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ABSTRACT

There is a critical period at approximately embryonic day (E)17 during which
phrenic motoneurons (PMNs) undergo a number of pivotal developmental events
including the inception of functional recruitment via synaptic drive from medullary
respiratory centres, contact with spinal afferent terminals, the completion of diaphragm
innervation and a major transformation of PMN morphology. The objective of this thesis
was to test the general hypothesis that there would be a marked maturation of PMN
electrophysiological and diaphragm contractile properties occurring in conjunction with
these developmental processes. PMN properties were measured via whole-cell patch
recordings utilizing a cervical slice-phrenic nerve preparation isolated from perinatal rats.
Muscle force recordings and intracellular recordings of endplate potentials were measured
using phrenic nerve-diaphragm muscle in vitro preparations isolated from rats on E18 and
postnatal day (P) 0-1.

Development of PMN electrophysiogical properties: From E16 to P1, PMN
property changes included the following: i) 10 mV hyperpolarization of the resting
membrane potential, ii) three-fold reduction in the input resistance, iii) 12 mV increase in
amplitude and 50% decrease duration of action potential, iv) major changes in the shapes
of afterpotentials, v) increases in rheobase current and steady state firing rates. Electrical
coupling between PMNs was detected in 15-25% of recordings at all ages studied.

Development of K~ conductances: PMNs expressed outward rectifier (Ixy) and A-
type K™ currents which regulated action potential and repetitive firing properties
throughout the perinatal period. There was an age-dependent leftward shift in the

activation voltage and a decrease in the time to peak of I, during the period from E16
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through to birth. The most dramatic change during the perinatal period was the increase in
Ca™-activated K" currents which were responsible for the emergence of fAHP (maxi-
type-mediated) and mAHP (small conductance-mediated).

Development of Ca™" conductances: Changes between E16 and PO-1 included the
following; 1) an ~ 2-fold decrease in the density of LVA Ca™ conductances, and ii) an
~3-fold increase in the density of HVA conductances. The decline in the ratio of LVA
Ca™ and A-type K" conductances reduced rebound depolarization expression in neonatal
PMNSs. The increase in L- and N-type Ca™ currents were concomitant with the emergence
of Ca™ -dependent ‘hump-like’ ADP and mAHP, respectively.

Development of diaphragm contractile properties: The following age-dependent
changes occurred between ages E18 and P1: i) twitch contraction and half-relaxation
times decreased ~ 2- and 3-fold, respectively, ii) maximal tetanic force levels increased
~5-fold, iii) the range of forces generated by the diaphragm in response to graded nerve
stimulation increased ~ 2.3-fold, iv) the force-frequency curve was shifted to the right,
and vi) the propensity for neuromuscular transmission failure decreased. In conclusion,
the diaphragm contractile and PMN repetitive firing properties develop in concert so that
the full-range of potential diaphragm force recruitment can be utilized and problems

associated with diaphragm fatigue are minimized.
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CHAPTER 1

INTRODUCTION
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General Overview

The objective of this thesis was to characterize the development of rat phrenic
motoneuron (PMN) electrical properties and concomitant changes in the diaphragm
contractile characteristics during the major period of perinatal morphological and functional
maturation. As a first step, [ will briefly review our current knowledge regarding the
anatomical and functional organization of the respiratory system. [ will then review the
morphological maturation of the major neuromuscular component of the respiratory system,
the phrenic nerve and diaphragm. Since a significant portion of this work is concerned with
the functional differentiation of PMN electrophysiological properties, I shall briefly discuss
what is known about the maturation of electrical properties in other differentiating neurons.

as well as the factors involved in regulating these changes.

L Anatomical and functional organization of the respiratory system

Ventilation of the lungs required for gas exchange between the external environment
and the internal milieu of mammalian organisms is generated by periodic movements of
respiratory muscles. Rhythmic respiratory drive is generated within brainstem ponto-
medullary circuits and conveyed to the spinal PMNs via bulbospinal premotor neurons.
PMNs innervate the diaphragm muscle which is the primary muscle responsible for
generating inspiratory movements. The diaphragmatic pump acts axially in order to increase
the volume of the thoracic cavity during an inspiration. Intercostal muscles in the rib cage
and muscles of the upper airways also contribute to respiratory function. The former are

responsible for upward movements of the rib cage during inspiration, whereas muscles of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-3-

upper airway regulate airflow resistance. In newborns, however, due to the lower compliance
of the chest wall, the role of intercostal muscle in supporting respiratory movements is
minimal, and indeed paradoxical movements may occur where the chest wall may collapse
during inspiratory movements.

There is still considerable debate regarding the precise location and cellular
organization of the rhythm generating network in the brainstem. Currently, two medullary
regions have been postulated to be important for the generation and control of respiration in
mammals; the ventral and dorsal respiratory groups in the brain stem (VRG and DRG.
respectively) (reviewed by Feldman, 1986; Ballanyi et al., 1995; Bianchi et al., 1995). The
VRG is located ventromedial to the nucleus ambiguus (NA) whereas the DRG is located
ventrolateral to the nucleus tractus solitarius (NTS). Despite some functional and anatomical
differences between rodents and cats in which the majority of the experiments have been
performed, there is considerable evidence that the VRG is the primary site for respiratory
rhythm generation in mammals (Feldman, 1986). The DRG appears to be primarily involved
in modulating, but not in generating, the respiratory rhythm as it receives considerable
afferent inputs from central and peripheral receptors (including medullary and pontine
regulatory centers, baroreceptor and pulmonary stretch receptors) which control body
functions such as blood pressure and pH, temperature and vocalization. It appears that the
DRG integrates such homeostatic inputs and modulates respiratory drive accordingly.

Major advance in our understanding of the network properties of the respiratory
thythm generator followed the introduction of the isolated rat brain stem-spinal cord

preparation which allows the recording of respiratory motor drive in vitro (Suzue, 1984).
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Further development of an isolated brain stem slice preparation has been essential for
revealing the synaptic and cellular organization of the respiratory rhythm generating neurons.
Use of such models have led to recent advances regarding the cellular network and functional
characteristics of the rhythm generator in the brain stem (Smith et al., 1991; Koshiya and
Smith, 1999). However, there has been great controversy as to whether respiratory rhythm
is generated by a set of pacemaker cells or by a network model, where interacting excitatory
and inhibitory neurons generate the rhythm similar to the network generating locomotor
activity. Accumulating data supports a model where breathing is generated by a hybrid
model, involving pacemaker cells embedded in a network (Smith et al., 1991; Koshiya and
Smith, 1999). One important step in determining the cellular organization of the rhythm
generator was identifying the respiratory network location within the VRG. Work in the
Feldman laboratory has demonstrated that respiratory rhythm is generated within a specific
area of the ventrolateral medulla called the pre-B6tzinger complex (Smith et al., 1991). The
pre-Bétzinger complex, which contains primarily propiobulbar neurons, is localized caudal
to the retrofacial nucleus and ventral to the nucleus ambiguus (Smith et al., 1991). In the
isolated brain stem slice preparation, neurons in the pre-B6tzinger complex generate periodic
membrane depolarizations that are synchronized with respect to the respiratory motor output
recorded at the hypoglossal nerve roots (Smith et al., 1991; Koshiya and Smith, 1999).
Pharmacological experiments in the brain stem-spinal cord preparation indicate that
respiratory rhythm is mediated by non-NMDA -mediated glutamatergic synaptic transmission.
as both AMPA and kainate receptor blockers perturb rhythm generation (Greer etal., 1991;

Funk et al., 1993). Synaptic inhibition does not appear essential for rhythm generation in the
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neonatal rat since inhibition of GABA or glycine receptors does not eliminate respiratory
rhythm (Smith and Feldman, 1987; Onimaru et al., 1990).

Projections from several ponto-medullary structures including the locus coeruleus,
raphe nucleus and pontine nuclei (including medial parabrachial and Kélliker-Fuse nuclei)
converge and potentially regulate the respiratory rhythm generated in the VRG (Ellenberger
et al., 1990; Dobbins and Feldman, 1994). Synaptic input from these areas outside the
primary respiratory network plays a significant role in regulating the respiratory output in
order to satisfy the different physiological demands of the organism. Besides the classic fast-
acting excitatory and inhibitory amino acid neurotransmitters involved in rhythm and pattern
generation, numerous neuromodulators have been shown to modulate respiratory synaptic
activity. Serotonin, substance P and thyrotropin-releasing hormone, all play a facilitatory role
in respiratory rhythm generation whereas opioids, noradrenaline and adenosine have been
associated with depression of the central respiratory drive (Bennett etal., 1988; Lindsay and
Feldman, 1993; Di Pasquale et al., 1994; Errchidi et al.,, 1991; Greer et al., 1995; Dong and
Feldman, 1995; Reckling et al., 1996, Al-Zubaidy et al., 1996; Johnson et al., 1996).

Bulbospinal neurons in the rostral part of the VRG convey inspiratory rhythm to
spinal PMNs (Ellenberger and Feldman, 1988; Dobbins and Feldman, 1994). In the rat spinal
cord, PMNss are localized in the ventro-medial aspect of the ventral horn where they form a
tight rostrocaudal column between the third and the sixth cervical segments (Lindsay et al..
1991; Allan and Greer, 1997b). During the inspiratory phase, PMNs receive glutamatergic
excitatory drive which is primarily mediated via non-NMDA receptors (AMPA and kainate)

with NMDA receptors contributing between 10-30% to the regulation of the inspiratory
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discharge amplitude (Greer et al., 1991; Liu et al., 1990). During the expiratory phase of

respiration, PMN excitability is inhibited as a result of GABA- and glycine-mediated
synaptic depression originating primarily from the the Bétzinger complex (Merril and
Fedorko, 1984; Ellenberger et al., 1990; Liu and Feldman, 1993). In adult PMNs, GABA-
mediated opening of a Cl~ -mediated conductance causes a hyperpolarization of the
membrane potential by promoting Cl" influx. However, in neonatal PMN:s, there is still
considerable debate regarding whether the expiratory GABAergic drive evokes a
depolarization of PMN membrane potential (Liu and Feldman, 1993; Su and Chai, 1998;
Parkis et al., 1999). The GABA-mediated CI" efflux during early development is thought to
result from the high concentration of intracellular Cl" generated by an active inward transport
(Zhang et al., 1991). Despite generating a depolarizing inward current, application of GABA
or its agonist muscimol to the spinal cord reduced neuronal excitability (Su and Chai, 1998).
This contradictory finding may be explained if inhibition of synaptic activity resulted from
a large increase in the GABA-mediated Cl" conductance which could shunt excitatory

synaptic currents (Gao and Ziskind-Conhaim, 1995).

I-A. Embryonic development of the respiratory function

Fetal breathing movements (FBM) have been found in all mammals studied,
including humans (starting at the 10" week of gestation), where phrenic and diaphragm
activity has been associated with small tidal movements of tracheal fluid (reviewed by Boddy
and Dawes, 1975). FBM are required for proper lung maturation during the fetal period

(Harding et al., 1993; Kitterman, 1996). In the rat, inspiratory synaptic drive onto the PMN
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pool begins around embryonic (E) day 17 (gestational period in the rat is 21 days, see Fig.
1.1) (Greer at al., 1992). Anatomical tracing of brain stem axon trajectories shows that
bulbospinal projections reach the phrenic pool around E17, coincident with the onset of PMN
recruitment by the brain stem synaptic drive (Lakke, 1997). Recordings of the inspiratory
motor drive from the fourth cervical segment, containing most of the PMN axonal output.
indicate that the synaptic drive is initially very slow and irregular (Greer et al., 1992; Di
Pasquale et al., 1996). During the following 4-5 days up to birth, there is a significant
increase in the discharge frequency and amplitude of respiratory drive (Di Pasquale et al.,
1996). Recent ultrasound recordings have confirmed that FBM commence at E17 and that
the incidence and regularity of the movements increases prior to birth (Kobayashi & Greer,
unpublished observations).

Breathing movements in utero are episodic and occur mainly during rapid eye
movements (REM, Clewlow et al., 1983). Inhibition of FBM during non-REM periods may
originate from midbrain or pontine structures as evidenced by lesions in those structures
resulting in continuous breathing movements in utero (Gluckman and Johnston, 1987). The
influence of midbrain and pontine structures on FBM are likely mediated by the action of
neuromodulators since continuous FBM can be induced following treatment with 5-HT
precursors, inhibitors of prostaglandin synthesis and thyrotropin-releasing hormone, whereas
exposure to qpiates reduces FBM (Wardlaw et al., 1979; Quilligan et al., 1981; Kitterman
etal., 1979; Bennet et al., 1988).

An important aspect in the perinatal maturation of respiratory control is the response

to hypoxia. In utero, hypoxia can induce depression of FBM and that effect can be reversed
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by lesion of the pons (Gluckman and Johnston, 1987) or red nucleus (Waites et al., 1996).

In both newborns and adults, hypoxia causes a biphasic response consisting of an initial
augmentation of respiratory activity followed by a secondary depression. However, the main
difference in the response to hypoxia in newborns and adults lies in the magnitude of the
secondary depression which is significantly greater in neonates (Bureau et al., 1984; Lawson
and Long, 1983). The hypoxia-induced depression of respiratory movements in embryos and
neonates would promote energy conservation in the presence of ATP depletion. The adult-
type response to hypoxia is achieved within 2-3 weeks after birth and occurs as a result of’
poorly understood changes in the central respiratory network (Lawson and Long, 1983:

Ramirez et al., 1997).

I-B. Morphological and functional maturation of PMNs

Tritiated thymidine analysis of cervical motoneuron birth date indicates that PMNs
are born at approximately E11 (Altman and Bayer, 1984). By E11.5, their axons exit the
spinal cord toward the primordial diaphragm (Fig. 1.1; Allan and Greer, 1997b). PMN axons
reach the primordial diaphragm by E13. After a 24 hour waiting period, phrenic axons
initiate intramuscular branching (Fig. 1.1). Intramuscular branching of the phrenic nerve
generates three primary branches: crural, sternal and dorsolateral. This intramuscular
branching is not random, rather phrenic axons establish a topographic map on the diaphragm.
Phrenic motoneurons in the rostral extent of the phrenic pool within the spinal cord project
to the sternal part of the diaphragm whereas more caudal motoneurons project to the

dorsolateral and crural diaphragm (Laskowski and High, 1989; Laskowski and Owens, 1994).
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Innervation of the target musculature and inception of respiratory drive at E17 (in the rat)
coincides with, and may regulate, significant changes in the morphological organization of
the phrenic pool. Following target innervation (between E15-E16), there is a significant loss
of PMNs as a result of programmed neuronal cell death (Fig. 1.1; Harris and McCaig, 1984;
Allan and Greer, 1997b). Programmed cell death results in the matching of the number of
motoneurons to the available muscle fibers in a process that appears to be determined by
presynaptic uptake of muscle-derived trophic factors (Oppenheim et al., 1978; reviewed by
Oppenheim, 1991). Inception of inspiratory drive at E17 also correlates with a significant
transformation of the PMN dendritic arbor and the arrival of afferent projections in the
phrenic nucleus (Fig. 1.1; Allan and Greer, 1997b, Song etal., 1999). Between E18 and birth.
dendrites projecting within the transverse plane begin to retract and the tightly bundled
rostro-caudally projecting dendrites, which are believed to promote the synchronization of
PMN discharge, begin to form.

By birth, PMNs have begun to approximate the morphological and
electrophysiological features seen in adult motoneurons. However, significant maturational
changes occur postnatally. Neonatal PMNs still have long ventro-medial and ventro-lateral
dendritic projections into the white matter and there is still some midline crossing of
ventromedial dendrites, which is not observed in adult PMNs (Lindsay etal., 1991, Allanand
Greer, 1997b). As studies in cat and rat PMNs indicate, over the first few weeks after birth
PMN electrical properties still undergo considerable changes (Cameron et al., 1991). The
increase in cell size with age is accompanied by a reduction in input resistance and an

increase in rheobase (Cameron et al., 1991). Concomitant with changes in the passive and
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repetitive firing properties, including a reduction in the spike half-width duration, there is a
significant reduction in the number of PMNs recruited during an inspiratory burst during
postnatal maturation. The high input resistance at birth guarantee that the majority of
neonatal PMNs will be recruited during an inspiratory burst in order to generate adequate
ventilation in newborns whereas with further development there is a refinement in the
recruitment order to accommodate the various physiological demands on the respiratory
system. Orderly recruitment of the approximately 240a PMNs innervating the diaphragm is
required in order to achieve a smooth development of diaphragmatic force during inspiration
and non-respiratory diaphragmatic movements (Allan and Greer, 1997b).
Electrophysiological recordings from PMNs and electromyography (EMG) single motor unit
recording from rat and cat diaphragms indicate the presence of subpopulations of
motoneurons based upon their recruitment order (Berger, 1979; Jodkowski et al., 1987:
Hayashi and Fukuda, 1995). Recruitment of PMNs, based on Henneman’s size principle. is
due to intrinsic properties of PMNs correlated to cell size (Henneman, 1957). However.
differences of synaptic inputs may also influence the recruitment order of PMNs (Hilaire et
al., 1983). Based upon their recruitment order, PMNs can be classified as early-recruited, late
recruited and quiescent (not recruited under normal conditions, see below) (Torikai et al..
1996; Cameron et al., 1991). Recruitment order is determined by PMN input resistance (i.e..
neuronal cell size) as motoneurons with the highest input resistance are recruited first.
whereas low input resistance motoneurons (i.e., quiescent PMNSs) will only be recruited for

specific tasks requiring brief contractions such as sneezing or coughing.
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I-C. Maturation of the diaphragm and the neuromuscular junction

Phrenic nerve innervation and inception of respiratory drive are two key events in the
development of the diaphragm. From E14-E17, phrenic nerve innervation of the primordial
diaphragm coincides with the migration and fusion of myoblasts during primary myogenesis
(Allan and Greer, 1997a, 1998). By the time of the inception of the respiratory drive
transmission at E17, the basic neuromuscular structure of the diaphragm has been established
and the diaphragm is operational for the generation of FBM. Inception of respiratory drive
coincides with the onset of secondary myogenesis and rapid muscular growth (Allan and
Greer, 1997a, 1998). Major changes in the composition of the contractile apparatus of the
diaphragm take place from E17 well into the postnatal period, particularly in the composition
of the myosin heavy chain (MHC) expressed by diaphragmatic fibers. As biochemical studies
indicate, there are at least six isoforms of MHCs (embryonic, neonatal, slow (or type 1), fast
2A, 2B and 2X) which are expressed at various stages of diaphragm muscle maturation
(LaFramboise et al., 1990; Schiaffino and Reggiani, 1994 Watchko et al., 1992). The adult
rat diaphragm has a mixed composition consisting of approximately 40% slow oxidative and
60% oxidative-glycolytic and fast glycolytic fibres (Padykula and Gauthier, 1967). The
relatively proportional mix between slow and fast fibers could reflect both the need for
resistance to fatigue and the need to increase contractility during periods of increased
ventilation (i.e., during physical exercise) or forceful inspiratory movements (i.e., for
sneezing, coughing, etc). During embryonic development, the diaphragm is largely composed
of the embryonic/neonatal MHC isoforms, which are characterized by slow kinetics and high

resistance to fatigue (LaFramboise etal., 1990; Johnson et al., 1994; Kelly etal., 1991; Lloyd

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-12-
et al., 1996; Sieck et al., 1991; Watchko et al., 1992). By birth, 30% of the embryonic/

neonatal isoform has been replaced by the adult slow and fast isoforms which would, in part,
explain the overall increase in speed of contraction during maturation of the diaphragm
contractile properties (LaFramboise et al., 1990; Lloyd et al., 1996;Vasquez et al., 1993;
Watchko et al., 1993). The adult MHC composition is not reached until approximately the
first month of postnatal development in the rat (Watchko et al., 1992).

Concomitant with the postnatal changes in MHC expression, there are significant
changes in the organization of the neuromuscular junction. In neonatal muscle, the frequency
of miniature end plate potential (EPP) is lower compared to the adult. Further, acetylcholine
sensitivity is present along the length of the muscle fibers, due to the presence of
extrajunctional acetylcholine receptors (Diamond and Miledi, 1962). Recordings of the EPP
responses indicate the existence of polyneuronal innervation in developing muscle fibers
(Bennett and Pettigrew, 1974; Dennis et al., 1981; Rosenthal and Taraskevich, 1977).
Polyneuronal innervation of diaphragmatic fibers is eliminated by the third week after birth

(Redfern, 1970).

IL. Development of electrical excitability in differentiating neurons

As discussed in the previous section, PMNs undergo considerable changes in their
morphological and functional properties during the perinatal period. In this section, I will
review some key aspects of neuronal differentiation that are relevant to the development of
neuronal electrical excitability. Maturation of electrical excitability in developing neurons

is characterized by three key features: changes in ion channel expression, generation of
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Figure 1.1, Time-line indicating some of the key events involved in phrenic motoneuron-diaphragm development. The shaded area

(E16 through PO-1) represents the period in which electrophysiological properties were studied. (Refs: 1. Allan and Greer, 1997a; 2.

Allan and Greer, 1997b; 3. Greer et al., 1992).
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spontaneous electrical activity and expression of electrotonic coupling via gap junctions. The
functional significance of these key features in neurodevelopment are the main topic of this
and following sections. During development, electrical excitability is characterized by age-
dependent, stereotyped changes in the expression of voltage-gated channels, most notably
K" and Ca™ channels. Maturation of ion channel expression is not simply a progressive
attainment of adult levels but is related to specific processes during neuronal differentiation
(McCobb et al, 1989, 1990; Spigelman et al., 1992). In particular, the regulation of Ca™"
influx by the interplay between K and Ca™ conductances is critical for the maturation of the
action potential and repetitive firing properties and morphological characteristics of
developing neurons (see below) (Gu and Spitzer, 1995; Moody, 1998).

Voltage-gated Ca™ channels undergo considerable changes in their expression during
development. In general terms, voltage-gated Ca™ channels supply the link between
membrane potential and intracellular functions that either require Ca™ elevations as a trigger
mechanism (i.e., exocytosis, muscle contractions), or are modulated by Ca™-dependent
signaling pathways (i.e., gene expression, cell division and migration). Depending upon their
electrophysiological and pharmacological properties, Ca™ channels can be divided into low-
voltage-activated (LVA) and high voltage-activated (HVA) Ca™ conductances (reviewed by
Hille, 1992). LVA Ca™ channels are activated at low threshold potentials. They are also
known as T-type Ca™ channels due to their transient activation and fast inactivation. HVA
Ca™ channels require stronger depolarizations for activation and are divided into several
subtypes, including L-, N-, P/Q- and R-type Ca™ channels. L-type Ca™ channels mediate

large Ca™ currents with slow rates of voltage-dependent inactivation and are specifically
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inhibited by several compounds including dihydropyridines (nimodipine, nifedipine) and

phenylalkylamines (verapamil). N-type Ca™ channels are inactivated at a wide range of
voltages and are irreversibly inhibited by w-conotoxin, from the cone snail Conus
geographus. P/Q-type Ca™ channels also have slow inactivation and are preferentially
blocked by low concentrations of the spider toxin w-agatoxin.

The general pattern emerging from several studies in Xenopus, chick and mammalian

spinal neurons is that the decrease in T-type Ca™ currents, present at very early ages of
development, is compensated by a significant increase in the expression of HVA Ca™

currents (McCobb et al., 1989; Gu and Spitzer, 1993). These changes in the expression of

specific Ca™ channels likely reflect their multiple roles in neuronal physiology. Early-
expressed T-type Ca™ channels may be involved in the generation of transient Ca™ transients

during early spinal neuron development (Gu and Spitzer, 1993). Due to their low threshold

foractivation, T-type Ca™ channels are more likely to depolarize the membrane potential and
promote transient elevations of intracellular Ca™. A change to primarily HVA Ca™ channels
has several roles during maturation. First, Ca™ entry via HVA may limit axonal outgrowth

by stabilizing growth cones. This may be required for the transformation of the axon terminal
from a growing structure into a structure required for synaptic release (Mattson and Kater.
1987; McCobb and Kater, 1988). Second, appearance of HVA is postulated to be related to

the phenomena of neuronal cell death, as expression of HVA Ca™ channels preceded
motoneuron cell death in chick lumbar spinal cord (McCobb et al., 1989). Third, Ca™ influx

via HVA Ca™ channels may regulate the firing pattern of developing neurons by regulating
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the expression of various spike afterpotentials including medium-duration
afterhyperpolarizing and afterdepolarizing potentials (mAHP and ADP, respectively)
(Walton and Fulton, 1986; Viana et al., 1993a,b; Gao and Ziskind-Conhaim, 1998).
Maturational changes in K* channel expression is also developmentally regulated and
plays a critical role in regulating Ca™ influx during development. There are several families
of voltage-gated K* channels including: i) the Kv (1-9, which included the typical outward
rectifier and A-type K channels); ii) inward rectifier (KIR); iii) maxi-type Ca™-activated
(slo), and iv) small conductance Ca™-activated (SK1-3) K™ channels (reviewed by Coetzee
et al., 1999). This diversity is generated by the large number of genes that encode for the
main K” channel subunit (the a-subunit). The general pattern emerging from several studies
in Xenopus, chick and mammalian spinal neurons indicates that progressive upregulation of
K™ channel expression throughout development shortens action potential duration, resulting
in an increase in repetitive firing (O’Dowd et al., 1988; Desarmenien et al., 1993; McCobb
et al., 1991; Gao and Ziskind-Conhaim, 1998). The best characterized example of the
developmental changes in action potential and repetitive firing properties, generated by
changes in K" channel expression, is in Xenopus spinal neurons. At the time of neural tube
closure, these neurons exhibit long duration, Ca™-dependent action potentials (Baccaglini
and Spitzer, 1977). At this initial stage, action potential duration is established by the balance
of Ca™ and K* conductances as outward K" currents are very small and have a very slow
activation rate, allowing an extended activation of inward Ca™ currents (Baccaglini and
Spitzer, 1977; O’Dowd et al., 1988; Desarmenien et al., 1993; Gu and Spitzer, 1995).

