individual passive, transitional, and active 

properties. Such predictions were shown to be far from straightforward, however. 

4.4.4. Associations between the passive, transitional and the active properties of 

MNs: Control vs. excitatory modulation of non-PP vs. PP MNs 

Appendix Tables 7.4.4 (non-PP cells) and 7.4.5 (PP cells) summarize the main 

features of the initial (coarse-grain) correlation analyses that were undertaken on 

associations between MN properties for the control vs. excitatory modulated condition, 

and for non-PP vs. PP MNs. These analyses were undertaken to determine whether 

excitatory neuromodulation disrupted or induced associations in MN properties from 

control to neuromodulatory conditions and between non-PP and PP MN groups. 

Associations between passive and transitional properties. The main fmding on these 

associations was that the well-established inverse association between Rfsf and 

(Binder et al. 1996; Zengel et al. 1985) was stronger for PP vs. non-PP MNs, under both 

control and modulated conditions. This association was significant for the non-PP + PP 

MNs, and the PP sample alone, but, surprisingly, not for the non-PP sample alone. 

Associations between transitional and active properties. Among these associations, 

the most striking (and conventionally unexpected) finding was that the associations 

between AHP and spike-frequency parameters were relatively weak. For example, for 

non-PP MNs the significant inverse association between AHPamp.g and fmax ^he 
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control condition was absent in the modulated condition. This relationship was not 

present in PP MNs in both the control and modulated condition. Similarly, for both non-

PP and PP MNs in both the control and modulated conditions, there was no inverse 

association between AHPjjurmjon and fmax' '^his being a well established and widely 

discussed association for anesthetized cat MNs in the control condition (e.g.. Binder et al. 

1996; Kernell I965a-c, 1966). 

Associations between active properties. The one-phase f/I slope parameter, which has 

figured prominently in the previous literature on the I-f relation of vertebrate MNs 

(Binder et al. 1996) was not as strongly affected by neuromodulation as was the pre-

transition f/T slope of the two-phase relation. Nonetheless, these two parameters were 

significantly associated for both non-PP and PP MNs in both the control and modulated 

Slate. Similarly, significant associations predominated among Ifnin' 'tranS' ^max 

values, and between 3/4 of the slope parameters of the I-f relation. The exception among 

the latter was the f/I slope ratio. The fmin' ^trans' ^max parameters were not strongly 

associated with one another, nor were and ftrans most of the other parameters 

of the I-f relation. The fmax P'U'ameter however, was significantly associated with the 

one-phase f/I slope and the pre-transition f/I slope in both non-PP and PP MNs, and in 

both control and modulated states. 

4.4.5. Analysis of associations between MN properties and the I-f relation following 

neuromodulation: presumed determinant vs. defining parameters of the I-f relation 

Appendix Tables 4.6-7 details associations between the modulator-induced relative 

changes in MN properties thought to be primary determinants of the one-phase I-f 

relation (Rjsj, iRh, AHPa^p-S' ^^^duration) corresponding relative changes in 

key parameters defining this relation (Inun. fmin' ^max' slope). 
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Rationale. The Appendix Tables 4.6-7 analyses require justification. For relation to the 

previous literature, they are restricted to consideration of the one-phase I-f relation. This 

parameter is defined conventionally (see Chapter 2) by its threshold for repetitive firing 

dmin)' firing rate at this threshold (fmin)' sensitivity of its frequency changes to 

IC or synaptic stimulation (f/I slope). A seldom-discussed potential determinant is fjnax' 

the upper limit of MN firing. Previously, these four parameters have been shown both 

qualitatively and theoretically to be dependent on a number of key passive and 
transitional MN properties. The Imin parameter, for example, is closely associated with 

IrH, vvhich latter parameter is thought to be dependent primarily on Rfsf (Binder et al. 

1993), a parameter which correlates closely with Imin- ^ change in Rjsj following 

neuromodulation should therefore be reflected as an alteration in both Irjj and Iniin» 

thereby shifting the I-f relation laterally (i.e., leftward for excitatory modulation, and 

rightward for inhibitory modulation). This has been shown experimentally (Bayliss et al. 

1992; Lindsay and Feldman 1993). As Rfsj must also contribute to the f/I slope (i.e., both 

are indicators of MN sensitivity), changes in Rjsj should also been reflected by a change 

in the f/I slope. Previously, this effect has not been shown qualitatively, however. 

Furthermore, the amplitude and duration of the AHP has long been shown to be 
correlated with the fnun ^nd fmax (Kemell 1965c), and reductions in these parameters 

have been associated qualitatively with increases in the f/I slope as well (Hounsgaard and 

Kiehn 1989; Wallen et al. 1989). Thus, for the analysis described below, we expected 

changes in Imin slope to have a positive and negative correlation with changes in 

Rfsj. respectively (i.e., an increase in Rjsj to generate a decrease in Imin' increase 

in f/I slope). For fmin' ^max' slope, however, we expected their relative, 

modulator-induced changes to be only negatively correlated with alterations in the AHP 

amplitude and duration. 

General lack of significant associations. Appendix Table 7.4.6 shows that for each 

excitatory modulator, the predicted association between Irj, and Imin quite strong. 

Other significant associations between determining and defining l-f parameters were 

sparse, however. R^ was predictably associated with both Imin one-phase f/I 

slope, but not to the level required for significance. Associations between the two AHP 
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parameters and the defining I-f parameters were even weaker, except for 2 of the 24 

possibilities (i.e., muscarine, AHPamp.s vs. fmax' tACPD, AHP^uration one-phase 

f/I slope). Two possibilities could account for these seemingly negative results. First, the 

conventional model for predicting modulator-induced changes in the I-f relation may 

need revision. Second, the effects of PP behavior may be sufficient to abolish 

conventional associations between determining and defining parameters of the one-phase 

I-f relation. To examine the latter possibility. Appendix Table 4.7 shows the same (Table 

4.6) tests for grouped non-PP vs. PP MNs. For both non-PP and PP MNs, changes in Irjj 

were again tightly correlated with those for Imin- I" sharp contrast, associations between 

the remaining determining vs. defining parameters were generally weak, particularly for 

the PP MNs. 

Summary. The analyses in Tables 7.4.6-7 have not been undertaken in previous reports. 

They suggest that in non-PP MNs, the parameters conventionally-defined as primary 

determinants of the I-f relation may hold (at least to some degree) in the control 

condition, but they have less predictive power following excitatory neuromodulation. 

For PP MNs, our results deviate even further from conventional thought. They suggest 

that during manifestation of a PP, the primary determinants of the MN's one-phase I-f 

relation are none of the previously emphasized passive and transitional MN properties. 

Rather the PP itself dominates in the expression of this relationship. 

4.4.6. Effects of excitatory modulation on low- vs. higii-threshold PP MNs 

In recent reports on PP behavior in hindlimb MNs in the decerebrate cat, Lee and 

Heckman (1998a) reported a greater propensity and extent of PP behavior in provisional, 

low-threshold type S and FR MNs than in high-threshold type FR and FF MNs. As 

discussed in Chapter 3 (see also McDonagh et al 1998a), this classification scheme for 
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cat MNs is relatively analogous to the MN-1 (like cat S), MN-2 (like cat FR), MN-3 (like 

cat FF) and MN-4 (like high-threshold cat FF) classification that we have adopted for 

turtle MNs. The present experimental protocol was not designed to address this issue 

directly. The Appendix Table 7.4.4 data show no significant differences in the iRh' 

and one-phase f/I slope values of the non-PP vs. PP MNs; i.e., the 3 parameters used to 

type MNs (see Chapter 3). Nonetheless, one analysis demonstrated an interesting 

difference in the response to neuromodulation in low- vs. high-threshold PP MNs. 

Fig. 4.10 compares the effects of neuromodulation of the I-f relation of the 5/28 

lowest- threshold PP MNs (2 MN-1, 3 MN-2) to that of the 5/28 highest-threshold PP 

MNs (I MN-3, 4 MN-4). 

In Fig. 10, note that the three properties used to type MNs had widely different 

control values for the low- vs. high-threshold PP cells. These mean values were, 

respectively: R^ (MQ) 23 vs. 4.4; Ir^j (nA), 0.6 vs. 5.2; and, one-phase f/I slope 

(Hz/nA), 16 vs. 4.0. Clearly, the comparison was of the near-extremes of the low- vs. 

high-threshold cells for turtle hindlimb MNs (cf.. Table 3.1 in Chapt. 3). 

At first glance. Fig. 4.10 suggests that the high-threshold PP cells were more subject 

to neuromodulation than the low-threshold ones: i.e., the modulator-induced change in 

the two-phase I-f relation seemed much more pronounced for the high-threshold PP cells 

than for the low-threshold ones. Closer examination revealed, however, that the 

responses of the two sets of cells were qualitatively different. The low-threshold cells 

were modulated to a greater extent in their spike-frequency responses (in particular, 

greater changes in ftrans ^max)' whereas the high-threshold cells exhibited relatively 

greater changes in their threshold values for Imiri' ^trans' ^max- Among these 

observations, the most striking (and, indeed, unexpected) was the magnitude of the 
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modulator-induced increase in f of ^^e low-threshold group (-59%). Such increases 

were also observed during other patterns of IC stimulation (see Chapt. 5 below). 

A caveat deserves consideration. The modulators used on the 5 low-threshold PP 

cells were 5-HT (2 cells), muscarine (1), tACPD (I) and the excitatory cocktail of all 3 

modulators (1). In contrast, the modulators used on the 5 high-threshold cells were 5-HT 

(1) and muscarine (4). The data presented above (e.g.. Figs. 4.8-9) showed that the 
relative extent of the effect of the 4 modulator applications on the two-phase I-f relation 

of PP MNs was in the order: excitatory cocktail = muscarine > 5-HT > t ACPD. As such, 

the Fig 4.10 analysis was biased somewhat such as to bring out a relatively stronger 

modulator effect on the high-thresholds cells. It is unlikely, however, that the suggested 

bias was sufficient to account for the striking difference in the I-f relation of low- vs. 

high-threshold MNs shown in Fig. 4.10. 

4.4.7. Effects of the inhibitory neuromodulator, baclofen 

Grouped non-PP and PP cells. Eleven cells were tested for the effects of baclofen on 

their intrinsic properties, as measured in the control bathing medium, with 3 classified as 

MN-2. and 8 as MN-3. One cell exhibited PP behavior in both the control and test 

(baclofen-added) condition. None of the other 10 cells displayed PP behavior in either 

the control or the test condition. Appendix Table 4.8 presents the baclofen-induced 

changes in these 11 MNs' properties, with some representative effects shown in Fig. 

4.11. 

Following application of baclofen, Vj- hyperpolarized (increased) significantly (4%), 

and Rjvf decreased (-5.1%), but not significantly. Ir^ increased (35%) significantly, 

however. In contrast, baclofen had no pronounced effects on the 4 AHP parameters. 

Three of the 5 parameters of the conventional, one-phase I-f relation were altered 

significantly by baclofen: Imin . 42%, fj^ju , 43%, and Imax ' 12%. The result was a 
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FIG. 4.10. Summary of the grouped effects of excitatory modulators on the two-
phase I-f relation of low- vs. high-threshold PP MNs. Comparison of the average two-
phase I-f relation of 'he 5 PP cells with the lowest values in the present 28-cell 

sample (A, 0.5-0.7 nA; 2 MN-1, 3 MN-2 cells) vs. the 5 PP cells with the highest values 
{B, 3.4-7.5 nA; 1 MN-3, 4 MN-4). Responses are again shown for control (open circles) 

vs. test (closed circles) condition. Note that the two control I-f relation plots had 
relatively modest two-phase profiles (more pronounced for the B, high-threshold cells), 

whereas the modulator-influenced ones had two clear phases (particularly again for the B 

cells). A: lower-threshold PP MNs demonstrated a clear modulator-induced leftward and 
upward shift in their overall I-f relation and a steeper pre-transition f/I slope, with > 10% 
modulator-induced changes in 6/9 two-phase I-f parameters: i.e., in Imin ("14%), f^yn 

(17%), ftrans (89%), fmax (32%), pre-transition f/I slope (106%), f/I slope ratio (-50%). 
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B: modulator-induced effects were just as pronounced for the higher-threshold PP cells, 

with significant changes in 7/9 I-f parameters; i.e., for Imin (-43%, Itrans (-50%), I^ax (-

22%), fmax (15%), pre-transition f/I ratio (300%), post-transition fA ratio (-27%), and f/I 

slope ratio (-60%). This figure brings out a qualitatively different effect of 

neuromodulation on low- vs. high-threshold MNs; with the former more affected in their 

spike-frequency responses (fmin' ^trans' ^max)' latter in their excitability level 

(^min' ^trans' ^max)-

modest, albeit significant, shift of the one-phase relation to the right. For the 5 additional 

parameters of the two-phase I-f relation, only Itrans changed significantly (17%) by 

baclofen. Again, the result was to shift the relation to the right, but with no change in the 

overall profile of the two-phase I-f relation. 

In summary, in an 11-cell sample dominated by non-PP cells (10/11), the inhibitory 

modulation of the I-f relation was modest, and more evident for the one-phase vs. two-

phase relation. 

Effects of baclofen on PP MNs. An inhibitory effect of baclofen on the L-type Ca2+ 

conductance in turtle MNs has been reported previously (Svirskis and Hounsgaard 1997, 

1998). Its effect on the I-f relation has not been reported previously, however. 

Accordingly, we tested for such effects in I cell from the above 11-cell sample, and 2 

additional cells following muscarine-induced PP formation. 

Passive and transitional properties. Baclofen had virtually no effect on the 3 PP 

cells' Vj. and a minimal one on their Rjvj (6% decrease). Irj^ increased by 21%, however. 

The AHP parameters were not changed dramatically (i.e., all increases were < 8.0%). 

