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ABSTRACT

Whole-cell patch clamp recordings were performed on hypoglossal motoneurons
(HMs) in a brainstem slice preparation from the neonatal rat brain. The aim was to
study membrane currents activated by membrane depolarization and/or Ca® under
voltage clamp conditions. In addition, the function of membrane currents was
investigated under current clamp experiments or by computer simulations.

Fast transient Na® current (Iy.) was investigated under voltage clamp in low
extracellular Na* solution. Iy, activated at membrane potentials positive to —45 mV
and was halfmaximally activated at —30 mV. I, quickly activated (1- 4 ms 1) and
inactivated (1.6 ms T at 0 mV) during depolarization. Inactivation was strongly
voltage dependent (half inactivation was —44 mV) and recovery from inactivation was
biexponential with fast and slow T values of 14 and 160 ms, respectively, at -58 mV.
In a Ca?" free medium containing TTX and Cs”, depolarizing voltage commands from
a holding potential of -50 mV induced slow K" currents (Igsiow) With T= 34 ms onset
at 0 mV and minimal decline during a 1 s pulse depolarization. When the depolarizing
command was preceded by a prepulse to -110 mV, the outward current became
biphasic as it comprised a faster component (Ixst), which could be investigated in
isolation by subtracting the two sets of records. Iks showed rapid kinetics (2.3 ms
activation and 70 ms inactivation T at 0 mV) and strong voltage-dependent
inactivation (half inactivation was at -93 mV) from which it readily recovered with a
biexponential timecourse (4.4 and 17 ms T at -110 mV membrane potential). Ikgow
was selectively blocked by TEA (10-30 mM) while Ixss was preferentially depressed
by 2-3 mM 4-aminopyridine. The medium afterhyperpolarization (mAHP) was
always present after single or multiple spikes, making it suitable for studying its role
in firing behavior. At resting membrane potential (-69 mV) mAHP (23 ms rise and
150 ms decay 1) had 9.5 mV amplitude, was suppressed in Ca*'-free medium or by
100 nM apamin, and reversed at ~94 mV membrane potential. These observations
suggest that mAHP was due to activation of Ca**-dependent, SK-type K* channels.
Carbachol (10-100 uM) reversibly and dose dependently blocked the mAHP and
depolarized HMs. Similar mAHP block was produced by muscarine (50 uM). In
control solution a constant current pulse induced HM repetitive firing with small spike

frequency adaptation, while the same current pulse evoked much higher frequency
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firing with strong spike frequency adaptation in apamin. Voltage clamp experiments
demonstrated a slowly deactivating, apamin-sensitive K* current (Ingp) which could
account for the mAHP. Iayp was activated by depolarization as short as 1 ms, decayed
with a T of 154 ms at -50mV, and was also blocked by 50 uM carbachol.

HMs possess metabotropic glutamate receptors, activation of which depolarized HMs,
but apparently did not influence discharge pattern. In addition, activation of these
receptors depressed evoked glutamatergic synaptic currents, especially their paired
pulse facilitation perhaps via presynaptic metabotropic glutamate receptors.

In summary, these data suggest that Iy, current was responsible for the fast upstroke
of action potential, while slow inactivation of Iy, might contribute to spike frequency
adaptation. mAHP had an important role for controlling firing behavior as clearly
demonstrated after its pharmacological block, and was potently modulated by
muscarinic receptor activity. In addition, membrane depolarization activated distinct
K" conductances which, in view of their largely dissimilar kinetics, are likely to play a
differential role in regulating the firing behavior of HMs. Muscarinic or metabotropic
glutamate receptors activation during various behavioral states is supposed to

contribute to HM excitability changes in vivo.




INTRODUCTION

1. HYPOGLOSSAL MOTONEURONS CONTROL TONGUE MUSCLES

1.1. Hypoglossal motoneurons (HMs) innervate tongue muscles

In mammals motoneurons of the hypoglossal motor nucleus (nXII) are responsible for
movements of the tongue and, thus, play a role in vital physiological functions like
swallowing, suckling, or mastication (Lowe 1981). Due to the critical position of
tongue in the upper airways, HMs are also important for the respiration function. The
upper airways not only convey air to and from the lungs, but they also warm up,
humidify and filter air and are involved in cough, swallowing and speech (Lowe
1981).