However, by the tailbud stage (24 hours after neural tube closure), the action potential is
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transformed into a brief, Na'-dependent spike. This change is mediated by a significant

increase in the expression of Na* and outward K* currents. Changes in the a-subunit
expression and kinetics, in particular the Kv2.2 a-subunit, are responsible for changes in the
properties of outward K" channels during this critical period of Xenopus electrical
differentiation (Gu and Spitzer, 1995; Burger and Ribera, 1996; Gurantz et al., 1996). The
increased density and faster activation of outward K” current results in a faster repolarization
of the action potential and the limiting of Ca™ channel activation (O’Dowd et al., 1988;
Desarmenien et al.,, 1993; Lockery and Spitzer, 1991). Similarly, during embryonic
development of mammalian and chick motoneurons, upregulation of K" current density also
provides the main drive for shortening of the action potential, thereby increasing repetitive
firing (Ziskind-Conhaim, 1988; McCobb et al., 1990; Gao and Ziskind-Conhaim, 1998). By
the time that chick (E4) and rat (E15) lumbar motoneurons are first identifiable by
antidromic activation, the action potential is already Na’-driven but a significant Ca™
component still persists (Ziskind-Conhaim, 1988; McCobb et al., 1990, Gao and Ziskind-
Conhaim, 1998). Similar to changes observed in Xenopus, this Ca™-dependent component
is eliminated following upregulation of outward K™ currents. However, species-specific
differences in K" channel expression seem to be involved in the maturation of the action
potential. A two-fold increase in the density of the outward rectifier as well as the onset of
a Ca™-activated K" conductances mediates the shortening of the action potential in rat
lumbar motoneurons after E15 (Gao and Ziskind-Conhaim, 1998). In the chick, a similar
result is obtained by a six-fold increase in the density of the transient, A-type K™ conductance

(McCobb et al., 1991).
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In conclusion, expression of both K™ and Ca™ channels is developmentally regulated.
[t is believed that, at early stages of development, the action potential may be completely
dependent on Ca™ influx (Baccaglini and Spitzer, 1977) or may have a significant Ca™-
dependent component (Ziskind-Conhaim, 1988; McCobb et al., 1990). Upregulation of K-

channel expression reduces Ca™ influx, transforming the action potential into a fast Na'-

dependent signal more suitable for inter-neuronal communication.

II-A. Role of electrical activity and Ca" transients in regulating neuronal excitability

during development

Regulation of ion channel expression (through changes in channel density and/or
kinetics) has a significant effect on neuronal excitability and, thereby spontaneous electrical
activity throughout development. It appears that both ion channel expression and electrical
excitability are reciprocally related as the expression of specific conductances regulates
spontaneous activity, and conversely, spontaneous activity regulates ion channel expression.
Spontaneous electrical activity exhibits two phases during early neuronal differentiation.
First, before synaptic networks have formed, individual or small clusters of electrotonically-
coupled neurons express spontaneous bursts of activity (Yuste et al., 1995; Gu and Spitzer.
1995; Catsicas et al., 1998). In the best studied systems (i.e., retina, spinal cord, cortex),
spontaneous electrical activity is accompanied by Ca™ transients (Wong et al.. 1995;
Holliday and Spitzer, 1990; Gu and Spitzer, 1995; Yuste et al., 1995). As studies in Xenopus

spinal neurons indicate, during early neuronal differentiation (i.e., before synaptic contacts
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are established) spontaneous Ca™ transients can encode several aspects of neuronal
differentiation (Holliday and Spitzer, 1990; Gu and Spitzer, 1995). In particular, Ca™
transients promote normal neurotransmitter expression (i.e., GABA), dendritic outgrowth and
maturation of K* channels, in a frequency-dependent manner (Gu and Spitzer, 1995). Ca™
influx, associated with spontaneous activity, appears to regulate transcriptional events as
inhibition of protein synthesis may alter specific aspects of neuronal differentiation (Ribera
and Spitzer; 1989; Gu and Spitzer, 1995; Finkbeiner and Greenberg, 1998).

After the establishment of synaptic contacts, spontaneous activity arises as the result
of synaptic interactions between neurons within a specific network and by virtue of the
intrinsic electrical properties of those neurons. In the majority of systems studied to date (i.e..
retina, spinal cord, cortical structures), spontaneous electrical activity and the resultant Ca™
transients seem to arise from a state of general neuronal hyperexcitability. This originates
from several factors, including: i) the depolarizing nature of inhibitory neurotransmitters
during early development (i.e., GABA and glycine); ii) transient expression of electronic
coupling between neurons; iii) enhanced expression of glutamate and T-type Ca™ channels.
and iv) excess innervation (Obata et al., 1978; McCobb et al., 1989; Wuetal., 1992; Peinado
et al., 1993; Kalb et al., 1992; Penn et al., 1994; Jakowec et al., 1995; Wong et al.. 1998:
Catsicas et al., 1998). After the establishment of inter-neuronal connections in the retina and
spinal cord, synaptic release appears to be an important component in the generation of
spontaneous activity (Landmesser and O’Donovan, 1984; Milner and Landmesser, 1999;

Wong et al,, 2000). However, the synaptic mechanisms responsible for generating
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spontaneous activity and Ca*™ transients seems to undergo critical changes during maturation.
For example, the excitatory neurotransmission driving retinal ganglion cell bursting activity
undergoes a shift from cholinergic to glutamatergic transmission in the retina (Wong et al.,
2000). Similarly, in the chick spinal cord, spontaneous activity is initially driven by
acetylcholine during the onset of motoneuron interaction with target musculature (Milner and
Landmesser, 1999). However, after hindlimb innervation (E7-10), spontaneous motoneuron
activity becomes episodic and coordinated, with a rudimentary locomotive pattern of
alternating flexor and extensor bursts driven by glutamate and shaped by GABA, glycine and
acetylcholine (Landmesser and O’Donovan, 1984; Chub and O’Donovan, 1998).

Functionally, intracellular Ca™ oscillations associated with synchronized electrical

activity are critical for the functional wiring of neuronal circuits in the retina, spinal cord and
cortical structures at this stage (reviewed by Wong, 1999; O’Donovan et al., 1998; Yuste et
al., 1992). In the retina, activity-dependent processes mediates the segregation of retinal
ganglion fibers into eye-specific layers in the lateral geniculate nucleus and the development
of ocular dominance columns in the primary visual cortex even before eye opening (reviewed
by Katz and Shatz, 1996; Wong et al., 1998; Sernagor and Grzywacz, 1994; Mooney et al..
1996; Galli and Maffei, 1988). In the spinal cord, early spontaneous activity is required at
the onset of axon and muscle interactions for critical aspects of neuromuscular development.
These include the establishment of the neuromuscular junction and axon branching,
regulation of motoneuron cell death, modification of muscle fiber contractile properties and
elimination of polyneuronal innervation at the neuromuscular junction (Navarrete and

Vrbova, 1993).
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II-B. Role o junctions and electrotonic coupling during development

Gap junctions are an important factor in the regulation of electrical excitability during
neuronal development. Electrotonic coupling via gap junctions is generated by a channel-like
structure composed of aggregated connexin molecules. These intercellular channels allow
the passage of electrical current and small molecules (<2000 Da) between coupled cells.
Accumulating evidence indicates that electrotonic coupling via gap junctions is a common
feature throughout the development of the nervous system (Walton and Navarrete, 1991;
Mazza et al., 1992; Christie and Jelinek, 1993; Perrins and Roberts, 1995, reviewed by
Kandler and Katz, 1995). Furthermore, blockade of gap junctions leads to impaired
development of the nervous system in amphibian embryos (Warner et al., 1984). Gap
junction expression plays numerous roles during development. First, gap junctions serve as
a form of intercellular communication allowing the exchange of signaling molecules (such
as cAMP and inositol 1,4,5-triphosphate) and/or essential nutrients. Second, electrical
coupling via gap junctions coordinates the propagation of electrical excitability between
coupled neurons either by allowing the passage of electrical currents or biochemical signals
(Perrins and Roberts, 1995; Kandler and Katz, 1998). Gap junction-mediate boosting of
electrical excitability of coupled neurons is particularly important for the propagation of
spontaneous activity and Ca™ transients during early development of the retina, spinal cord
and neocortex (see below, Peinado etal., 1993; Pennetal., 1994; Wong etal., 1998; Catsicas
etal., 1998). Regulation of electrical and/or chemical signals through gap junctions may have
a significant effect on matching functionally related neuronal populations. Thus, transient

expression of gap junctions in embryonic/neonatal mammalian motoneurons may be required
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for the synchronization of motor activity between synergistic motoneurons during maturation
of locomotor function (Walton and Navarrete, 1991). Adult motoneurons such as
genioglossals, lumbar and phrenics are devoid of electrotonic coupling (Lipski, 1984; Mazza
et al., 1992; Walton and Navarrete, 1991). The lack of electrotonic coupling in adult
motoneurons is likely dictated by the need for graded and independent recruitment of motor

units required during fine motor tasks (Walton and Navarrete, 1991).

II-C. Role of target-derived trophic factors in regulating electrical excitability during
development

Besides spontaneous electrical activity and Ca™ oscillations, neuronal differentiation
and ion channel expression can be regulated by growth factors. As studies in cerebellum and
chick ciliary ganglion neurons indicate, afferent and target innervation by growing axons is
pivotal to the expression of specific channel subunits. It appears that putative substances
(e.g., trophic factors) released by the target act as a retrograde signal in defining the electrical
specificity of the innervating neurons. In cerebellar neurons, expression of Kv3.1 a-subunit
isoforms is developmentally-regulated. Functionally, Kv3.1 o-subunit regulates the
excitability of rapidly firing neurons, such as fast-spiking GABAergic interneurons in the
neocortex and cerebellum (Messengill et al., 1997; Liu and Kaczmarec, 1998a; Wang et al..
1998). In cerebellar neurons, the Kv3.1a isoform of the a-subunit is expressed immediately
after birth (Perney etal., 1992). In contrast, Kv3.1b expression increases during the postnatal
period (P8-P14) when major functional changes of the cerebellum occur. There is evidence

that the increased expression of Kv3.1b is activity-dependent and involves regulation by
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endogenously expressed trophic factors in an activity-dependent manner (Liu and
Kaczmarec, 1998b). Thus, treatment of cerebellar slices with basic fibroblast growth factor
(bFGF) and high K"- membrane induced depolarization selectively increases the expression
of Kv3.1b mRNA. In contrast, similar treatment inhibits the expression of Kv3.1a isoform
(Liu and Kaczmarec, 1998a).

In the chick ciliary ganglion, functional expression of Ca™"-activated K™ conductance
requires interaction with the target tissue and afferent preganglionic innervation (reviewed
by Dryer, 1998). The role of target innervation in upregulating Ca™-activated K™ conductance
expression can be mimicked in vitro by exposure to target tissue extracts. This appears to be
mediated by expression of basic fibroblast growth factor (bFGF) in the target tissues
(Subramony and Dryer, 1996; Cameron et al., 1998). On the contrary, upregulation of Ca™"-
activated K™ conductance expression by afferent preganglionic innervation involves B1-
neuroregulin (Subramony and Dryer, 1997). Upregulation of Ca™"-activated K" conductance
via bTGF and B-neuregulin seems to occur at the postranslational level as inhibition of

protein synthesis does not prevent its expression.

II1. Rationale for studying the functional maturation of the respiratory neuromuscular
system

PMN and diaphragm functional properties must attain a relatively high degree of
maturation by birth as generation of inspiratory movements is essential for the survival of the
organism by birth. In fact, the PMN-diaphragm axis generates breathing movements in utero

(Jansen and Chernick, 1991). There is an increasing interest in understanding the
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developmental processes associated with the maturation of the respiratory neuromuscular
system which occur in conjunction with fetal respiratory drive and the potential link between
the suppression of this drive (e.g., as a result of fetal exposure to hypoxia, alcohol, opiates,
cigarette smoke) and subsequent neonatal respiratory disorders. For instance, it is known that
lung distension associated with FBM in utero is essential for proper lung maturation (Miller

et al., 1993; Harding et al., 1993; Kitterman, 1996).

The primary objective of the work presented here is to understand the maturation of
the electrical properties of PMNs and the contractile properties of the diaphragm during the
major morphological and functional transformation of the respiratory system in utero. The
period chosen for this investigation spans from embryonic day 16 (E16) to postnatal day |
(P1), which coincide with a period of major morphological and functional maturation of the
PMN-diaphragm neuromuscular system (see shadow area in Fig. 1.1). At E17, PMNs
commence receiving inspiratory drive from the brain stem (Greer et al., 1992). Concomitant
with the inception of functional recruitment there are some major morphological changes
including completion of target innervation and dendritic reorganization (Allan and Greer.
1997a,b). Therefore, the specific hypotheses tested herein were as follows:

1) During the critical period of functional and morphological maturation of the respiratory
system, there will be concomitant maturational changes in the electrical properties of PMNs.
including changes in the passive membrane properties and repetitive firing pattern of PMNs
(Chapter III).

2) Maturation of PMN electrical properties, in particular, elaboration of action potential

afterpotentials and the resulting changes in the repetitive firing properties are due to
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developmental changes in the expression K™ and Ca™ conductances (Chapters [V and V).
3) Changes in the electrical properties of the PMNs will occur concomitantly with changes
in the diaphragm muscle properties and neuromuscular junction end plate potentials in order
to accommodate for differences in firing pattern of PMNs during the perinatal period
(Chapter VI).

Development of electrical and functional properties of spinal neurons have been
previously described in a number of systems, including cultured preparations of dissociated
chick motoneurons (McCobb et al., 1989,1990; Xie and Ziskind-Conhaim, 1995), rat spinal
explants (Xie and Ziskind-Conhaim, 1995), and acutely isolated spinal cord segments (Fulton
and Walton, 1986; Ziskind-Conhaim, 1988; Di Pasquale et al., 1996). These system have
their specific advantages and limitations. Dissociated neurons allow for manipulations of the
external environment for studying the role of external factors on motoneuron development.
However, the electrical properties of motoneurons may be perturbed by the isolation
procedure (as the result of removal of the dendritic arbor) and it is unlikely that motoneurons
will undergo similar developmental transformation in isolation as they would in their natural
external milieu. The use of cultured spinal cord slices offer the advantage of being able to
alter the growing conditions without removing the three-dimensional organization of the
developing system. However, the chronic removal of the descending inputs and target tissue
are known to perturb the normal course of development. Beside overcoming these
limitations, the present study of PMN development in an acutely isolated spinal cord slice
compliments the past work by offering two important advantages. First, our recordings are

restricted to one class of functionally identified mammalian motoneurons rather than pooling
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data from mixed populations within a given spinal cord region. The PMN population consists
of ~240 functionally homogeneous motoneurons which innervate a single muscle (Allanand
Greer,1997b). In contrast, when examining the development of mixed populations within
cervical or lumbar ventral horns, one has to contend with a myriad of functionally
heterogeneous motoneurons which innervate multiple muscles that develop at differing rates
(Landmesser, 1992). Second, the functional relevance of changes in PMN
electrophysiological properties is placed in the overall context of our past findings regarding
phrenic nerve-diaphragm development such as axon outgrowth, target innervation, functional
recruitment and morphological changes (Greer et al., 1992; Allan and Greer, 1997a,b).
Information regarding these aspects were not available in past studies of motoneuron
development. Collectively, the data from the various studies of PMN-diaphragm ontogeny
will lay the foundation for providing an understanding of how muitiple aspects of a single
mammalian neuromuscular system develop in concert during the perinatal period. A clear
understanding of the changes in PMN electrophysiological properties and diaphragm

contractile properties will be an essential aspect of this overall goal.
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Perinatal rat models

Embryos (E16, E18) were delivered from timed-pregnant Sprague-Dawley rats anaesthetized
with halothane (1.2-1.5% delivered in 95% O, and 5% CO,) and maintained at 37°C by radiant heat,
following procedures approved by the Animal Welfare Committee at the University of Alberta. The
timing of pregnancy was determined from the appearance of sperm plugs in the breeding cages,
designated EO. Fetal age was confirmed by comparing the crown-rump length of the embryos with
previously published values by Angulo y Gonzalez (Angulo y Gonzalez, 1932). Newborn rats (P0-1)

were anaesthetized by inhalation of metofane (2-3%) prior to surgical procedures.

Cervical slice-phrenic nerve preparation

Embryos and newborns were decerebrated and the brain stem-spinal cord with the phrenic
nerve attached was dissected in artificial cerebrospinal fluid (CSF) at 27+1°C. To monitor the
viability of the preparation, phrenic inspiratory motor discharges were recorded with suction
electrodes (40-70 um diameter) and displayed on a computer monitor using the data-acquisition
software Axotape (Axon Instruments, USA). However, rhythmic phrenic inspiratory motor
discharges are produced only in animals aged E17 and beyond (Greer et al., 1992). The spinal
segment was cut with a vibratome (Pelco, Redding, CA or Leica VT1000S, Leica, Germany) into
a single slice containing the C4 segment (E18, P0-1) or C3-C4 segment (E16) with the phrenic nerve
and the dorsal root ganglia attached (~750 pum thick). The dorsal roots were then cut to prevent
reflex-mediated synaptic stimulation of PMNs in response to antidromic stimulation of the phrenic
nerve used for identification of PMNs. The spinal cord slice was transferred to a Sylgard-coated

recording chamber and pinned down (at the dorsal border of the white matter) and continuously
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perfused with artificial CSF solution at 27+1°C (perfusion rate 2 ml/min, volume of the chamber 1.5

ml). The slice was left to equilibrate for at least 1 hour before recording and data was typically

acquired for up to 5 hours after slice preparation.

Whole-cell recordings

Recording electrodes were fabricated from thin wall borosilicate glass (A-M Systems, Inc.,
Everett, WA). The pipette resistances were between 3-5 MQ. To decrease capacitance transients,
pipette tips were coated with Sigmacote® (Sigma Chemical Co., St. Louis, MO) and the level of fluid
submerging the slice was minimized during recordings. The electrode was advanced with a stepping
motor (PMC 100, Newport, Irvine, CA) into the PMN pool located in the medial zone of the ventral
horn close to the border between the white and gray matter. To avoid clogging of the recording
electrode, positive pressure (=30 mm Hg) was applied while entering the tissue to a depth of at least
100 mm from the slice surface. Pressure was then removed while advancing within the PMN pool.
Once the pipette made contact with a cell, negative pressure was used to form a gigaohm (>1 GQ)
cell-pipette seal and gentle suction then applied to rupture the patch membrane. Seal formation and
membrane breakthrough were monitored on by observing the response to a hyperpolarizing current
step (0.3 nA). Whole-cell recordings were initially established in the artificial CSF solution and
performed with an AxoClamp 2B amplifier (Axon Instruments, Foster City, CA). Liquid junction
potentials were corrected before seal formation with the compensation circuitry of the patch clamp
amplifier. Sampling rate was between 800 Hz and 10 kHz. Current-clamp data was filtered at 30 kHz
(-3dB frequency), whereas voltage-clamp data was filtered at 1 kHz. Data was digitized via an

analog-to-digital interface, and analysed with the used of pPCLAMP (Axon Instruments) and Origin
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software.

Seal formation and whole-cell recordings were carried out in current-clamp mode Once the
whole-cell configuration was established, motoneurons were identified as belonging to the PMN
pool by antidromic stimulation of the phrenic nerve via a suction electrode. Neurons not responding
to antidromic stimulation were not analyzed. Presumptive glial cells, characterized by having resting
membrane potentials hyperpolarized beyond -70 mV and incapable of firing action potentials in
response to antidromic or orthodromic stimulation, were also encountered but not analyzed.
Rectangular pulses of 0.5 ms duration and 0.5 Hz frequency were delivered with a pulse generator
(Master 8, AMPI, Jerusalem, [srael) while pulse amplitude was manually controlled with a stimulus
isolation unit (Iso-Flex, AMPI, Jerusalem, Israel). Stimulation amplitudes were <0.2 mA. To
minimize current spread, the ground wire for antidromic stimulation was wrapped around the tip of
the suction electrode. Antidromic action potentials were recorded on tape with a video cassette
recorder (Sony, Japan) or captured with pPCLAMP software for subsequent analysis. A schematic
illustration of the slice preparation and electrode positioning is shown in Fig. 2.1 A.

Action potential and firing pattern were recorded at varying holding membrane potentiais in
the current-clamp configuration. Independent action potentials were evoked by antidromic
stimulation of the phrenic nerve or by orthodromic injection of depolarizing step of current (0.5 ms
duration). Antidromic or orthodromic action potential duration was measured at half maximal
amplitude. The duration of the afterhyperpolarization (AHP) was measured from the falling phase
of the action potential (at the point at which it reached the initial membrane potential) to the point
in the AHP membrane potential trajectory which returned to the holding membrane potential. The

fAHP amplitude was measured from resting membrane potential to the negative deflexion between
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the repolarizing phase of the action potential and the following afterdepolarizing potential. Repetitive
firing properties were investigated following injection of 1s-long depolarizing pulses of increasing
amplitude. The amount of current (in nA) required to elicit repetitive firing is indicated beside each
trace. Firing frequency was determined as the number of action potentials per 1s-stimulus at the
lowest intensity of current necessary for evoking repetitive firing. The effects of various drugs on

firing frequency were studied at the lowest stimulation current (threshold current) necessary to elicit

repetitive firing.

Intracellular and extracellular solutions: Artificial CSF contained (in mM): NaCl (128), KClI (3),
NaH,PO, (0.5), CaCl, (1.5), MgCl, (1), NaHCO; (23.5), glucose (30); pH 7.4 when bubbling with
95%0,, 5% CO,. In the calcium-free solution, calcium ions were replaced by an equimolar
concentration of cobalt chloride, and NaHPO, was removed to avoid precipitation. The sodium-free
solution (HEPES-based buffer) contained (in mM): Choline chloride (139), N-(2-
hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) (HEPES; 10), KCI (3), NaHPO, (0.5), CaCl,
(1.5), MgCl, (1), glucose (30); pH 7.4 with TrisOH and bubbled with 100%0,. Unless otherwise
specified in each chapter, the composition of the pipette solutions use to dissect individual
conductances is as follows. The standard pipette solution contained (in mM): Potassium gluconate
(130),NaCl (10), CaCI (1), 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA. 10).
HEPES (10), Mg ATP (5), NaGTP (0.3); pH 7.3 with KOH. The free calcium concentration for the
standard solution was 24 nM as determined with a software (Sol [.D.) kindly supplied by E.A. Erter
(University of Washington, Seattle, WA). The composition of the pipette solution with a lower

calcium buffer capacity was similar to that of the standard solution except for the following changes:
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BAPTA was decreased to 0.1 mM, calcium was not added and potassium gluconate was increased
to 155 mM (free-calcium concentration=8 nM). The pipette solution utilized for blocking potassium
conductances contained (in mM): Cesium methanesulphonate (100), tetraethylammonium chloride
(TEACI, 40), BAPTA (10), HEPES (10), Mg ATP (5), NaGTP (0.3); pH 7.3 with
tetracthylammonium hydroxide (TEAOH).

The osmolarity of all the external and internal solutions were between 320-325 and 315

mOsm, respectively, as measured with a freezing point osmometer (Advanced Instruments.

Needham, MA).

Drugs: Stock solutions of drugs were prepared as 100-1000 times concentrates. All drugs were
added into the perfusate by switching to reservoirs containing the appropriate test solution (perfusion
bath volume ~ 20 ml). A waiting period of 25 min was used to allow for equilibrium before data was

collected.
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Figure 2.1. Schematic of experimental setup for recording PMN electrical properties (A),
diaphragm contractile properties (B) and end-plate potentials (C). Whole-cell recordings
in A were obtained from PMNss located in the ventromedial cervical spinal cord (shaded
circle) in acutely isolated slice preparations. The phrenic nerve extending distal to the

ventral root was left attached for identification of PMNs via antidromic stimulation.
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Phrenic nerve-diaphragm preparation

Embryos and newborns were decapitated and the thoracic sections, with the ribcage and
diaphragm intact, were isolated and transferred to a Sylgard-coated chamber (volume = ~ 35 ml).
The tissue was bathed in a modified Krebs-Ringer solution at 27+1°C during both the dissections
and recordings. The solution contained (in mM): NaCl (117), KCl (6), Na,HPO, (1.3), CaCl, (2.6).
MgSO, (1.3), NaHCO;, (24), glucose (10); pH 7.4 following bubbling with 95%0, and 5% CO,. The
diaphragm with the phrenic nerve, ribs and central tendon attached was dissected free and
hemisected along the midline of the central tendon. The connective tissue and excess muscle were
trimmed away leaving a section of the hemidiaphragm ~ 5 mm wide, centered approximately on the
point where the phrenic nerve enters the muscle. We did not find it technically feasible to obtain

reliable force recordings from diaphragm strips isolated from animals younger than E18 due to the

frailty of the muscle tissue.

Measurements of diaphragm contractile properties

A small piece of aluminum foil with a short length of silk suture (~5 cm) attached was glued
to the central tendon. The ribs, attached to the lateral edge of the muscle strip, were fixed to the
Sylgard-coated chamber base with insect pins and the suture attached to a force transducer (UF1
Dynamometer, Harvard Instruments, South Natick, MA; 0-25 g working range with £1% accuracy)
suspended above the chamber (E18, n=6; P0-1, n=5). The phrenic nerve was stimulated with a
suction electrode (40-70 um diameter) filled with bathing solution. A schematic illustration of the
phrenic nerve-diaphragm preparation is shown in Fig. 2.1 B. To minimize current spread, the ground

wire for antidromic stimulation was wrapped around the tip of the suction electrode. The muscle was
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stimulated directly using two needle electrodes, each placed on either side of the muscle strip
approximately 4 mm apart. The timing and duration of all stimulation pulses were controlled by a
Master-8 (AMP], Jerusalem, Israel). These timing pulses were then converted to voltage signals by
an [soflex stimulation unit (AMPI) or a Grass SD9 stimulator (Grass Instruments, Quincy, MA) for
nerve and muscle stimulations, respectively. The electrical signal from the force transducer was sent
to a Grass model 7D polygraph for pre-amplification and low-pass filtering (3 kHz). Signals were
then transferred (2kHz sampling rate) to a PC computer running Axotape software (Axon
[nstruments) via an analogue to digital interface (TL1; Axon Instruments, Foster City, CA).
Optimal preload length (L) was established by determining the resting tension at which
maximal force was developed in response to a single square wave voltage stimulus delivered via the
phrenic nerve. Muscle length was changed via a micromanipulator (0.01 mm resolution, Mitutoyo.
Tokyo, Japan). L, values were 7.1+£0.4 (E18, n=6) and 10.4%+1.1 mm (PO-1, n=5). The twitch
response to single square wave stimuli was monitored periodically throughout the experiment to
ensure that L, was maintained and to assess tissue viability. Tissue viability was considered
acceptable if single twitch responses did not change by more that 10% during the recording session.
The minimum stimulus amplitude and the optimum stimulus duration (tested from 0.2-5 ms)
required to achieve maximum single twitch force in response to both phrenic nerve and direct muscle
stimulation were also determined. In order to ensure supramaximal stimulation, an amplitude of 1.5
times the minimum stimulus amplitude was used throughout the experiment. Single twitches were
elicited via phrenic nerve and/or direct muscle stimulation and the peak force, time to peak force and
half-relaxation time determined. The muscle was then stimulated directly and/or via the phrenic

nerve with one second-long trains at 3, 5, 10, 20, 40, 60, 80 and 100 Hz in order to determine peak
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force, and fused tetanus frequency. Two minutes relaxation was allowed between pulse trains. Since
direct muscle stimulation could result in an inadvertent activation of intramuscular phrenic nerve
branches, the direct muscle stimulation protocol was repeated after nicotinic acetylcholine receptors
were blocked with the addition of 10 uM D-tubocurarine to the bathing solution.