Active properties. Only 2/5 I-f parameters of the one-phase I-f relation of the 3 PP 

cells exhibited an inhibitory trend after the further addition of baclofen: i.e., Imin showed 



176 

^ Control 

A 
1^ HMMi^IIM 

control 
baclofen 

50 ms 

Baclofen 

20 mV 

Um» 

10 mV 

I s 

Control 

Baclofen 
f 

(Hz) 

D 

50-

40-

30-

20-

10-

40 mV 0 
1 

1 s 

O control 
• baclofen 

T-

4 
-I 

6 
I(nA) 

FIG. 4.11. Extrinsic modulation of MN properties following application of baclofen. 
A-C: Representative changes for passive, transitional, and active properties of a non-PP 
MN following its modulation by baclofen. A: responses (4-sweep averages) to IC 

current injection (± 0.20, ± 0.40 nA) in the control vs. baclofen-added bathing medium. 
The responses were attributable to the decrease in (- 5.1%; se Table 4). B: lack of a 

change in multi-sweep average AHP profile (AP spike truncated) of single APs elicited 
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by IC stimulation for 500 ms at (0.63 nA, 16 sweeps for control; 0.95 nA, 11 sweeps 

for baclofen). C: similarity of spike-frequency responses to a 2-s, 2.0 nA, IC-stimulus 

pulse in control (9 Hz) vs. test (10 Hz) bath. D: average two-phase I-f relation of the 11 

tested cells (10 non-PP; 1 PP) for the control vs. test state. Error bars and dashed lines 

indicate the S.D. of the mean fmiir ^trans' ^max values. Baclofen shifted the I-f 

relation to the right, with significant changes in 4/10 I-f parameters (Imln' Wn' ^trans' 

Ifnax)' but with virtually no change in the overall profile of the two-phase I-f relation. 

a significant 25% increase, and Imax ^ increase. The result was a modest shift of 

the one-phase I-f relation to the right, with a one-phase f/I slope reduction of only 9%. 

For the 3 PP MNs, there was little baclofen effect on the two-phase I-f relation. In 

1/3 cells, however. Fig. 4.12 shows that there were more substantial changes: i.e.. in 

Itrans (30%), ftrans (-21%), pre-transition f/I slope (-49%), post-transition slope (90%), 

and f/I slope ratio (400%). In addition, in this particular cell, baclofen decreased the 

muscarine-modulated one-phase f/I slope to a readily observable extent (-44%). 

Summary. Overall, there was evidence that inhibitory modulation by baclofen was 

more pronounced in PP vs. non-PP cells, and that this effect was greater on the two-phase 

vs. the one-phase relation. These effects were more substantial for the active MN 

properties during PP formation, rather than the passive and transitional properties. This 

result may reflect direct modulation of the L-type Ca2+ conductance, rather than 

modification of outward K"*" conductance necessary for manifestation of inward Ca2+ 

currents. A larger sample of non-PP vs. PP cells would be needed to validate this 

conclusion, however. 
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FIG. 4.12. Suppressive effect of baclofen on PP behavior. A: spike-frequency 

responses of a single MN to a 2-s IC stimulus pulse in control (open circles; 1.5 nA 
stimulus pulse), test (closed circles; bath addition of 20 (iM muscarine to elicit PP 

behavior; 1.4 nA), and test + baclofen (closed triangles, addition of 100 jiM baclofen; 1.5 

nA) states. B: profile of instantaneous spike-frequency vs. time for the A responses. 

Note that the response adapted over the first three inter-spike intervals. Thereafter, the 

control response remained relatively constant (during 2^^*^ s of a stimulus, ~22 Hz) 

whereas the muscarine effect was to induce a gradual acceleration of firing to ~40Hz. 

The baclofen effect was to reduce this accelerated firing back toward (-28 Hz) the 
control response. D: two-phase I-f relation for the three states. Arrows show the 

transition points on the three plots. Note the clear-cut muscarine-induced changes in the 

pre-transition and post-transition phases of the I-f relation, and their baclofen-induced 

reversal back toward their control profiles. 

4.5. DISCUSSION 

The key finding of this study was the powerful effect of excitatory neuromodulation 

on the I-f relation of spinal MNs in the adult turtle, particularly in cells exhibiting PPs. 

This finding is the main point of the discussion, with emphasis on its relation to the 

previous results of Brownstone et al. (1992), and relevant subsequent results regarding 

the PP and MN firing regulation. First, however, it is necessary to consider the 

relationship between the present results on modulation of the MN passive and transitional 

properties and previous studies in vertebrate preparations. The emphasis is on the 

responses of non-PP vs. PP MNs, a comparison that has not appeared in previous 

literature on this topic. 

Discussion of the present work on excitatory neuromodulation is restricted to the 

grouped effects of the three excitatory agents. Admittedly, sample sizes were too small 

to draw quantitative inferences regarding the relative efficacy of 5-HT, muscarine, and 

tACPD for non-PP vs. PP MNs. In most cases, a combination of all three agents was 
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more effective than any single agent applied alone. The latter finding was advantageous 

for the present intent, however, because the summed effects of the three agents lead to 

clear-cut changes in the I-f relation, particularly when comparing the grouped responses 

of non-PP vs. PP MNs. Our emphasis below on these grouped responses is also 

supported by several previous reports on both turtle and cat preparations (Hounsgaard 

and Kiehn 1989; Schwindt and Crill 1980a-c; Svirskis and Hounsgaard 1998). They have 

shown that different neuromodulators have the same general qualitative effect on at least 

one of the mechanisms involved in PP generation (a reduction of outward K""" 

conductances). It is conceded, of course, that much further work, is required on this issue. 

4.5.1. Effects of neuromodulation on passive and transitional MN properties 

Excitatory modulation. In general, the present work supported previous findings 

demonstrating an increase in MN excitability indicative of a reduction of K"*" 

conductances following application of the three excitatory agents. Specifically, the 

primary effects of the excitatory neuromodulators were to elicit a reduction in Vj- (more 

depolarized), an increase in Rfyj, a reduction in Ir^' ^ reduction in various AHP 

parameters (for review: Binder et al. 1996; Russo and Hounsgaard 1999) 

As a whole, the vertebrate database has indicated, at least at the course-grain level, 

that the above modulator-induced changes are generated by the reduction of varying 

combinations of two key conductances. First, and most consistently (i.e., across studies 

and species), is a reduction of the resting K"*" conductance, noted primarily by a decrease 

in Vp and increase in Rjsj. Application of 5-HT has generated such effects in rat (Elliot 

and Wallis 1992; Wang and Dun 1990) and cat (White and Fung 1989) spinal MNs, and 

in rat phrenic (Lindsay and Feldman 1993) and facial (Larkman and Kelly 1988) MNs. 

Similar results have also been noted in murine SC neurons (Nowak and MacDonald 



181 

1983), and turtle (Svirskis and Hounsgaard 1998) and cat (Zieglgansberger and Reiter 

1974) MNs following modulation by muscarine. 

Second, and perhaps less consistently, is a reduction in the current, which is 

primarily responsible for the slow component of the AHP, and which may also be active 

in a MN at rest. A modulation of AHP amplitude and duration following application of 

5-HT has been observed in spinal MNs of the lamprey (Wallen et al. 1989), turtle 

(Hounsgaard and Kiehn 1989) and cat (White and Fung 1989), and in rat hypoglossal 

MNs (Berger et al. 1992). Depression of the AHP following modulation by muscarine 

has been observed in hippocampal (Fraser and Mac Vicar 1996; Madison et al. 1987) and 

neocortical (Schwindt et al. 1988) cells, and has been thought to indicate a reduction in 

K+ conductances, as well. 

Associations between passive and transitional MN properties. In the comparison of 

non-PP vs. PP MNs, a close association between Rn and was evident in PP MNs, but 

not in non-PP MNs in both the control and neuromodulated state. The well-established, 

close inverse association between Rfsj and (Binder et al. 1996; Zengel et al. 1985) 

was confirmed for our total sample of MNs. We were unable to account for lack of 

association between Rpsj and in our current sample of non-PP cells in control and 

modulated conditions, however. 

A significantly greater reduction in evident in PP vs. non-PP MNs, even 

though Vj- and Rjsj were modulated to a similar degree between the two groups. This 

occurred without a significant alteration in between the groups following excitatory 

neuromodulation. One possible mechanism for this difference is a reduction in the 

threshold of PP formation with excitatory neuromodulation. Decreases in PP threshold 
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have been noted in dorsal-hom neurons and MNs in the turtle SC slice following 

application of excitatory agonists and repeated IC-generated depolarization (Bennett et al. 

1998a-b; Russo et al. 1997; Svirskis and Hounsgaard 1998) and in cat MNs following 

repetitive synaptic or IC depolarization. This "warm-up" phenomenon has been shown to 

decrease the PP threshold, oftentimes below the threshold for initiation of Na"'"-dependent 

APs (Bennett et al. 1998a-b). This might explain the greater decrease in iRh MNs 

exhibiting PP behavior in our MN sample. 

Inhibitory modulation. Our results showed that inhibitory modulation of MN behavior 

following application of the GABAg agonist, baclofen, was also test-dependent. For 

example, we observed a hyperpolarization of and increase in as seen previously 

in cat phrenic MNs (Lalley 1983). Notably, however, Rjsj was not affected, as also noted 

previously in bullfrog (Peng and Frank 1989) and cat (Lev-Tov et al. 1988; Stuart and 

Redman 1992) MNs. In these latter studies, baclofen was shown to suppress 

neurotransmitter release at a pre-synaptic site, rather than to act post-synaptically. As 

such, the possibility remains that baclofen has the capacity to modulate other 

conductances not readily detected in the control condition. For example, we 

demonstrated, albeit in a single MN, substantial baclofen-induced changes in active MN 

properties following PP generation in both the control and excitatory neuromodulated 

conditions. 

Summary. At least to a coarse-grain degree, the present work has confirmed previous 

examples of the substantial neuromodulation of some of the generalized vertebrate MNs' 

key passive and transitional properties: Vj., Rjsj, and various AHP parameters. For 

these properties, however, the main significance of the present findings is that a number 



183 

of open issues have been raised about their neuromodulation by considering their 

susceptibility to PP generation. 

4.5.2. EfTects of excitatory neuromodulation on the I-f relation 

The most striking result of the present study was the demonstration of the significant 

difference in the profile of the I-f relation of non-PP vs. PP MNs following excitatory 

neuromodulation. Both groups had a near-identical control I-f profile, however, and the 

differences following modulation were not shown effectively by use of the conventional 

one-phase f/I slope measurement. It bears noting that fmin modulated to far greater 

extent in PP vs. non-PP MNs (60% vs. 30% respectively). This suggested that the PP 

may be activated early in the I-f relation, and possibly at or below AP threshold, as 

shown recently in several laboratories (Bennett at al. 1998a-b; Heckman and Lee 1999a; 

Hultbom 1999). 

The differences we have demonstrated between the modulator-induced changes in the 

I-f responses of non-PP vs. PP MNs have not been reported previously. The major 

differences were revealed only by use of two-phase I-f measurements. This was due 

largely to the greater effect of excitatory modulation on the transition values (Itrans' 

^trans^ of Pf vs. non-PP cells. The mean modulator-induced changes in these 

parameters for PP vs. non-PP cells were -35 vs. -12% and 63 vs. 38%, respectively. The 

resultant changes in the pre-transition slope values were even greater, 216 vs. 43%. The 

greater shift of the transition values in the PP vs. non-PP group was also the primary 

factor for the significant difference in their post-transition f/I slope values. The effect of 

excitatory modulation on non-PP cells was to increase the post-transition f/I slope of the 

non-PP cells (by 14%), whereas the effect on PP cells was a 27% reduction from their 

control value. 
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None of the PP MNs exhibited a modulator-influenced, post-transition f/I slope of 0 

Hz/nA. For 7/28 such cells, however, the modulated slope value was < 2.0 Hz/nA (vs. a 

range of 10-15 Hz/nA for control post-transition f/I slopes). Furthermore, 10/28 PP MNs 

demonstrated negative post-transition f/I slopes for at least 3 consecutive steps of 

increasing stimulus strength during their modulated I-f test. This latter finding is 

particularly relevant to the previous results of Brownstone et al. (1992; see below). 

4.5.3. Lack of associations between modulator*induced changes in passive 

transitional vs. one-phase I-f parameters 

Our tests for associations between modulator-induced changes in parameters 

presumed to determine the one-phase I-f relation (R^, iRh' AHP^nip-S' AHPfjui-ation) 

and those defining it (Imin » ^min ' ̂ maX' one-phase f/I slope) were inconclusive (Tables 

7.4.6-7). Admittedly, a strong association was shown between ^min there 

was a trend for an association between Rjsj and both Imin ^he one-phase f/I slope. 

These three associations have been well established previously (Binder et al. 1996), and 

across vertebrate species (Russo and Hounsgaard 1999). Probably, the weaker R^ 

associations in the present work resulted from our use of three different excitatory 

neuromodulators and their combination. Such diversity invited the possibility that in the 

grouped full sample of MNs, and their non-PP vs. PP subdivisions, a variety of the MNs' 

conductances were altered to varying degree, thereby obscuring the possible associations. 

This argument could also help account for the general lack of association between the 

two AHP parameters and fmiri' ^max' one-phase f/I slope parameters of the I-f 

relation. Alternatively, however, it deserves emphasis that associations between the AHP 

and MN firing rate properties may not be as strong as is currently thought. For example, 

in the lamprey (Buchanan 1992) and turtle (Hounsgaard and Kjaerulff 1992; McDonagh 
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et al. 1998a, 1999a), spinal ventral-horn intemeurons (INs) generally exhibit a larger 

AHP than MNs both at rheobase and during relatively slow firing rates. During strong 

stimulation, however, they reach a much higher firing rate than MNs. The lack of such 

observations in the cat seems due largely to technical issues concerning the difficulty of 

studying IC-recorded repetitive discharge in spinal INs (McDonagh el al. 1999b). 

Interestingly, this issue and its broad ramifications have been largely ignored in the 

segmental motor literature (cf., however, Kemell 1999; McDonagh et al. 1999b; Stuart 

1999). Note further, however, that during the elaboration of the fictive locomotion by the 

high decerebrate cat, Brownstone et ai. (1992) showed convincingly that there was no 

association between AHP parameters and MN discharge frequency. 

4.5.4. Effects of inhibitory neuromodulation on the I-f relation 

In this study, baclofen-induced decreases in the f/I slope and increases in the bias of 

the I-f relation were more evident in PP vs. non-PP MNs (i.e.. Fig. 12C vs. Fig. I ID). As 

with excitatory neuromodulation, the transition point of the I-f relation in PP MNs was 

particularly susceptible to inhibitory neuromodulation, due presumably to suppressive 

effect of baclofen on the L-type Ca^"*" conductance. These effects have been shown 

previously in turtle dorsal-horn (Russo and Hounsgaard 1994) and ventral-hom (Svirskis 

and Hounsgaard 1998) neurons. The I-f relation was not determined in these two latter 

studies, however. For future such studies, the present results suggest that inhibitory 

effects on the I-f relation are best brought out when the tested MNs have been "primed" 

with excitatory modulation, or as seen quite rarely, when they are exhibiting a PP in the 

control state. 
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4.5.5. Ionic mechanisms of the PP 

The conductances potentially responsible for the modulator-induced changes in the I-f 

relation, including those for the PP, were reviewed above in Chapter 2 (see also Delgado-

Lezama and Hounsgaard 1999; Heckman and Lee 1999b; Hultborn 1999; Russo and 

Hounsgaard 1999). The present study was not designed to advance understanding of the 

PP, but it did emphasize several points of interest above and beyond confirmation of the 

well-established finding of a near-complete blockade of the PP by nifedipine (Figs. 4.2-3 

and 6). This result implicated the L-type Ca2+ conductance as the primary determinant 

for PP generation, but did not exclude the possibility that the remaining potential was 

attributable to a persistent Na"*" conductance (Lee and Heckman 1998c), and possibly 

other persistent conductances (Svirskis and Hounsgaard 1999), as well. 