To perform all these functions, the tongue must be able to assume a variety of shapes
and positions within the oral cavity. Its complex muscular structure enables it to do so.
The tongue is composed of both extrinsic and intrinsic muscles, which are mainly
innervated by motoneurons of nXII (Lowe 1981). A small number of axons arriving
from the facial and ambiguus brain stem nuclei also contribute to the hypoglossal
nerve, but, their muscular target is not known (O’Reilly and Fitzgerald 1990; Sokoloff
and Deacon 1992). Extrinsic muscles originate from bony attachments to insert
themselves to the body of the tongue, and their primary function is to position the base
of the tongue. Extrinsic muscles include styloglossus and hyoglossus, both tongue
retractors, and genioglossus, the primary tongue protrusor. Intrinsic muscles have no
bony attachments as they are fully contained within the body of the tongue. These
muscles are oriented along the tongue's transverse, vertical, and longitudinal axes. The
intrinsic muscles shape the body and tip of the tongue. Co-ordination of extrinsic and
intrinsic muscle activity is required for the execution of precise tongue movements.

A defined pattern of rhythmic HM activity is correlated with the respiratory rhythm
generated in close proximity to the nucleus ambiguus in the pre-Botzinger complex of
the lower brainstem (Johnson et al. 1994; Smith et al. 1991, 1992). Rhythmic
inspiratory-related activity of HM has been monitored in different experimental
systems, including in vivo recordings in various mammals (Kubin et al. 1996; Okabe
et al. 1994: Pierrefiche et al. 1997; Richmonds and Hudgel 1996), in vitro recordings

of en bloc preparations containing the brainstem and spinal cord (Suzue 1984), and




patch-clamp recordings from brain stem slice preparations (Elsen and Ramirez 1998;
Frermann et al. 1999; Lips and Keller 1998; Smith et al. 1991).

Considerable interest is centered on HMs because their dysfunction may result in
diseases like obstructive sleep apnoea or sudden infant death syndrome (Gauda et al.
1987; Wiegand et al. 1991; Willinger 1989). Developmental abnormalities in the
control of tongue musculature-have been implicated in upper airway obstruction
pathophysiology, including apnoea of prematurity (Gauda et al. 1987), a significant
risk factor for the occurrence of sudden infant death syndrome. Even in normal
individuals there is some collapse of upper airways with increased airway resistance
during sleep: this may be exaggerated in obstructive sleep apnoea, in which collapse
is so greet that arousal from sleep is required to restore adequate ventilation. The
resulting disturbed sleep and hypoxia produce daytime sleepiness plus
neurophysiological and cardiorespiratory morbidity (Pierce and Worsnop 1999;
Wiegand and Zwillich 1994). |

Moreover, HMs have a very special vulnerability to calcium-related excitotoxic stress
(Doble 1995; Krieger et al. 1994; Reiner et al. 1995). In this context cell-specific
homeostasis of intracellular calcium has been implicated as one important cause for
such a neuronal vulnerability (Ho et al. 1996; Kiernan and Hudson 1991; Krieger et
al. 1996). Interestingly, the degenerative motoneuron disease amyotrophic lateral
sclerosis (ALS) has been shown to affect preferentially some brainstem motoneuron
groups (for example hypoglossal, trigeminal, facial, and ambiguous; DePaul et al.
1988), which do not contain the Ca**-chelating protein parvalbumin, while
motoneurons containing this protein are more resistant to ALS (Reiner et al. 1995).
Recent studies have demonstrated low Ca®* buffering capacity in HMs (Lips and
Keller 1998). This finding raises the possibility that motoneuron death in ALS is
related ’to some factor that promotes cytosolic Ca® accumulation in motoneurons

(Kriege} et al. 1996; Medina et al. 1996).

1.2. Functional implications of motoneuron firing

Each mammalian muscle is controlled by a certain group of motoneurons. Smooth,
co-ordinated movement is activated by two mechanisms often used in parallel. One is
to vary the number of activated motor units (recruitment) and the other one is to
modulate the discharge rate of already recruited units (rate gradation) (Gustafsson and

Pinter 1985). Both mechanisms relay on the discharge properties of motoneurons.




Since most muscles are highly heterogeneous in terms of muscle fibre properties,
there is a broad range of activity ranging from the slower motor units which often are
weak in terms of strength but are fatigue resistant to the faster units which are strong,
yet prone to fatigue (Bakels and Kernell 1993; Burke 1981; Gardiner 1993). During
normal motor behaviour the weakest and slowest units are those most easily recruited
and the strongest ones are mainly employed for short lasting periods of forceful
contractions (Henneman and Mendell 1981). Both recruitment and rate gradation are
strictly linked to the excitability of motoneurons.