Maximal single twitch or tetanic force was expressed relative to wet and dry weight and
protein content. Maximal tetanic force (expressed in Newtons) was normalized to muscle cross-
sectional area (CSA). The CSA was estimated by the following equation: CSA=muscle weight
(g)/[L, (cm) x density (g/cm®)] where density was considered 1.056 g/cm® (Watchko and Sieck.
1993). Peak force was converted to a percentage of the maximum force achieved by a given
preparation in response to either muscle or nerve stimulation. For measurements of the muscle’s
ability to maintain force in response to prolonged nerve stimulation (1 or 10 seconds), the lowest
level of force obtained during the declining phase of the contraction was calculated as a percentage
of the peak force obtained at the beginning of the test pulse. To differentiate failure of neuromuscular
transmission from that due to intrinsic contractile mechanisms within the muscle, direct stimulation
of the muscle was superimposed during the final 250 ms of the 1 second pulse or the final 2 seconds

of the 10 second pulse nerve stimulations.

Determination of muscle weight and protein content

Upon completion of force measurements, the muscle was dissected from the tendon, bone
and nerve before being weighed (wet and dry after dessication). Desiccation of muscle preparations
was carried out at 37°C in an incubator (Precision, CGA Corporation, USA). Desiccated

preparations were frozen in liquid nitrogen, and stored at -70°C for later measurement of protein
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content using the method of Lowry (Lowry et al., 1951).

Measurements of endplate potentials (epp)

The phrenic nerve-diaphragm muscle preparation was dissected and prepared as described
above for tension measurements (E18, n=7; P0-1, n=9). The muscle strip was pinned horizontally
to the Sylgard lining the bottom of the in vitro chamber. Epp waveforms were elicited via
orthodromic stimulation of the phrenic nerve and recorded from muscle fibers using sharp electrodes
(10-30 MQ) filled with 2M K" acetate. Signals were recorded using an Axoclamp 2B amplifier and
transferred via an analogue to digital interface (TL1; Axon Instruments; 10 kHz sampling rate) to
a PC computer running pClamp software (Axon Instruments). A schematic illustration of the phrenic
nerve-diaphragm preparation used for recording endplate potentials is shown in Fig. 2.1 C.

In order to obtain stable intracellular recordings from muscle fibers, incremental doses of d-
tubocurarine were added to the bathing medium until the minimal concentration necessary for
suppressing visible muscle twitches was reached (4-6 uM). The amplitude, rise time and slope of
the epp responses were calculated for the first epp in each case (due to polyneuronal innervation, >1
epp response was elicited in the majority of recordings). Epp amplitude was measured from baseline
to the maximal value reached. Rise time was calculated from the onset of the epp until the time when
the maximal amplitude was reached. The epp slope was calculated by a linear fitting of the rising
phase of the epp between 10-90% of its maximal amplitude. Epp decay rate was determined by a

single exponential fitting of the decay phase measured between maximal amplitude and baseline of

the last epp response.
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Statistics: All data values are presented as mean + SE. The n value represents the number of PMNs
or phrenic nerve-diaphragm preparations from which a particular measurement was made.
Significant differences between values before and after a drug treatment within a given age were

calculated by using paired Student's t-test, whereas differences between various age groups were

tested using ANOVA followed by Newman-Keuls post hoc test.
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ELECTROPHYSIOLOGICAL PROPERTIES OF RAT
PHRENIC MOTONEURONS DURING PERINATAL
DEVELOPMENT
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INTRODUCTION

PMN axons emerge from the spinal cord at embryonic day (E) 11, migrate to contact
the primordial diaphragm musculature by E13, begin to form intramuscular branches
concomitantly with the initial formation of diaphragm myotubes at E14, and branch within
the full extent of the developing diaphragm by E17-E18 (Allan and Greer, 1997a). PMNs
first receive descending inspiratory drive transmission and synaptic contacts from spinal
afferents at E17 (Greer et al., 1992; Allan and Greer, 1997b). Interestingly, the time of target
innervation and the inception of functional recruitment coincides with the onset of a rapid
and profound morphological development of PMNSs (Allan and Greer, 1997b). Thus, for the
purpose of the present study, we chose to examine the electrophysiological properties
of PMNs during the critical period prior and subsequent to the major morphological
reorganization, the completion of target musculature innervation, the onset of afferent
and descending respiratory synaptic drive in utero, and continuous rhythmic activation
at birth (E16 to P0-1, see shadow box in Fig. 1.1). I hypothesized that there would be
a significant maturation of passive membrane properties, action potential
characteristics and repetitive firing properties of PMNs during this period. To test this
hypothesis, whole-cell patch recordings of identified PMNs were performed utilizing
a cervical slice-phrenic nerve preparation isolated from perinatal rats ages E16, E18
and P0-1.

METHODS
Whole-cell recording

Electrophysiological properties of PMNs were typically recorded at ~-60 mV holding
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membrane potential. However, the effects of holding potentials on spike and firing properties
were investigated by continuous injection of hyperpolarizing or depolarizing current as
required.

Resting membrane potential was determined immediately after breaking the seal
between the membrane and the pipette. Action potential duration was measured at half
maximal amplitude. Input resistance (R;,) was determined from the voltage deflection upon
injection of a 400 ms-long hyperpolarizing current pulse (<0.05 nA). The membrane time
constant (t) was calculated by fitting the nrembrane voltage response to injection of negative
current. The membrane response could be closely fit by a single exponential with the
Clampfit fitting function (Axon Instruments). Threshold potential (V,, ) was determined as
the absolute membrane potential at the onset of an action potential. The mean rheobase (1I,)
was calculated as the depolarizing voltage required to elicit an action potential (V,,) divided

by its input resistance, assuming an ohmic membrane (Cameron et al., 1991).

Drugs: The following drugs were used (suppliers in brackets): TTX, TEACI (Sigma. St.

Louis, MO); lidocaine—ethyl bromide (QX 314; RBI, Natick, MA).

RESULTS
Electrical properties of PMNs were determined from neurons meeting the criteria of
having a stable resting membrane potential more negative than -45 mV and action potential
amplitudes of >50 mV. There are two points that should be taken into consideration when
interpreting the results obtained utilizing the cervical slice preparation. First, PMNs were

recorded at a depth of 100-200 um from the surface of the slice which meant that while large
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portions of their dendritic trees were intact, the distal rostrocaudally projecting dendrites
were typically severed. Second, the normal endogenous synaptic drive received in vivo which
could influence PMN properties and behaviour will obviously be absent in our experimental

conditions.

Membrane properties

Passive properties of developing motoneurons, in particular the resting membrane
potential, threshold potential and input resistance, are important factors in determining
electrical excitability in response to synaptic inputs. Thus, the first component of our study
was to characterize age-related changes in PMN passive properties. Results from the
population data are summarized in Table 3.1. Between ages E16 and E18, around the time
of the inception of inspiratory drive transmission, the resting membrane potentials became
hyperpolarized by ~8 mV. Between E18 and birth there was a slight further hyperpolarization
of ~2 mV in the resting membrane potential. Despite the above changes in the resting
membrane potential, the voltage threshold required for generating an action potential did not
change substantially at any age studied (Table 3.1). An ~32% reduction in the input
resistance occurred between E16 and E18. A further ~48% decrement in input resistance
occurred by birth. With no significant variation in potential, the three-fold increase in the
mean rheobase from E16 to PO-P1 was most likely due to the reduction in the input resistance
of PMNs. An analysis of the voltage responses to hyperpolarizing currents (Fig. 3.1) also
revealed that the membrane time constants of PMNs were significantly reduced (by ~ 29%)

during the transition from E16 to P0-1 (Table 3.1).
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Table 3.1. Electrophysiological properties of PMNs.

E16 E18 PoO-1

(n=21) (n=16) (n=26)
Action potential
amplitude 66.5+£2.0 68.1£1.6 78.3+2.5*
Action potential
duration‘" 6.2+0.5 4.1+0.3" 3.2402°°
Resting
membrane -49.3+5.9 -57.4£2.0 -59.3+1.2*
Threshold -33.4+2.1 -38.0=1.1 -36.2+1.8
potential (mV)
Input resistance'? 80681 551+61* 266+337"°
MQ)
Mean rheobase® 35+4 42+6 89+14" "
(pA)
Time constant'" 53.0£4.6 46.0£5.0 38.0+3"
(ms)

Electrophysiological properties of PMNs were determined at -60 mV holding potential
following injection of 0.5 ms depolarizing or 400 ms hyperpolarizing current of increasing
amplitude in order to generate action potentials and hyperpolarizing voltage responses.
respectively. Data related to neonatal age does not include motoneurons with gap junctions
(as revealed by the presence of short latency depolarizations (SLD)).

(DA ction potential duration at half maximal amplitude.

@Input resistance was calculated from the voltage responses to injections of small
hyperpolarizing current pulses (400 ms, 10-30 nA).

G'Mean rheobase was determined by dividing the threshold potential by input resistance.
®ITime constant was obtained by fitting the voltage transient induced by the injection of
hyperpolarizing current to an exponential function.
*p<005,)p=<0.01vsEl6or(°)p < 0.05vs. EI8.
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Subthreshold membrane responses to hyperpolarizing current injections were studied
in order to assess whether there were age-related changes in inward rectification and rebound
depolarization (Dekin and Getting, 1987; Bayliss et al., 1994). The voltage deflection of
membrane potentials following injections of prolonged hyperpolarizing current pulses (400
ms) are shown in Fig. 3.1 A. Plots of the voltage responses at the onset (V) and end
(Vsieady sure) Of the current pulses resulted in superimposed linear graphs (Fig. 3.1 B),
indicating the lack of sag depolarization and inward rectification at all ages examined. The

level of inward rectification was also determined as the percentage ratio of V A"

steady state mitial

at-100 + 10 mV membrane potential. The values obtained were similar at all ages [E16, 99
£ 0.4% (n=18); E18, 99 £ 0.3% (n=16); PO-1, 100 = 0.1% (n=10)].

Rebound depolarizations following the completion of hyperpolarizing current pulses
were observed in a subpopulation of PMNs, with the presence decreasing with age.
Approximately 65% of E16 PMNs exhibited rebound depolarizations (11 of 17); this value
decreased to 45% in E18 (5 of 11) and to 12% in PO-1 (3 of 26) PMNSs. As the strength of
the hyperpolarizing pulse was increased, the depolarizing rebound potential eventually
reached threshold potential, triggering an action potential (Fig 3.1 A). Rebound
depolarizations were not inhibited in the presence of the intracellular Na™ channel blocker
QX 314 (1.5 mM, Connors and Prince, 1982) or following blockade of K™ channels with
intracellular TEA and cesium ions (Fig. 3.2 B and C). Whereas, incubation of the spinal slice
in a Ca™-free solution eliminated the rebound depolarizations, thus indicating thata Ca™-
mediated conductance generates the rebound depolarizations (Fig. 3.2 A). As also shown in
Fig. 3.2, activation of the rebound depolarization was dependent on the amplitude (B) and

duration (C) of the hyperpolarizing prepulse potential. Hyperpolarizations greater than -75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-60-
mV and duration of 2200 ms were required for the expression of rebound depolarization.

Further increases in the strength and duration of the hyperpolarizing stimulation were

followed by larger depolarizing responses.
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Figure 3.1. Membrane responses to the injection of hyperpolarizing current pulse revealed the presence of a rebound excitation
(arrow) in E16 PMNs and the lack of sag depolarization at all ages examined. A) Membrane voltage responses of E16 and PO PMNs
following injection of 400 ms-long hyperpolarizing current pulses of increasing amplitude. At E16, rebound excitation followed the
end of the hyperpolarizing pulse (arrow). Note that an action potential was evoked by further increasing the strength of the current
stimulation. The symbols shown in A (@, O, B, O) indicate the points in which the membrane voltage response was measured for the
I/V plots (below), B) Plots of the injected current vs, membrane voltage responses for the PMNs shown in A. Voltages were measured
when the membrane response reached its maximum (discontinuous line; non-filled points) and near the end (continuous line; filled

points) of the pulse as indicated in A, Note that the I/V plots resulted in superimposable linear graphs indicating the lack of sag

depolarization.
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Figure 3.2. Characterization of the rebound depolarizations observed in E16 PMNs. A) Rebound
depolarizations were Ca™"-dependent. Left panel shows control recording, right panel shows the
recording after Ca™ currents were blocked following incubation in Ca™-free medium. In
contrast, when Ca™ conductances are unperturhed and Na™ and K™ conductances were blocked,
the rebound depolarizations persisted (see traces B and C). B) Rebound depolarization amplitude
increased with increasing hyperpolarization. Lef?, rebound depolarization at different levels of
hyperpolarization. Right, membrane potential-rebound depolarization amplitude plot for the cell
response on the left. C) Rebound depolarization amplitude increased with increasing duration of
the hyperpolarizing pulse. Left, rebound depolarization at increasing duration of
hyperpolarization. Right, magnitude of the rebound depolarization at increasing duration of
hyperpolarization for the cell response on the left. Recordings shown in B and C were carried
with a pipette solution containing QX 341 (1.5 mM) to block Na"-mediated conductance and

TEA and cesium ions to block K -mediated conductances.
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Action potential characteristics

Previous studies have demonstrated that age-related changes in action potential
parameters are often influenced by the holding membrane potential (McCobb et al., 1990;
Spigelmanetal., 1992). Thus, age-dependent comparisons between PMNs were standardized
by holding the membrane potential at approximately -60 mV at all ages, prior to
investigations of the influence of depolarizing and hyperpolarizing holding potentials. From
E16 to P0-1, action potential amplitude increased by ~12 mV (Table 3.1). There was a
particularly striking decrease of~34% in the action potential duration pre-and post-inception
of the inspiratory drive transmission between E16 and E18 (Table 3.1). From E18 through
to PO-1, the action potential duration underwent a further ~27% decrease (Table 3.1).

The action potential spike was followed by afterpotentials of various shapes
depending upon age (Fig. 3.3). At E16 the action potential spike was followed by a slowly-
decrementing afterdepolarization (ADP), with no clear indication of an
afterhyperpolarization. Through ages E18 to P0-1, a hump-like ADP and a medium-duration
afterhyperpolarizing potential (mAHP) developed. Further, a fast AHP (fAHP) separated the
repolarizing component of the spike from the following ADP in a subpopulation of PO-P1
PMNs (Fig. 3.3). Note that the fAHP was expressed as an early-peaking, brief duration
potential, whereas the mAHP peaked later and had a more prolonged time course (250 ms:
Fig. 3.3, P0).

A further analysis of the age-dependent changes in the expression of the mAHP was
performed as a result of potential concerns with the standard pipette solutions used during
our recordings. Previous results from a variety of neuronal recordings have demonstrated that

the mAHP is often due to the activation of a Ca™-activated K~ conductance (Walton and
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Fulton, 1986; Viana et al., 1993b). Our data showing that incubation of the neonatal spinal

slice in Ca™-free buffer (as discussed below, Fig. 3.5 C) resulted in the inhibition of the
mAHP amongst neonatal PMNs supported this idea. However, we thought it possible that
a significant component of the mAHP may have been blunted with our standard pipette
solution which contained 10 mM of the Ca™ chelator BAPTA (e.g. a small mAHP may have
been present but obscured in E16 PMNs). Thus, we repeated our recordings with a pipette
solution with a lower Ca™ buffer capacity (reduced from 10 to 0.1 mM BAPTA; Fig. 3.4).
The exact intracellular Ca™ concentrations reached during an action potential in the presence
of the two levels of Ca™ chelation cannot be determined without direct measurements of the
spatiotemporal distribution of Ca™ levels within the neuron during the course of an action
potential. However, utilizing a software package designed to calculate the relative buffering
capacities of whole-cell patch solutions (Sol [.D.; E.A. Erter, U. Washington), and taking into
consideration what has been estimated regarding Ca™ influx during an action potential
(Lockery and Spitzer, 1992; Jassar et al., 1994) we approximated the intracellular Ca™
concentrations which would be reached with the two solutions during an action potential. We
estimated that in the presence of 1 to 50 uM range of Ca™ influx, the Ca™ concentrations
would range from 8.4 to 221.1 nM with the low BAPTA solutions as compared to 24.3 to
25.3 nM with the standard solution. Thus, we were confident that any Ca™-mediated
conductances would be amplified with the low BAPTA solution. However, even with the
low-BAPTA conditions, a mAHP was still not evident in any of the E16 PMNs recorded
from (n=5; Fig. 3.4). A mAHP was observed in 2 of 5 E18 PMNs (40%) in the modified low
Ca"*-buffering solution compared to 5 of 19 PMNs (26%) in the standard solution. In P0-1

PMNSs, a clear mAHP was observed in all 5 PMNs tested with the modified low Ca™-
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buffering solution compared to 8 of 30 PMNSs in the standard recording solution.

As shown in Fig. 3.4, the amplitudes of the afterpotentials observed in PMNs at each
age were dependent on the holding potential. In E16 PMNs, the slowly decrementing ADP
was enhanced with hyperpolarizing holding potentials. In PO-1 PMNs, the hump-like ADP
was also enhanced with hyperpolarizing holding potentials and diminished by depolarizing
potentials. In contrast, the mAHP observed in E18 and PO-1 PMNs were enhanced by
depolarizing holding potentials. Thus, the repetitive firing frequencies and patterns, which
are modulated by the afterpotential characteristics of the individual action potentials, will be

influenced by the resting membrane potential.
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Figure 3.3. Typical action potentials recorded from E16, E18 and PO PMNs. Action potentials
were evoked by antidromic stimulation of the phrenic nerve from a holding potential of ~-60 mV
and using a 10 mM BAPTA pipette solution. From E16 to PO, the action potential became
shorter in duration and larger in amplitude. A slowly-decrementing afterdepolarization (ADP,
empty arrowhead) is present at E16, but is replaced by a hump-ADP (filled arrowhead)
prominent in PO-1 PMNs. A medium-duration afterhyperpolarization (nAHP, double filled

arrowheads) and a fast AHP (long arrow) are present in neonatal PMNSs.
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Figure 3.4. The amplitudes of ADPs and AHPs were dependent on the membrane holding
potential (held at -50, -60 and -75 mV). The slowly-decrementing (empty arrowhead) and hump-
ADP (filled arrowhead) were enhanced by negative holding membrane potentials (~-75 mV),
whereas the mAHP potential (double filled arrowheads) was enhanced by more positive holding
potentials (~-50 mV). The stimulation artifact associated with antidromic stimulation is
represented by an asterisk in this and following figures. These current-clamp recordings were
carried out with the low BAPTA (0.1 mM) pipette solution to accentuate afterpolarizations

influenced by intracellular Ca™ ions.
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Ionic conductances underlying the components of the action potential

Ionic dependence of action potential characteristics: As early as E16, the action
potentials of PMNs were Na'-dependent as demonstrated by blocking Na“ channels
externally with TTX (0.5-1 uM; n=35; Fig. 3.5 A). Incubation of the spinal slice in Na -free
buffer (n=4) or addition of the intracellular blocker of Na" channels, QX314 (1.5 mM, n=10)
to the pipette solution were also effective in preventing action potential generation in E16
PMN:s (data not shown). A Ca™-component contributed to prolonging the duration of the
action potential of E16 PMN, as indicated by the reduction of the spike duration following
incubation in a Ca™-free buffer (Fig. 3.5 B). The action potential duration of E16 PMNs
decreased by 30 + 8 % (n=5) in Ca™-free buffer. However, in E18 PMN:s, elimination of
external Ca™ ions did not interfere significantly with spike duration. In 4 out of 7 P0-1
PMNSs, there was a slight increase of 15 + 6% in spike duration following incubation in Ca™ -
free buffer (Fig. 3.5 C), suggesting that, a Ca™-dependent K" current is involved in spike
repolarization in neonatal PMNs. This idea was further supported by the fact that. in PO-1
PMNSs, the duration of the action potential was significantly lower when recorded with a the
modified low BAPTA-pipette solution [2.0 £ 0.2 ( n=6) vs control high-BAPTA solution 3.2

+ 0.2 ms (n=26), p<0.05).

Ionic dependence of afterdepolarizing potentials: Previous work has indicated that
ADPs observed in other motoneuronal populations are Ca™-dependent (Walton and Fulton.
1986; Viana et al., 1993a). Thus, we tested whether this applies to both the slowly-

decrementing and the hump-like ADPs observed in PMNs. As expected, both the slowly-
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decrementing and hump ADPs were reduced by bathing the slice in a Ca™-free solution (Fig.
3.5 B, C, respectively). We also considered whether the ADPs could be, in part, due to
passive spreading of current through gap junctions (see below). However, if this were the
case, then the amplitude of the ADPs would not have been voltage-dependent (Walton and
Navarrete, 1991). As illustrated in Fig. 3.4, ADP amplitudes were enhanced at

hyperpolarizing potentials and reduced at depolarizing potentials.
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Figure 3.5. Role of Na* and Ca** conductance in the generation of action potentials, By age E16 the action potential is Na'-dependent
and a Ca** component contributes to prolonging the spike duration. In neonatal PMNs (P0), Ca™ is involved in the generation of
afierpotentials and affects the repolarizing phase of the action potential, A) The action potential is dependent on activation of Na*
channels by E16 as indicated by the abolition of spikes resulting from TTX (0.5 pM). The diamond in this and following pictures
represents the stimulation artifact following 0.5 ms intracellular current injection. B) Incubation in Ca’*-free medium shortened the

action potential duration and reduced the slowly-decrementing ADP (E16). C) In neonatal PMNs, removal of external Ca™ prolonged

the action potential duration and inhibited the mAHP and hump-ADP.
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Electrotonic coupling between PMNs

Our initjal intent was to use antidromic stimulation of the phrenic nerve to verify the
identity of PMNs. However, rather unexpectantly, we noted that in a subpopulation of PMNs,
subthreshold antidromic stimulation of the phrenic nerve resulted in the generation of a low
amplitude depolarizing potentials (Fig. 3.6 A; observed in 3/22 E16, 5/19 E18 and 8/30 P0-1
PMNss). This depolarizing potential had a very short latency with respect to the onset of the
antidromic action potential; referred to as a short latency depolarization (SLD; Walton and
Navarrete, 1991). In accordance with previous work (Walton and Navarrete, 1991), the SLDs
are indicative of electrotonic coupling between PMNs due to the presence of gap junctions.
As proposed by Walton and Navarrete, (1991), we classified SLDs as electrotonic if at least
three of the following criteria were met; i) depolarizing potentials had a short latency with
respect to the antidromic action potential, ii) an increase in stimulation strength evoked a
graded response of the SLD, iii) SLDs were resistant to high frequency stimulation (20 Hz).
iv) SLDs were not affected by collision of an orthodromic action potential (generated by
somatic current injection) with the antidromic spike, v) SLDs were insensitive to holding
potential, and vi) SLDs were unaffected by removal of external Ca™ or blockage of Ca™
conductances. It should be noted that reflex-mediated synaptic activity in the form of
excitatory or inhibitory potentials (i.e., EPSP, [PSP) were not observed during recording of
electrical activity of PMNs as the dorsal roots had been cut. Further, no clear evidence for
the presence of Renshaw neurons, in the form of high frequency firing neurons, following
antidromic stimulation were found (Hilaire et al., 1986).

Asshownin Fig. 3.6 A, subthreshold stimulation of a PO PMN evoked low amplitude
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depolarizations which closely followed the onset of the antidromic action potential. In the
particular PMN presented in Fig. 3.6 A, subthreshold stimulation evoked two SLDs of
increasing amplitude, indicating the presence of coupling between three PMNs. Removal of
external Ca™, to prevent synaptic release, did not diminish the graded SLD (Fig. 3.6 B).
Collision experiments were carried out in order to clearly visualize the SLDs after
eliminating the contribution of the antidromic action potential during the invasion of the
soma. When a soma-generated action potential was elicited prior to antidromic stimulation,
aSLD (Fig. 3.6 C, continuous line) was evoked where the antidromic action potential would
be expected (Fig. 3.6 C, discontinuous line). Further, high frequency stimulation of the
phrenic nerve did not reduce the expression of the SLD, indicating further that this
depolarization is independent of synaptic activity (Fig. 3.6 D). When the pipette solution
contained the intracellular inhibitor of Na™ channels, QX 3 14, the antidromic action potential
was eliminated as expected within a few minutes of membrane rupture. However, the SLD
which was insensitive to the holding membrane potential still persisted (Fig. 3.6 E),
suggesting that this potential does not involve synaptically-mediated post-synaptic events or
the activation of voltage-sensitive ionic conductances within the neuron being recorded from
(i.e. SLD resulted from passive spread of current from coupled neuron).