The present and previous (see Chapter 2) studies have shown that PP-generating 

excitatory neuromodulators alter intrinsic MN properties (notably Vp and the 

amplitude and duration of the slow component of the AHP), which are dependent 

primarily on K"*" conductances. These results support the often-stated argument (e.g., 

Hounsgaard and Mintz 1988; Schwindt and Crill 1980a-c; Svirskis and Hounsgaard 

1998) that changes in PPs are dependent, at least in part, on an alteration in outward K"*" 

currents. 

Direct modulation of the L-type Ca^"*" conductance underlying the PP by excitatory 

agonists is still open to debate, however. The present study included 7/28 PP MNs, in 

which there was no reduction in AHP duration or amplitude. In 5 of these 7 cells, there 

was no excitatory modulator-induced change in Vj. or Rjsj. In 3 of these 5 PP cells, 

neuromodulation had no effect on both of the latter parameters. Conversely, in 3 PP 
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MNs, baclofen had little effect on Vp and AHP parameters. Thus, the present results 

support previous evidence (Chapter 2) showing that a select number of MNs may 

generate PPs without a concomitant reduction in outward K"*" conductances (Delgado-

Lezama and Hounsgaard 1999). PPs may therefore be generated by an exclusive increase 

in inward positive current, involving largely the direct modulation of the L-type Ca2+ 

conductance. 

The above argument is supported by the present comparison of non-PP vs. PP MNs. 

Excitatory modulation reduced all 4 AHP parameters (Table 4.3A) of the non-PP MNs. 

whereas only 1/4 was reduced for the PP MNs. This finding suggests that even in PP 

MNs exhibiting a reduction in outwards K"*" conductances, the role of the latter in PP 

generation may be relatively minor. 

4.5.6. Ubiquity of PP iiehavior 

In the present study, 36% of the MNs did not exhibit PPs, consistent with some (e.g., 

Schwindt and Crill 1980a-c) but certainly not all previous reports (Chapt. 2). The present 

study was not designed to explore the relative prevalence of PPs among MNs of different 

type (S vs. F; see below) and function (i.e., supplying extensors vs. flexors, and small 

distal vs. large proximal muscles, etc.). It may be relevant, however, that non-PP MNs 

had relatively linearly rising I-f relations in both control and excitatory modulated states. 

This suggested that the MUs supplied by these MNs maintained the capacity for the rate-

coding during the development of their larger forces. Conversely, the I-f relation of 

particularly the higher-threshold PP MNs had flattened post-transition f/I slopes, which 

would be less efficacious for the rate coding of their MUs' higher forces. Human motor 

unit literature (reviewed in Chapter 2) would tend to suggest that our non-PP MNs might 

therefore have supplied small distal muscles vs. the higher-threshold PP MNs supplying 
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large proximal ones. This possibility cannot be tested further in SC slice preparations, 

but it should be kept in mind for testing in other turtle preparations (see, e.g., Callister et 

al. 1999). 

In the decerebrate cat, there is claim that low-threshold MNs are more likely to 

develop fully developed PPs (Lee and Heckman 1998a-b), a finding which does not 

exclude the possibility that high-threshold MNs can also exhibit them (Bennett et al. 

1998a-b; Hultborn 1999). The present study was not designed to address this issue. 

What was shown (albeit for admittedly small samples), however, was that the I-f profile 

was substantially different for low- vs. high-threshold PP MNs, in both control and 

modulated states. Previously, we have shown that the lower a turtle MN's threshold, the 

steeper its f/I slope, and the higher its fmax value (McDonagh et al. 1998a; their Figs. 6 

and 12). Our Fig. 4.10 confirmed this finding and extended it to PP MNs. In addition. 

Fig. 4.10 shows that the predominant effect of excitatory modulation on the I-f relation of 

low-threshold PP MNs was to increase ftrans ^max' relatively lesser degree, 

increase the one-phase and pre-transition phase f/I slope. In contrast, such modulation 

greatly lowered their Imin ^trans values of the high-threshold PP MNs, with little 

increase in their ftrans ^max- T'he result for the high-threshold PP cells was an 

increased pre-transition f/I slope and a greatly flattened post-transition slope. 

Interestingly, this finding was not anticipated on the basis of previous results on the firing 

patterns of progressively higher-threshold human motor units, during a voluntary 

contraction of progressively rising forcefulness, and hence progressively increasing 

depolarizing pressure on the relevant spinal MNs (Monster and Chan 1977; their Fig. 2). 

This issue is addressed in detail in Chapter 5. For the present purposes, however, the 



189 

flattened post-transition f/I slope of the high-threshold PP MNs is highly relevant to the 

previous findings of Brownstone et al (1992; see below). 

4.5.7. Mechanisms underlying generation of the two>phase I-f relation in PP MNs. 

The vertebrate MN literature has traditionally focussed on the existence of a 

"primary" and a "secondary" range of MN firing, the latter occurring at higher current 

intensities, increasing the f/I slope approximately 2-6 fold (for review. Binder et al. 

1996). This secondary range has been seen in -50% of hindlimb MNs tested in 

barbiturate-anesthetized in vivo cats (Kemell 1965b; pg.78), but not to this degree in all 

such studies (Kemell 1979). Nor has a secondary range been seen in anesthetized 

decorticate, spinalized cats (Baldissera and Gustafsson 1971), or in unanesthetized, 

decerebrate cats (Brownstone 1989; Brownstone et al. 1992; Granit et al. 1966; see also 

Schwindt and Crill 1982). Furthermore, a secondary range is not readily apparent in the 

in vitro turtle SC slice preparation (McDonagh et al. 1998a; cf., however, Hounsgaard et 

al. 1988b). In our hands, PP-generating MNs typically demonstrate steep initial f/I slopes 

(pre-transition f/I slope) followed by a dramatic reductions in the f/I slopes at higher 

current intensities (post-transition f/I slope). 

Recent studies on MN behavior following excitatory neuromodulation the in vivo 

decerebrate cat preparation from two separate laboratories provide additional, compelling 

evidence for dramatic alterations in the MN's I-f relation following PP activation. 

Bennett et al. (1998a) often observed three distinct phases of MN behavior during the 

ramp-up portion of triangular-wave IC stimulation. The first phase was an initial, linear 

increase in discharge rate observed with increasing IC current, which was identified as 

the "primary slope" by the authors. This was followed a "secondary slope", 

characterized by an acceleration in discharge consistent with PP generation. A third 
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phase of MN behavior (not specifically identified by the authors) was shown as a linear 

increase in discharge rate following the secondary slope. The slope of this third phase 

appeared to be qualitatively similar in magnitude to primary slope (their Fig. 2). With 

repeated IC stimulation, the presence of the "warm-up" phenomenon (defined as a 

gradually decreasing threshold for PP activation near the threshold for AP generation) has 

been shown to abolish the "primary slope" altogether (Bennett et al. 1998b, their Fig. 

IC). The two-phase I-f relation was then characterized only by an initial, rapid 

acceleration of MN discharge, followed by a flattening of the I-f relation. 

Lee and Heckman (1998a) have also demonstrated two- and three-phase I-f 

relationships of PP-generating MNs with a triangular pattern of IC stimulation. In MNs 

identified as "partially bistable", a three-phase pattern of discharge was observed (their 

Fig. 4D, F) similar to the results of Bennett et al. (1998a). In their "fully bistable" cells, 

however, firing behavior was characterized by an initial, rapid acceleration in discharge 

at the onset of firing, followed by a flattening of the f/I slope (their Fig. 4C, E). 

Our results are more consistent with the two-phase vs. three-phase I-f relation 

observed in the above-mentioned studies. Part of the reason for this disparity may lie in 

differences in the stimulation patterns. As the L-type Ca2+ conductance primarily 

responsible for PPs is both voltage- and time-dependent, the classical current-step 

paradigm (Granit et al. 1966) utilized in the present study may allow a "warm-up" 

phenomenon to occur during the test for the I-f relation. Specifically, Ca2+ channel 

opening is thought to involve two voltage-dependent reactions, where channels move 

from one closed state to another before opening (Fenwick et al. 1982; Hille 1992). 

Repetitive, constant-current IC stimulation of the MN (2-s current pulses at 10 s 

intervals) below the PP threshold may have allowed Ca2+ channels to move from their 
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closed to open states at lower stimulus strengths than during triangular ramp stimulation. 

The result would be to move the transition point of the I-f relation to a lower level of 

stimulus intensity. These arguments are consistent with results on voltage dependent 

excitation observed in the decerebrate cat preparation (Brownstone et al. 1992, 1994), 

and with the paradigm for PP identification used by Bennett et al. (1998a). 

The data points of the I-f relation preceding the transition point were best 

characterized by a single linear regression. In our small sample of cells subjected to IC 

ramp stimulation patterns, however, we did not observe a distinct three-phase I-f relation 

like those described above. Subsequent evaluation of the contribution of the stimulation 

paradigm to the I-f relation determined in PP MNs could involve utilization of both 

current-step and triangular-wave paradigms in the same test cells. 

4.5.8. Mechanisms underlying the reduction of the post'transition U\ slope in PP 

MNs 

The dramatic flattening of the f/I slope following the transition was a key feature of 

the alteration of MN behavior, which may provide insight into the results of Brownstone 

et al. (1992). As noted previously, decreases in f/I slope have been noted in the in vivo 

decerebrate cat preparation in response to triangular IC stimulation. In "fully bistable" 

MNs, Lee and Heckman (1998a) demonstrated a substantial reduction in the f/I slope 

following the initial acceleration of firing. In these cells (presumably type S MNs), the 

"post-acceleration gain" was always greater than 0 Hz/nA. In contrast, "partially 

bistable" cells (presumably type FR and FF MNs) demonstrated consistently negative 

"post-acceleration gains" during triangular IC stimulation. We observed a mean decrease 

in the post-transition f/I slope of 27% from control values, equivalent to an 80% 

reduction as compared to the pre-transition slope. While a number of PP MNs in our 
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study demonstrated negative f/I slopes for a few data points, our post-transition f/I slopes 

were always consistently greater than 0 Hz/nA, albeit down to ~ 2 Hz/nA. 

Three mechanisms may contribute to the flattening of the f/I slope following 

generation of PP behavior. 

1. An increase in the L-type Ca2+ conductance has been shown to generate a persistent 

inward current that results in a sustained, relatively consistent elevation of Vj^j to -30-40 

mV > Vj- (e.g., Hounsgaard and Mintz 1988; Hounsgaard and Kiehn 1989). In dorsal-

horn cells of the turtle SC slice, Russo and Hounsgaard (1994, 1996) have also 

demonstrated a two to four-fold reduction in concurrent with activation of the L-type 

Ca2+ conductance. A similar increase in whole cell conductance has been observed in 

the in vivo decerebrate cat preparation, following IC blockade of APs with QX-314. The 

increase was indicated by an increase in the I/V slope following the peak inward current 

(Lee and Heckman 1998b, their Fig. 2; see also Brownstone et al. 1994). Although not 

tested directly in our present sample of MNs, such an alteration in Rjsj would render 

additional synaptic or IC current impressed upon the MN soma or dendrites during PP 

formation less effective in altering discharge frequency (Lee and Heckman 1998a; c.f., 

however, Bennett et al. 1998a-b). 

2. Regulation of IC Ca2+ levels may control PP activation and alter MN discharge rate 

during IC stimulation. Previous studies on Aplysia neurons and Paramecium have 

demonstrated an inactivation of Ca2+ currents via elevation of IC Ca^"*" levels (Brehm 

and Eckert 1978; Tillotson 1979). More recent work in vertebrate myotube and 

cerebellar Purkinje cells has demonstrated the possibility of L-type Ca-"'" current 

inactivation via second messengers generated by a ryanodine receptor (Chavis et al. 
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1996; Nakai et al. 1996). These mechanisms of regulation of the L-type Ca-"*" 

conductance may suppress PP activity following its generation in turtle MNs in an effort 

to control IC Ca-"^ levels. Subsequently, discharge frequency would be lowered 

sufficiently for a flattening of the f/I slope to occur. Such behavior could also account for 

the observed decline in firing rate with increasing IC current injection (negative f/I slope) 

that was observed in 10/28 of our PP MNs. 

3. Saturation of MN discharge capability has been observed previously in cat MNs during 

strong IC current injection (Kemell 1965c), sensory afferent stimulation (Burke 1968, 

Cordo and Rymer 1982), and electrical stimulation of brainstem centers (Tansey and 

Botterman 1996; Zajac and Young 1980). Such "rate-limiting" behavior of MUs has also 

been observed during voluntary activation in both cats (Hoffer et al. 1987) and humans 

(De Luca et al. 1982; Monster and Chan 1977). This phenomenon is a less-likely 

possibility for the present results, however, because fmax always greater than ftrans' 

and the overall f/I slope never reached 0 Hz/nA. 

In summary, at least three mechanisms, and, most likely, further as-yet-undetermined 

ones, can account for the pronounced rate-limiting behavior observed in the PP MNs of 

the present study. These same mechanisms may also explain the Brownstone et al. 

results (1992), as discussed below. 

4.5.9. Relation between current and previous results on MN behavior in reduced 

preparations 

In the 1992 study of Brownstone et al. on the paralyzed high decerebrate cat (see also 

Brownstone 1989), depolarizing current was IC-injected into spinal extensor MNs during 

the active phase of their fictive locomotor cycle (i.e., during repetitive brainstem 

stimulation). In 5/6 MNs there was no further increase in spike-frequency with 
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increasing stimulus strength: i.e., the f/I slope became zero (see Fig. 2.8A-B above). This 

controversial finding, and the surprisingly limited directly relevant subsequent studies 

(i.e., see ad seriatim: Brownstone et al. 1994; Schmidt 1994; Edwards et al. 1997; 

Bennett et al. 1998a-b; Fedirchuk et al. 1998; Lee and Heckman 1998a-b; Heckman and 

Lee 1999a; Hultbom 1999) were reviewed above in Chapter 2. For the present purposes, 

it is sufficient to point out that the type of rate-limiting behavior observed by Brownstone 

et al (1992) has been observed recently by Lee and Heckman (1998a-b) in MNs 

exhibiting a fully developed PP (e.g., Lee and Heckman 1999; their Fig. 4B). Notably, 

such rate-limiting behavior is not readily observed in anesthetized, spinalized cat 

preparations, possibly the results of the effects of general anesthetics to reduce PPs 

(Guertin and Hounsgaard 1999b). Now, the present Figs 4.9-10 add further evidence in 

support of the original Brownstone et al (1992) observations on the rate-limiting 

phenomenon, particularly if their results are explained on the basis of their MNs 

exhibiting PPs during controlled fictive locomotion. It seems likely that the mechanisms 

proposed above for the flattening of the post-transition 171 slope could all come into play 

during elaboration of fictive locomotion in the high decerebrate cat. 