‘The size principle’ has been the first attempt to relate variations in motoneuron
excitability to the variation in muscle unit tension (Henneman and Mendell 1981).
The rationale is that, since smaller motoneurons possess less surface area, their higher
input resistance requires less synaptic input to initiate action potentials. According to
the ‘size principle’, the motoneuron pool should consist of a relatively large number
of small neurons that innervate many low-tension units and a successively decreasing
number of larger motoneurons that innervate fewer high-tension fibres (Henneman
and Mendell 1981). Available evidence is, however, not consistent with the wide and
skewed distribution of motoneuron size implied by this description. The soma
diameter appears to be normally distributed (Curtis and Appenteng 1993; Ulfhake and
Kellerth 1983), even if a study has demonstrated that the dendritic trees of
motoneurons projecting to fast- twitch muscle units are relatively more extensive than
those of motoneurons projecting to slow-twitch units (Gustafsson and Pinter 1934).
As an alternative, variation in motoneuron excitability required for recruitment may
be due to differences in intrinsic membrane properties unrelated to motoneuron size.
Moreover, the rate gradation would be fully dependent on multiple conductances
participating in the control of the resting and active state of motoneurons. Specific
inputs, connections with the neighbouring neurons, and characteristic morphology
introduce further complexity into the control of neurone behaviour. The difference in
spike generating apparatus between motoneurones innervating fast and slow muscle
units has been demonstrated (Burke and Nelson 1971; Fleshman et al. 1981; Kernell
and Zwaagstra 1980). Also has been established that the twitch contraction time is
well correlated with the duration of the motoneuron post-spike afterhyperpolarization
(AHP) (Pinter et al. 1983; Zwaagstra and Kernell 1980).

High initial firing rates (with instantaneous frequencies of 50-300 Hz) have been seen

in spinal motoneurons during motor behaviour (Hoffer et al. 1987; Kirkwood and




Munson 1996; Kudina and Alexeeva 1992; Zajac and Young 1980). Initial firing at
high frequency may permit motoneurons to generate extra force at the onset of a
contraction (Hennig and Lomo 1987), which overcomes inertia. When near maximal
force is reached in some motor units, the fast decrease in frequency (initial phase of
adaptation) may prevent excessive discharge (Burke and Nelson 1971; Zajac and
Young 1980). On the other hand, the late phase of adaptation can be matched to the
progressive increase in twitch contraction time that occurs during prolonged
contractions and allows motor units to maintain a given force level with a
progressively decreasing activation rate (Bigland-Ritchie and Woods 1984; Bigland-
Ritchie et al. 1983). Matching the progressive decrease in motoneuron discharge rates
with the increase in motor unit contraction time has been suggested to be a strategy to
optimise force production in the presence of fatiguing conditions (Enoka and Stuart
1992: Kernell and Monster 1982; Spielmann et al. 1993).

In some motoneurons plateau-like firing appears during fictive locomotion (Hochman
et al. 1994; Schomburg and Steffens 1996) or tonic contractions associated with
postural control (Kiehn and Eken 1997). Long-lasting plateau potentials are
preferentially found in motoneurons with low thresholds for spike initiation and slow
axonal conduction velocity, which underlie most postural tasks (Lee and Heckman
1998a,b). The threshold for somatic activation of plateau potentials in cat spinal
motoneurons is lowered by tonic excitatory afferent input, thus, plateau potentials
under normal circumstances could play a role in amplifying the recruitment step rather
than generating bistable behaviour (Bennett et al. 1998a). Another possible role of
plateau potentials is to reduce the need for a steady synaptic drive during maintained
postural muscle contraction (Kiehn and Eken 1998). Plateau generation in cat spinal
motoneurons exhibits the phenomenon of "warm up", a progressive lowering of
threshold fofr plateau activation with repeated activation (3- to 6-s intervals) (Bennett
et al. 19981:;)).'P1ateau warm up may represent a form of short-term plasticity in
motoneurons that ensures an increased motoneuronal output during repetitive
movements, for example, locomotion.

Both in vivo and in vitro investigations of HMs have provided a wealth of information
about the uhderlying electrophysiological parameters, including passive membrane
properties at different postnatal stages of development (Berger et al. 1996; Viana et al.
1994), functional characteristics of synapses and their modulation by second

messenger systems (O'Brien et al. 1997; Umemiya and Berger 1995b), and various




voltage-dependent conductances (Bayliss et al. 1995; Umemiya and Berger 1994b;

Viana et al. 1993a,b).

The activity of HMs is controlled by many inputs including those from related centers

in the medulla such as the respiratory and swallowing centers (Lowe 1981; Smith et

al. 1991). However, how these inputs are integrated within the nXII is still

unanswered. Although the tongue is capable of highly organized and delicate
movements, the present neurophysiological knowledge of this system does not yet

allow a mechanism-based reconstruction of these precisely coordinated events.

2. BASIC INTRINSIC PROPERTIES OF HMS

The combination of specific types of voltage and ligand activated membrane
conductances, their density and localization in certain CNS neurons creates
characteristic firing behaviour (Hille 1992; Llinas 1988; Storm 1990). Neuronal
membrane properties may be altered during normal development by the removal or
addition of channel types (Desarmenien et al. 1993; Spitzer 1991) or as a result of
modulation of existing ion channels by neurotransmitters (Nicoll 1983).