The coupling between PMNs was also reflected in the relatively lower input
resistance and higher mean rheobase measured in neurons where coupling was detected
compared to those where it was not. For E18 PMNss the input resistance in PMNs with and
without SLDs were 387+108 (n=5) vs 55561 MQ (n=16) and the mean rheobases were

76+32 (n=5) vs. 4246 nA (n=16). For P0-1 PMNs the input resistance in PMNs with and
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without SLDs were 106+14 (n=7) vs 266+33 MQ (n=26) and the mean rheobases were

259+86 (n=7) vs. 8914 nA (n=26). Only one of the three E16 PMNs showing SLDs were
recorded with an intracellular solution which did not contain QX-314 and thus insufficient
numbers were available for a statistically meaningful comparison of passive properties

between neurons with and without SLDs at that age.
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Figure 3.6. Multiple criteria were used as evidence for electrical coupling between
PMNs. A) Low amplitude, short latency depolarizations evoked by subthreshold
antidromic stimulation of the phrenic nerve in a PO slice. In this particular case,
subthreshold stimulations generated a graded response consisting of at least two short
latency depolarizations (arrow). Increments in the stimulation intensity eventually
induced an antidromic action potential. B) Neither the antidromic spike, nor the short
latency depolarizations, were eliminated by bathing in a Ca™-free buffer. C) Collision of
a somatic action potential (generated by intracellular current injection, diamond) and an
antidromic action potential (*) allowed for the observation of a low amplitude
depolarization (arrow) in place of the antidromic action potential (discontinuous line).
The holding membrane potentials in A, B and C were -61 mV. D) High-frequency
stimulation (20 Hz) of the phrenic nerve did not affect the low amplitude, short latency
depolarizations. Two sweeps are represented in this figure, for clarity, only the firsts two
antidromic artifacts are represented by an asterisk. The measurement in A,B,C and D are
from the same PO motoneuron. E) In a different PO motoneuron, low amplitude short
latency depolarizations were evoked with a pipette solution containing the intracellular
blocker of Na” channels, QX 314 (1.5 mM). Holding of membrane potential at various

levels did not affect the amplitude of the electrotonic potentials.
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Repetitive firing properties

Changes in the passive and action potential properties have a critical effect on the
firing pattern of differentiating neurons. Thus, we investigated age-dependent changes in the
firing properties of PMNs by injection of 1s-long depolarizing pulses of increasing strength.
The population data illustrating age-dependent changes in firing properties are listed in Table
3.2. Representative data for PMNs of differing ages and firing characteristics are shown in
Fig. 3.7. The majority of PMNs at all ages were able to generate sustained trains of action
potentials with spike frequency adaptation (SFA) (~72% of E16, 73% of E18 and 63% of PO-
1 PMNSs; Fig. 3.7 A,B,C). At ages El6' and E18, however, ~28% of PMN:s fired only one or
a few action potentials during the 1s-long depolarizing pulse (not shown). It is possible that
these PMNs were damaged following electrode attachment or are amongst that population
of PMNs which undergo apoptosis during this period (Harris and McCaig, 1984). However.
these ideas are contradicted by the fact that the motoneurons had healthy membrane
potentials, high input impedances and overshooting action potentials. Thus, these embryonic
PMNs with minimal firing capabilities may simply reflect a population with a relatively
underdeveloped complement of ionic conductances. In PO-1 PMNs, although the majority
of neurons were able to generate continuous discharges with frequency adaptation. two
further populations of PMNs with different firing patterns were observed. A second group
of neonatal PMNs generated a burst of action potentials at the beginning of the depolarizing
pulse (20%; Fig. 3.7 D). Bursting was characterized as a group of action potentials (2-3)
occurring at a high frequency and separated from other spikes by a longer interspike interval

(see also Fig. 4.9 A and 5.9 C). Bursting seemed to arise from an afterdepolarizing potential
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that followed the first spike (Fig. 3.7 D). Bursting firing was enhanced by hyperpolarizing
holding potentials (not shown). A third group of PO-1 PMNs (17%) with a very low input
resistance (113+6 MQ) required strong depolarizations (20.9 nA) to evoke firing (Fig. 3.7
E). Of the 7 PMNs within this group, SLDs indicative of electrical coupling were detected
in 5 neurons. Thus, the high rheobase and low input resistance may be a direct result of
coupling (Getting, 1974; Lo Turco and Kriegstein, 1991). Although coupling was also
observed between embryonic PMNs, the lack of a clear indication of a high rheobase
population may have been due to the fact that the differences between PMN passive
properties amongst those neurons with and without SLDs were not as exaggerated as was the
case at PO-1.

In E16, but not in older PMN:ss, repetitive firing significantly altered the duration of
the following spikes when compared with the first spike of the train (Fig. 3.7 A vs. C,E).
Thus, during repetitive firing in E16 PMNs, action potentials became longer in duration and
their amplitude decreased over the first few intervals. Values for the duration of the first
versus the last action potential in a 1 sec long train of spikes were as follows: E16 (6.4 £0.5
vs 9.7 £ 1.3, n=15, p<0.05); E18 (4.0 £0.2 vs 4.3 £ 0.3, n=14); P0-1 3.7+ 0.3 vs 3.7 £ 0.4.
n=21).

As revealed by the threshold current required for generating repetitive firing (Table
3.2) and frequency-current plots (Fig. 3.7 F), embryonic PMNs required lower levels of
depolarizing current than neonatal PMNs in order to generate repetitive firing. The
significant decrease in the input resistance of PMNs from E16 to PO-1 meant that there was

an age-dependent increase in the strength of the depolarizing current required to generated
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repetitive firing. For example, P0-1 PMNs required an approximate two-fold increase in the
threshold current to evoke repetitive firing as compared with E16 and E18 PMNs (Table 3.2).
Among neonatal PMNs, the low input resistance motoneurons (likely electrotonically
coupled neurons) required the highest levels of current stimulation to elicit repetitive firing
(Fig. 3.7F).

Embryonic PMNs also tended to have a more limited firing range compared with
neonatal PMNs (Fig 3.7 F, Table 3.2). The firing frequency during the 1s-long stimulation
pulse increased steadily between E16 and PO-1 at the minimal level of depolarizing current
required for repetitive firing and at twice that level (Table 3.2). The initial firing rate (i.e..
the inverse of first interspike interval (ISI) duration) also increased steadily from E16 to PO-1
as a function of the injected current (Table 3.2). The slope of the f-I plot for the first ISI did
not change significantly between the age groups studied although the slope of the last ISI
decreased because of the decline in the firing rate with time (Table 3.2). A marked increase
in the amount of SFA as a function of firing frequency (Figs. 3.7 and 3.8 A and B) were
observed at all ages studied. Most of the rapid decline in the firing frequency characteristic
of SFA, occurred at the beginning of the pulse (Fig. 3.8 B). As represented in Fig. 3.8 A.
SFA was a function of the firing rate (i.e, injected current): at high initial firing rates (i.e..
that’s is stronger amounts of injected current) the adaptation was more pronounced than at

lower firing rates.
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Table 3.2. Changes in the firing properties'"’ of PMNs.

E16 E18 PO-1
(n=18) (n=16) (n=21)
Threshold current @ 415 48+13 98+18" °
Iy PA)
Firing atl,, 7.1£0.5 9.8+0.9 13.2+0.7°°
frequency®
(Spikes/sec) | o out, 14.4£1.0 18.4x1.3* 28.0+2.3"
First ISI atl,, 12.6+£0.9 13.9+1.8 29.6+£3.7°
frequency
(Hz) g5 €18 -
at2x I, 24.1£2.2 27.9+2.6 52.5+5.3
Frequency- first ISI 444+51 60075 501+60
current
slope'®
“ (Hz/nA) last ISI 340+43 327+41 271+44

(WResults were compiled from the firing discharges of PMNs which illustrate repetitive firing
patterns similar to those in Fig. 3.7 A,B,C (i.e., bursting and low-input resistance PMNs not
included in data), after a series of 1s-long depolarizing current pulses of increasing amplitude
from a holding potential ~-60 mV. Measurements of the ISI were carried out at the beginning
and end of the depolarizing pulse.

@ Threshold current for repetitive firing was determined as the lowest stimulation current
necessary to evoke repetitive firing.

) Firing frequency was determined as the number of action potentials per 1s-stimulation.
) Frequency-current slope was the ratio of first ISI or last ISI frequency vs. injected current.
() ps0.0l,(*)ps0.05vs.El6 or (°) p < 0.05 vs. E18.
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Figure 3.7. Examples of repetitive firing patterns generated in E16, E18 and PO PMNs
following injection of 1s-depolarizing square pulse from a membrane holding potential of
-60 mV. The amount of applied currents (in nA), in this and following figures, is stated
beside each trace. The majority of E16 (A) and E18 (B) motoneurons exhibited a
continuous firing discharge with adaptation. By PO, three distinct firing patterns had
developed amongst PMNs (C,D,E). The largest percentage of cells generated continuous
firing with adaptation (C, 63%). In a smaller percentage of PMNss, firing was initiated by
a rapid discharge of action potentials (D, 20%) or following injection of strong
depolarizing currents (E, 17%), indicative of very low input resistance (i.e. high
threshold). F) Frequency-current plots for each of the neurons shown in traces A-E are
shown in the frequency-current plot. Embryonic PMNs required significantly less current
to reach firing threshold. Amongst neonatal PMNs, high threshold neurons required

significantly higher levels of current to obtain threshold in comparison to lower threshold

PMN populations.
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Figure 3.8. Plots of the instantaneous firing rates as a function of injected current or interspike interval (ISI). Data are from neurons
displaying continuous firing discharge patterns at ages E16, E18 and PO (as shown in Fig. 3.7 A, B and C, respectively), and tested
with 1-s constant current pulses of increasing intensities. A) Instantaneous firing frequency (1/ ISI duration) versus injected current (f-I
plot) for the 1, 2™, 3 and last ISI. B) Plots of instantaneous frequency versus the ISI number for two current amplitudes. At all ages
studied, there was adaptation (i.e. the instantaneous firing frequency decreased during the course of the 1 sec pulse) which was more

pronounced at higher current strengths, The amount of applied currents (in nA) is stated beside each plot.
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DISCUSSION

There are number of critical events associated with PMN development which occur
at E17 including the inception of functional recruitment via synaptic drive from medullary
respiratory centres, arrival of spinal afferent terminals within the PMN pool, and the
completion of intramuscular innervation of the diaphragm (Greer et al., 1992; Allan and
Greer, 1997a,b). During the ensuing 3-4 day period there is also a major transformation of
PMN morphology (Allan and Greer, 1997b) and the continuous rhythmic activation at birth.
The present results demonstrate that PMNs undergo pronounced changes in their passive and

active electrical properties in association with these developmental events.

Development of membrane properties

During the period of PMN development spanning from E16 to P0-1. the resting
membrane potential becomes more hyperpolarized without a significant change in voltage
threshold required for generating an action potential, whereas the input resistance and time
constant decreased. Thus, PMNs are electrically more excitable at the inception of inspiratory
drive (E17) compared with more mature states. Functionally, the increased propensity for
firing will compensate for a relatively weak descending inspiratory drive from the medullary
respiratory centre, and thus facilitate the production of fetal breathing movements (Greer et
al., 1992; Di Pasquale et al., 1996). It was interesting to note that there was an ~8 mV change
in the resting membrane potential of PMN spanning the two day period immediately prior
to and post the inception of inspiratory drive transmission (E16-E18). Future studies

reexamining PMN electrophysiological properties at these ages when the descending drive
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transmission has been experimentally eliminated will be useful for evaluating the relative
importance of activity-dependent transformations of PMN resting properties.

This trend for changes in PMN passive properties is similar to that described during
embryonic and postnatal development of spinal and brainstem motoneurons (Fulton and
Walton, 1986; Ziskind-Conhaim, 1988; Cameron et al., 1991b; Nunez-Abades et al., 1993;
Viana et al., 1994; Xie and Ziskind-Conhaim, 1995) and hippocampal neurons (Spigelman
et al., 1992). Further, a similar trend continues postnatally in PMNs (Cameron et al., 1990:
1991a,b). Several mechanisms could mediate the age-related changes in passive properties
of motoneurons. A maturation in the relative permeability to Na" and K™ ions would account
for some of the hyperpolarizing of the resting membrane potential during PMN
differentiation (Spigelman etal., 1992). Further, the regulation of the Na'-dependent chloride
co-transporter is different in embryonic motoneurons, resulting in an increase in the
intracellular concentration of chloride ions and a subsequent raising of the chloride
equilibrium potential compared to more mature states (Wu et al., 1992; Rohrbough and
Spitzer, 1996).

The reduction in the time constant and input resistance with age seems to reflect an
increased density of ionic channels and cell size. An increase in the density of ionic
conductances, as previously observed in developing chick motoneurons (McCobb et al..
1990), was suggested by the reduction of the membrane time constant, and thus specific
membrane resistance, (R,,=t,, / C,, ; assuming no age-dependent changes in the specific
membrane capacitance of ~1 pF/cm?). Previous morphological studies have demonstrated

that PMNs undergo a significant increase in cell size and elaboration of the dendritic
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branching from E16 up to birth (Allan and Greer, 1997b).

Presence of electrical coupling amongst perinatal PMNs

We have detected the presence of electrical coupling amongst subpopulations of
PMNs between ages E16 and P0-1 (ranging from 14-26% of PMNs). The evidence to date
suggests that at most 2-3 cells are coupled via gap junctions. Previous findings from
recordings of neonatal (P0-3) rat thoracic motoneurons indicated coupling in as many 77%
of lumbar motor neurons with the mean number of cells per coupling being ~4.5 (Walton and
Navarrete, 1991). It may be that a similar degree of coupling is present in PMNs but at an
earlier stage of development than we studied (i.e. pre-E16), as there is a clear rostrocaudal
gradient of development within spinal neurons (Nornes and Das, 1974). There are at least
two reasons why the presence of gap junctions may have been underestimated in our study.
First, we only looked for SLDs which appeared subthreshold to the antidromic currents
necessary to generate an antidromic action potential in the PMN being recorded from. Thus.
in the event that the PMN being recorded from was coupled to a neuron with a higher
threshold for antidromic activation (e.g. smaller diameter axon), the coupling would remain
undetected. Second, one cannot be assured that all axons within the nerve are stimulated by
the suction electrode and/or conduct the antidromic action potentials to the full extent of the
PMN pool.

Despite these limitations for quantifying the degree of electrical coupling, this is the
first data demonstrating that there is, in fact, coupling between PMNs. Neuronal coupling

amongst rat PMNs are not present in the adult (Lipski, 1984) and there is no evidence to date
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for dye-coupling amongst postnatal PMNs (>P1; Cameron, personal communication). We
propose that the presence of neuronal coupling early in development and their removal with
maturation would be functionally appropriate. The CNS utilizes two fundamental strategies
for increasing the force produced by a muscle. First, the firing frequency of a given motor
unit can be increased. Second, additional motor units can be recruited. In the case of fetal
PMNSs, at the inception of fetal respiratory movements, our data demonstrate that there are
limits on the firing capabilities of PMNs. However, the presence of neuronal coupling
facilitates the second strategy of increasing the number of motor units recruited for a given
descending synaptic drive. Thus, although the descending drive may be relatively weak and
the maximum discharge frequency of PMNs limited, the presence of coupling among the
neuronal population will ensure adequate synchronous drive to the diaphragm for the
purposes of generating perinatal breathing movements. As the animal matures, the situation
changes to one where less than 30% of the PMN pool is recruited during an inspiratory effort
atrest (Cameron, etal., 1991; Torikai et al., 1996). Therefore, it would be inappropriate, and
disadvantageous, for neuronal coupling to persist amongst the PMN pool at a time when

precise, graded recruitment is desired.

Development of action potential characteristics and associated ionic conductances

By E16, PMNs are capable of generating overshooting action potentials following
intracellular injection of depolarizing current or antidromic stimulation. As observed during
the embryonic (Spitzer and Baccaglini, 1976; Di Pasquale et al., 1996) and postnatal (Fulton
and Walton, 1986; Ziskind-Conhaim, 1988; Viana et al., 1994) maturation of other

motoneurons, PMN action potentials increase in amplitude and decrease in duration between
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E16 and PO-1. As demonstrated by McCobb et al. (1990), the increase in action potential
amplitude during motoneuron differentiation results from an increase in the density of
voltage-gated Na” channels. The maturation of K conductances are important for spike
repolarization and voltage-dependent changes in action potential duration in other neuronal
systems (McCobb etal., 1990; Spigelman et al., 1992). Although voltage clamp experiments
are required to characterize the K™ conductances involved in shaping the action potential and
firing properties of PMNs, the present findings suggest age-dependent changes in the
expression of Ca™-activated K* conductances. First, removal of extracellular Ca™ contributes
to prolonging the duration of action potential in neonatal PMNs only whereas the use of a
pipette solution with low Ca™ buffer capacity causes the oppositive effect on action potential
duration. This is consistent with the presence of a Ca™-activated K" conductance (likely of
the maxi-type) which is involved in spike repolarization of neonatal motoneurons
(Takahashi, 1990; Viana et al., 1993b). Second, at E18, a Ca™-dependent conductance
generating the afterhyperpolarization (AHP or small-type conductance) starts to develop and
is fully expressed in the majority of neonatal PMNs. This conductance is prominent in
neonatal motoneurons where it plays a role in regulating repetitive firing frequencies and
modulating SFA (Viana et al., 1993b; Walton and Fulton, 1986).

We tested whether developing PMNs were capable of generating Ca™"-dependent
action potentials as has been reported for developing amphibian spinal neurons (Spitzer and
Baccaglini, 1976). However, in PMNs, Na" ion influx is essential for action potential
generation at the earliest ages studied (E16) and throughout further development. It remains

to be determined whether Ca™-mediated action potentials occur in PMNs at earlier ages
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(sE15). Nevertheless, while Ca™ spikes do not occur at E16, Ca™ ions do contribute
significantly to prolonging the action potential at this age. The Ca™-induced broadening of
the action potential in PMNs are diminished rapidly after the inception of inspiratory drive
transmission at E17 as no Ca™ component was seen to prolong the action potential spike at
E18. There was also an age-dependent decrease in the presence of a Ca™"-dependent rebound
depolarization amongst PMNs. Functionally, beyond affecting firing properties, the influx
of Ca™ ions is thought to be important for promoting neurite growth in developing neurons
(McCobb et al., 1989; Holliday and Spitzer, 1990; Komuro and Rakic, 1996). This would
be particularly important for PMNs during the period spanning E16-E19, when they undergo
rapid growth and reorganization of axons and dendrites (Allan and Greer, 1997b). Further.
Ca™ fluctuations are important for regulating the maturation of voltage-gated ion channels

during periods of electrophysiological maturation (Gu and Spitzer, 1995).

Development of repetitive firing properties

The developmental changes of the passive properties and the ionic conductances
shaping action potentials were responsible for a major change in the repetitive firing
properties of PMINs. With the age-dependent reduction in the duration of individual action
potentials, there was an increase in the overall repetitive firing abilities of PMNs. Further.
by PO, a second group of PMNs emerged which fired bursts of action potentials at the onset
of a depolarizing pulse and may be related to early-recruited PMNs (Cameron et al., 1991:
Di Pasquale et al.,, 1996). A third group of PMNs required significantly stronger
depolarizations to be activated. This likely reflected a group of PMNs which remained

electrotonically coupled rather than the emergence of PMNs corresponding to high threshold
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neurons observed at later stages of development (Cameron et al., 1991; Di Pasquale et al.,
1996).

In summary, following the inception of inspiratory drive transmission through to
birth, PMN electrophysiological properties undergo significant maturational change. As the
present findings suggest, changes in the expression of specific Ca™ and K" ionic
conductances may account for the developmental changes in action potential characteristics
and repetitive firing properties of PMNs during this period. The specific role of Ca™ and K~
ionic conductances during PMN electrical differentiation is the topic of the following two
chapters. Finally, in order to gain a better understanding of the development of the respiratory
neuromuscular system it was of interest to determine how changes in the firing properties
of PMNs correlated with changes in the diaphragm contractile properties. This problem will

be further investigated in chapter V1.
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INTRODUCTION

Potassium conductances influence action potentials, neuronal repetitive firing
patterns and the summation of synaptic inputs in neural cells (reviewed by McLarnor, 1995).
Several types of K channels have been identified based on their electrophysiological,
pharmacological and molecular properties (reviewed by Rudy, 1988; Coetzee et al., 1999).
The most widely distributed K™ channels are the delayed outward rectifier, transient A-type
and Ca™-activated K™ conductances. Other K™ conductances which have a more limited
expression in neuronal systems include the inward rectifier, muscarine-activated and ATP-
sensitive K™ channels. The delayed rectifier and A-type K™ conductances regulate the timing
of action potential formation and the repetitive firing pattern of neuronal cells (Dekin and
Getting, 1987; Spigelman et al., 1992). Ca™-activated K conductances are important in
generating afterhyperpolarizing potentials which ultimately influence neuronal firing
properties. The expression pattern of these various classes of K™ conductances are
developmentally regulated (O’Dowd et al., 1988, McCobb et al., 1990; Spigelman et al.,
1992; Mienville and Barker, 1997; Gao and Ziskind-Conhaim, 1998). At very early stages
of neuronal development there are pronounced increases in the expression of delayed rectifier
and A-type K™ conductances (O’Dowd et al., 1988; McCobb et al., 1990; Spigelman et al.,
1992; Gao and Ziskind-Conhaim, 1998).

As described in the previous chapter, PMNs undergo considerable changes in their
action potential waveform during the E16-P1 period. These include obvious changes in
action potential duration, amplitude and afterpotentials. In E16 PMNss, the main spike was

followed by a slowly decrementing ADP which is transformed to a hump-type ADP by birth
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(Fig 3.3). The fAHP and mAHP, which were absent at E16, developed by birth (Fig. 3.3).

In this study, I tested the hypothesis that the elaboration of action potential
afterpotentials and the resulting changes in repetitive firing properties are due in large
part to developmental changes in PMN K" conductances. As described below, a
combination of current- and voltage-clamp experiments in conjunction with pharmacological
channel blockers were used to dissect out the role of various K" conductances during this

period of PMN electrophysiological transformation.

METHODS

Whole-cell recordings

Electrophysiological properties of PMNs were studied in48 E16, 50 E18 and 58 PO-1
PMNs. Upon completing the examination of PMN action potential and repetitive firing
properties in current-clamp mode, we switched to the single electrode voltage-clamp
configuration (discontinuous mode) in order to record K™ currents. The switching rate was
20-40 kHz, the output bandwidth was set at 1 kHz and the clamp gain was ~0.8 nA/mV.
Head stage output was monitored with a separate oscilloscope in order to monitor the voltage
transients prior to sampling. Outward rectifier and A-type K* conductances were measured
in Ca™-free solution in the presence of TTX (0.5-1 uM) to eliminate Ca™- and Na’'-mediated
conductances, respectively. For recording outward rectifier K™ currents, a 200 ms
depolarizing prepulse (to -40 mV) was applied from a holding potential of -70 mV whereas
a 200 ms hyperpolarizing prepulse (to -110 mV) was applied in order to maximally activate

A-type K* currents. Leak and capacitative currents were subtracted from the scaled control
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currents by a P/4 protocol. Ionic currents at different stages of development were expressed
as current densities by dividing current amplitudes by cell capacitance. Cell capacitance was
determined from the integral area under the current transient following a 10 mV-voltage step
at—70 mV holding potential.

The steady-state activation and inactivation of the transient component and the
activation of the non-inactivating component were plotted as a function of membrane
potential. For the inactivation plots, the current at a given membrane potential was
normalized to maximal current. For activation, conductances (G) were calculated from
currents as G=I/(V.-V,) where V_ is the command potential and V, is the calculated reversal
potential for K" (-97 mV). The plots of normalized current or conductance versus membrane
potential were fitted with a Boltzman function in the form I/1_,,, (or G/G_, )=1/[1+exp(V .-
V)/k)], where V is the step potential, V,, is the potential at half-maximal normalized value

and k characterizes the steepness of the activation or inactivation curves.

Intracellular and extracellular solutions: The composition of the pipette solution, used to
investigate the role of Ca™-activated K" conductances on the action potential and repetitive
firing of PMNs, was similar to that of the standard solution except for the following changes:
BAPTA was decreased to 0.1 mM, Ca™ was not added, K" gluconate was 126 mM and
phosphocreatine (10 mM) was added. Voltage-activated K™ currents were recorder with the

standard pipette solution (Chapter 2).

Drugs: The following drugs were used (suppliers in brackets): TTX, TEACI, apamin, 4-
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aminopyridine (4-AP), cytochrome-c (Sigma); iberiotoxin, lidocaine—ethyl bromide (QX

314; RBI); o-agatoxin (Peninsula Laboratories, Belmont, CA); w-conotoxin GVIA
(Alomone Laboratories, Jerusalem, Israel). The perfusion medium of the spinal slice with »-
conotoxin GVIA or w-agatoxin also contained cytochrome-c (0.05%) in order to avoid non-

specific binding to plastic tubing.

Western Analysis

Spinal cord segments from the C4-5 level were dissected free of connective tissue and
the ventral region of the spinal cord containing cervical motoneurons was excised for
immunoblotting. Tissue was homogenized for 30 sec followed by sonication for 20 sec. The
homogenization buffer contained 100 mM Tris; 320 mM sucrose and 1% Triton (pH 7.6 with
HCI). The homogenate was centrifuged at 10000g for 30 min at 4°C and the pellet discarded.
Protein concentration was determined with a BCA protein assay kit (Pierce, Rockford. IL).
The protein samples (40 pg/lane) were subjected to electrophoresis on a 9% polyacrylamide-
SDS gel and electrophoretically transferred to nitrocellulose membranes (0.45 um, Bio-Rad.
Hercules, CA). To block non-specific binding, the blotted membranes were saturated with
3% skimmed milk in a TTBS-buffer containing 20 mM Tris-HCI, 45 mM NaCl and 0.1%
Tween 20 (pH 7.6) for 1h at room temperature. Membranes were incubated with the primary
antibodies overnight at room temperature. The primary antibodies used were supplied by
Alomone Labs (Jerusalem, Israel) and included the polyclonal ANTI-SK3 and ANTI-BK,
antibodies against the small-conductance and maxi-type, Ca™-activated K" channels.

respectively (Butleretal., 1993; Kohleratal., 1996). The SK3 antibody recognizes the amino
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acid residues 2-21 in the N-terminal of rat SK3 (Mol. Weight ~61kD) whereas the BK,

antibody recognizes the amino acid residues 1098-1196 in the C-terminal of the mouse Slo
o subunit (Mol. Weight ~125 kD). Minimum titer was determined by serial antibody dilution
(1:200 and 1:300 dilutions for ANTI-SK3 and ANTI-BK,, respectively). Blots were washed
three times in TTBS buffer for 20 min followed by incubation with the secondary antibody
horseradish peroxidase (HRP)-goat anti-rabbit (1:4000). After three 20 min-washesin TTBS
buffer, the blots were incubated for 1 min with enhanced chemiluminescent (ECL; Santa
Cruz, CA, cat #SC-2048) substrate and exposed to Hiper chemiluminescent film (Amersham,
England). The appropriate molecular weight of the SK3 and BK, protein was determined by
the mobilities of pre-stained protein standards (Bio-Rad, Hercules, CA). Control experiments
testing the specificity of the primary antibody were performed by pre-incubating the antibody
with the appropriate antigen or fusion protein for 1h at room temperature. The protein
content and its molecular weight per band was quantified with SigmaGel (Jansen Inc; San

Rafael, CA).