In conclusion, the present study showed that neuromodulation of turtle MNs 

dramatically altered their fundamental input-output relation, particularly during PP 

generation. Still open is the issue of the type of MNs which exhibited rate-limiting 

behavior in the present study on turtle MNs and the previous one of Brownstone et al. 

(1992) on cat MNs. Was it the low-threshold group, as favored by Heckman and Lee 

(1999b) and suggested indirectly by the human motor unit results of Monster and Chan 

(1977)? Or was it the high-threshold group, as suggested by our Fig. 10 results (see also 
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Bennett et al I998a-b; Hultbom 1999)? For technical reasons (Kemell 1999; McDonagh 

et al. 1999b), the latter were the most likely ones studied by Brownstone et al (1992). 

Finally, it should be noted that by providing a quantitative data base on the effects of 

excitatory and inhibitory neuromodulation on the passive, transitional, and active 

properties on MNs, this study has challenged doctrinaire thought on the inter-associations 

between these properties, particularly in instances in which PPs were generated by 

excitatory modulation. Also, in its focus on neuromodulation of the I-f relation, this 

study has shown how it was possible to mimic in a SC slice preparation of the turtle, a 

previous controversial (albeit important) finding on a decerebrate cat preparation. 
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CHAPTER 5. COMPARATIVE SIGNIHCANCE OF THE PREFERRED FIRING 

RANGE DISCHARGE OF TURTLE MOTONEURONS 

5.1. SUMMARY 

The term "preferred firing range" refers to a pattern of human motor unit (MU) 

discharge in which the profile of the spike-frequency of a MU's extracellulary (EMG) 

recorded compound action potentials is dissociated from the profile of the presumed 

depolarizing pressure exerted on the unit's spinal motoneuron (MN) during a voluntary 

contraction. Such a dissociation has been recently attributed by inference to the presence 

of a plateau potential (PP) in the active MN. One purpose of this study was to evaluate 

this inference qualitatively by comparing the preferred firing range of human MUs to the 

analogous behavior of turtle MNs recorded intracellularly (IC) in an in vitro slice of 

spinal cord (SC), and previously reported IC-recorded cat MNs in an in vivo decerebrate 

preparation. In both latter cases, the MNs were known to be generating PPs, as evoked 

by excitatory neuromodulation. The qualitative similarities in the MN/MU responses of 

the three species' gave credence to the proposition that PPs may indeed underlie the 

preferred firing range of human MNs. This conclusion was supported by comparing the 

rate-limiting behavior of IC-recorded turtle MNs while generating PPs in the same 

preparation to that of human MUs, again during the elaboration of a slowly rising 

voluntary contraction. For this latter comparison, rate-limiting refers to a progressively 

lessening increase in spike-frequency response as stimulus intensity is increased: i.e., it is 

a special form of preferred firing range behavior. Again, there were sufficient similarities 

in the rate-limiting behavior of MNs/MUs in the two species to support the inference of 

PP generation in human MNs. In the discussion of the above comparisons, a variety of 
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open issues concerning the PP have been summarized, together with selected findings on 

the potential functional significance of PPs across several vertebrate species. 

5.2. INTRODUCTION 

The conventional model of the input-output relations of vertebrate spinal MNs posits 

that the profile of their discharge (spike-frequency) should reflect the profile of the 

excitatory depolarizing current imposed on them. Such depolarizing stimuli can be 

provided by descending command signals, central pattern generating-activity, and 

sensory feedback in intact preparations, or all of the above in addition to intracellular (IC) 

current injection in reduced preparations (for review. Binder et al. 1996). In recent years, 

however, there has been a progressively increasing body of evidence to suggest that such 

a linear association is only evident in deeply anesthetized preparations. In this condition, 

tested MNs are not as responsive to excitatory neuromodulation that may invoke non

linear cellular properties, like rhythmic oscillations (Grillner and Wallen 1999; Wallen 

and Grillner 1987; Chapt. 2) and the plateau potential (PP; Chapts. 2 and 4; Heckman and 

Lee 1999; Hultbom 1999). In this report, the focus is on the significance of PPs for the 

generation of non-linear behavior in spinal MNs across vertebrates. 

Once in a non-linear mode, MNs can exhibit spike-frequency profiles that differ 

substantially from the profile of the excitatory input. To describe one such behavior 

during the voluntary muscle contractions of humans, Kiehn and Eken (1997) introduced 

the term "preferred firing range." They noted that during isometric ramp up-hold 

contractions. MU discharge was characterized by an initial sharp increase in spike-

frequency of the MU's compound action potentials (MUAPs; an intramuscular EMC 

recording) followed by prolonged discharge at this higher rate, which could extend into 
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the phase of force relaxation. The latter spike-frequency was called the preferred firing 

range because it was maintained while muscle force was increasing. Similarly, during 

voluntary isometric ramp up-hold-ramp down contractions, MU spike-frequency jumped 

to the preferred range and remained there briefly while force was declining (see Fig. 

2.14A above). Such non-linear MU behavior suggested to Kiehn and Eken (1997) that 

the MNs supplying the MUs were generating PPs. They argued that PPs would 

determine the MNs' spike-frequency rather than the changes in depolarizing pressure 

being exerted on the MNs by voluntarily initiated, descending command signals. Shortly 

thereafter, similar preferred firing ranges (Fig. 2.14B) were reported by Lee and 

Heckman (1998a) for spinal MNs of the decerebrate cat during the IC injection of 

depolarizing current. In this latter study, it was shown that the test MNs were indeed 

generating PPs, as can only be infen^ed for the MNs supplying human MUs (Chapt. 2). 

In this chapter, we demonstrate that a preferred firing range can also be demonstrated 

in turtle MNs when subjected to excitatory neuromodulation sufficient to generate a PP. 

In further support of the generality of PPs across vertebrate MNs, we demonstrate 

similarities in the profile of the stimulus current-spike frequency (I-f) relation of turtle 

.MNs subject to PPs during IC-stimulation and whole muscle force-MU spike-frequency 

(F-0 relation of human MUs during a voluntary slowly rising isometric contraction. This 

comparison was justified on the basis that slowly increasing muscle force is related in a 

near-linear manner to a slowly increasing depolarizing pressure on the MNs whose axons 

supply the MUs generating the force (Binder et al. 1996; Fuglevand et al. 1993). 

The discussion focuses on the comparative significance of these findings, citing 

analogous results obtained in the lamprey, turtle, rat, cat, and human. 
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A preliminary account of some of the results have appeared in abstract form (Hornby 

et al. 2000a). 

5.3. METHODS 

5.3.1. Dissection and slice preparation 

The IC measurements of MN spike-frequency were made in slices of spinal cord (SC) 

taken from adult turtles. All of the dissection and SC slice preparation/maintenance 

procedures have been described fully in McDonagh et al. (1988a) and Chapters 2-4 

above. 

5.3.2 Recording and measurement procedures 

The protocol for IC recording in turtle MNs (rheobase > 0.4 nA to exclude intemeurons) 

of a SC slice has also been detailed previously (Ibid). 

Preferred firing range measurements. Control MN properties were determined in 10 

MNs including the cells' responses to ramp-type IC injection (see below). 

Generation of the PP. To generate PP activity, one of four forms of excitatory 

neuromodulation was employed (bath application of 100 ^.M 5-HT, 20 (iM muscarine, 20 

|iM tACPD, or all 3 combined; for relevant citations, see Chapt. 4). 7/10 MNs generated 

PP activity, as noted by an acceleration of their spike-frequency during the IC injection of 

2-s pulses of constant depolarizing current (Chapt. 4). The responses of these 7 PP MNs 

to the ramp-type stimuli were re-tested while they were generating PPs. For 3 of these 7 

PP MNs, 1 jiM tetrodotoxin (TTX) was then added to the bathing medium to block the 

cells' action potential (AP) spikes. Subsequently, the cells' membrane potential (Vm) 

responses to the same IC-stimulation patterns were then noted in the control bathing 

medium (Chapt.4), and following application of an excitatory neuromodulator. In 
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selected MNs demonstrating PP behavior, nifedipine was added to the bathing medium 

for up to 30 min prior to the test stimulus pattern, to test the effects of blockade of the L-

type Ca2+ conductance (Chapt. 4). 

/C injection of ramp-type currents. We used a modification of an existing 

laboratory-built program (Reinking et al. 1992) to provide control of a ramp voltage that 

was translated into injected current by the IC-recording amplifier. The shape of the ramp 

(ramp up-hold-ramp down, or triangular) and amplitude (2-5 nA) was user-selectable in 1 

nA steps. The duration of the individual ramp segments and the pre- and post-stimulus 

delay of the waveform was set at 2.5 s. The fixed duration of the dynamic portion of the 

waveform provided a constant-duration stimulus, rather than a constant rate-of-change of 

current. This allowed a better comparison of the MNs' spike-frequency responses across 

cells. The stimulus waveform had a time and amplitude resolution of I ms and 4.9 pA 

per step, respectively. A typical ramp up-hold-ramp down waveform consisted of 5 equal 

2.5 s intervals: a pre-stimulus delay, a ramp increase in current, a sustained increase in 

current, a ramp decrease in current, and a post-stimulus period. The test portion of the 

waveform consisted of 7,500 data points and, for a 6 nA stimulus (the maximum used), 

1023 amplitude steps. A typical triangular waveform consisted of 4 equal 2.5 s intervals: 

a pre-stimulus delay, a ramp increase in current, a ramp decrease in current, and a post-

stimulus period. The test portion of the triangular waveform consisted of 5,000 data 

points. 

Comparison of the turtle I-f vs. the human F-f relation. This section of the study did 

not require the generation of new data. Rather, the turtle data was taken from Chapter 4 

(its Fig. 4.9B): i.e., the two-phase I-f relation of 28 PP MNs while under excitatory 

neuromodulation, as IC-recorded in SC slices. The human MU data on their F-f relation 
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were EMG-recorded in a forearm muscle, extensor digitorum communis (EDC), during a 

slowly rising voluntary contraction. These data came from a Monster and Chan study 

(1977; 60 MUs in their Fig. 2, with semi logarithmic F values), as replotted by Binder et 

al. (1996; 20/60 MUs in their Fig. I.ID, with F digitized and replotted on a linear scale). 

5.4. RESULTS 

5.4.1. MN responses to IC ramp stimulation: control vs. PP state 

The 7/10 MNs which exhibited a modulator-induced PP had a rheobase value > 1.0 

nA, thereby indicating that they innervated relatively fast-twitch muscle fibers (Chapter 

3). Their responses to the two patterns of IC stimulation were so qualitatively similar that 

it is sufficient to show some exemplary patterns in Figs. 5.1-2 using all 7 MNs, which 

were of varying threshold for repetitive firing (Imin)-

Spike-frequency responses. Fig. 5.1 shows that in the control state, the firing patterns 

of 3 MNs' (A/C, B, D) were a reasonable facsimile of the stimulus pattern, albeit with 

some spike-frequency adaptation at the onset of the hold component of the ramp-up-hold-

ramp down stimulus (Fig. lA-B). In these two examples, note that the MN with the 

higher threshold for repetitive firing (Imini Fig- subjected to stronger peak 

control stimulation (5 vs. 3 nA). It attained a higher firing rate than the Fig. IB MN (~35 

vs. 25 Hz), and it continued its discharge further into the ramp-down phase of 

stimulation. For the two triangular stimulation examples (Fig. 5.1C-D), the Fig. ID cell 

was of higher Ii^^jn than the Fig. IC one, and it was therefore subjected to slightly 

stronger peak control stimulation (6 vs. 5 nA). Both cells' discharge profile followed the 

ramp-up phase of stimulation, with their discharge ceasing early in the ramp-down phase. 
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FIG. 5.1. Responses of MNs to ramp-type stimulation: control vs. PP-modulated states. 
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FIG. 5.1. Responses of MNs to ramp-type stimulation: control vs. PP-moduIated 
states. Shown are the instantaneous spike-frequency responses of 3 separate PP MNs 

(same cell in A/C) during a ramp up-hold-ramp down {A-B) and triangular (ramp up-ramp 

down; C-D) stimulation pattern (each segment's duration, 2.5 s) in the control bathing 

medium (open circles), and following bath application of an excitatory neuromodulator 

(or combination thereoO to elicit PP behavior (filled circles). The excitatory modulators 

(and peak stimulus currents) were: A, muscarine (5 nA); B, 5-HT (3 nA); C, muscarine (5 

nA); and D, a combination of muscarine, 5-HT and tACPD (control, 6 nA; test, 4 nA). In 

the control state, all four patterns of spike-frequency response followed (mimicked) 

relatively closely the IC stimulation pattern, with spike-frequency (late) adaptation 

clearly evident) in the A-B responses at the end of ramp-up stimulation. Conversely, in 

the modulated state, the 4 cells responded with a "jump" to a higher spike-frequency (at 

arrows). Subsequently, the modulated PP cells exhibited a distinctive preferred firing 

range that was prolonged into the ramp-down phase of stimulation. Note that the 

threshold for repetitive firing was lowered in 3/4 cases (A = C > B), and that the spike-

frequency jump occurred at different times relative to onset of the ramp-up stimuli (i.e., A 

and D earlier than B and C). Note further in the modulated A-B responses, that spike-
frequency was still evident. 

Under conditions of modulator-induced PP generation, the Fig. 5.1 MNs exhibited: 1) 

a lower (in A, B, and D, but not C); 2) a jump to a preferred frequency of discharge 

(in A-D); 3) some spike-frequency late adaptation (in A-B; Powers 1999) at the end of 

the ramp-up phase of stimulation; 4) much greater, indeed remarkable, interspike 

variability (in A, B, D) at the higher firing rates attained; and 5) discharge that was 

prolonged well into the ramp-down phase of stimulation (in A-D). All 5 of these 

behaviors are in keeping with spike discharge driven by a PP (Chapts. 2 and 4). Note in 

particular that the modulator-influenced firing patterns in A-D all reflect the IC stimulus 

pattern to some extent, but not nearly to the extent observed in the control (non-

modulated) state 
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In Fig. 5.1, it is also of interest that the modulator-influenced firing rates were far in 

excess of the fusion frequency that has been observed for tetanic force in at least one 

muscle of the turtle's hindlimb, external gastrocnemius (Callister et al. 1992; McDonagh 

et al. 1999b) The functional significance of such a surplus in firing rate remains for 

future study. 

Effects of nifedipine on spike<frequency and membrane potential.. Fig. 5.2A-B 

demonstrates in 2 further of the 7 PP MNs, the nifedipine-induced abolition of a 

modulator-induced preferred firing range and its underlying PP. Again note that the 

modulator-influenced firing patterns still reflect the stimulus pattern to some extent, but 

not as accurately as the control patterns. 

Spike frequency. The relatively high-threshold MN in Fig. 5.2 A exhibited a limited 

repetitive discharge in the control state, with a profile that mimicked the stimulus 

transition from ramp-up to hold, again with evidence of spike-frequency late adaptation. 

Muscarine induced much more discharge, which continued to accelerate well into the 

hold phase of stimulation. During this latter phase, there was again evidence of the 

occurrence of spike-frequency adaptation. The further application of nifedipine reduced 

spike-frequency, and to a profile that was much more closely aligned with that of the IC 

stimulus. Interestingly, in this nifedipine-affected state, the MN did not exhibit as much 

spike-frequency adaptation as had been observed in the immediately preceding control 

and muscarine-influenced conditions. 

The Fig. 5.2B MN exhibited also little repetitive discharge in the control condition, 

with a profile that reflected the triangular stimulus transition from ramp-up to ramp-

down. Again, muscarine induced substantially more repetitive discharge with elements 

of a preferred firing range, and discharge well into the ramp-down component of the 
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FIG. 5.2. Effects of nifedipine on MN responses to ramp-type stimulation. A-B: 

Instantaneous MN spike-frequency responses of 2 separate MNs to ramp stimulation 

patterns in the control bathing medium (open circles), following muscarine-induced PP 

behavior (filled circles), and following the further application of nifedipine ("x" with 

open circles). Peak stimulus strengths: A, 3 nA; B control, 4 nA; B muscarine and 

muscarine + nifedipine, 3 nA. Note that nifedipine: 1) greatly reduced the 2 cells' 

modulator-increased firing rate (i.e., back toward the control value); 2) abolished any 

semblance of a modulator-induced preferred firing range; and 3) reduced the spike-

frequency adaptation that had been evident in both the control and the muscarine-alone 

states. C-D: The Vm response to IC stimulation of another MN after blockage of the 

cell's AP spikes by the addition of TTX to the bathing medium. The cell's responses 

were noted sequentially to the two patterns of stimulation; ramp up-hold-ramp down (C) 

and triangular (D). Peak stimulus strengths: C, 4 nA; D, 5 nA. The difference between 

the responses in the two bath conditions (muscarine + TTX vs. muscarine + TTX + 

nifedipine) gave indication of the profile and magnitude of the PP (i.e., at least the 

component attributable to the L-type Ca2+ conductance; see Chapt. 2). Note that the PP 

was somewhat delayed during triangular IC stimulation. Such a moment-to-moment 

change in the nature and extent of PP development has also been observed in cat MNs 

(Lee and Heckman 1998 a-b). 

stimulus. The further application of nifedipine again diminished spike-frequency, with a 

profile that closely resembled the control response during the ramp-up component of the 

stimulus. Spike-frequency remained elevated over control firing, however, during the 

initial phase of the ramp-down component of the stimulus. The Fig. 5.2A-B results show 

quite clearly that the maintenance of a preferred firing range was dependent primarily on 

PP formation. 

Membrane potential (Vm)- ^'8- 5.2C-D show the responses to the two 

stimulation patterns of the remaining 2/7 PP MNs. In these instances, the bathing 

medium contained TTX to block the cells' AP spikes. The control responses are not 
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shown. Rather the figure compares the modulator (muscarine)-affected response to that 

for muscarine + nifedipine. 

The Vj^ of the Fig. 5.2C cell exhibited a muscarine-induced jump late in the ramp-up 

phase of stimulation. then remained relatively constant throughout the hold phase. 

In contrast, mimicked the stimulus pattern when this cell was exposed to the addition 

of nifedipine. (The control Vjyj had the latter profile, but at slightly less amplitude 

throughout the stimulation epoch). The Vj^ difference between the two above states 

(muscarine vs. muscarine + nifedipine) shows the PP's contribution, thereby confirming 

its role in generation of a preferred firing range. 

The Vn, of the Fig. 5.2D cell exhibited also a muscarine-induced jump that occurred 

somewhat later in the ramp-up phase of stimulation. Such behavior was indicative of a 

cell with a partially developed PP, as has been noted previously (Lee and Heckman 

1998a-b). Again the difference between the two states shown in Fig. 5.2D indicates 

the magnitude of the PP, which, in the absence of TTX, would have resulted in a 

preferred firing range that extended into the ramp-down phase of stimulation. 

5.4.2. I-f relation of turtle MNs vs. F-f relation of human MUs 

The Fig. 5.3 comparison is utilized as further support of the possibility that human 

MUs can exhibit behavior suggestive of their MNs elaborating PPs. The figure compares 

the I-f relation of our present sample of 28 PP MNs, as IC-recorded in in vitro SC slices 

(Chapt. 4), to the F-f relation of 20 MUs in a human forearm muscle, as recorded during a 

slowly rising voluntary isometric contraction (Monster and Chan 1977; data presentation 

of Binder et al. 1996; their Fig. l.ID). (Recall again that the F plotted on the X-axis of 

Fig. 5.3B gives an approximation of the CNS drive that was imposed on the MUs' MNs). 
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FIG. 5.3. The I-f relation of turtle MNs vs. the F-f relation of human MUs. A: The 

individual I-f relations of 28 in vitro turtle MNs, following application of excitatory 

neuromodulation to induce a PP. The data points used to construct the plot were the 

minimum, transition, and maximum points of the relation (see Chapter 4), with an 

interpolated line between these points. Note that from the lowest- to the highest-

threshold cell, the I-f relation featured a relatively steep pre-transition f/I slope, and a 
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relatively flat post-transition one (i.e., rate-limiting behavior). B: The individual F-f 

relations of 20/60 human extensor digitorum communis MUs, recorded during a 

voluntary, slowly rising isometric contraction. The data came from Monster and Chan 

(1977; their Fig. 2 sample of 60 MUs, using semilogarithmic F values). Subsequently, 

the presently used 20/60 MUs were presented by Binder et al 1996; their Fig. I.ID, with 

F digitized and replotted on a linear scale). The arrow indicating the muscle's maximum 

voluntary contraction (Max) was an estimation of Binder et al. (1996), based on the 

original investigators' Fig. 4 (cf., however. Monster 1979). Note that the lower-threshold 

MUs also exhibited a relatively steep initial f/I slope that gave way to a flatter slopie. In 

sharp contrast, the 2 highest-threshold MUs gave no indication of a progressively 

flattening I-f relation. 

Figure 5.3 show that all of our turtle MN sample, from the lowest to the highest-

threshold one, exhibited an I-f relation with a steep initial steep slope that shifted 

subsequently to a far flatter one (rate-limiting firing). In Chapter 4, this rate-limiting 

behavior was attributed to PF behavior. This change was also observed for the lower-

threshold human MUs in Fig. 5.3, but not the higher-threshold ones. Rather, the higher-

threshold MUs exhibited a more-or-less one-phase F-f relation that was less steep than 

the initial slope of the lower-threshold MUs. Such behavior resembled the I-f relation of 

our full population of turtle MNs when not subjected to excitatory modulation (e.g., see 

McDonagh et al. 1998a; note, in particular their Fig 6 comparison of the f/I slope of low-

vs. high threshold MNs). 

5.5. DISCUSSION 

The above results support the generalization summarized in Fig. 5.4. It shows that 

there are some PP-related similarities between the preferred firing range of: 1) in vitro 

turtle MNs, when subjected to modulator-induced PPs (present results); 2) in vivo 

decerebrate cat MNs while also exhibiting modulator-induced PPs (Lee and Heckman 
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1998a-b); and 3) human MUs during voluntary isometric contractions (Kiehn and Eken 

1997). Further evidence on the ubiquity of a PP-generated preferred firing range is 

presented below in Table 5.1. 

Before proceeding, any discussion of human MUs must begin by emphasizing that 

since the mid-1920s (early refs. in Gydikov et al. 1973; Freund, 1983; Stuart and Enoka, 

1983) it has been known that the discharge of a single unit can be controlled readily and 

maintained steadily by a human subject (given audio/visual feedback) at various 

frequencies within about a 10 Hz range above the recruitment threshold level (i.e., -8-18 

Hz). When using this experimental paradigm with ever-progressing sophistication 

(recent refs. in Fuglevand et al. 1993,1999) there are no reports that MUs exhibit an 

abrupt jump to a higher range of discharge. Rather, there appears to be a force range 

(probably < 10% of the overall force capacity of the muscle) over which the firing rate of 

a MU is modulated linearly. Above this range, firing rate seems to asymptotically reach 

a limit (see below). In what follows, some other patterns of low-threshold MU firing 

behavior are described. The relationship between the present Fig. 5.4E-F type of human 

MU behavior and the above-mentioned, well-established and repeatedly confirmed 

observations remains an open question. For the moment, it is perhaps best to consider 

that the two sets of observations are currently co-existent, with much further work 

required to resolve their differences (e.g., their muscle and/or task dependencies). 

In addition to the Fig. 5.4 inferences, our present Fig. 5.3 comparison of the I-f 

relation of turtle PP MNs and the F-f relation of human MNs suggested some similarities 

between the effects of the PP (presumed for the MNs supplying the human MUs) on the 

I-f relation of at least the low-threshold component of turtle and human MNs. The results 

were more equivocal for high-threshold MNs. This and some allied open issues on the I-f 
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FIG. 5.4 Preferred firing range beiiavior of turtle, cat, and human MNs. 
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FIG. 5.4. Preferred firing range behavior of turtle, cat, and human MNs. A: Shown 

are the instantaneous spike-frequency responses of 2 separate turtle PP MNs (in vitro SC 

slice preparation) during a ramp up-hold-ramp down (1; as in Fig. 5.1 A above) and 

triangular (ramp up-ramp down; 2; Fig. 5. ID above) stimulation pattern (each segment's 

duration, 2.5 s) in the control bathing medium (open circles), and following bath 

application of an excitatory neuromodulator (or combination thereof) to elicit PP 

behavior (filled circles). The excitatory modulators (and peak stimulus currents) were: 1, 

muscarine (5 nA); and 2, a combination of muscarine, 5-HT and tACPD (control, 6 nA; 

test. 4 nA). B: the spike-frequency (top traces; smoothed firing rate; moving average of 5 

interspike intervals) of 2 cat hindlimb MNs (1-2; decerebrate preparation; as in Fig. 

2.14B above) during the IC-injection of a triangular-wave current (bottom traces). In the 

B1 cell, with a more fully developed PP (as indicated by other tests), there was an 

immediate steep jump in spike-frequency at Imln' whereas in the 82 cell, with a less-

developed PP, this jump occurred a little later (i.e., at ~8 nA > Imin)- Note, however, that 

it reached a higher range of firing rates than the B1 cell. Modified from Lee and 

Heckman (1998a; their Fig. 4 C-D; see also Heckman and Lee 1999b; their Fig. 4). C: 

Unitary EMG spike-frequencies of human tibialis anterior MUs during voluntary 

isometric ramp-hold (/) and ramp-hold-ramp (2) contractions (as in Fig. 2.14A above). 

A I: the instantaneous spike-frequencies of three human MUs (top trace) during a 

voluntary isometric ramp contraction (bottom trace). Typically, each unit's spike-

frequency increased steeply after its recruitment, followed by much smaller increases 

with increasing force production. A2: arranged like AI, and showing the spike-frequency 

responses of two other MUs during a ramp up-hold-ramp down pattern of voluntary force 

production. For E and F, note that the 15 Hz calibration bar is set a little above 0 Hz: i.e., 

there are four data points at 0 Hz in both E and F. (Modified from Kiehn and Eken 1997; 

their Figs. 4, 5). 

and F-f relation are addressed first in the discussion, before considering the potential 

functional significance of PPs across vertebrate species. 

5.5.1. Unresolved issues on the effect of the PP on the I-f and F-f relation 

Low vs. high-threshold turtle and cat MNs. In in vitro turtle MNs, it would seem that 

PPs are of relatively similar occurrence and magnitude in both low-and high-threshold 

MNs (Hounsgaard et al. 1998b; Chapt. 4). As such, both groups of MNs should exhibit 
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rate-limiting behavior during the stronger-stimulation component of their I-f relation. 

Instead, we have found that such rate-limiting is far more pronounced in the high-

threshold group (Chapter 4; Fig. 5.3). In in vivo cat MNs, Lee and Heckman (1998a-b; 

Heckman and Lee 1999b) have demonstrated evidence suggesting that PPs are more fully 

developed in MNs with slow axonal conduction velocities (i.e., type S and low-threshold 

type FR MNs). As such, low-threshold cat MNs should be more prone than high-

threshold ones to exhibit rate-limiting behavior in the stronger-stimulation component of 

their I-f relation, the reverse of what was observed in the present study on turtle MNs. 

Other studies, too, have evidence to the contrary of Lee and Heckman (I998a-b), with 

PPs observed in decerebrate cat MNs (Bennett et al. 1998a-b) and rat MUs of widely 

varying threshold (Eken 1998; Gorassini et al. 1999a). Teleologically, it makes 

functional sense that the PF should be more fully developed in low-threshold MNs 

supporting postural function (see below), but for the moment, the issue is open. 

The above considerations are confounded by a well-known, but rarely discussed 

issue. What is the cut-off (end) point for IC-injected current during generation of the 

steady-state I-f relation? The convention is to use a combination of three criteria 

(McDonagh et al. 1998a): 1) firing cessation by the test MN; 2) no further increase in 

spike-frequency (rarely tested for systematically); and 3) investigator apprehension that 

stronger stimulation will damage the cell. The third of these criteria is very subjective, 

thereby inviting the possibility that the full, steady-state I-f relation of high-threshold 

MNs remains relatively unknown. It may well be, for example, that at stronger 

stimulation, such MNs may again increase their firing rate. This possibility is raised by 

some findings on the F-f relation of human MUs, as discussed below. 
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The F-f relation of high-threshold human MUs. A well-known, but rarely emphasized 

issue is the technical difficulty of distinguishing the firing pattern of high-threshold MUs 

due to movement of the recording electrode and/or contamination in the recording arising 

from the discharge of lower-threshold MUs (De Luca 1995). Hence, there is always an 

element of doubt as to whether published records of the F-f relation are accurate for 

steady state F values much beyond 30% of the MVC, even though there are several 

reports to the contrary (e.g., Duchateau and Hainaut 1990; Erim et al. 1996; Kamen et al. 