RESULTS
Effects of blocking multiple K* conductances
The role of K™ conductances in regulating action potential duration was initially
studied using TEA and cesium-filled recording electrodes to block multiple K™ conductances.
Upon general blockade of K™ conductances, a long-duration spike was evident at all ages
studied (Fig. 4.1 A). The conductances underlying the long-duration component were

examined by selectively blocking Na" and Ca™ conductances with intracellular QX 314 (1
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mM) or following incubation in Ca™-free medium, respectively. As shown in Fig. 4.1 B (left

panel), stimulation with ten consecutive depolarizing pulses resulted in the disappearance of
the fast, Na"-dependent spike due to the use-dependent blockade of Na™ channels with QX
314 (Connors and Prince, 1982). The long-duration component, which remained after Na”
current blockade, was attenuated following incubation in Ca™-free medium (Fig. 4.1 B, right
panel). The duration of the Ca™-dependent long-duration component decreased dramatically
with age. The times for the plateau to attenuate to half-maximal amplitude were as follows:

E16 =320 £ 45 ms (n=8); E18 =126 + 23 ms (n=6); PO =41 + 10 ms (n=7).

Effects of blocking K" currents with TEA

The maturation of outward K" conductances plays an important role in shaping the
action potential waveform and repetitive firing patterns in several differentiating neuronal
systems (McCobbetal., 1990; Spigelman etal., 1992). Externally applied TEA (10 mM) was
used to block outward K™ conductances in order to evaluate their role in the spike
repolarization of PMNs. At all ages tested, TEA significantly increased the action potential
duration (Table 4.1). The effect of TEA on the regulation of the repetitive firing of PMNs
was more difficult to quantify since motoneurons became very excitable. [n E16 and E18
PMNs, TEA treatment evoked complex spikes, such as plateau potentials, whereas in
neonatal PMNs, TEA application increased the firing frequency by ~28% (11£1 vs 151 Hz,

n=4; Fig. 4.2).
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Effects of blocking A-type K* conductances with 4-AP

The effects of TEA on the action potential duration were less pronounced at
hyperpolarised holding potentials. Thus, we tested whether this was due to the presence of
an A-type K* current which has a transient character and is inactivated at depolarised
potentials (McCobb et al., 1990; Spigelman et al., 1992). Bath application of the A-type
current inhibitor 4-AP (1-3 mM) prolonged the duration of the spike with no changes to
action potential amplitude at all ages tested (Fig. 4.3 A, Table 4.1). Further, the prolongation
of action potential duration by 4-AP was enhanced when action potentials were elicited from
hyperpolarized holding potentials (Fig. 4.3 A).

In addition to its contribution to action potential repolarization, the 4 AP-sensitive
K™ conductance was involved in regulating the firing behaviour of PMN at all ages studied.
When PMN:ss fired from hyperpolarized holding potentials a delayed excitation was observed
(Fig. 4.3 B). The delay excitation was defined as a lag between the onset of depolarization
and the onset of firing. Delayed excitations were observed in 47% of E16 (8 of 17), 54% of
E18 (13 of 24) and 21% (4 of 19) of neonatal PMNs. The ramp-like depolarization
characteristic of delayed excitation was blocked by 4-AP (21 mM; Fig. 4.3 B) and insensitive
to TTX (0.5-1 uM, n=6) or incubation in Ca™-free medium (n=6; not shown). Despite the
removal of the delayed excitation by 4-AP, the firing frequency of PMNs did not increase.
This is likely explained by the concomitant increase in action potential duration caused by

4-AP (Fig. 4.3 B).
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Table 4.1. Change in PMN action potential (AP) duration'" following block of K~

conductances with TEA and 4-AP.
T VAR Normalised AP duration " (%)
(mV)

El16 El18 PO

TEA (10 -50 375£75*(3) ND ND
mM) -60 217£29*(3) 190£20*(5) 132+8*° (4)

-75 190£10*(3) ND ND
4-AP (3 mM) -60 349+84*(5) 471x170*(3) 633£159*(3)

) AP duration at half-maximal amplitude was expressed as a percentage of the control

response without any treatment.
@ Membrane holding potential.
(*) ps 0.05 vs control (no treatment, 100 %); (*) ps 0.05 vs E16; ND, no data.
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Figure 4. 1. A) Block of multiple of K" conductances revealed plateau potentials in
PMNs which varied in duration depending on age. Plateau potentials were generated
following intracellular current injection though the recording pipette filled with a TEA”
(110 mM) and Cs™ (30 mM) solution in order to block K -mediated conductances. QX
314 (1 mM) was also included in the intracellular pipette solution to block Na" channels.
The duration of the Ca™-dependent spike decreased with age. B) Recordings illustrating
that plateau potentials are Ca™-dependent and insensitive to Na" channel blockade.
Recordings were from PO (left) and E16 (right) PMNs with a pipette solution containing
TEA" (110 mM), Cs” (30 mM) and QX 314 (1 mM). Left panel shows 10 consecutive
spikes (arrow 1-10) and the QX 314 use-dependent inhibition of the fast Na" transient
(arrow) with no effect on the long-duration component. Right panel shows that the

plateau was eliminated following incubation in Ca™-free medium.
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Figure 4.2, Effect of externally applied TEA (10 mM) on the firing pattern of PMNs. Repetitive firing was evoked following

intracellular current injection for 1s. Holding potential is -60 mV. Since inhibition of K* channels by TEA is use-dependent, the TEA

effect take some time to develop.
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Figure 4.3. Effect of 4-aminopyridine (4-AP, 1 mM) on the action potential duration and firing pattern of one representative E18
PMN. A) 4-AP prolongs the duration of the action potential and this effect was enhanced at hyperpolarized holding potentials (-75
mV). The discontinuous line represents the 0 mV mark. B) Hyperpolarizing holding potentials generated a delayed excitation (short
arrow in middle panel). Treatment with 4-AP (1 mM) prevented the expression of the delayed excitation (right panel). Firing of PMNs
was determined in the current-clamp configuration following injection of Is-long depolarizing pulses at various holding potentials.

Delayed excitation was present at all ages tested.
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Role of Ca™*-activated K* conductances in controlling firing properties and afterpotential
Sormation

Previous results indicate that Ca™ ions contribute to shape the action potential in
developing PMNs (Chapter 3). In particular, incubation in Ca™-free medium eliminates the
mAHP in E18 and neonatal motoneurons and results in the widening of action potentials
postnatally. Thus, we investigated whether these Ca™-dependent effects were mediated by
Ca™-activated K" conductances.

To investigate the role of Ca™-activated K~ conductances in the regulation of
repetitive firing properties we tested the effect of Ca™"-free medium (Fig. 4.4 and 4.5). The
diminution of Ca™ conductances had little effect on the repetitive firing properties of PMNs
at E16. However, the removal of Ca™ from the medium had pronounced effects on the
steady-state firing frequency of PMNs at E18 and PO. When measured at the threshold
current required to elicit repetitive firing, the steady-state frequency in control versus Ca™"-
free medium were as follows: E16, 10+1 vs 11£2 (n=4); E18, 8+1 vs 19+1* (n=7); P0-1,
151 vs. 21£1* Hz (n=6) (* p<0.05 vs. control). Further, the spike-frequency adaptation
(SFA), which starts to develop by E18 and becomes quite pronbunced by PO, is reduced

when Ca™"-activated K™ conductances are diminished (Fig. 4.5, lower panel).
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Figure 4.4. Effect of Ca™-free medium on the repetitive firing properties of PMNs.
Repetitive firing of PMNs was determined in the current-clamp configuration following
injection of 1s-long depolarizing pulses and recorded with a low-BAPTA pipette solution.
Incubation in Ca™"-free medium increased the firing frequency of PMNs at E18 and PO,

but not at E16 (E16, n=4; E18, n=7; P0-1, n=6).
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Figure 4,5, Plots of the firing frequency of PMNs as a function of injected current or interspike interval. A) Current-frequency plots of
PMNs in control and following incubation in Ca**-free medium. Firing frequency represents the number of action potentials generated
following injection of a constant amount of current for 1s. B) Plots of instantaneous frequency versus the ISI number. Spike frequency

adaptation was more pronounced in E18 and PO motoneurons and was diminished in Ca"'-free medium. Data used to generate plots in

A and B are from the same PMNs represented in Fig. 4.4.
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Electrophysiological and pharmacological properties of the mAHP

The expression of a mAHP in PMNs is first observed in a minority of E18
motoneurons (Chapter 3). By birth, 80% (16 of 20) of PMNs express a clear mAHP. (Fig.
4.6 A). Despite the greater contribution of Ca™ ions to prolong action potential in E16
motoneurons, no mAHP was ever found at this age (Fig. 3.2). Either K™ channels mediating
the mAHP are not expressed at this early stage or the inward Ca™ current mediating the
afterdepolarizing potentials obscure the expression of the mAHP (Chapter 3). Thus. we
restricted our analyses of the pharmacological and electrophysiological properties of mAHPs
to neonatal PMNSs.

The amplitude of the mAHP was voltage-dependent, increasing and decreasing at
depolarizing and hyperpolarizing holding potentials, respectively (Fig. 4.6 A). The estimated
reversal potential of the mAHP was -88 + 5 mV (n=8), close to the calculated reversal
potential for K™ ions ( -97 mV). The duration of the mAHP was not significantly different
at holding potentials of -50 (52 £ 7 ms), -60 (50 + 10 ms) and -75 mV (46 + 8 ms; n=8).

As shown in the previous chapter, the mAHP is sensitive to incubation in Ca™-free
medium suggesting that Ca™ influx is responsible for triggering the mAHP. As shown in Fig.
4.6 B, the mAHP was blocked by the N-type Ca™ channel blocker w-conotoxin GVIA (also
see Table 4.2). Inhibition of the mAHP by w-conotoxin GVIA induced a 35% increase in the
firing frequency of neonatal motoneurons (Table 4.2). Inhibition of L-, P-, and T-type Ca™"
conductances with nimodipine (10 uM, n=3), m-agatoxin (500 nM, n=3) and nickel (200 uM.
n=3), respectively, had no effect on PMN mAHPs (not shown). Further experiments

demonstrated that the mAHP was blocked by the bee venom peptide toxin apamin (1 pM).
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an inhibitor of the small-conductance Ca™-activated K~ channels (Fig. 4.6 C, Table 4.2).

Collectively, these data demonstrate that the mAHP is generated as a result of the entry of
Ca™ via N-type Ca™ channels followed by the activation of small-conductance Ca -
dependent K* channels. Functionally, the blockade of mAHPs with apamin had a marked
facilitatory action on PMN firing rates as it increased firing rate by 68% (Fig 4.8 A and 4.9A,
Table 4.2). Beside increasing firing rate, apamin-treatment of neonatal PMN induce bursting

firing in PO-1 PMNs (Fig. 4.9 A, arrow).

Electrophysiological and pharmacological properties of the fAHP

A fast AHP was not observed in E16 or E18 PMNs. However, by P0-1, 29% (8 0f29)
of PMNss had a clear fast AHP (Fig. 4.7 A). The amplitude of the fAHP was enhanced by
hyperpolarizing holding potentials. Further, the membrane potential reached by the peak
fAHP varied with the holding potential PMNs (Fig. 4.7 A). The amplitude of the fAHP. as
a function of voltage, was fitted by a linear regression and the reversal potential of the fAHP
was estimated by extrapolation to be -40 + 2 mV (n=8; Fig. 4.7 B).

K" channel blockers were applied to determine the ionic conductances underlying the
generation of the fAHP in neonatal PMNs. As shown by the data regarding mAHP
characteristics, blockade of the small conductance Ca™-activated K" conductance with
apamin did not block the fAHP (Fig. 4.6 C). The potential roles of other major Ca™ activated
K" current, the maxi-type, were assessed by two methods. First, TEA at doses (ImM)
sufficient for blocking the maxi-type Ca™-activated K™ channel yet low enough not to cause

significant block of the delayed rectifier, was applied (Viana et al., 1993). The addition of
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I mM TEA resulted in the disappearance of the fAHP (n=3, Fig. 4.7 C) and an increase in

the duration of the action potential by ~50% (1.9 £ 0.2 vs. 3.7 + 0.4 ms, n=3) without any
significant change in action potential amplitude (79.7 + 1.4 vs 79.7 + 1.2 mV). Second, the
selective blocker of maxi-type Ca™ -activated K™ channels, iberiotoxin from the venom of the
Buthus tamulus scorpion (0.3 uM) was added to the bath (Galvez et al., 1990). The effects
of iberiotoxin were similar to that of low concentrations of TEA, both prolonged the duration
of action potentials and eliminated the fAHP (Fig. 4.7 D, Table 4.2). Thus, these data suggest
that maxi-type Ca™-activated K" channels are involved in the generation of the fAHP in
neonatal PMNs. Functionally, despite increasing action potential duration, the blockade of
the maxi-type Ca™-activated K™ conductance by iberiotoxin resulted in only a slight increase
in the firing frequency of neonatal PMNs (Fig. 4.8 B and 4.9 B, Table 4.2). It should be noted
that we were not successful in elucidating the Ca™ current subtype responsible for activating
the maxi-type Ca™-activated K" conductance. There was no significant effect on fAHP
amplitude or duration with the addition of ® -conotoxin GVIA (Fig. 4.6 B, Table 4.2).
nimodipine (10 pM, n=3), w-agatoxin (500 nM, n=3) or nickel (200 uM, n=3; data not

shown).
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Figure 4.6. Electrophysiological and pharmacological properties of the medium-duration
AHP in a PO PMN. A) Voltage-dependence of the mAHP amplitude. Note that the mAHP
was enhanced by depolarizing holding potentials (arrowhead). Insert: plot of the mAHP
amplitude vs. holding potential. Extrapolation of the linear regression to the y-axis
revealed the reversal potential of the mAHP. In this particular neuron the reversal
potential was -91 mV. B) The blocker of N-type Ca™ channels, w-conotoxin GVIA (0.3
uM) inhibited the expression of the mAHP and increased the afterdepolarizing potential.
C) The blocker of Ca™-activated K* channels (small conductance), apamin (1 pM)
eliminated the mAHP and enhanced the afterdepolarizing potential. Antidromic action

potentials were recorded with a low BAPTA (0.1 mM)- intracellular pipette solution.
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Figure 4.7. Electrophysiological and pharmacological properties of the fast AHP in a PO
PMN. A) The amplitude of the fAHP was voltage dependent as hyperpolarizing potentials
tended to enhance the fAHP. B) Plot of the fAHP amplitude vs. holding potential.
Extrapolation of the linear regression to the y-axis revealed the reversal potential of the
fAHP which in this particular neuron was -48 mV. C) TEA (1 mM) prolonged the action
potential duration and prevented the expression of the fAHP. D) The blocker of Ca™-
activated K~ channels (maxi-type), iberiotoxin (0.3 pM), eliminated the expression of the
fAHP while increasing action potential duration. Notice that holding potential is more

depolarized in D to show that iberiotoxin did not have any effect on the mAHP.
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Figure 4.8, Effect of Ca™-activated K' conductances in regulating the firing pattern of two representative PO PMNs, A) Apamin-
treatment greatly increased the firing frequency of a PO motoneuron without any significant change in the input resistance of the PMN,
B) Iberiotoxin (0.3 uM) slightly increased the firing frequency of PMNs. Change in input resistance was determined from the voltage
response to a depolarizing current injection (0.15 or 0.3 nA), sub-threshold for repetitive firing. Note that following apamin-treatment,
firing was characterized by an initial burst of spikes (arrow) followed by tonic firing. Bursting was characterized by 2-3 spikes

originating from the afterdepolarizing potential that followed the first action potential of the train,
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Figure 4.9, Plots of the firing frequency of PMN:s as a function of injected current or interspike interval following treatment with
apamin and iberiotoxin. A) Current-frequency plots of PMNs in control and following inhibition of Ca™-dependent conductances.
Firing frequency represents the number of action potentials generated following injection of a constant amount of current for 1s, B)
Plots of instantaneous frequency versus the ISI number. Note that following apamin-treatment, the initial burst of spikes was
characterized by a high instantaneous firing frequency that rapidly decayed to a steady-state level. The steady-state firing rate

following apamin treatment was significantly higher than in control. Data used to generate plots in A and B are from the same neonatal

PMNss represented in Fig. 4.8 A and B,
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Table 4.2. Modulation of PMN action potential (AP) and firing properties following blockade of Ca**-activated K* conductances.

r__—_——m

Control Treatment
AP AP mAHP Firing AP AP mAHP Firing Change in
amplitude | duration amplitude | frequency | amplitude | duration amplitude | frequency | firing
(mV) (ms)" (mV) (Hz) (mV) (ms) (mV) (Hz) frequency
(%)
Apamin 7743 2.2+0.2 2.2+0.2 15.8+1.1 74+3 2.2+£0.2 0.2+0.1* | 26.2+3.0% | + 68+29%
(1 uM)
(n=7)
- 7344 2.32£0.2 1.8+0.3 15.7£1.0 7143 2.4+0.2 0.1£0.1* | 20.0+1.8 [ +35%10* |
conotoxin
|| GVIA
(0.3 pM)
(n=4)
Iberiotoxin 80+4 1.8+0.1 2.6+0.6 14.7+1.1 7743 2.2+0.1* 2.6£0.7 15.7€1.0 + 11£4*
(0.3 uM)
(n=6)

(*) ps 0,05 vs control (no treatment),
(" AP duration was calculated at half-maximal amplitude.
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Voltage-clamp analysis of voltage-dependent K* currents

To determine if age-dependent changes in PMN action potential duration and
amplitude resulted from changes in the density and/or kinetics of K "-mediated conductances.
recordings were made in voltage-clamp mode. Voltage-clamp experiments revealed that by
E16 outward K" currents expressed two voltage-dependent components: a transient, fast
inactivating and a non-inactivating conductance (Fig.4.10 A). The transient component was
revealed when K” currents were recorded following a hyperpolarizing prepulse (to -110 mV
for 200 ms; Fig. 4.10 Aa). Holding the membrane potential at more depolarized potentials
(at-40 mV for 200 ms) resulted in the inactivation of the transient component (Fig. 4.10 Ab)
and the generation of a non-inactivating K" conductance. The absolute value of the transient
component was isolated by subtraction of the non-inactivating current generated by a
depolarizing prepulse from total current generated by the hyperpolarizing prepulse (Fig. 4.10
Aa-b). Based on previous results in other developing neurons (McCobb et al.. 1990;
Spigelman et al., 1992), the non-inactivating and transient components of K” currents were
classified as being the delayed outward rectifier (I;y) and A-type (I,) K* conductances,
respectively. The transient component reached its peak earlier than the non-inactivating
component indicating differences in their activation. The time to peak of the transient
component underwent a ~50% increment between E16 and PO-1 (Table 4.3). The time to
reach maximal value of the non-inactivating component was longer in duration than that of
the transient component and there was a ~55% reduction in the time to peak for the non-
inactivating component. These findings demonstrate that the activation of the non-

inactivating component increases with age. The transient component was also found to
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inactivate during a depolarizing pre-pulse potential (Fig. 4.10 B), indicating voltage-

dependent inactivation of the transient component. Activation and inactivation of the
transient components were plotted as a function of voltage and fitted to a Boltzman equation
(Fig. 4.10 C, Table 4.3). No age-dependent changes in the fitting parameters were found at
the three ages studied for I,. However, kinetic analysis of [;v activation suggested age-
dependent changes in its activation pattern. Between E16 and P0-1, there was an ~8mV left
ward shift in the voltage for half-maximal activation of the steady component (Fig. 4.12 A.
Table 4.3).

At all ages tested, the I, and I, had similar pharmacological sensitivities. The
transient A-type K* conductance was completely eliminated following incubation with 3 mM
of 4-AP without significant changes in the outward rectifier K™ conductance (Fig. 4.11 A and
B, respectively). However, 4-AP tended to delay the rising phase of the I, K™ conductance
(Fig 4.11 B). Previous results from studies of spinal motoneurons indicate that [, is sensitive
to TEA treatment (Schwindt and Crill, 1988; Takahashi, 1990). As shown in Fig. 4.12 B.
treatment of the non-inactivating steady current with 10 mM TEA greatly diminished the
expression of I, in this particular PO PMN. When the effect of TEA on I, was measured at
a test pulse of +30 mV, the change in the absolute value of I at E16 and PO-1 was similar (23
+ 7 and 25 + 8 %, n=4, respectively). Thus, there is no indication of age-dependent change
in the sensitivity of I, to TEA.

To examine changes in the expression of I, and [, which could explain the age-
dependent maturation of action potential, current densities were determined during the E16-P1

period. Iy, and I, were determined using the prepulse protocols shown in Fig. 4.10 A to a test
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potential of +30 mV and normalized to cell capacitance (see METHODS). Whole-cell

capacitance for E16, E18 and PO-1 PMN was 57 + 3 (n=23), 63 + 3 (n=25) and 71 £ 4 (n=26)
pF (* p<0.05 vs E16), respectively. However, as presented in Table 4.3, there were no
significant changes in the current densities for the outward rectifier and A-type K~
conductances during perinatal development of PMNs.

It was evident from the kinetics of the current recordings that there were space-clamp
problems that effected the accuracy of current measurements. The space-clamp problems were
particularly pronounced in neonatal PMNs which have elaborate dendritic trees and increased
soma diameter relative to embryonic PMNs (Allan and Greer, 1997b). While the space-clamp
problems did not preclude the obtainment of useful measurements of I . and I, currents at P0.
we were unable to reliably record Ca™-activated K” currents in PO-1 PMNs. Thus, we do not
present voltage-clamp records to complement our findings from current-clamp recordings.
However, we did perform Western analyses of protein subunits specific to maxi- and small
conductance channels as an independent measure of age-dependent changes in Ca™"-activated

K" channels.
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Figure 4.10. Voltage-clamp recordings of K* currents in a E16 PMN. Aa) K currents
generated following a hyperpolarizing pre-pulse potential to -110 mV. Note the
expression of a transient component (with fast activation and inactivation kinetics). Ab)
K" currents generated following a depolarizing pre-pulse potential to -40 mV. Note the
presence of a steady component only. Aa-b) Subtraction of the K currents generated with
the two previous protocols revealed the transient component alone. B) Steady-state
inactivation of the transient component is voltage dependent. K™ currents were generated
by a fixed depolarizing pulse to -20 mV preceded by hyperpolarizing pre-pulses to
various levels (from -90 to -50 mV). The value of the calibration bars is identical to those
in A. C) Plots of the steady-state activation and inactivation of the transient component as
a function of membrane potential. The activation and inactivation values of the transient
K’ currents were determined from data shown in Aa-b and B and fitted with a Boltzman

function (activation and inactivation values are listed in Table 4.3).
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Figure 4.11, Effect of 4-AP (3 mM) on the A-type and outward rectifier K* conductances. 4AP-treatment of E18 PMN motoneuron

resulted in complete blockage of the A-current (A) with little change in the amplitude of the outward rectifier K* conductance (B).
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Figure 4.12, Electrophysiological and pharmacological properties of the outward rectifier K* conductance. A) Developmental changes
in the activation of the Iy as a function of voltage. Steady-state K* conductances were determined following the protocol in Fig. 4.10
Ab, corresponding to outward rectifier K' conductance and fitted with a Boltzman function (activation values are listed in Table 4.3).
B) Effect of tetracthylammonium ions (TEA, 10 mM) on the outward rectifier K* conductance in a PO motoneuron, Considerable

inhibition of the outward rectifier K' conductance with TEA was observed.
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Table 4.3. Electrophysiological properties of I, and I, conductances in perinatal PMNs.

El16 E18 Po-1
Current density (pA/pF) 8.9+0.6 8.8+£0.6 7.6+0.8
Iy (23) (25) (26)
Time to peak (ms) 133+26 56 = 9* 57+£21*
Activation |V, 19+1 17+ 1* 11£2*
(m (10) (1 (12)
k (/mV) 14+1 161 151
Current density (pA/pF) 1+l 9.1+09 9+2
(20) (17) (16)
[
% | Time to peak (ms) 10£1.3 16.6 + 1.8* 19.0 £ 2.6*
Activation |V, -6+4 -8£3 S5£3
(mV) (15) (14) (13)
k (/mV) 151 171 151
[nactivation | V,,(mV) 124 -70£5 -77+3
k (/mV) S EY -8+ 1 71

(*) p< 0.05 vsEl6.
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Western analysis of Ca™*-activated K* channels

Western blot analysis was performed to corroborate the electrophysiological data
indicating an age-dependent change in the expression of the maxi- and small conductance Ca™-
activated K" channel proteins. The antibodies ANTI-BK, and ANTI-SK3 against the maxi- and
small conductance channels, respectively, were tested on equal amounts of protein from the
ventral regions of rat spinal cords at four different ages: E16, E18, PO and P5. Immunoblots
with the ANTI-BK, antibody generate a prominent band ~130 kD (Fig. 4.13 A). There was no
change in the molecular weight of the band with age. Additional faint bands (1-2) also appear
at lower molecular weights. It is possible that these bands represent distinct molecular isoforms
or are the result of protein degradation. Immunoblots with the ANTI-SK3 antibody show a
prominent band ~70 kD without age-dependent changes in its molecular weight (Fig. 4.13 B).
Two other bands were seen at a lower molecular weight. Analysis of protein content at those
ages indicates a marked increment in channel expression between E16 and PO (Fig. 4.13 A.B
right plots). The maximal level of expression for both proteins was reached in PO motoneurons
with a small reduction in protein expression by P5. No bands were detected in control

experiments (not shown).
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Figure 4.13. Age-specific expression of maxi-type and small-conductance, Ca**-activated K* channel proteins as detected by
immunoblot analysis, A) Western blot of the maxi-type, Ca™*-activated K* channel at E16, E18, PO and P5 using the ANTI-BK,
antibody. The plot on the right indicates changes in the area of the BK, band (130 kD) with age (n=3). B) Western blot of the small-
conductance, Ca"-activated K* channel at E16, E18, PO and P5 using the ANTI-SK3 antibody. The plot on the right shows changes in
the area of the SK3 band (70 kD) with age (n=4). The numbers on the left of the immunoblots indicate the molecular weight of the
pre-stained standard proteins. Note the increase in the expression of the analysed proteins between E16 and PO without any change in

their molecular weight. ' p<0.05 vs E18, * p<0.05 vs PO.
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DISCUSSION

The present findings demonstrate that the outward rectifier and A-type K currents are
involved in regulating PMN action potential and repetitive firing properties throughout the
perinatal period spanning from E16 through to PO-1. The most profound change in K~
conductances during this period resulted from the onset of Ca™ activated K channel
expression following the inception of inspiratory drive transmission. The emergence of these
conductances appear to be in large part responsible for the marked transformation in action

potential shape and firing properties of PMNs prior to birth.