1995; Kossev and Christova 1998; Van Cutsem et al. 1998). In the original Monster and 

Chan (1977) study, their Fig. 4 indicated a maximum F value of -720 g for the EDC 

muscle. In a subsequent report, however. Monster (1979; his pg. 350) cites the Monster 

and Chan (1977) study as indicating a maximum F of ~ 1,000 g, which still seems low for 

this muscle. Even so, it remains unknown if the higher-threshold MUs studied by 

Monster and Chan (1977) would have exhibited rate-limiting behavior if the contraction 

had increased in forcefulness above its presented cut-off at ~69% of the MVC (i.e., as in 

Fig. 5.3B; probably -50% according to Monster 1979). Admittedly, there are other 

reports suggesting that high-threshold MUs do not exhibit rate-limiting behavior. For 

example, for the human upper-arm muscle, biceps brachii, Gydikov and Kosarov (1973; 

their Fig. 4) reported rate-limiting behavior for MUs recmited up to -40% of the MVC, 

and units with a linear F-f relation recruited between - 30-80% of the MVC. Similarly, 

for the upper forearm muscle, brachialis, Kanosue et al. (1979; their Fig. 3) reported rate-

limiting behavior for MUs recruited up to -43% of the MVC, and units with a linear or 

exponentially rising F-f relation recruited between -33-70% of the MVC. There is even 

a report on the tibialis anterior muscle (Erim et al. 1996; their Figs. 2-3) showing very 

little rate-limiting behavior for MUs recruited at low (> 5% MVC), and midrange (> 40% 
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MVC), and none for units recruited at -50-60% MVC. Another interesting, but relatively 

unconfirmed set of observations were provided by Kanosue et al. (1979). Their summary 

(their pg. 427) was that: " ... At low levels of force, each motor unit increased its firing 

rate steeply with force. At intermediate levels of force, each motor unit increased its 

firing rate linearly with force at lower rates. As the maximum of force was approached, 

the firing rate increased very steeply...." If all of the above and other human MU 

literature on isometric contractions (refs. in Erim et al. 1996) is taken on its face value, 

the current state-of-the-play seems to be that the Monster and Chan (1977) profiles 

shown in Fig. 5.3 (see also their original report; their Fig. 2) have been observed 

subsequently in several laboratories, with uncertainty prevailing for the profiles of the 

higher-threshold MUs (for further discussion, see Fuglevand et al. 1993). 

A further issue on the F-f relation is that it seems unlikely that the above 

generalizations can be extended to anisometric (shortening, lengthening) contractions 

(see, e.g., Kato et al. 1985; Kossev and Christova 1998; Theeuwen et al. 1994). This 

issue is somewhat removed from our Fig. 5.3 comparison, however. 

Inferring the presence of PPs during natural movement. In this chapter and the 

preceding Chapter 2, reports have been cited in which the presence of PPs have been 

inferred in MNs participating in the standing and walking of the conscious rat (Eken 

1998; Eken and Kiehn 1989; Gorassini et al. 1999a, 2000), while cramps and myokymia 

are occurring in human patients (Baldissera et al. 1992), and during voluntarily and 

refiexly initiated muscle activity in healthy (Gorassini et al. 1997, 1998; Kiehn and Eken 

1997) and CNS-injured human subjects (Gorassini et al. 1999b). In all of these reports, 

PPs were inferred to occur in situations in which it was also inferred that there was no 

alteration in the synaptic input to the relevant MNs. The latter claim, while based on 
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carefully evaluated experimental conditions, is not yet based on objective criteria that 

have universal acceptance. The issue of the occurrence of PPs during natural movement 

must therefore remain open. Interestingly, a similar situation prevails for the inferring of 

selected spinal reflex- and descending command-spinal connectivity patterns of 

conscious humans (e.g., Katz and Pierrot-Deseilligny 1999; Pierrot-Deseilligny 1996; 

Fierrot-Deseilligny and Mazevet 2000). In this latter instance, however, there is a 

several-decade, substantial data base across several laboratories. Accordingly, there 

appears to be more widespread acceptance of the validity of the indirect observations on 

spinal connectivity patterns in humans than is currently the case for the PP inference in 

MNs. 

Criteria for inferring the presence of PPs in human MNs. In IC-recording 

experiments, PPs have been found across all vertebrate species tested to date (Chapt. 4), 

including neurons in the human neocortex (Sayer et al. 1993). It is therefore 

parsimonious to presume that they must occur in human MNs. At present, however, 

there is no consensus on the ground rules for inferring the presence of PPs in the MNs 

supplying human MUs (Stuart 1999). 

In the absence of fatigue and ischemia, the firing patterns of mammalian MNs are 

identical to those of the MUs they supply: i.e., with the latter measured using 

intramuscular EMG recordings of their MUAPs (Stalberg and Trontelj 1994). On this 

basis, and the results of their own experiments on the firing patterns of IC-recorded MNs 

in the decerebrate cat (Lee and Heckman 1998a-b), Heckman and Lee (1999b) have 

suggested that PP behavior can be inferred in presumably low-threshold type S human 

MNs during slowly rising voluntary contractions (-5-10 % of the MVC/s). With the 

intent of provoking thought on the issues, these authors have argued that this inference is 
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valid when the firing pattern of the tested MU meets four criteria. These include: 1) a 

transition from a high initial f/F slope to a much lower slope (rate-limiting behavior) 

while force is increasing slowly; 2) a more variable spike-frequency after the onset of 

such rate-limiting behavior; 3) a linear decrease in spike-frequency/muscle force when 

force is reduced voluntarily; and 4) a cessation of discharge (derecruitment) at a lower 

"force" (i.e., really torque) than occurred at recruitment. (It is important to note that in 

the two latter criteria, the implication is not that a changing muscle force is changing the 

MU's firing rate. Rather, the changing force is being considered as approximating 

roughly to a changing central depolarizing drive on the MU's MN). 

It is likely that the four Heckman and Lee (1999b) criteria will require additional 

qualification. For example, the first criterion addresses rate-limiting behavior. In the 

present study, we showed that this could occur in the control state of both non-PP and PP 

MNs, albeit to far less extent than in the neuromodulated state. In the latter case, rate 

limiting was far more pronounced in PP MNs. Hence, the first Heckman and Lee criteria 

may have to add a boundary condition stipulation. Similarly a boundary condition seems 

required for their second criterion, because PP-influenced MNs do not always exhibit a 

pronounced increase in the variability of their spike discharge (e.g.. Fig. 2.10; a presumed 

PP influence; and the present chapter's Fig. 5.1C). Their third criterion is more puzzling, 

because human MUs (e.g., Fuglevand et al. 1993) and non-PP generating MNs (e.g., 

present Figs. 5.1, 5.2A-B, 5.4 A-B) also exhibit a near-linear decline in spike-frequency 

when the depolarizing drive on their MNs is reduced (i.e., either voluntarily in human 

studies, or by the IC-stimulation pattern in the present turtle studies). Their fourth 

criterion was also a feature of the Gorassini et al. studies on the conscious rat (1999a, 

2000) and human (1997,1998). A key problem with observing that derecruitment of a 
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MU occurs at a lower joint torque than at recruitment is that the experimental paradigm 

has not yet involved a direct measure of muscle force. This is feasible in the rat ( e.g., the 

technique of Walmsley at al. (1978). The direct measurement of muscle force (vs. joint 

torque) is more problematical in the human. As such, the extent to which force 

developed by antagonists to the MU-bearing muscle may complicate (indeed 

contaminate) the interpretation of joint torque recordings remains unknown. Despite the 

above caveats, the Heckman and Lee (1999b) criteria should still be considered a 

thought-provoking contribution in a rapidly developing field. 

To the further evaluation of the four Heckman and Lee (1999b) criteria, we would 

like to add the need for further consideration of our own observation that spike-frequency 

late adaptation (Powers et al. 1999) is superimposed on preferred firing range MN 

behavior in the turtle SC slice (i.e., as in Figs. 4.2, 5.1, 5.2, and 5.4). Initial spike-

frequency adaptation was also shown to occur, but the extent to which the PP modifies its 

magnitude and profile remain for further study. It is likely that spike-frequency 

adaptation issues will be to the forefront in future human MU studies that test indirectly 

for the presence of MN PPs. 

Despite the queries raised above about the four Heckman and Lee (1999b) criteria, 

there is some intriguing evidence from four laboratories (summarized in Table 5.1 below) 

that PPs may indeed be a property of the human MN, and with a function quite similar to 

that in other vertebrate species. 

5.5.2. The ubiquity and functional significance of the PP across vertebrate species 

Table 5.1 summarizes current information on the functional outcome of PP generation 

in spinal MNs of reduced lamprey, turtle, and cat preparations, and their presumed 

presence in conscious rats and humans. In a sense, the PP-induced prolongation of AP 
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TABLE 5.1 Selected functional findings on the PP across vertebrate spinal MNs 

Spccics 
(Preparation) 

Reference(s) Finding(s) 

Lamprey 
(In vitro CNS) 

Grillner and Wallen 1999 Preferred firing range; Regulation of burst 
length during rhythmical locomotor discharge^ 

Tunic 
(In vitro SC 
slice) 

(In vitro SC 
segments^) 

Hounsgaard et al, 1988b 
Svirskis and Hounsgaard 1998 

Present results 

Guertin and Hounsgaard 1998 

Prolonged firing response to brief IC stim. 
Steep initial f/I slope during IC stim.^ 

Preferred firing range; steep initial f/I slope 
during IC stim. 
Regulation of burst length during rhythmical 
locomotor discharge'* 

Cat 
(In vivo 
decerebrate) 

Hounsgaard cc al. 1984. 1988a 

Brownstone et al. 1992 

Bcnnelletal. i998ab 

Lee and Heckman 1998ab 

Prolonged firing response to brief IC stim. 
(1984®); steep one-phase f/I slope (1988a) 
Preferred firing range during fictive 
locomotion®; abrupt initial f/I slope^ 

Low PP threshold during synaptic excitation; 
steep initial f/I response to IC stim. and synaptic 

input 
Preferred firing range; steep initial f/I response 
to IC stim. 

Rat 
(Conscious) 

Eken and Kiehn 1989; Eken 
1998 

Gorassini et at. 1999a, 2(XX) 

Intermittent preferred firing range during 
voluntary quiet standing® 

Abrupt burst discharge during voluntary 
locomotion and imposed muscle stretch 

Human 
(Conscious) 

Baldissera et al. 1992 

Kiehn and Eken 1997 

Gorassini et al. 1997 
Gorassini etal. 1998 

Gorassini et al. 1999b 

Sustained discharge during muscle cramps^ 
Preferred firing range during voluntary 
contractions^® 
Reduccd threshold for repetitive discharge 
Prolonged discharge in response to brief 

synaptic input 
Prolonged discharge in SC-injured patients in 
response to brief synaptic input 

For a detailed discussion of these findings, see Chapter 2. 

1 Brought about by an "NMDA-receptor induced plateau potential" (see their Fig. 3B). 

As such, more precisely an NMDA-induced rhythmic oscillation (Wallen and Grillner, 

1987; Wallen etal. 1989). 

2 See also Hounsgaard and Kiehn (1989). 
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^ See also the results of Schwindt and Criil (I980a-c)using anesthetized in vivo cat 

preparations. 

For confirming evidence see Brownstone et al. (1984). 

^ Significance of flattened f/I slope addressed in Chapter 4. 

^ Micromovements detected by Eken (1998). 

^ Patients suffering from chronic muscle cramps, spasms, and myokymia (intermittent 

repetitive contractions). 

^ The authors commented that similar results had been obtained previously in several 

reports, albeit not attributed to PPs (Bawa and Calancie 1983; De Luca et al. 1982; 

Denier Van Der Gon et al. 1985; Romaiguere et al. 1993; Vander Linden et al. 1991). 

discharge beyond the duration of brief IC-injection or synaptically-mediated depolarizing 

current is an example of preferred firing. To this extent, the ubiquity of a preferred firing 

range is far more extensive than that shown in Table 5. 

In vitro lamprey. To date, there has been no search for a nifedipine-sensitive PP in 

lamprey MNs, which has been demonstrated in several other vertebrate species (Chapt. 

2). For lamprey MNs in an in vitro preparation, a steepening of the I-f relation's f/I slope 

has been reported by Buchanan for experiments on the chemomodulated conversion from 

quiescence to fictive swimming. This change was attributed to a reduction in an AHP, 

apamin-sensitive, Ca^^-dependent K"*" conductance (Buchanan 1999; his Fig. 5D-E). 

Subsequent experiments in Buchanan's laboratory (unpublished results of Dacus and 

Buchanan; personal communication from J.T. Buchanan) have confirmed this 

conductance reduction. In general, however, the subsequent work indicated that the f/I 

slope tended to flatten during fictive swimming, as in the decerebrate cat results of 

Brownstone et al. (1992). This flattening does not appear to require the generation of a 

PP, however, as seems likely in the decerebrate cat (see Chap. 4). 
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A lamprey mechanism of potentially broad relevance in vertebrate motor control is a 

5-HT/NMDA-receptor induced, rhythmically occurring PP, which has been shown in 

several other species, as well (Chapt. 2). It has been shown to have an important role 

during fictive lamprey swimming, by producing a preferred MN firing range and 

regulating MN burst discharge (Grillner and Wallen 1999; Wallen and Grillner 1987; 

Wailen et al. 1989). This potential is more strictly defined as an NMDA-induced 

rhythmical oscillation (Chapt. 2), which is mediated by NMDA receptor channels 

(depolarization phase) and Ca2+-dependent K+ channels (repolarization; Wallen and 

Grillner 1987), with little contribution from Ca-"*" channels (Matsushima et al. 1993; 

Wikstrom et al. 1999). As such, NMDA-induced rhythmical oscillations in the lamprey 

seem to reflect a non-linear cellular property allied to, but somewhat different from, the 

nifedipine-sensitive PP of the present study. 

Turtle SC slice. The number of citations on the PP of turtle MNs is quite selected in 

Table 5.1. The key functional advantages of PP generation emphasized to date, however, 

are as shown for the in vitro SC slice preparation: a preferred firing range and a steeper 

initial f/I slope. These emphases are evident in several reports from Hounsgaard's 

Copenhagen laboratory (reviewed in Chapt. 2). 

To date these functional findings on in vitro turtle MNs, subjected to IC-stimulation 

in a SC slice preparation, have, with one exception (see below) yet to be the focus of 

intense experimental studies during fictive scratching or real swimming. This has 

occurred even though other characteristics of the pattern-generating circuitry for 

production of these motor patterns have been studied in detail (Stein et al. 1998). It is 

thought-provoking, however, that work in the laboratories of P. S. G. Stein and S. N. 

Currie has demonstrated sensory-evoked increases in the excitability of fictive scratch 

reflexes in the turtle which lasted several seconds. For at least selected intemeurons in 

spinal pattern-generating circuitry, it is possible (personal communication from P.S.G. 

Stein) that these changes involved a combination of NMDA-receptor mechanisms (Daw 
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et al. 1993) and Ca^'•"-involved PPs similar to mechanisms already characterized in 

lamprey (Grillner and Wallen 1999) and turtle (Currie and Lee 1996; Currie and Stein 

1992; Russo and Hounsgaard 1999). For example, Currie and Stein (1990) have 

presented extracellular recordings of long after-discharges in spinal intemeurons in 

response to brief taps and electrical stimuli applied to the carapace (their Figs. 1 ID and 

12B-C). These responses are similar to those shown in PP-generating cat (e.g.. Hultbom 

1999; his Fig. IBl) and turtle (Delgado-Lezama and Hounsgaard 1999) MNs. This 

possibility is strengthened by recent evidence that NMDA-induced rhythmical 

oscillations in the MN output of turtle SC preparations of at least 3 spinal segments 

(Guertin and Hounsgaard 1998c) are attributable to current flow across MN membranes 

in both NMD A and L-type Ca-"*" channels (Guertin and Hounsgaard 1998a). As such, 

the rhythmical oscillations of turtle MNs is an example of preferred firing that does 

indeed depend, at least in part, on the PP. Note, also, that while activation of PPs alone 

in turtle MNs does not lead to rhythmic oscillations (Hounsgaard and Mintz 1988). they 

nonetheless play a role in several types of rhythmical MN activity in the turtle (Guertin 

and Hounsgaard 1999a). 

In vivo cat preparations. The functional advantages of the PP are well to the forefront 

in studies on various decerebrate cat preparations. These have been revealed during IC 

current injection in decerebrate cat preparations, with the MNs either chemomodulated 

(reviewed by Hultborn 1999; Heckman and Lee 1999b), or participating in brainstem-

initiated/sustained fictive locomotion (Brownstone et al. 1992; significance discussed in 

Chapter 4). Preferred firing is also a feature of phrenic MN discharge during fictive 

vomiting (Grelot et al. 1992). For more reduced mammalian species, there are analogous 

functional findings on brainstem MNs, as recorded in in vitro slices from the neonatal 
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mouse (nucleus ambiguous MNs; Rekling and Feldman 1997) and the adult guinea pig 

(trigeminal MNs; del Negro et al. 1999; Hsiao et al. 1998). 

Conscious rat. Table 5.1 shows that the conscious rat studies have involved inferences 

on MN firing patterns during voluntary quiet standing, locomotion, and while the gently 

restrained animal has been subjected to imposed muscle stretch. While several issues are 

still open (see above; also reviewed in Chapt. 2), examples of non-linear MU behavior 

are numerous and of varying origin in these studies. Thus, it seems likely that the PP 

inference is reasonable in at least selected cases of the present database on the conscious 

rat. 

Conscious human. The human studies listed in Table 5.1 have been undertaken in three 

separate laboratories, and have involved applying a variety of experimental paradigms to 

healthy, intact subjects, as well as patients with disturbed motor function. In the case of 

preferred firing range, it is noteworthy that Kiehn and Eken (1997) have documented 

several previous reports (see footnote 8 in Table 5.1 legend) that, in retrospect, could well 

have involved a similar PP-induced effect. 

5.5.3. Summary 

Qualitative (but not quantitative) similarities have been shown between: 1) the 

preferred firing range of IC-stimulated in vitro turtle and in vivo cat MNs, and human 

MUs during voluntary, slowly rising muscle contractions.; and 2) the rate-limiting 

behavior of turtle MNs and human MUs. The common denominator in these 

comparisons has been the PP, as demonstrated directly in the turtle and cat MNs, and 

inferred for the human MUs. Despite a variety of open issues concerning the PP, 

including the inferring of its presence in human MUs, work on a variety of vertebrate 

species has indicated that this evolutionary-conserved mechanism plays an important role 
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in the generation of muscle force. In particular, it provides a means for the MN to 

prolong its discharge and increase the gain of its I-f relation, which latter advantage is 

then conferred upon the F-f relation of the MU supplied by the PP-generating MN. By 

these means, force output can be enhanced and prolonged without resort to a substantial 

increase in the depolarizing pressure exerted by descending command signals on the 

.MNs. While much remains to be learned concerning the PP, its ubiquity and functional 

imponance are now of unquestioned significance. It must also be emphasized that other 

non-linear MN mechanisms come into play during the voluntary development of force, 

and that a variety of species specializations are evident in their elaboration. 
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CHAPTER 6. SUMMARY 

This dissertation addressed three issues of current relevance to comparative MN 

behavior and the neurobiology of the segmental motor system. 

First, Chapter 3 provided the most descriptive and quantitative information to date on 

the control, intrinsic properties of turtle spinal MNs. The stability and consistency of 

these measurements were assessed, and incorporated into a provisional classification 

scheme. This enabled a comparison to be made of the properties of MNs in the turtle vs. 

lamprey vs. cat, with sufficient similarities demonstrated to support the concept of an 

evolutionary conservation of selected MN properties across vertebrates. 

Chapter 4 provided the first-ever, quantitative description of the effects of selected 

neuromodulators on intrinsic properties of turtle MNs. These included three excitatory 

(5-HT, muscarine, tACPD) and one inhibitory (baclofen) agent. A thorough analysis was 

provided of the changes in key passive and transitional properties and their relation to the 

changes in active (firing) properties in the control vs. neuromodulated state. The sample 

of MNs was divided into two groups, on the basis of whether they did or did not generate 

a nifedipine-sensitive plateau potential (PP). The most pronounced of the differences 

between non-PP and PP MNs was in their I-f relation, for which it was necessary to 

measure a two-phase profile, in addition to the conventionally measured one-phase one. 

In PP MNs, excitatory modulation flattened the second phase of the I-f relation to an 

extent comparable to that observed previously in analogous studies on the decerebrate cat 

during fictive locomotion. The results thereby emphasized the evolutionary conservation 

of a key ionic mechanism, the PP, for regulation of the repetitive discharge of vertebrate 

MNs. 
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Finally, Chapter 5 addressed MN firing patterns during ramp, IC- stimulation patterns 

in the control bathing medium and following application of excitatory neuromodulators 

lo evoke PP behavior. The results are compared qualitatively to analogous studies in the 

decerebrate cat MNs in the presence of PPs, and to human MU behavior during voluntary 

contractions. MN firing behavior in these three very different experimental conditions 

and species were unified by demonstration of a PP-induced tendency for MNs to exhibit a 

preferred range of spike—frequencies. It was argued that such behavior is sufficiently 

widespread that despite the many unresolved issues concerning PPs, this potential's 

interphyletic ubiquity and functional importance in force development are key features of 

the generalized vertebrate segmental motor system. 
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CHAPTER?. APPENDIX: TABLES 4.lA-4.8 

TABLE 4.1 A. Passive and transitional properties of turtle MNs: values for control vs. 

excitatory modulated states 

5-HT Muscarine tACPD All 3 modulators 

(n= 11) 1 (n= 11) 1 (n= 11) (n= 11) 

Passive 

Vr (mV) -69 ± 5.6 -71 ±4.5 -65 ± 2.8 -68 ± 5.2 

A (9c) 6.8 ±6.8** 1.2 ±4.3 4.4 ± 7.8 5.2 ± 3.7** 

RN (MQ) 14 ±6.9 12 ±6.3 13 ±9.3 12 ±3.7 

A(%) 17± 19» 22±31 32 ±47 29 ± 24** 

Transitional 

iRh (nA) 1.6 ± 1.2 2.9 ± 2.3 1.6 ± 1.4 1.6 ±0.6 

A ( % )  -23 ± 16** -28 ± 20* -28 ± 29 -38 ± 26** 

AHPamp-f (mV) 21 ±3.2 20 ± 2.6 22 ± 3.0 20 ± 2.6 

A(%) -5.8 ± 8.4 -1.0± 10 -6.1 ±8.7* -5.6 ± 16 

AHPamp-s (mV) 11 ± 1.8 10± 1.9 10 ±2.8 10 ±2.5 

A(<7c) -18±15*» -17±18** -8.2 ± 13 -13±l l**  

AHP(juraiion (ns) 211 ±59 198 ±63 207 ± 52 166 ±42 

A ( % )  -21 ±21** -0.9 ± 32 -2.5 ± 18 -11 ± 17 

AHPhalf-dccay time 96 ±29 90±31 95 ±25 74 ±20 

(ms) 

A ( % )  -23 ± 26* 0.1 ±33 -0.9 ± 18 -12 ± 18* 

For the four excitatory-modulated conditions, passive and transitional MN properties 

were measured in sets of 11 cells/modulator-condition. MNs were not separated on the 

basis of their non-PP vs. PP behavior (see Tables 4.2A). Values shown are the mean ± 

S.D. for the control condition, and the mean percentage change (A ± S.D.; in %) brought 

on in the modulated condition. Paired comparisons were made for the control vs. 

modulated state. Values for Xm, Vr|^, and calc Vr^ included. These three 
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properties were affected minimally, except as noted in the text. In this and subsequent 

tables, changes in boldface indicate a significant difference: * = P < 0.05, ** = P < O.OI. 

See text for unpaired comparisons of % changes evoked by the different modulators. The 

ceil types for the 4 modulator applications were: 5-HT - 1 MN-1, 2 MN-2, 7 MN-3, 1 

MN-4; muscarine - 1 MN-2. 7 MN-3, 3 MN-4; tACPD, 1 MN-1, 5 MN-2, 4 MN-3, I 

MN-4: all 3 modulators - 2 MN-2, 9 MN-3. In this and Tables 4.IB, 4.2A-B, and 4.3A-

B. the footnotes are for measurements made on less than the full sample (with 

explanations provided above in the Methods section): ^ 10/11 cells for the AHP values. 



TABLE 4.1B. Active properties of turtle MNs: values for control vs. excitatory 

modulated states 

Active 

Imin (nA) 

A {%) 

'min (Hz) 

A ( % )  

I trans ("A) 

A(<7r) 

' trans (Hz) 

^max (nA) 

A(7f) 

'max (Hz) 

A(9r) 

one-phase 

r/ I  slope (Hz/nA) 

A(9f) 

prc-transition 

f/ I  slope (Hz/nA) 

A ( % )  

post-transition 

171 slope (Hz/nA) 

A(<7c) 

f / I  slope ratio 

A ( % )  

5-HT Muscarine lACPD All 3 modulators 

( n = I l )  ( n = l l )  ( n = I l ) l  ( n  =  1 1 )  ^  

2.0 ± 1.4 

-21±16** 

5.9 ± 2.0 

1 0 ± 4 1  

3.4 ± 1.6 

- 1 4 ± 1 5 *  

24 ± 6.3 

61 ±45** 

4.6 ± 2.0 

-6.5 ± 12 

3 6 ±  1 1  

44 ± 29** 

13 ±8.5 

45 ±  32  "  

1 5 ± 9 . 1  

119± 173* 

12 ±8.0 

0.8 ±45 

0.8 ± 0.2 

-35 ± 38* 

3.8 ± 2.8 

-35 ± 23* 

7.0 ± 2.7 

45±61* 

5.4 ±3.7 

-36 ± 26"' 

23 ± 3.5 

42 ±38** 

7.2 ±4.6 

-21± 23* 

33 ± 7.0 

29 ± 25* 

1 1  ± 7 . 1  

47± 121^ 

14 ±8.6 

238 ± 232** 

8.7 ± 6.2 

-19 ±50 

0.6 ± 0.2 

-57 ± 47* 

2.1 ± 1.6 

-24 ± 29 

6.6 ± 2.6 

45 ±93 

3.6 ± 2.2 

-23 ± 27* 

29 ± 7.3 

30 ±56 

5.1 ±2.9 

-1.5 ±9.7 

45 ± 12 

23 ± 35* 

1 8 ±  1 2  

2.8 ± 32 

22 ± 15 

55 ± 59* 

14 ± II 

- I 5 ± 3 9  

0.7 ± 0.2 

-41 ±28** 

2.2 ± 0.8 

-42 ± 19** 

6.5 ± 1.4 

7 6  ±  1 1 8  

4.2 ± 1.2 

-3i ±23** 

30 ± 7.3 

90 ± 28** 

6.2 ± 1.7 

- 1 . 3 ±  I I  

46 ± 13 

5 9 ± 1 8 * *  

10 ±4.3 

19 ±52 

13 ±4.2 

178 ±190** 

8.1 ±4.2 

-17 ±44 

0.6 ± 0.2 

-59 ± 22** 
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This table is organized like Table 4.1 A. It shows the active properties of the same four 

sets of MNs. In this and subsequent tables which include active properties, the 

measurements are considered in the order of : the individual parameters of the I-f 

relation; the slope of the conventional one-phase I-f relation; the two slopes (pre-

transition and post-transition) of the newly introduced two-phase relation; and finally the 

ratio of the two latter slopes (pre-transition/post-transition). Footnote: ^ 10/11 cells for 

^trans''ftrans' pre-transition f/I slope, post-transition f/I slope, and f/I slope ratio. 



TABLE 4.2A. Passive and transitional properties of non-PP v.v. PP MNs: control I'.v. four separate modulated conditions 

5-HT Muscarine tACPD Ail 3 modulators 

Change (%) non-PP PP non-PP PP non-PP PP non-PP PP 
(n =7) (n =4)* (n =3) (n =8)^ (n =4) (n =7) (n =2) (n =9) 

Passive 

Vr -7.1 -4.0 -0.9 -1.1 -1.9 -4.9 -3.7 -4.6 

RN 19 1.3 5.3 19 35 5.4 36 28 

Transitional 

iRh -25 .22 -9.1 -39 -7.4 •38 -46 • 38 

AHPamp-f -8.3 -0.4 -8.3 2.6 -5.9 -5.8 -20 -4.0 

AHPamp-s -24 -7.2 -34 -9.3 -5.5 -9.4 -9.5 -16 

AHPduration -23 -15 -41 12 3.3 -6.5 -24 -9.1 

AHPhalf-decay 
time 

-26 -16 -43 14 4.2 -5.6 -26 -11 

Values shown are the mean ± S.D. % difference between the values for non-PP vs. PP cells, in the control vs. modulated 

condition. Mean percentage changes in boldface indicate a > 20% difference (not necessarily significant). Footnote: ' 3/4 5-
HT and 7/8 muscarine cells have AHP values. 