Ca™"-dependent K* conductances

PMNs began to express two Ca™"-dependent K™ conductances after the inception of
inspiratory drive transmission.
Maxi-type Ca*-dependent K* current: Block of the maxi-type Ca™-dependent K™ conductance
with iberiotoxin caused a significant increase in action potential duration in neonatal PMNs,
implicating a Ca™-dependent K™ conductance in spike repolarization. A similar conductance
has been implicated in spike repolarization in neonatal lumbar and hypoglossal motoneurons
(Takahashi, 1990, Viana et al., 1993) and the shaping of the locomotion pattern in Xenopus
tadpoles (Sun and Dale, 1998). Functionally, besides decreasing action potential duration. the
presence of Ca™-activated K™ conductances will prevent the large accumulation of Ca™ ions
during alternating bursts of activity such as respiration and locomotion.

The maxi-type Ca"-dependent K™ conductance also regulates the expression of the

fAHP observed in a subpopulation of neonatal PMNs. The fAHP was found in the transition
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between the repolarizing phase of the action potential and the afterdepolarizing potential of

PMNs. The nature of fAHP generated in PMNs differed somewhat from that reported for some
other neurons. First, the reversal potential of the fAHP found in PMNs appears to be more
depolarized than that in hypoglossal and sensory neurons (Viana et al., 1993; Schwindt et al.,
1988). Second, the membrane potential reached by the peak of the fAHP in PMNs changed
with the amount of current injected into the cell to hold the membrane at various holding
potentials. This was not the case in cat sensory neurons (Schwindt et al., 1988). Thus, there
may be a mixed cationic conductance responsible for the fAHP in PMNs which differed from
previously examined neurons.

The Ca™ conductance responsible for the activation of the maxi-type Ca™ activated K
channels could not be identified in the present work as blockers of the LVA (or T-type) and
HVA (N-, P/Q-, L-type) Ca™" channels did not cause any effect on the repolarization of the
action potential. Instead, activation of maxi-type Ca™ activated K" channels may involved Ca™

release from intracellular stores or Ca™ entry via other channels subtypes (i.e., R-type).

Small conductance Ca"-dependent K' current: Block of the small conductance Ca™-
dependent K channels in PMNs with apamin did not have any effect on spike repolarization.
However, there was a marked suppression of the mAHP and an increase in the repetitive firing
frequency of PMNs. The activation of small-conductance K" conductances has also been
implicated in SFA in other mammalian motoneurons (Viana et al., 1993; Gao and Ziskind-
Conhaim, 1998; Walton and Fulton, 1986; Schwindt and Crill, 1988). The data from the

current study demonstrates that the Ca™ ions responsible for generating the mAHP in PMNs
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enfered via @-conotoxin GVIA-sensitive Ca™ channels, suggesting that the small conductance
Ca™-activated K" channels are localized near the N-type Ca™ channels in PMNs. This is
similar to the findings from studies of hypoglossal motoneurons (Vianaetal., 1993). However,
given that the ADP was not blocked by w-conotoxin GVIA, it is likely that the Ca™ influx
necessary for generating the ADP and mAHP are separate.

The expression of the two types of Ca™-activated K™ conductances were also examined
with Western blot analysis of tissue excised from the ventral horn of cervical regions. The
tissue contained a mixture of brachial motoneurons, spinal interneurons and phrenic
motoneurons, which limits the interpretation of the data. Nevertheless, the data from the
Western blots were consistent with the electrophysiological data showing that there is an age-
dependent increase in the expression of the Ca™-activated K™ channel proteins during the E16-
PO period. Both the maxi-type and small-conductance, Ca™-activated K" channel proteins

reached their highest level of expression in neonatal motoneurons.

Outward rectifier and A-type K* conductances

Transient, 4-AP-sensitive [, and slowly activating, non-inactivating TEA-sensitive [
conductances are functional in PMNss as early as E16 and continue to be expressed into the
postnatal period. Unlike what has been reported for early embryonic development of chick and
Xenopus spinal neurons (McCobb et al., 1990; O’Dowd et al., 1988; Harris et al., 1988), we
found no age-dependent increases in the density of these two conductances in perinatal PMNs.
However, we did observe age-dependent changes in the activation voltage and rise time for the

Iy similar to those found for Xenopus spinal neurons (Burger and Ribera, 1996; Gurantz et al..
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1996). Specifically, there was a leftward shift in the activation voltage and a decrease in the

time to peak of I, during the period from E16 through to birth. Functionally, the leftward shift
in the activation voltage of Iy and the increment in its time to peak will result in a faster
repolarization of the action potential as delayed rectifier K™ channels activate faster and at
lower voltages.

It should be noted that the times to peak of [, and I, conductances were slower and
the activation V,,, value of the I, conductance was more depolarized in our recordings from
perinatal PMNs compared to data from other motoneurons (Mc Cobb et al., 1990; Safronov
and Vogel, 1995). These differences may result from variations in the specific subunit
composition of voltage-dependent K™ channels amongst the motoneuron pools (Castellano et
al., 1997; Robertson, 1997). Alternatively, space-clamp problems due to the extensive dendritic
trees of PMNs may have interfered with the accurate quantification of current kinetics in our
recordings. However, given that the space-clamp problem is accentuated as the PMNs become
larger and the dendritic trees become longer and more elaborate, one might have expected the
time to peak for the I, conductance to increase with age. Yet the trends reflected in the data
are exactly opposite. Two possible explanations are as follows. First, the putative space-clamp
problems did not significantly distort measurements of the these parameters. Second, space-
clamp problems did skew the data and thus the age-dependent differences in I, kinetics are
actually larger than the measurements reflect.

The actions of I, and I, for regulating action potential duration and repetitive firing
properties of PMNs were examined. Blockade of both I, and I, resulted in a prolongation of

action potential duration, the prolonged influx of Ca™ and the generation of plateau potentials
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that were particularly pronounced in embryonic PMNSs. Repetitive firing properties were

affected by a delayed excitation mediated by a I, conductance. The degree to which the I,-
mediated delayed excitation influences PMN firing during the inspiratory phase of the
respiratory cycle would vary depending on the magnitude of the membrane hyperpolarization
during the preceding expiratory phase. Thus, although there is a similar level of I,
conductances in PMNs during the perinatal period, the I,-mediated effects on firing will
change as a function of inhibitory synaptic drive during development (Wuetal., 1992; Gao and
Ziskind-Conhaim, 1995; Singer et al., 1998) and changes in resting membrane potential
(becomes more hyperpolarized with age; Chapter 3; Liu and Feldman, 1992).

In conclusion, the changes in K™ conductances result in a reduction in duration and an
increase in the complexity of PMN action potentials. These changes result in increases in the
rate and range of PMN repetitive firing frequencies attainable at birth. The transformations in
PMN firing properties, in concert with the concomitant changes observed in diaphragm muscle
properties (see Chapter 6), ensure a fully functioning neuromuscular system necessary for
sustaining respiration. In neonatal motoneurons, expression of the maxi-type and small
conductance Ca™"-dependent K™ channels contribute to repolarize the action potential and to
regulate the firing pattern. Functionally, this will increase the firing frequency of neonatal
PMNSs required to recruit the diaphragm. Further, a significant component of state-dependent
regulation of neuronal excitation by neuromodulators is mediated by modifications of ionic
channel function and the subsequent alterations in action potential and repetitive firing
properties (for review see Jones and Kaczmarek, 1996, Levitan, 1999). Thus, with the

development of an increased pallette of ionic conductances in PMNs prior to birth, access to
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potential modulatory control mechanisms is readily available to meet the varied demands of

breathing after birth.
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CHAPTER 5

VOLTAGE-SENSITIVE CALCIUM CURRENTS AND
THEIR ROLE IN REGULATING PHRENIC
MOTONEURON ELECTRICAL EXCITABILITY DURING

THE PERINATAL PERIOD

Adapted from the original publication:
M. Martin-Caraballo and J.J. Greer
J. Neurophysiol. (Submitted March 2000)
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INTRODUCTION

Ca"™ entry regulates many aspects of neuronal differentiation including outgrowth and
retraction of axons and dendrites (Cohan et al., 1987; McCobb & Kater, 1988; Holliday &
Spitzer, 1990), naturally-occurring neuronal cell death (Choi, 1987; Tymiansky etal., 1993),
and maturational changes in both ionic conductances and neurotransmitter phenotype
(Spitzer et al., 1988; Holliday & Spitzer, 1990; Desarmenien & Spitzer, 1991; Xie &
Ziskind-Conhaim, 1995). One of the major routes for Ca™ entry in developing neurons is
through voltage-activated Ca"™ channels. Based on their voltage-dependence, pharmacology
and single-channel properties, Ca™ channels have been classified as low- and high-voltage
activated (LVA and HVA) conductances (Bean, 1989; Tsien et al., 1991; Umemiya &
Berger, 1995). LVA Ca™ conductances contribute to the generation of afterdepolarizing
potentials (Umemiya & Berger, 1995), spontaneous elevation of intracellular Ca™ (Gu &
Spitzer, 1993) and rebound depolarizations (Viana et al., 1993). In contrast, HVA Ca™
channels activate at more depolarized potentials and are divided into several subtypes,
including L-, N-, P/Q- and R-types. HVA Ca™ channels are involved in the generation of
plateau potentials (Walton & Fulton, 1987; Barish, 1991), spike afterpotentials (Vianaetal.,
1993; Umemiya & Berger, 1994), as well as in neurotransmitter release (Katz & Miledi,
1967; Siri & Uchitel., 1999).

The aim of this study was to examine the ontogeny of voltage-sensitive Ca™
conductances in rat phrenic motoneurons (PMNs) and their role in regulating electrical
excitability during the perinatal period. Specifically, we examined the interval spanning

from embryonic day (E)16 through to postnatal day (P)1. This is the period during which
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PMNss undergo fundamental transformations in neuronal morphology, passive properties,
ionic channel phenotype, synaptic inputs and electrical excitability (Greer et al., 1992; Allan
& Greer, 1997a,b; chapters III and [V). Thus, these data provide a further understanding of
how voltage-sensitive Ca™ conductances change in concert with these major developmental
processes within a single population of mammalian motoneurons. Further, these studies
provide insights into the relationship between the ontogeny of voltage-sensitive Ca™
conductances and the maturation of PMN electrophysiological properties from the time when

fetal inspiratory drive commences to the onset of continuous breathing at birth.

METHODS

Whole-cell recordings

HVA and LVA Ca™ conductances were recorded in discontinuous single electrode
voltage-clamp. Switching rates were <40 kHz, the output bandwidth was set at 1 kHz, and
clamp gain was ~0.8 nA/mV. Head-stage output was monitored with a separate oscilloscope
in order to monitor the voltage transients prior to sampling. [nward currents were recorded
with a pipette solution containing 110 mM CsCl and 30 mM TEA-Cl in order to block K~
conductances. To block inward sodium conductances, the slice was bathed with an external
solution containing 0.5-1 pM tetrodotoxin. For recording HVA currents. a 200 ms
depolarizing prepulse (to -40 mV) was applied from a holding potential of -70 mV whereas
a 200 ms hyperpolarizing prepulse (to -90 mV) was applied in order to activate LVA Ca™
currents. Leak and capacitative currents were subtracted from the control currents by a P/4

protocol.
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An ATP-regenerating system containing ATP and phosphocreatine was added to the
patch pipette to minimize rundown of Ca™ currents. The measurement of Ca™ currents
commenced immediately after establishing the whole-cell configuration. Ifthe Ca™ currents
decreased by 10% or more from initial values, the recording was terminated and data were
not analysed. Current density values shown in Table 5.1 were calculated from the current

traces obtained within a few minutes of establishing a whole-cell recording.

Intracellular and extracellular solutions: The pipette solution used to block K-
conductances contained (in mM): CsCl (110), TEACI (30), BAPTA (10), HEPES (10), Mg

ATP (5), NaGTP (0.3); phosphocreatine (10 mM), pH 7.3 with TEA-OH.

Drugs: The following drugs were used (suppliers in brackets): TTX, TEA-CI, cytochrome-c,
verapamil (Sigma, St. Louis, MO); nimodipine (RBI, Natick, MA); w-agatoxin [VA
(Peninsula Laboratories, Belmont, CA); w-conotoxin GVIA (Alomone Laboratories,
Jerusalem, Israel). Cytochrome-c (0.05%) was included in solutions containing w-conotoxin

GVIA or w-agatoxin IVA in order to avoid non-specific binding to plastic tubing.

RESULTS
Voltage- and current-clamp recordings were used to examine Ca™ currents and their
role in shaping action potential and repetitive firing patterns of E16 (n=31), E18 (n=35) and
P0-1 (n=45) PMN:ss. In order to clearly identify the neurons as being PMNs via antidromic

activation, it was essential that we used a cervical slice thick enough (~750 um) to ensure the
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integrity of the attached phrenic nerve. This also allowed the maintenance of a relatively
intact dendritic tree, which is important given that dendrites make up the largest component

of motoneuron surface area (Cameron et al., 1985; Torikai et al., 1996) and contain a
significant proportion of voltage-sensitive ion channels (Llinas & Yaron, 1980; Yuste &
Tank, 1996). However, by maintaining an extensive dendritic tree there are inherent space-

clamp problems which can distort the quantification of ionic conductances. Thus, we did not
attempt to characterize age-dependent changes in the kinetics of the various types of LVA

and HVA Ca™ conductances.

Whole-cell voltage-clamp recordings

Voltage-clamp protocols were used to identify the presence of LVA and HVA Ca™
conductances. Typical current traces from embryonic (E16) and neonatal (PO) PMNs are
shown in Figs. 5.1 and 5.2, respectively. LVA and HVA Ca™ conductances were expressed
atall ages investigated. Following a hyperpolarizing prepulse potential to -90 mV, a transient
current was activated with a threshold between -50 to -40 mV. This transient, LVA Ca™
current reached its peak at around 15 ms and completely inactivated within 50-70 ms.

Voltage steps to more depolarized potentials generated a large amplitude inward
current that had both inactivating and non-inactivating components. A prepulse potential to
-40 mV resulted in a reduction of the inactivating component as compared to that obtained
with a prepulse potential to -90 mV (Fig 5.1 B). Differences in the voltage-dependent
activation of LVA and HVA currents were evident from the I-V plots (Fig. 5.1 C). The LVA

currents activated at lower voltages which is evident from the ‘shoulder’ in the rising phase
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of the I-V plot. This ‘shoulder’ was eliminated following a depolarizing prepulse to -40 mV.

Ca™ was the major charge carrier in LVA and HVA inward currents as demonstrated by the
complete elimination of the currents in a zero Ca™ solution (Fig. 5.2). Maximum HVA
current amplitude was evoked by voltage steps between -10 and -20 mV. The majority of
embryonic PMNs (10/11) had a maximum HVA current at-10 mV, whereas 8 of 13 neonatal

PMNs reached a peak at -20mV (compare I-V plots in Figs. 5.1 C and 5.2 B).

Pharmacological characterization of Ca™ currents: To further characterize LVA and HVA
Ca™ currents, pharmacological blockers were used in conjunction with voltage-clamp
paradigms. While there are no known specific blockers of LVA Ca™ currents. the application
of low concentrations of nickel are typically used to inhibit T-type Ca™ currents (Fox et al.,
1987; Barish, 1991). As shown by the current traces (Fig. 5.3 A) and I-V plot (Fig. 5.3 B)
from an E16 PMN, low concentrations of nickel (100 pM) completely eliminated the
transient low threshold Ca™ currents. The inhibition of LVA Ca" currents by nickel occurred
in all PMNss studied, regardless of age.

Several channel blockers were used to identify the subtypes of HVA Ca™ currents
present in perinatal PMNs. N- and P-type Ca™ channels are selectively inhibited by the
peptides w-conotoxin GVIA and w-agatoxin IVA, respectively (Foxetal., 1987; Mintzetal.,
1992). L-type Ca™ channels are inhibited by dihydropiridines (i.e., nimodipine) and
phenylalkylamines (i.e., verapamil) (Fox et al., 1987; Barish, 1991).

As shown in Fig. 5.4 A, block of N-type Ca™ currents with w-conotoxin GVIA

reduced the HVA Ca™ current in embryonic and postnatal PMNs. The reduction in peak
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HVA Ca™ current was 34+4% (n=3) in E16 PMNs and 25+4% (n=6) in PO-1 PMNs. Block

of P-type Ca™ currents with w-agatoxin [VA reduced peak HVA Ca™ current in E16 and PO-
I PMNs by 11£1 % (n=3) and 15+4% (n=3), respectively (example shown in Fig. 5.4 B).
The effect of blocking L-type Ca™ currents with verapamil is shown in Fig 5.5. Verapamil
inhibited the HVA Ca™ current by 32+13% in E16 PMNs (n=4) and 37+8% (n=8) in PO-1
PMNs. Approximately 33% of the HVA Ca™ current in embryonic and neonatal PMNs was

insensitive to the channel blockers used in this study.

Developmental changes in LVA and HVA Ca™ current densities: Age-dependent changes
in current density of LVA and HVA Ca™ conductances were determined during the E16-P1
period. Whole-cell current amplitudes were normalized to cell capacitance (see METHODS)
and are summarized in Table 5.1. Between E16 and P0-1, there was an ~2 fold increase in
the peak density of Ca™ conductances. The density of LVA Ca™ conductances was stable
during the E16-E18 period, but underwent a 2-fold reduction by birth. The increase in the
peak density was the result of an ~3 fold increase in the HVA current density. The ratio of
HVA to LVA Ca™ current density in E16 PMNs was 1.5, whereas in neonatal PMNs it was
10.9, demonstrating that the proportion of Ca™ entry through LVA Ca™ channels was

significantly higher in embryonic PMNs.
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Figure 5.1. Whole-cell voltage-clamp recordings of LVA and HVA Ca™ conductances
from an E16 PMN. A) Ca™ currents were evoked after a pre-pulse potential to -90 (left)
or -40 mV (right). B) Left panels show the currents elicited by stepping to -40 mV (top)
and -10 mV (bottom) from a holding potential of -90 mV. A transient LVA current was
activated at low voltage (-40 mV), whereas HVA currents are activated by increasing the
depolarizing command potential to -10 mV. Right panel shows the currents to the same
conditioning steps but with an initial holding potential of -40 mV. The LVA currents
were inactive with the more depolarized holding potential. C) Current-voltage (I/V)
relationship for the peak (right) and steady-state (left) Ca™ currents shown in part A of
the figure. Note that the peak and steady state measurements were made from the

locations within the current traces demarcated by the filled and empty symbols in part A.
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Figure 5.2. Effects of Ca™-free medium on the Ca™ currents measured in a PO PMN. A)
Inward Ca™ currents generated following a prepulse potential to -90 mV were eliminated
following incubation in Ca™-free medium. B) Current-voltage relationship for the peak
value of the Ca™ current in control (filled square) and foillowing incubation in Ca™ free
medium (empty square). As discussed in the Results, LVA and HVA currents were
present at all ages studied. However, a comparison of the [-V plots in Figs. 5.2 B and 5.1
C demonstrate the increased amplitude of Ca™ currents and the slight shift of the peak

total current to a more hyperpolarized value in neonatal relative to embryonic PMNs.
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Figure 5.3. Effect of blocking T-type Ca™ conductances in a E16 PMN. A) Nickel (100
uM) completely blocked the LVA Ca™ current. B) Current-voltage relationship for the
peak current after incubation with 100 uM Ni*2. Notice that the ‘shoulder’ in the I-V plot

(arrow) following a pre-pulse potential to -90 mV was eliminated after treatment with

Ni*
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Figure 5.4. Effects of blocking N- and P-type Ca™ currents in PO PMNSs. A) The N-type
Ca™ channel blocker w-conotoxin GVIA (0.5 uM) reduced the HVA component of the
current by ~30%. B) The P-type Ca™ channel blocker w-agatoxin IVA (0.5 uM) reduced

HVA component of the current by ~10%.
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Figure 5.5. Effects of blocking L-type Ca™ currents in a PO PMN. A) The L-type Ca™
channel blocker verapamil reduced the HVA Ca™ current by ~35%. B) The I/V plot from
the same neuron represented in A, further demonstrates that verapamil was more effective

in reducing the calcium current amplitude at voltages 2-40 mV, corresponding to the

HVA component.
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Table 5.1. Changes in the Ca™-current densities of PMNs.
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Current density (pA/pF) E16 E18 PO-1
(n=11) (n=15) (n=13)

Peak densityt" 6.0+0.6 9.4+0.5 14.4+1.8"°

LVA current 1.7+0.2 1.8+0.2 0.8+0.2°°

density*®

HVA current 2.6+0.5 5.7£0.4 ° 8.7x1.1°7

density®

() Peak current was measured as the maximal current amplitude generated by a command
potential to -10 mV following a pre-pulse potential to -90 mV. Current density was
calculated by dividing current amplitude by cell capacitance. Cell capacitance was
determined from the area under the current transient following a 10 mV-voltage step from
a holding potential of -70 mV. Whole-cell capacitance for E16, E18 and PO-1 PMNs was
563 (n=11), 66%3 (n=15) and 69+2* pF (n=13) (*p<0.05 vs E16).

? T-type Ca™ current density was determined from the current amplitude generated by a
command potential to -40 mV following a pre-pulse potential to -90 mV.

®) High voltage-activated (HVA) Ca™ current amplitude was measure as the peak current
after a test potential to -10 mV following a pre-pulse potential to -40 mV.

() p s 0.05 vs. E16, (%) p < 0.05 vs. E18.
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Whole-cell current-clamp recordings

Current-clamp recordings were obtained to further characterize the functional role
of voltage-sensitive Ca™ conductances in the shaping of PMN action potentials and firing
pattern. As shown in chapter III, there were age-dependent changes in PMN action potential
shape and firing patterns. A Ca™-sensitive, slowly-decrementing afterdepolarization is a
prominent characteristic of embryonic PMN action potentials, whereas neonatal PMNs
express a Ca™"-sensitive, ‘hump-like’ afterdepolarization (ADP) followed by an apamin-
sensitive, medium-duration hyperpolarization (mAHP). In this study, we examined the
contribution of LVA and HVA Ca™" conductances to the generation of the afterpotentials and
the modulation of repetitive firing properties. Note, that the effects of blocking LVA and
HVA Ca™ conductances were examined at potentials slightly hyperpolarized and depolanzed

from resting membrane potential to enhance the amplitudes of ADP and mAHP, respectively.

LVA Ca™ currents: The potential influence of LVA Ca™ conductances on action potential
characteristics were evaluated by the addition of low concentrations of nickel. The slowly-
decrementing afterdepolarization in embryonic PMNs was clearly reduced in the presence
of 200 uM nickel (Fig. 5.6). The change in action potential duration resulted in a slight, but
significant increase in the firing frequency of E16 PMNs (11.3 0.3 vs 13.7+0.7 spikes /sec,
n=4, p<0.05). In neonatal PMNss, nickel had no effect on the ADP, mAHP (Fig. 5.6), or the
repetitive firing frequency (13+2 vs 151 spikes/sec, n=4, p20.05).

As demonstrated in chapter III, the release of PMNs from a hyperpolarizing potential

generates a rebound depolarization in the majority of embryonic (~60%) and only a small
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proportion of neonatal (12%) PMNs. This rebound depolarization persisted in the presence
of sodium and K channel blockers, but was completely inhibited by nickel [Fig. 5.7 A;
confirmed in E16 (n=5) and E18 (n=6) PMNs]. As shown in Fig. 5.7 B, the rebound
depolarization increased with the duration of the hyperpolarizing prepulse. Interestingly, not
all PMNs expressed a rebound depolarization despite the presence of LVA Ca™ currents. Fig.
5.8 A shows an example of a PMN which displayed a prominent rebound depolarization.
However the PMN in Fig. 5.8 B, rather than having a rebound depolarization, displayed a
pronounced delayed excitation. As indicated in chapter [V, delayed excitation in perinatal
PMN:s is attributed to the actions of an A-type outward K~ current. [t is only when the A-type
K" current is inhibited with 4-AP that a rebound potential is evident (Fig. 5.8 C). Therefore.
the balance of A-type K™ and LVA Ca™ currents in a given PMN is a major determinant for

the strength of the rebound depolarization.

HVA Ca™ currents: We were also interested in determining the role of HVA Ca™
conductances in the determination of embryonic PMN action potential shape and repetitive
firing properties. The slowly-decrementing afterdepolarization present in embryonic PMNs
was not altered by the addition of blockers to L- (nimodipine, 10 uM; n=3), N- (w-conotoxin
GVIA, 0.5 uM; n=3) or P- (w-agatoxin [VA, 0.3 uM, n=3) type Ca™ channels. Therefore,
LVA Ca™ currents are the major contributors to the afterdepolarization in E16 PMNs.

[n striking contrast, the afterpotentials that are expressed in neonatal PMNs had clear
HVA Ca™ current components, in particular, L- and N-type Ca™ currents. The “hump-like’

ADP was sensitive to interventions with L-type Ca™ channels modulators. The L-type Ca™
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agonist (+)-Bay K 8644 increased the amplitude of the ADP (Fig. 5.9 A, n=3). Conversely,

the blockers of L-type Ca™ channels, verapamil (Fig. 5.9 B, n=4) and nimodipine (10uM,
n= 4, not shown) reduced the amplitude of the ADP. The most striking effect of blocking L-
type Ca™ conductances was the inhibition of the burst of action potentials (2-3 action
potentials) which fired in association with the ADP at the start of a train of repetitive action
potentials (Fig. 5.10). As reported in chapter III, this burst-firing was observed in ~ 20% of
neonatal PMNSs. In this study, we found that the bursting was eliminated by either verapamil
or nimodipine in all bursting neonatal PMNs. The net reduction in ADP amplitude by
verapamil led to an increase in PMN firing rate in response to threshold levels of injected
current (control 121 vs. verapamil-treated 16+1 spikes/sec, n=4, p<0.05).

The mAHP was completely inhibited by the N-type Ca™ channel blocker -
conotoxin GVIA (Fig. 5.11 A, insert). As shown in chapter [V, the mAHP results from the
activation of a small-conductance, Ca™ -activated K" current. Thus, Ca™ entry via N-type
Ca™ channels regulates the apamin-sensitive Ca™-activated K™ conductance. The ADP was
also affected by block of the N-type Ca™ current. As shown in Fig. 5.11 A (insert), the ADP
was accentuated in the presence of w-conotoxin GVIA. However, the prolongation of the
ADP was secondary to the elimination of the mAHP as evident from the fact that w-
conotoxin GVIA did not affect the ADP following the prior block of the mAHP with
apamin,(Fig. 5.11, n=4). Block of the P-type (w-agatoxin [IVA) Ca™ channels did not effect

the ADP or mAHP in neonatal PMNs (Fig. 5.11 B; n =3 in each).
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Figure 5.6. Effects of blocking T-type Ca™ conductances on action potential
characteristics of perinatal PMNs. The slowly-decrementing afterdepolarizations in
embryonic PMNSs were decreased by Ni*2. By PO, a hump-like ADP and mAHP develops.

Neither of these afterpotentials were significantly effected by Ni™.
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Figure 5.7. Electrophysiological and pharmacological properties of the rebound depolarization in an E16 PMN. A) The rebound
depolarization (filled arrow) which was expressed following inhibition of K* and Na* conductances (left panel) was completely
inhibited by Ni*? (right panel). B) The magnitude of the rebound depolarization was increased with increasing durations of the

hyperpolarizing pulses (left panel). The same protocol in the presence of Ni*? is shown in the right panel.
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Figure 5.8. Interactions of T-type Ca* and A-type K* currents in determining the response of PMNs to hyperpolarizing pulses. A)

Example of a E18 PMN which showed a very prominent rebound excitation (filled arrow) upon release from a hyperpolarizing pulse.
B) Example of a E18 PMN which displayed a prominent delayed excitation (empty arrow) upon release from a hyperpolarizing pulse,
C) The response of the PMN shown in B afier block of sodium and K' conductances. A rebound excitation (filled arrow) was evident

when the A-current mediated delayed excitation was suppressed, The balance of T-type and A-current densities is a major determinant

of PMN response to hyperpolarizing pulses (see text for further discussion).
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Figure 5.9. The contribution of L-type Ca™ conductances to the afterpotentials of two
representative PO PMNSs. A) The L-type Ca™ channel opener (+)-Bay K 8644 enhanced
the afterdepolarizing potential in neonatal PMNs B) The L-type Ca™ channel inhibitor
verapamil reduced the amplitude of the depolarizing potential. Note that the mAHP was

not effected by modulating L-type Ca™ conductances.
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Figure 5.10. Effect of L-type Ca™ channels blocker, verapamil on the repetitive firing pattern of a PO PMN. A) Control recording
showing a train of action potentials with a burst firing pattern (arrow) at the initiation of the spike train (injected current=0.9 nA). B)
The most prominent effect of verapamil-treatment was the elimination of the burst of action potentials generated at the initiation of the
spike train, C) Plots of instantaneous firing frequency versus the ISI number for the PMN shown in traces A and B. The initial high

frequency firing (arrow), associated with bursting, was eliminated following treatment with verapamil,
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Figure 5.11. Effect of blocking N- and P-type Ca™ currents on action potential
characteristics of PO PMNs. The amplitude of the afterpotentials (ADP and mAHP) in
neonatal PMNs are voltage-sensitive, thus we held the neurons at hyperpolarized and
depolarized levels to accentuate the amplitude of the ADP and mAHP, respectively. A)
Inset: Block of the N-type Ca™ channel with w-conotoxin GVIA resulted ina
prolongation of the ADP and elimination of the mAHP. In order to examine the effects of
w-conotoxin GVIA on the ADP independent of changes in the mAHP we blocked the
mAHP with apamin. We knew from past studies that the mAHP was dependent on a
Ca™-dependent, apamin-sensitive K” channel (see text for further discussion). [n an
apamin-treated neonatal PMN, w-conotoxin GVIA did not have any significant effect on
the ADP. Thus, the effect of N-type Ca™ channel block on ADP amplitude was secondary
to the effects on the mAHP. B) The block of P-type Ca™ conductances with w-agatoxin

[VA did not significantly effect any of the action potential properties.
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DISCUSSION

These data characterize the developmental changes in Ca™ conductances in rat PMNs
before and after the commencement of inspiratory drive transmission. This is the period in
which PMNs undergo a number of developmental transformations typically involving Ca™
regulation, such as neurite remodelling, changes in ionic channel phenotype and electrical
excitability. We determined that at least four conductances (T, L, N and P) are expressed in
PMNs during this perinatal period. Furthermore, there were significant age-dependent
changes in the density of LVA and HVA Ca™ currents and their roles in regulating PMN

action potential shape and neuronal excitability.

LVA or T-type Ca™ conductance

T-type Ca™ channels measured in perinatal PMNs demonstrated the classical
characteristics of being activated at a low threshold, inactivating quickly and being sensitive
to low nickel concentrations (McCobb et al., 1989; Barish, 1991; Viana et al.. 1993). The
density of T-type Ca™ conductances in PMNs decreased markedly (~ 50%) during the
perinatal period, similar to the trend observed in some other developing neuronal systems
(McCobb et al., 1989; Thompson & Wong, 1991). However, the measured T-type Ca™
current density was twofold lower than that previously recorded in chick lumbar
motoneurons during a similar period of neuromuscular development (McCobb et al., 1989).
This could be explained by the short prepulse potential used for removing the inactivation
of T-type Ca™ channels in the present experiments. As indicated by the effect of increasing

the duration of the hyperpolarizing pulses on the amplitude of the rebound depolarization
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(Fig.5.7 B), the hyperpolarizing prepulse in the voltage-clamp experiment could have been
insufficient to remove the inactivation of the T-type Ca™™ channels. This may also explain
the higher percentage of T-type Ca™ channel inhibition by low nickel concentration. Our
finding of a significant T-type Ca™ current component in embryonic PMNss is inconsistent
with the results of Scamps et al. (1998) who reported very low levels of LVA Ca™ currents
in a mixed population of cervical embryonic motoneurons. This discrepancy in results could
reflect the different recording conditions. We maintained a significant component of the
motoneuron dendritic tree with our slice preparation, while the former study used dissociated
motoneurons which have lost most of their dendrites. While the dissociated neuron approach
offers the advantage of minimizing the space-clamp problem during voltage-clamp
recordings, the loss of dendrites would result in the removal of substantial portion of Ca™
channels.

Functionally, the T-type Ca™ conductances increased the duration of the slowly-
decrementing afterdepolarization in embryonic PMNs, but did not contribute significantly
to the production of afterpotentials in neonatal PMNs. In particular, we did not find a
significant contribution of LVA Ca™ currents to the hump-like ADP in neonatal PMNs as
has been reported for neonatal hypoglossal motoneurons (Viana et al., 1993). T-type Ca™
currents also played a prominent role in influencing rebound depolarizations observed in a
subpopulation of PMNs throughout the perinatal period. As shown clearly in Fig. 5.8, the
balance of T-type Ca™ versus A-type K~ current is a major determinant of whether a given
PMN display a rebound depolarization. Indeed, the density of A-current was similar

throughout the perinatal period, although the incidence of rebound depolarization declined
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in an age-dependent manner. Taken together, it is clear that an age-dependent decline in the
density of T-type Ca™ currents an important mechanism for this change.

A prominent T-type Ca™ current in embryonic PMNs will promote the influx of Ca™
ions during the period in which they are undergoing profound changes in their morphological
and electrophysiological properties. As has been shown for other types of developing
neurons, enhanced Ca™ fluxes promote axonal and dendritic outgrowth and reorganization
(McCobb & Kater, 1988; Holliday & Spitzer, 1990) and electrical excitability (Gu & Spitzer,
1993). Ca™ influx through T-type Ca™ channels will also serve to amplify small
synaptically-mediated membrane depolarization towards threshold. This could be particularly
critical at early embryonic ages when inspiratory synaptic drive, which starts at E17, is weak
and vulnerable to failure (Greer et al., 1992; Di Pasquale et al., 1996). However. this would
depend on the membrane potentials reaching sufficiently hyperpolarized levels during the
expiratory phase to remove the inactivation of T-type Ca™ channels. Currently, this cannot
be determined from the limited data concerning respiratory-related synaptic drive and

modulation of PMN membrane potential during the perinatal period.

HVA Ca™ currents

The density of HVA Ca™ currents increased more than three-fold during the perinatal
period. The HVA Ca™ currents in PMNs consist of at least three pharmacologically different
components (P, N and L). Block of P-type Ca™ conductances had only minimal effects on
the total inward HVA Ca™ current. Furthermore, there were no obvious changes in PMN

action potential shape or repetitive firing frequency at any age when P-type Ca™ currents
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were blocked. This is in contrast to what has been reported for trigeminal motoneurons where
P-type Ca™ current contributes to the ADP (Kobayashi et al., 1997). However, it should be
noted that P-type Ca™ channels are expressed in perinatal PMN axon terminals where they
play an important role in Ca™-mediated neurotransmitter release (Siri & Uchitel, 1999).

The emergence of PMN afterpotentials just prior to birth involve the increased
expression of N~and L-type Ca™ currents. N-type Ca™ current is essential for the production
of the mAHP. Ca™ entry via N-type Ca™ channels is coupled to the apamin-sensitive, Ca™"-
activated K™ conductance which underlies the mAHP. There is also a significant N-type Ca™
current involved in transmitter release in the perinatal rat phrenic nerve terminals, which is
later down-regulated postnatally (Siri & Uchitel, 1999).

L-type Ca™ current contributed to the hump-like ADP that develops in PMNs by
birth, as well as the characteristic bursting in neonatal PMNs. This bursting property in PMN
firing may have important functional consequences for diaphragmatic contractility.
Activation of a single motor unit by two closely spaced stimuli produces the well-known
‘catch-property’ whereby a tension, larger and longer lasting than a twitch evoked by a single
stimulus, is produced (Burke et al., 1970). Therefore the burst of action potentials in PMNs
will serve to increase and extend the tension of the diaphragm musculature.

In conclusion, throughout the perinatal period, from just prior to the commencement
of inspiratory drive transmission (E16) through to birth, there are marked reductions of LVA
Ca™ current and increases in HVA Ca™ current densities in PMNs. The elevated expression
of LVA Ca™ channels during the embryonic period lengthens the ADP and enhances

electrical excitability. The increase in HVA Ca™ current density in neonatal PMNs is
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concomitant with the emergence of Ca™-dependent afterpotentials and burst-like firing
properties. We show important age-depended interactions between Ca™ and K™ currents
which regulated the expression of rebound excitation and mAHP. Moreover, the net age-
dependent increase in Ca™ influx through voltage-dependent channels likely contributes to
Ca™ -regulated mechanisms underlying the rapid maturation of PMN phenotype during the

perinatal period.
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CHAPTER 6

CONTRACTILE AND FATIGUE PROPERTIES OF THE RAT
DIAPHRAGM MUSCULATURE DURING THE PERINATAL
PERIOD

Adapted from the original publication:
M. Martin-Caraballo, P.A. Campagnaro, Y. Gao and J.J. Greer
J. Appl. Physiol. 88: 573-579 (2000)
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INTRODUCTION

As described in previous chapters, there are pronounced changes in the passive
membrane, action potential and repetitive firing properties of rat phrenic motoneurons
(PMN:s) during the period spanning from E16, one day prior to the commencement of fetal
breathing movements (Greer et al., 1992), through to birth. The focus of the current study
was to examine the concomitant changes in diaphragm muscle properties during the
perinatal period.

There have been several studies examining the developmental changes in diaphragm
contractile and fatigue properties postnatally (Siecketal., 1991; Feldmanetal., 1991; Moore
et al., 1993; Bazzy, 1994; Johnson et al., 1994). Those studies found that, with age: i) the
ratio of peak twitch force to maximum tetanic force decreases, ii) twitch contraction and half-
relaxation times decrease, iii) the maximum unloaded shortening velocity (V,) increases, iv)
the force-frequency curve is shifted to the right, and v) neuromuscular fatigue decreases. In
the present study, [ complement past work by extending the examination of diaphragm
properties to earlier perinatal stages, demonstrating that there is a major transformation of
contractile and fatigue properties following the inception of inspiratory drive transmission
in utero. Furthermore, the present results indicate that these properties develop during the
perinatal period to functionally match changes occurring in PMN electrophysiological

properties (Chapter 3).

METHODS

Drugs: The following drugs were used (suppliers in brackets): d-tubocurarine, p-conotoxin,
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2,3-butanedione,2-monoxime (BDM, Sigma).

RESULTS
Force measurements

Table 6.1 lists the values of twitch and maximal tetanic forces generated as a function
of muscle weight, protein content and estimated cross sectional area at E18 and PO-1. Single
twitch force per weight or mg protein content were less at E18 compared with PO-1,
although, only values comparing force/wet weight were statistically significant. Maximal
tetanic forces, expressed either as force per unit wet weight, dry weight, per unit protein
content, or estimated cross sectional area were all significantly less at E18 compared to PO-1.
The ratios of single twitch force to maximal tetanic force were also different at each age
(Table 6.1). The ratios ranged from approximately 50-70% at E18 compared to 20-40 % at
Po-1.

Feldman et al. (1991) previously reported the presence of post-stimulation
contractions (i.e. a second smaller contraction which appeared spontaneously during the
relaxation phase of the tetanic contraction) in a subpopulation of neonatal diaphragm
preparations. We observed this unexplained phenomenon in a few preparations (2 of 6 E18

preparations, 1 of 5 P0O-1 preparations; data not shown).
Twitch characteristics

As demonstrated by the data in Table 6.1 and Fig. 6.1A, there were clear age-

dependent differences in the characteristics of single muscle twitches. By P0-1, the mean
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twitch contraction and half-relaxation times had decreased by 53% and 67%, respectively,

compared with those at E18.

Relationship between force development and stimulation frequency

There were marked age-dependent differences in the relationship between the tetanic
force generated by the diaphragm musculature and the frequency of phrenic nerve stimulation.
First, the fused tetanus frequency was much lower at E18 (~15 Hz) compared to PO-1 (~40
Hz; Fig. 6.1 B). Second, there was a striking difference between the embryonic and neonatal
muscle with regards to the range of forces generated by modulating the frequency of phrenic
nerve stimulation (Fig. 6.2). At E18, the range was limited to approximately 65-100% of the
maximum tetanic force in response to phrenic nerve stimulations from 1 to 100 Hz. In
contrast, at PO-1, tetanic force ranged from approximately 25-100% of maximum in response
to the same range of phrenic nerve stimulation. Third, the amount of force produced at the
onset of nerve stimulation was less than that produced by direct muscle stimulation at PO-1
at frequencies greater than 60 Hz (Table 6.1, Figs. 6.2 and 6.3; p<0.05). In contrast, there was
no difference between forces achieved at the onset of nerve versus direct muscle stimulation
at E18. Fourth, the decay time of tetanic force production was much slower at E18 in
comparison to P0-1; the force production being maintained well beyond the termination of

nerve stimulation (Fig. 6.3).

Relationship between declines in diaphragm force levels and nerve stimulation paradigms

There were age-dependent changes in the ability of the muscle to sustain force levels
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in response to high frequency nerve stimulation. At E18, the muscle was capable of
supporting the same level of force throughout a 1 second pulse of up to 100 Hz phrenic nerve
stimulation in all but 1 of 6 preparations (Table 6.1, Fig. 6.3). In contrast, the force levels
declined in all neonatal muscle preparations in a frequency-dependent manner at nerve
stimulation rates >40 Hz (Table 6.1, Figs. 6.1 B and 6.3). The data illustrated in Fig. 6.3 B
demonstrates that the decline in force in response to the nerve stimulation could be reversed
by stimulating the muscle directly. Moreover, there was no decline in force at either age when
the muscle was stimulated directly for one second. A further analysis of the E18 muscle force
production in response to a train of nerve stimulation was performed. We tested whether there
would be a drop in force levels if the stimulation was maintained for greater than 1 second.
As shown in Fig. 6.4, if the duration of the stimulus train was increased (10 sec), a significant
decline in force levels was observed in all E18 preparations. Further, the decline in force

levels could be reversed by stimulating the E18 muscle directly.
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Table 6.1. Contractile properties of rat diaphragm at embryonic age 18 (E18) and postnatal

days 0-1 (PO-1).

E18 Po-1
(n=6) (n=5)
Twitch force " | mg/mg wet weight 28+4 51+6*
mg/mg dry weight 900 + 149 1185 + 228
mg/ng protein 72 +£27 169 + 51
content
I Maximal mg/mg wet weight 5111 185 £27*
tetanic foree " - mg dry weight 1619 + 340 4452 £ 1093*
mg/ng protein 121 £42 657 +216*
content
Normalized force 04x0.1 2.1+0.3*
(N/em?)
Single twitch contraction time (ms) 182 +20 85£3*
Single twitch half-relaxation time 156 £ 12 S1+3*
(ms)
Single twitch / maximal force ratio 0.64 = 0.03 0.28 + 0.02*
Fused tetanus frequency (Hz) 15£22 40 + 0*
Fatigue ratio® | 40 Hz 0.96 £0.02 0.92 £0.02
60 Hz 0.98 £ 0.01 0.84 £ 0.04*
80 Hz 0.97 £0.01 0.83 £0.03*
100 Hz 0.97 £ 0.02 0.90 + 0.04*

(O Single twitch force was the average of three consecutive twitches.

@ The fatigue ratio was calculated as the peak tension vs the level of tension at the end of the

1s-long stimulation.
(*) p<0.05 compared to E18.
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Figure 6.1. Age-dependent changes in twitch and tetanus characteristics. A) Single twitch
contractions generated by E18 and P0-1 diaphragm musculature following phrenic nerve
stimulation (0.5 ms pulse). B) Contractile responses of E18 and P0-1 diaphragm
musculature in response to | second nerve stimulation of varying frequencies. Twitch
contraction times decrease and tetanus fusion frequencies increase markedly during the

perinatal period.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A E18 PO -202-

500 ms

200 mg

20Hzf \ L_
an
4
1000 ms

ot N\ _

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

500




Figure 6.2. Plot of the normalized peak force at the onset of muscle (open squares) and
nerve stimulation (solid squares) vs. stimulus frequency. Peak force was expressed as a
percentage of the maximal force generated at a given frequency. Maximal tension was
attained in E18 diaphragms at a lower frequency and the range of force production was
more limited compared with P0-1. Indications of neuromuscular fatigue were observed in

neonatal preparations in response to nerve stimulations greater than 60 Hz.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



E18
100 1
80
60 1 —{— Muscle Stimulation
- —#— Nerve Stimulation
40 -
&
E ]
20 -
é _'-r—{l, T T T ' '
= 5 20 40 60 80 100
S
S
s 1009 PO-1
R 1
80-
604
40
20 L
5 20 40 60 80 100

Frequency of Stimulation (Hz)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 6.3. Force developed by the diaphragm in response to nerve and direct muscle
stimulation. A) Tetanic force records from E18 and PO diaphragm musculature in
response to 60 and 100 Hz nerve (N) and direct muscle (M) stimulation for one second.
The dashed line indicates the time when the one second stimulation pulses were
terminated. The delay in the force decline after the termination of nerve or muscle
stimulation increased with higher frequencies of stimulation and is particularly
pronounced at E18. B) Force generated by E18 and PO diaphragm following
superimposed nerve (N) and direct muscle (M) stimulation. Direct muscle stimulation
was applied after 750 ms of nerve stimulation. The decline in force in response to the
nerve stimulation at PO was alleviated by the direct muscle stimulation indicating that the

source of the fatigue was not intrinsic to the muscle.
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Figure 6.4. Force records from E18 diaphragm muscle preparations in response to
varying frequencies of long duration (10 sec) nerve stimulation. The fatigue was evident
with the longer stimulation paradigm, occurring sooner as the frequency of stimulation
was increased. The decline in force was reversed in all cases by superimposing direct

stimulation of the muscle (M) during final 2 seconds of the 10 second nerve stimulation.
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Measurements of endplate potentials (epps)

To further understand the source of fatigue and to evaluate age-dependent changes
in the efficacy of synaptic transmission between the phrenic nerve and diaphragm muscle
fibers, epps were recorded utilizing embryonic and neonatal in vitro preparations in the
presence of d-tubocurarine (4-6 uM, Sigma). Due to the concern that d-tubocurarine also
suppresses presynaptic release of acetylcholine (Glavinovic, 1979), two alternative means
of suppressing muscle twitches were attempted. First, we applied p-conotoxin which has
been shown to block muscle Na~ channels (Cruz et al., 1985) and thus paralyze skeletal
muscle without affecting the motor nerve or the neuromuscular junction (Hong et al., 1989).
However, there was no visible inhibition of embryonic muscle contractions after adding p-
conotoxin (up to10 pM) to the bathing medium for 45 minutes and, as previously reported
(Bazzy, 1994), p-conotoxin was only partially effective in attenuating neonatal muscle
contractions. Thus, presumably due to differences in Na™ channel subunit composition in
perinatal and adult muscle (Kallen et al., 1990), p-conotoxin proved to be an ineffective
means of suppressing muscle twitches. Second, we applied BDM, which has been shown to
suppress muscle contractions in adult muscle by reducing Ca™ release from the sarcoplasmic
reticulum and interfering with cross-bridge cycling (Fryer et al., 1988; McKillop et al,,
1994). However, addition of up to 40 uM BDM was ineffective for blocking embryonic
muscle twitches and only partially effective in neonatal muscle preparations.

Figure 6.5 illustrates typical recordings of epps elicited from E18 and PO muscle
fibers in response to phrenic nerve stimulation. The majority of epps at E18 (5 out of 6) and

at PO-1 (8 out of 9) obtained in this experiment contained two components. This is thought
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to be the result of polyneuronal innervation of muscle fibres that occurs during development
(Bennett and Pettigrew, 1974; Dennis et al., 1981; Rosenthal and Taraskevish, 1977). Figure
6.5 A shows a recording obtained from a P1 muscle fiber in which two components of the
epp could not be separated by modulating the strength of nerve stimulation. This observation
suggests that there are at least two axons with similar activation thresholds innervating the
muscle fiber.

The characteristics of individual epps were not significantly different between
embryonic and neonatal muscle. The measured values were as follows: amplitude (1.4 £0.6
vs 1.6+0.5 mV), rise time (2.8+.4 vs 3.3£0.6 ms), slope (0.5£0.2 vs 0.8+0.3 mV/ms) and
decay rate (26.8+6.3 vs 21.1+3.2 ms) for E18 (n=5) vs PO (n=9), respectively. However, it
was clear that there were age-dependent differences in the ability to maintain epp amplitudes
in response to a one second train of nerve stimulation (Fig. 6.5 B and C). A significant
decline in epp amplitude beyond the first epp was found in all E18 preparations tested (n=7)
in response to >20Hz nerve stimulation (Fig. 6.5 C). In contrast, at PO, a significant decline
in epp amplitude was not apparent until the nerve was stimulated at 230 Hz (n=8; Fig. 6.5

C).
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Figure 6.5. End-plate potentials (epps) measured from E18 and PO muscle fibers. A)
Examples of epps in response to a one second train of nerve stimulations. Compound
epps can be seen in P1 fiber suggesting that two motor axon endings which converge on
the endplate region were stimulated (i.e. polyneuronal innervation). B) Epps in response
to increasing frequencies of nerve stimulation. The amplitude of epps decreases within a
stimulus train at lower frequencies at E18 compared with at PO. C) Normalized epp
amplitude versus nerve stimulation frequency. The amplitude of the final epp in response
to a train of stimulation was expressed as a percentage of the first epp amplitude. There
were significant decreases in epp amplitude (* p<0.05) at 20 and 30 Hz for all E18 and
PO-1 musculature, respectively. The changes in epp amplitude were more variable at
lower frequencies. At stimulation frequencies less than 20 Hz, there was actually an
increase in the final epp amplitude relative to the first epp in 4 of 7 E18 preparations.
Similarly, at stimulation frequencies less than 30 Hz, the final epp amplitude was greater

than first epp amplitude in 5 of 8 neonatal preparations.
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DISCUSSION

Phrenic motoneurons in the perinatal rat undergo major changes in their morphology
and electrophysiological properties during the relatively short period spanning from the
inception of inspiratory drive transmission at E17 through to birth (Allan and Greer, 1997b;
Greer at al., 1992). Data from the present study demonstrate that there is a concomitant
development of diaphragmatic muscle properties during this period which functionally match
changes in PMN properties. It is also apparent upon examining our data in conjunction with
those from previous studies of postnatal diaphragm function (Feldman et al., 1991; Sieck et
al., 1991; Bazzy and Donnelly, 1993; Moore et al., 1993; Johnson et al., 1994) that the
overall trend for age-dependent changes in contractile, force production and fatigue

characteristics can be traced back in development through to embryonic and early postnatal

stages.