TABLE 4.2B. Active properties of non-PP vs. PP MNs: control vs. four separate modulated conditions 

Change (%) 5-HT Muscarine tACPD All 3 modulators 

non-PP PP non-PP PP non-PP PP non-PP PP 

(n =7) (n=4) (n =3) (n=8) (n =4) (n =7)* (n =2) (n =9)» 

Active 

'min •28 -26 -12 -50 -5.6 -31 -53 -41 

fmin -6.1 21 38 38 -0.9 59 24 93 

Itrans -16 -16 -4.4 -54 -6.6 -35 -21 -37 

ftrans 42 97 40 44 11 25 83 89 

Imax -9.0 -4.2 -1.6 -27 3.1 -3.8 -0.9 -3.5 

fmax 41 48 46 22 18 18 65 57 

one-phase 
f/I slope 

42 51 31 90 0.3 15 32 16 

pre-transition 
f/I slope 

57 238 26 233 15 75 65 176 

post-transition 
f/I slope 

20 -39 44 -53 -4.2 -8.1 -14 -21 

f/I slope ratio -13 -74 16 

ae • -25 -52 -46 -633 

This table is organized like Table 2.2A. It shows the active properties of the same eight sets of MNs. Footnote: ' 6/7 tACPD 
and 8/9 all-3-modulator cells have values for Itrans- ^trans' pre-transition f/I slope, post-transition f/1 slope, and f/I slope ratio. 

to 
to 
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TABLE 4.3 A. Passive and transitional properties of non-PP vs. PP MNs: grouped 

control i'i\ modulated responses 

Non-PP cells (n = 16) PP cells (n = 28) 

Passive 

Vr (mV) -68 ± 5.8 -68 ±4.6 

( A % )  5.0 ± 6.5** 3.6 ±5.1** 

RN (MQ) 12±5.1 13 ±7.5 

(A%) 26 ± 28** 24 ±34* 

Transitional 

iRh (nA) L7± 1.1 2.1 ± 1.8 

(A%) -22 ± 24** -33 ± 22**" 

AHPamp-f (mV) 22 ± 3.6 20 ± 2.2 

(A%) -9.0 ± 12**"^ -2.1 ± 10 

AHPamp-s (mV) 9.9 ± 1.7 11 ± 2.5 

( A % )  -19± 16** -11± 12** 

AHPduration (ms) 200 ±62 193 ±52 

(A%) -20 ± 23**" -1.5±2l 

AHPhalf-decay time (ms) 92±31 86 ±24 

(A%) -22 ± 27**" -1.1 ±21 

This table groups the effects on non-PP vs. PP MNs of the 4 separate modulator 

applications summarized in Table 4.2. For each passive and transitional MN property, 

the mean ± S.D. control value for non-PP vs. PP cells is provided, together with the 

modulator-induced mean change (A ± S.D.; in %). Paired comparisons were made 

separately for the control vs. modulated MN properties of both the non-PP and PP 

groups. Modulator significance: *, P < 0.05; ** = P < 0.01. Non-PP vs. PP 

significance:"^. P < 0.05; P < 0.01. Among the 16 non-PP cells, there were 4 MN-2, 

11 MN-3, and I MN-4. The 28 PP MNs included 2 MN-l, 6 MN-2, 16 MN-3 , and 4 

MN-4 cells. Footnote: ^ 26/28 PP cells have AHP values. 
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TABLE 4.3B. Active properties of non-PP i'5. PP MNs: grouped control vs. 

modulated responses 

Non-PP cells PP cells 

(n=16) (n = 28) 

Active 

Imin (nA) 2.2±i.3 2.7 ±2.2^ 

(A%) -23 ± 20** -34 ± 24** 

fmin(Hz) 6.9 ± 2.4 6.3 ± 2.0 

(A%) 17 ±57 60 + 94** 

Itrans(nA) 3.5 ± 1.9 4.5 ± 2.7 

( A % )  -12 ±9.9** -35 + 27**^^ 

ftrans(Hz) 26 ±6.9 27 ± 6.7 

( A % )  38 ± 34** 63 ± 49** 

Imax (nA) 4.8 ± 2.5 6.3 ± 3.3 

( A % )  -2.4 ±10 -10 ±19* 

fmax(Hz) 37 ± 10 42 ±13 

( A % )  38 ±29** 39 ±31** 

one-phase f/I slope (Hz/nA) 16 ±12 12 ±6.3 

( A % )  29 ± 32* 28 ± 85* 

pre-transition f/I slope (Hz/nA) 18 ± 13 15 ± 8.7 

( A % )  43 ±42** 216 ±205 » f 

post-transition f/I slope 13 ± 11 9.5 ± 5.6 

(Hz/nA) 

( A % )  14 ± 36 .27 ± 40**^^ 

f/I slope ratio 0.7 ± 0.2 0.6 ± 0.2 

( A % )  -16 ±29 -67 ±25**^"^ 
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This table is organized like Table 2.3A. It shows the active properties of the same two 

groups of MNs. Footnote: ^ 26/28 PP cells have values for Itrans ' ̂ trans ' pre-transition 

f/T slope, post-transition f/I slope, and f/I slope ratio. 



TABLE 4.4. Correlations between selected MN properties: conlrol vs. modiiUned values for non-PP MNs 

Control 

1. RN 

1 2 3 4 5 6 7 8 9 10 

2. 

3. 

iRh 

'^HPanip-s 

-0.48 

-0.17 0.15 _ 

4. AHPjuralion 0.30 0.(M •0.09 -

5. 'min -0^7' 0.96*» 0.21 -0.09 -

6, 'trans •0.62»» 0.95»'» 0.23 -0.16 0.99** -

7. 'tnax •0.63*' 0.94»'» 0.20 -0.18 0.97** 0.99** -

8. '^max 0.27 -0.19 0.01 -0.31 -0.29 -0.26 -

9. one-phase 

f/l slope 

0.6P* -0.52* 0.58* 0.15 -0.61** -0.66** 0.67** .0.74*' -

10. pre-lransition 

f/l slope 

0.60» .0.55* -0J8* 0.18 -0.65»« -0.68** 0.69** -0.75** 0.99** — 

I I .  post-transition 
f/l slope 

0.66** -0.48 •0.57' 0.12 -0.57' -0.62'* -0.63'* 0.73*' 0.97** 0.94*' 

Modulated 1 2 3 4 5 6 7 8 9 10 

1. RN -

2. iRh -0.35 -

3. 

4. 

A'^Painp-s 

AHPjuration 

-0.32 

0.49 

0.13 

0.06 -0.01 

5. 'min -0.36 0.98*» 0.11 0.03 -

6. 'trans -0.43 0.94*» 0.14 -0.04 0.%** -

7. 'max -0.48 0.89»» 0.21 -0.07 0.90** 0.98** -

8. '^max 0.40 -0.28 -0.31 -0.20 -0.35 -0.29 -0.24 -

9. one-phase 

f/l slope 

0.70** -0.48 -0.32 0.07 •0.52* -0.60* -0.64** 0.70** -

10. pre-transition 

f/l slope 

0.61** -0.48 -0.13 -0.02 -0.54* -0.62** -0.64** 0.69** 0.97** 

I I .  post-transition 

f/l slope 
0.72** -0.43 -0.52* 0.19 -0.46 -0.54* -0.58' 0.68" 0.95" 0.84" 
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Correlation coefficients are presented for 16 non-PP MNs' associations between 

parameters measured in under control vs. excitatory modulated conditions. Significance: 

P < 0.01; *, P < 0.05. Values for the 3/9 I-f parameters not presented in this table 

(^min' ^trans' slope ratio) are available upon request. 



TABLE 4.5 Correlalions between selected MN properties: comrol \'.v. nwdukited values for PP MNs 
Control 

I. RN 

1 2 3 4 .-i 6 7 K 9 10 

2, 'Rh -0.64<'* -

3. -0.01 -0.07 -

4. 0.55*» -0.46'' 0.36 -

5. 'min .0.64»* 0.99*'• -0.11 -0.47* -

6. 'trans -0.68'* 0.94*» 0.08 -0.42* 0.95** -

7. 'max -0.67»* 0.89" 0.13 -0.39* 0.89** 0.97** -

8. •^max 0.39* .0.57»* -0.23 0.38 -0.54** -0.50** -0.38 -

9. onc-phasc 

f/1 slope 

0.62** -0.65»* -0.34 0.40* •0.61** •0.76** •0.80** 0.57** -

10. prc-lransiiion 

f/1 slope 

0.5I*» -0.55»* -0.39* 0.34 •0.51** -0.68** •0.66** 0.62** 0.89** — 

I I .  post-transition 

f/1 slope 

0.69»» -0.65** -0.26 0.46* -0.63** -0.77** 0.81** 0.54** 0.96** 0.83** 

Modulated 

1. 

2, 

3. 

RN 

>Rh 

'^^''anip-s 

1 

-0.71 

-0,21 

2 

0.14 

3 4 5 7 9 10 11 12 

4. ''^'^Pduration 0.40» -0.26 0.47* -

5. 'min -0.74** 0.08 -0.28 -

6. 'trans -0.6S»» 0.86** -0.04 -0.45* 0.88** -

7. 'max -0.68*« 0.82»* 0.17 -0.21 0.80** 0.79** -

8. '^max 0.37 -0.48* -0.32 -0.20 -0.49* -0.15 -0.18 -

9. onc-phasc 

f/1 slope 

0.49» -0.51** •0.27 -0.03 -0.5I** -0.50** -0.75** 0,20 -

10. pre-transition 
f/1 slope 

0.45* -0.38 -0.09 0.21 -0.40* -0.61** -0.56** 0,10 0.57** 

I I .  l)ost-transilion 

f/1 slope 

0,.34 -0.47* •0.22 -0.06 -0.44* -0.3.'i -0.48* 0.37 -0.48* O . l l  

Ni iti 00 
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This table is organized like Table 4.4. It presents the same correlation analyses for 28 PP 

MNs. Again, values for the 3/9 I-f parameters not presented in this table (fmin' ^trans' 

slope ratio) are available upon request. 
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TABLE 4.6. Correlations between excitatory modulator-induced changes in MN 

properties: presumed determinant vi'. defining parameters of the one-phase I-f relation 

Imin fmin fmax one-phase 

f/I slope 

5-HT 

RN -0.48 - - -0.47 

iRh 0.74* _ _ _ 

AHPamp-s - 0.12 -0.25 -0.35 

AHPduration ~ -0.26 0.12 0.14 

Muscarine 

RN -0.36 - - 0.46 

iRh 0.85** _ _ _ 

AHPamp-s - -0-51 -0.70* 0.32 

AHPfJuration ~ 0.14 -0.19 0.28 

tACPD 

RN -0.29 - - -0.76 

iRh 0.86** _ _ _ 

AHPamp-s - 0.31 0.42 -0.45 

AHPciuration ~ 0.52 0.41 -0.77** 

All 3 modulators 
RN -0.17 - - -0.51 

iRh 0.96** _ _ _ 

AHPamp-s - 0.15 -0.29 -0.56 

AHPduration ~ 0.59 -0.26 -0.12 

The coefficients presented are for sets of 11 MNs under control vs. modulated conditions, 

with each set involving a different excitatory modulator: i.e., 5-HT, muscarine, tACPD, 

and all-3-modulators. Significance levels: *, P < 0.05; **, P < 0.01. Definitions of the 

determinant and defining parameters for the I-f relation are provided in the text. 
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TABLE 4.7. Correlations between excitatory modulator-induced changes in MN 

properties of determinant V5. defining l-f parameters: grouped non-PP PP cells 

^min ^min ^max one-phase 

f/I slope 

Non-PP cells 

RN -0.04 -0.51 

iRh 0.92** - - -

AHPamp-s - -0.33 -0.43 -0.53* 

AHPduration - -0.34 -0.21 -0.20 

PP cells 

RN -0.35 — — 0.12 

iRh 0.84*» - - -

AHPamp-s -0.37 0.02 -0.49 0.08 

AHPduration -0.37 0.51* -0.21 -0.16 

This table presents the Table 4.6 correlation coefficients for 16 grouped non-PP and 28 

grouped PP MNs.. Significance levels: P < 0.01; *, P < 0.05 



TABLE 4.8. Effects of baclofen on the properties of turtle MNs 

Passive Vr 

(mV) 

RN 

(MQ) 

Control 

A(%) 

-68 ± 5.6 

-4.0 ±3.7** 

13 ±4.6 

-5.1 ± 10 

Transitional iRh 

(nA) 

AHPamp-f 

(mV) 

AHPanip-s 

(mV) 

AHPduration 

(ms) 

AHPhalf-decay time 

(ms) 

Control 

A(%) 

1.5 ± 1.0 

35 ± 25** 

23 ± 3.8 

1.7 ±5.4 

11 ± 2.6 

-1.3±9.1 

200 ±60 

4.4 ± 15 

92 ± 30 

5.1 ± 18 

Active Imin 

(nA) 

fmin 

(Hz) 

'trans 

(nA) 

ftrans 

(Hz) 

'max 

(nA) 

fmax 

(Hz) 

Control 

A(%) 

2.0 ± 1.3 

42 ± 27** 

6.8 ± 2.6 

43 ± 35** 

3.3 ± 1.3 

17 ± 17* 

30 ±4.9 

4.6 ±20 

4.6 ± 1.5 

12± 16* 

44 ± 6.4 

2.6 ± 12 

one-phase 

f/I slope 

(Hz/nA) 

pre-transition 

f/1 slope 

(Hz/nA) 

post-transition 

f/1 slo|)e 

(Hz/nA) 

f/1 slope ratio 

15±5.1 

0.5 ±21 

21 ± 14 

3.1 ±30 

12 ±4.7 

1.8± 16 

0.7 ±0.3 

22 ± 98 

Is) 
-tils) 



243 

This table contains data like that in Tables lA-B, but substituting baclofen for the 

excitatory modulators. MNs were not separated on the basis of their non-PP vs. PP 

behavior (see text). Values shown are the mean ± S.D. for the control condition, and the 

mean percentage change (A ± S.D.; in %) brought on in the modulated condition. Paired 

comparisons were made for control vs. modulated states. Significance levels: P < 
0.01: P <0.05 
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