Consideration of in vitro conditions

The experiments in this study were performed at 27°C for two reasons. First, the
reduced temperature facilitates tissue viability for the full duration of the experimental
procedures (Segal and Faulkner, 1985). Second, from the perspective of understanding the
functional ontogeny of the motor unit it was important to interpret findings from this study
of diaphragm contractile properties with those from a parallel study of PMN
electrophysiological properties (Chapter 3). The study of PMN properties was performed
using perinatal cervical splice preparations maintained in vitro at 27°C. The absolute values

of the various parameters measured in both studies will clearly be affected by the
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temperature-dependent properties of both neuronal (Thompson et al., 1985) and muscle
(Segal and Faulkner, 1985; Mutungi and Ranatunga, 1998) properties. However, by studying
the neuronal and muscle properties under similar in vitro conditions, reasonable conclusions
regarding a functional correlation between the development of the two components of the

neuromuscular system can be derived.

Twitch contraction and relaxation times

The twitch contraction and relaxation times were much slower at E18 compared to
P0O-1. Differences in myosin heavy chain (MHC) content are likely responsible for a
significant component of the variations in contraction speed. At E18, the diaphragm is
composed largely of the embryonic/neonatal MHC isoforms which are characterized by slow
kinetics and high resistance to fatigue (Kelly et al., 1991; Sieck et al., 1991; Watchko et al..
1992; Johnson et al., 1994; Lloyd et al., 1996). By birth, 30% of the embryonic/ neonatal
isoform is replaced by the adult slow and fast 2A isoforms which would, in part, explain the
overall increase in contraction speed (Reiser et al., 1985; LaFramboise et al., 1990; Vazquez
et al., 1993; Watchko and Sieck, 1993; Johnson et al., 1994). Differences in the twitch and
tetanic relaxation times can be accounted for by age-dependent elaborations of the T-
tubule/sarcoplasmic reticulum system and increases in Ca™ ATPase activity. Both of these
mature perinatally resulting in an increased ability to rapidly sequester Ca™ from sarcomeres

and terminate force production (Yamashiro et al., 1984; Duncey and Harrison, 1998).
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Force development

The diaphragm musculature at E18 is visibly more fragile, and develops less single
twitch or tetanic force per weight or protein content compared to the newborn. The initial
wave of myotube formation (primary myogenesis) in the diaphragm is completed by
approximately E17 (coinciding with the time of the inception of inspiratory drive
transmission). Subsequently, there is a secondary stage of myogenesis during which the
majority of the future diaphragm musculature is formed (Allan and Greer, 1997a; Allan and
Greer, 1998). Thus, between E18 and P0O-1 there are substantial increases in the ratio of
muscle/connective tissue and the thickness and surface area of the diaphragmatic
musculature. Moreover, increases in the density of myofilaments within individual muscle
fibers, changes in MHC isoform expression and the elaboration of the T-tubule/sarcoplasmic
reticulum apparatus all lend themselves to enhancing the force producing capabilities of

developing muscle (Yamashiro et al., 1984; McCarter et al., 1987).

Force-frequency relationship

At E18, the kinetics of muscle twitches were slow and thus fused tetanic contractions
were achieved at a relatively low frequency (~15 Hz). The frequency at which the diaphragm
is driven by the phrenic nerve in utero is not known. However, we have examined the
repetitive firing properties of PMN at E18 under in vitro conditions similar to those utilized
in this study for measuring muscle properties. As is the case for diaphragm twitch
contractions, the duration of PMN action potentials are considerably longer at E18 compared

with those at PO-1 (as described in Chapter 3). Consequently, the slow kinetics of the PMN
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action potentials at E18 limits the maximum rate of repetitive firing in response to a 1 second
depolarizing pulse to approximately 20 Hz. This is also within the range of cervical
motoneuron firing rates observed during inspiratory bursts generated by brainstem-spinal
cord in vitro preparations isolated from E18 rats (DiPasquale et al., 1996). Interestingly, the
range necessary to produce the full gradation of tetanic force in the diaphragm musculature
spans from approximately 1 to 20 Hz (Fig. 6.2). Thus, it would appear that there is a
functional matching of PMN firing and diaphragm contractile properties at E18. It was also
apparent that the actual range of forces generated by the diaphragmatic embryonic
musculature is quite narrow; approximately 60% of the maximum tetanic force is generated
at minimal rates of stimulation. Perhaps a fine gradation of force generation in the diaphragm
musculature is not an essential component of fetal breathing movements in utero. Rather,
given the low rheobase current necessary to activate PMNs (Chapter 3) and the utilization
of the upper end of the force output range for the diaphragm musculature, it seems that the
neuromuscular system is designed to assure breathing movements of adequate magnitude for
ribcage expansion despite a rather weak inspiratory drive transmission present during the
early stages following the inception of respiratory rhythmogenesis (DiPasquale et al., 1996).

By birth, the single twitch contractions were considerably faster and the tetanic
frequency higher relative to E18. At PO-1, PMN action potentials are also of shorter duration
and thus the repetitive firing frequency is higher, reaching an approximate maximum of 30
Hz in response to a one second depolarizing pulse (Chapter 3). This range is similar to that
observed from recordings of PMNs during inspiratory bursts generated by neonatal rat

brainstem spinal cord preparations (Lindsay and Feldman, 1993). Similar to the situation
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observed at E18, the range of neonatal PMN firing matches those necessary to generate the
full range of potential force levels from the diaphragm musculature.

It is also apparent from Fig. 6.2, that the range of forces generated by the diaphragm
at PO-1 in response to graded increments of nerve stimulation is much wider than at E18.
This property would allow for the modulation of diaphragmatic force development to
produce tidal volumes which meet the variety of respiratory demands encountered

postnatally.

Neuromuscular fatigue

The diaphragm musculature at P0-1 was capable of maintaining a constant level of
force in response to a one second train of nerve stimulations at 20 Hz. However, at higher
frequencies of nerve stimulation there was an incremental decline in force during the latter
phases of the 1 second stimulation. The experiments involving combined nerve and muscle
stimulation showed that the force reduction was related to some aspect of transmission
between the nerve and muscle. Subsequent analyses of epp amplitudes determined that there
was a gradual decrement in epp amplitude during the one second period of phrenic nerve
stimulation at rates greater than 20 Hz. Bazzy and Donnelly (1993) demonstrated that part
of the failure to follow high frequency stimulation in neonatal phrenic nerve-diaphragm
preparations was due to failure at the neuromuscular junction. Fournier et al., (1991) also
determined that failure of action potential propagation to the motor axon nerve terminals at
higher frequencies could contribute to neurotransmission fatigue in neonatal rats. Both of

these processes are thought to mature during the first two weeks postnatally and then remain
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unchanged thereafter (Fournier et al., 1991). Regardless, neuromuscular fatigue may not be
a significant problem for newborn rats because the range of repetitive stimulation rates
necessary to produce fatigue at P0O-1, at least in vitro, is beyond the typical maximum
sustained frequency at which PMNs fire under similar conditions (Lindsay and Feldman,
1993; DiPasquale et al., 1996).

The absence of a decline in the force output of the E18 diaphragm musculature in
response to one second-long trains of nerve stimulation was, at least initially, a surprising
result. We had assumed that the above mentioned factors contributing to neurotransmission
failure at PO-1 would be more pronounced at E18. Indeed, the ensuing measurements of epps
clearly showed that neuromuscular transmission failure was much more severe at E18
compared to PO. The fact that the neuromuscular fatigue did not translate into a failure of
force production could be explained by the prolonged maintenance of Ca™" ions within the
sarcomeres of embryonic muscle. The T-tubule-sarcoplasmic reticulum system is
underdeveloped prenatally (Yamashiro et al, 1984; Duncey and Harrison, 1996). Thus, as is
evident from examining the slow decay of individual twitches or tetanic force output (Figs.
6.1 and 6.3), the force levels persist well beyond the termination of the synaptic drive from
the phrenic nerve. Further, our measurements of force production in response to a prolonged
phrenic nerve stimulation at E18 (10 sec; Fig. 6.4) support this hypothesis by showing that
the decline in force levels were manifest if sufficient time was allowed for the sequestering
of Ca™ ions. Functionally, these data imply that, in utero, diaphragm contractions persist
beyond the period of inspiratory drive from phrenic motoneurons (despite any neuromuscular

transmission fatigue). This would be advantageous for ensuring a prolonged expansion of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-219-
ribcage and stretching of the lungs despite a weak synaptic drive from the PMN pool to the

diaphragm. In contrast, by birth, the PMN-diaphragm properties are such that there is a more
controlled duration and range of diaphragm contractions by motoneuronal inspiratory drive.

In summary, from the day following the inception of inspiratory drive transmission
through to birth, diaphragmatic muscle properties undergo significant development and
maturation. Further, the diaphragm contractile and PMN repetitive firing properties develop
in concert so that the full-range of potential diaphragm force recruitment can be utilized and
problems associated with diaphragm fatigue are minimized. During embryonic development
the diaphragm is able to reach maximal levels of forces at stimulation frequencies lower than
in neonatal diaphragmatic muscles. Since phrenic motoneurons also have a lower firing
frequency at this age, there seems to be a functional matching between firing frequencies of
PMNSs and contractile properties of the diaphragm which will allow the generation of fetal

breathing movements required for overall maturation of the respiratory system.
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CHAPTER 7

GENERAL DISCUSSION
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The phrenic nerve and the diaphragm are the major neuromuscular components
necessary for breathing and must be fully functional by birth (Allan and Greer, 1997a,b;
Greer et al., 1992). Therefore, to study the fundamentally important events that shape the
formation of the phrenic nerve and diaphragm, one must study events occurring prenatally.
Some of these prenatal events include target innervation and phrenic nerve intramuscular
branching between E14-E17, the inception of synaptic respiratory drive and the arrival of
spinal afferent projections onto the phrenic pool at E17, and dramatic changes in PMN
dendritic morphology between E17-E21 (Allan and Greer, 1997a,b; Greer et al., 1992).
Therefore, [ chose to study the maturation of the electrical properties of PMNs and the
contractile properties of the diaphragm beginning at E16, a day prior to the onset of synaptic
respiratory drive, up to birth, when most of the morphological changes are completed and
continuous rhythmic recruitment of the respiratory neuromuscular system is required. [n this
section I will discuss the major findings arising from this thesis and their physiological

significance for the functional development of the PMN-diaphragm functional properties.

Role of calcium influx during PMN development

It is widely accepted that Ca™-dependent mechanisms are important factors in
controlling morphological and electrical differentiation in developing neurons (Shen et al.,
1993; Gu and Spitzer, 1993,1995; Finkbeiner and Greenberg, 1998). As the present results
indicate, the action potential of embryonic PMNs (E16) prior to the onset of functional drive
is characterized by a long duration and a significant Ca™ component. During this early

period, the action potential duration depends upon the interplay between Ca™ and K~
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conductances. The slow activation of outward K* conductances allows a significant Ca™
influx which is further facilitated by a higher level of LVA Ca"™ channel expression. Further
work is required to determine the specific role of Ca™ during this phase of PMN anatomical
and functional development including the formation of dendritic arbors and expression of
specific ionic conductances. In other systems, it appears that firing frequency regulates Ca™
influx during electrical differentiation. The pattern of neuronal electrical stimulation in a cell
regulates the amount of Ca™ available to trigger specific intracellular transduction pathways
such as those controlling gene transcription. For example, in dorsal root ganglion neurons,
transcription of the immediate early gene, c-fos, does not depend upon a sustained increase
in intracellular Ca™, as would be observed during a long action potential. Rather, it depends
upon the frequency of stimulation and the temporal pattern of Ca™ entry (Shen et al., 1993).
Additional support for this conclusion derives from studies of Xenopus spinal neurons.
Experimentally-induced Ca™ transients (~9 s duration) at frequencies of 6-9/hour inhibit
neurite outgrowth, whereas Ca™ transients at >2/hour are required for maturation of K*
channel and enhanced neurotransmitter expression (Gu and Spitzer, 1995). It is conceivable
that the frequency of PMN recruitment following the inception of inspiratory synaptic drive,
via its regulation of Ca™ influx, contributes to specific gene expression in PMNs during
perinatal development, in particular the upregulation of Ca™ activated K™ conductances and
the reduction in T-channel Ca™ channel expression.

Following the inception of respiratory drive at E17, there is a shortening of action
potential duration due to the elimination of the Ca™ component present at E16. It is likely

that transformation of PMNs from a growing structure at early stages of development (E16-
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E17) into an electrical device required for transmission of motor commands requires a tight
regulation of Ca™ influx. Two developmentally-regulated factors appear to regulate Ca™
influx during PMN maturation. First, the expression of Ca™-activated K™ conductances will
offer significant protection against any detrimental effects caused by Ca™ accumulation
during repetitive firing. This problem is compounded by the age-dependent increase in firing
frequency and enhanced expression of HVA Ca™ channels which could induce a larger
influx of Ca™ during repetitive firing. Second, Ca™ influx through various Ca™ channels is
tightly coupled to specific membrane-bound events. Thus, Ca™ entry via N-type Ca™
channels generated the mAHP following activation of Ca™-activated K" conductance (small
type), whereas Ca™ entry via L-type Ca"™ channels was responsible for the ADP.

The differential regulation of afterpotentials (mAHP, ADP) by specific Ca™
conductances suggest that there is a non-homogenous distribution of Ca™ channels on PMN
membrane. This could explain why Ca™ influx via N-type, but not L-type, Ca™ channels, can
activate Ca™*-activated K* channels (small type). As modeling and imaging studies indicate,
non-homogenous distribution of Ca™ channels within the membrane may be related to the
fact that intracellular Ca™ concentrations drop sharply from the site of Ca™ influx (Barish
and Thompson, 1983; Simon and Llinas, 1985). The presence of a close interaction between
Ca™ channels and Ca™-activated K" channels has also been reported at the frog
neuromuscular junction (Robitaille and Charlton, 1992; Robitaille etal., 1993). Functionally.
clustering of specific Ca™ channel subtypes with a specific effector may be required to
achieve a more discriminatory regulation of certain cell functions (such as Ca™ influx, firing

pattern and force generation, see below) by neurotransmitters.
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Future direction: It would be of interest to directly measure Ca™ levels in PMNs in
cervical slice preparations isolated from perinatal rats aged E16, E18 and PO using
flourometric techniques. The hypothesis being that there will be an accentuation of
intracellular Ca™ levels via one or more of the following three mechanisms at earlier ages:
i) influx via LVA and HVA calcium channels; ii) influx resulting from the activation of
glutamate receptors or GABA-mediated membrane depolarization, iii) release from
intracellular stores (caffeine- and ryanodine-sensitive stores). These experiments would be

a feasible project which would complement my work on age-dependent changes in calcium-

channel expression.

Regulation of PMN firing properties

From E16 to P1, PMNs undergo a ~2-fold increase in firing rate. An age-dependent
reduction in action potential duration appears to be responsible for the increased firing rate
over this time. Three main factors likely contribute to the reduction in action potential
duration. First, inception of respiratory drive is correlated with the elimination of the Ca™
component that prolonged action potential duration at E16. Second, there is a significant
increase in the activation kinetics of the outward K* current (including a reduction in the
activation rate and an ~8mV leftward shift in the activation voltage). Functionally, the higher
membrane voltage reached during an action potential and the increasing of outward K~
channel activation will result in more K" channels opening during the repolarization phase,
resulting in a shortening of the action potential as PMNs mature. Third, expression of a

maxi-type Ca™-activated K" conductance in neonatal PMNs, that was not present at E16,
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contributes to a faster repolarization of the action potential.

Besides the role played by action potential duration in regulating age-dependent
changes in firing frequency, the present results also suggest that pre-inspiratory membrane
potential can significantly alter repetitive firing in some populations of PMNs, particularly
in neonates. This could have a significant effect in controlling the onset of repetitive firing
during an inspiratory burst. Thus, the presence of an A-type K* conductance-dependent
delayed excitation generates a significant delay in the initial recruitment of PMNss following
ahyperpolarizing prepulse. Hyperpolarizing potentials also revealed a bursting firing pattern
in 20% neonatal PMNSs. It appears that delayed excitation is generated after removal of A-
type K channel inactivation by membrane hyperpolarization, whereas bursting is the result
of an increased driving force for Ca™ entry through L-type Ca™ channels. The
hyperpolarizing potentials responsible for delayed excitation and bursting could be provided
by the expiratory synaptic drive impinging onto PMNs (Liu and Feldman, 1993). However.
there is still considerable debate as to whether the expiratory synaptic drive is excitatory or
inhibitory in developing PMNs (Su and Chai, 1998; Parkis et al., 1999). Another possibility
to consider is whether the hyperpolarizing potentials required for expression of delayed
excitation and bursting could be provided by neuromodulators of respiratory drive, such as
opioids and/or noradrenaline (Morin-Surun etal., 1992; Trapp etal., 1994; Greeretal., 1995;
Al-Zubaidy et al., 1996). Functionally, it is likely that PMNs exhibiting bursting firing and
delayed excitation could be recruited during different phases of the inspiratory cycle (i.e..
early vs. late phase, respectively) or for specific respiratory-related tasks.

Despite the age-dependent increase in repetitive firing frequencies, neonatal PMNs
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required an ~2-fold larger amounts of activation current in order to generate repetitive firing
compared to E16 PMNSs. This observation correlates with the ~3-fold reduction in the input
resistance of PMNs from E16 to P1. The change in the amount of current required for the
recruitment of PMNs is consistent with two periods of functional development. During
embryonic development (2E17), PMNs will have an increased tendency to reach firing
threshold despite the relatively weak descending inspiratory drive (Greer et al., 1992; Di
Pasquale et al., 1996). This may facilitate the production of fetal breathing movements
prenatally. Several factors contribute to increased electrical excitability of embryonic PMNs,
as compared with neonates. These include a less negative resting membrane potential (~10
mV), an increase in input resistance (3 times higher) and time constant (~1.4 times longer)
as well as an enhanced expression of LVA Ca™ channels. By birth, PMN excitability is
reduced in order to grade the amount of inspiratory muscle activation required for
maintaining an appropriate respiratory volume under various physiological conditions.
Future direction: A question that requires further consideration is the role of putative
neuromodulators in regulating the repetitive firing pattern of PMNs during maturation.
Several neuromodulators, including serotonin, noradrenaline, substance P, prostaglandins.
thyrotropin-releasing hormone and opiods, regulate respiratory activity in neonates
(Kitterman et al., 1979; Quilligan et al., 1981; Bennet et al., 1988; Lindsay and Feldman.
1993; Di Pasquale et al., 1994; Greer et al., 1995; Al-Zubaidy et al., 1996). Although the
majority of work has been directed toward understanding the role of neurotransmitters at the
level of the central rhythm generator, an effect at the level of the spinal cord cannot be ruled

out. This is especially significant considering that at least seven neuromodulators, including
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serotonin, substance P, thyrotropin-releasing hormone, enkephalin, cholecystokinin, galanin
and neuropeptide Y, have been located in terminal varicosities within the phrenic nucleus
(Ellenberger et al., 1992). Of particular interest is the role of serotonin in regulating PMN
excitability. Serotonergic projections from the raphe nucleus are believed to provide an
important modulatory effect on PMN motor output (Lalley, 1986). In hypoglossal
motoneurons, also involved in respiration, serotonin has a facilitatory effect on the firing
pattern, largely due to inhibition of the mAHP (Talley at al., 1997). As in hypoglossal
motoneurons, it is possible to hypothesize that serotonin may modulate repetitive firing
pattern in PMNs (perhaps by regulating the mAHP). This could account for its facilitatory
role on phrenic nerve respiratory activity in newborns (Lindsay and Feldman, 1993; Di
Pasquale et al., 1994). This may be pertinent toward an understanding of the role of serotonin
during sleep-awake states and its possible correlation with respiratory failure during sleep
in newborns.

This proposed analyses of age-dependent changes in neuromodulatory-mediated
effects on PMN properties is another natural extension from my thesis work and is actually
being initiated during the last month of my Ph.D. program in collaboration with a

postdoctoral fellow in the laboratory, Dr. Calvin Wong.

Correlation between inception of inspiratory drive and maturation of PMN-diaphragm
properties
The present work indicates that concomitant with the inception of inspiratory drive

at E17, there is a significant transformation in the electrical properties of PMNs. These
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include a reduction of action potential duration and input resistance, a decrease in T-type
Ca™ current expression and the appearance of an apamin-sensitive, Ca™-activated K~
conductance. These factors are crucial in regulating motoneuron excitability following the
inception of respiratory drive. Maturation of the PMN firing pattern occurs concomitantly
with major changes in the contractile properties of the diaphragm.

Increased interest in understanding the maturation of electrical properties of PMNs
and the contractile properties of the diaphragm associated with fetal respiratory movement
is driven by the fact that the maturation of the respiratory neuromuscular system could be
potentially affected by fetal exposure to hypoxia, alcohol, opiates and cigarette smoke. These
factors may cause respiratory disorders in newborns. Although a systematic study of the
effect on these factors at the cellular level (in particular on respiratory neurons) is missing,
certain evidence suggests a possible link between those factors and possible disruption of the
respiratory development. For example, in chick lumbar motoneurons, acute hypoxia inhibits
generation of spontaneous activity. Considering the role of spontaneous electrical activity in
the maturation of electrical excitability, it is not surprising that hypoxia prevents the
maturation of motoneuron electrical properties and inhibits the functional development of
specific motor pools (Gonya-Magee and Stokes, 1980). Similarly, exposure to cigarette
smoking during pregnancy significantly affects lung function and increases the likelihood of
respiratory disorders in newborns (Ladrup et al., 1997; Wisborn et al., 1999).

Future direction: Future work is required to determine how factors that alter
respiratory drive will affect the maturation of PMN electrical properties and diaphragm

contractile properties and whether this will result in neonatal respiratory dysfunction. It is
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conceivable that perturbations of synaptic drive from the brain stem respiratory centre will
prevent normal maturation of the PMN-diaphragm neuromuscular system. It will be
interesting to test whether removal of inspiratory drive by cervical trans-section of the spinal
cord will delay the maturation of the PMN-diaphragm functional properties. Blockade of all
synaptic activity (inspiratory, sensory, muscular) by in utero treatment with TTX could
provide some insight as to whether PMN electrical maturation depends on the overall
electrical activity. Since NMDA, AMPA and GABA are the main neurotransmitters known
to regulate synaptic drive onto PMNss, further work is required to determine whether selective
perturbation of their receptors may have any effect on the maturation of the functional
properties of the PMNs as well.

A question arises as to what event(s) could regulate PMN maturation prior to E16.
The most significant event in the morphological maturation of PMN prior to E16 appears to
be innervation of the diaphragm (at E14). It remains to be tested whether target innervation
(i.e., target-derived trophic factors) may have a significant effect on PMN electrical
properties by E16 (and perhaps, throughout development). In particular, it will be interesting
to test whether action potential characteristics and K" channel expression may be disrupted
by eliminating trophic factor expression and/or their action. This hypothesis could be further
tested in commercially available null-mutant mice for specific trophic factors (i.e., CNTF and

BDNF).

Correlation between PMN firing properties and diaphragm force generation

From E18 to birth, changes in the electrical properties of the PMNs are matched by
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concomitant changes in the contractile properties of the diaphragm, specifically in the

duration and amplitude of single twitch and tetanic contractions. This is required for optimal
force generation throughout perinatal development, in particular for the generation of fetal
breathing movements before birth and for continuous phasic breathing after birth. Despite
the immature state of the diaphragm at E18, several factors allow the muscle to generate
sufficient contractile force to produce fetal breathing movements. First, maximal tetanic
force can be generated at lower rates of nerve stimulation which matches the relatively slow
firing rates of E18 PMNs. Second, there was only an ~40% difference in the amount of force
between a single twitch and maximal tetanic contraction, suggesting that the range of forces
which can be generated with minimal rates of nerve stimulation is considerable narrow. [n
the neonates, this range was ~80% as would be required for graded recruitment of the
diaphragm. Third, at E18, tetanic force can be maintained after termination of nerve
stimulation. Force maintenance could be explained based on the expression of a slow MHC
and a rather immature Ca™ extrusion mechanism from the sarcoplasmic reticulum
(Yamashiro et al., 1984; Kelly et al., 1991). The ability to maintain high levels of force may
be required for generating fetal breathing movements despite a rather weak inspiratory drive
(DiPasquale et al., 1996).

The present results also suggest that in neonatal PMNs, regulation of the mAHP and
ADP by neuromodulators may have a significant direct effect on the firing rate and a
concomitant effect on the tension level generated by the diaphragm muscle. As the present
results indicate, upregulation of the ADP (or conversely, downregulation of the mAHP) will

result in a considerable increase in the initial firing frequency (i.e., bursting) in neonatal
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PMN:ss. It is known that the amount of force produced by a muscle not only depends upon the
average rate of stimulation but also upon the pattern of action potentials in the stimulation
train (Burke et al., 1970; Stevens, 1996). Thus, increasing the initial repetitive firing due to
the insertion of a one or a few spikes at the beginning of a train of action potentials (by either
upregulating the ADP or downregulating the mAHP) may cause a significant increase in the
force produced by the muscle. Functionally, in neonates and adults alike, bursting may
facilitate the generation of considerable amounts of force with minimal drive and with the
added benefit of significantly reducing the metabolic cost of contraction (Milano et al., 1992,
Stevens, 1996). Furthermore, generation of bursting activity may be required during specific
respiratory motor tasks such as vomiting and coughing which required brisk contractions of
the diaphragm (Milano et al., 1992).

In conclusion, the phrenic nerve and diaphragm are optimally matched for the
generation of contractions at each stage of development. In embryos, the need to generate
fetal breathing movements, required for proper lung maturation, is specifically directed
toward maximal force generation despite the immature state of descending inspiratory drive,
the diaphragm muscle contractile properties and the electrical properties of the PMNs. In
neonates, the needs for dynamically adjusting diaphragm recruitment for the ever changing
respiratory challenges that are encountered outside of the womb are met by a higher
expression of ionic conductances available to modulate PMN repetitive firing and a more
graded responsiveness of the muscle to nerve activity. The regulation of this matching could
be severely affected when the fetus is subjected to such factors as narcotics, smoke or

hypoxia during the perinatal period. This, in term could lead to respiratory dysfunctions in
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newborns.
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