To understand the basic properties controlling the firing behaviour of HMs thus
requires detailed description of the various voltage-dependent currents of these cells.
As shown below, data are available for certain motoneurons but a quantitative

analysis of HM currents is still incomplete.

2.1. Action potential and Na™ currents

Like all motoneurons, HMs fire AP sensitive to TTX (Haddad et al. 1990; Mosfeldt-
Laursen and Rekling 1989; Schwindt and Crill 1982; Viana et al. 1993a; Walton and
Fulton 1986; Yarom et al. 1985). Studies using sharp electrode recording have
demonstrated that adult HMs have an AP lasting 0.6 ms, which is significantly shorter
than the AP duration (1 ms) in newborn HMs (measured at midhei; Haddad et al.
1990; Mosfeldt-Laursen and Rekling 1989; Viana et al. 1994, 1995), while spike
height (60 to 90 mV) does not vary significantly between neonatal and adult HMs .
These values are in the range of those estimated for vagal, facial, trigeminal, and
spinal motoneurons (Chandler et al. 1994; Schwindt and Crill 1982; Walton and
Fulton 1986; Yarom et al. 1985).

The fast rising AP in motoneurons is mediated by a fast inactivating, TTX-sensitive

Na* current (In.) (Barrett and Crill 1980; Sah and McLachlan 1992; Takahashi 1990).




However, the voltage dependence and kinetics of activation of Na' current in
motoneurons is difficult to study with conventional microelectrodes or with patch-
clamp pipettes in whole-cell configuration, because of the complicated structure and
long processes of such cells. Their membrane charging is slow so as obtaining good
“space and voltage clamp” is difficult. If Iy, appears to activate abruptly at potentials
around —50 mV (Takahashi 1990), this observation demonstrates its escape from
voltage and space clamp. Until now few data about the kinetics of macroscopic Iy, in
motoneurons of a slice preparation have been available.

Two-electrode voltage-clamp recordings from spinal motoneurons have revealed that
somatic In, activates and inactivates rapidly (inactivation time constant, = 0.1-13
ms) and exhibits steady-state inactivation which varies with membrane potential
(Barrett and Crill 1980).

Single channel recordings have demonstrated that the somatic membrane of neonatal
rat spinal motoneurons has TTX sensitive, 14 pS conductance channels (Safronov and
Vogel 1995). Activation of ensemble averaged Iy, occurs between -60 and -20 mV
(half-activation at ~39 mV with slope factor of 6 mV). Inactivation kinetics have been
fitted by a single exponential function ( ~1-4 ms) with a half-inactivation potential of
-82 mV (slope factor ~10 mV). The time course of recovery from inactivation at —80
mV potential has been fitted with two exponentials with time constants of 16 ms and
154 ms, suggesting that control of firing frequency in motoneurons may be affected
by recovery time from Na® channel inactivation.

Another type of Na' current, a persistent noninactivating Na™ current (Inap), has been
found in CNS neurons (Crill 1996) and has been confirmed to be present also in adult
ocular, facial and trigeminal motoneurons (Chandler et al. 1994; Nishimura et al.
1989; Re;kling and Mosfeldt Laursen 1989). As Ingp activates below spike threshold, it
would aéécelerate subthreshold membrane depolarization up to spike threshold and/or

would sustain spontaneous firing.

2.2. Spike after-potentials, K*, and Ca’* currents

2.2.1. After-potentials and their characteristics. Repolarization of AP is mediated by
inactivation of Na* channels and activation of several K channel types (McLarnon
1995; Rudy 1988; Storm 1990). Since these K* channels have different voltage

dependences and kinetic properties, they generate the spike afterpotentials usually




seen in motoneurons (Chandler et al. 1994; Gueritaud 1988; Haddad et al. 1990;
Nishimura et al. 1989; Sah and McLachlan 1992; Viana et al. 1993a,b; Walton and
Fulton 1986; Zhang and Krnjevic 1987; Yarom et al. 1985).

An intracellularly evoked AP of neonatal HMs is usually followed by an
afterhyperpolarization (AHP) consisting of two phases (Viana et al. 1993a,b). The
first phase is short lasting (<5 ms) and is a continuation of the repolarization of AP
(fast AHP or fAHP). The second phase peaks ~20 ms after the AP and lasts ~100- 200
ms (medium AHP or mAHP). A slow AHP appears after a train of APs (Haddad et al.
1990; Viana et al. 1993b). fAHP and mAHP are separated by a short lasting
afterdepolarization (ADP). Analogous afterpotentials have been seen in facial, ocular,
and trigeminal motoneurons (Chandler et al. 1994; Gueritaud 1988; Nishimura et al.
1989), while vagal motoneurons exhibit a slow AHP (lasting ~1s) after a single AP
(Sah and McLachlan 1992; Yarom et al. 1985).

Both fAHP and mAHP of HMs strongly depend on extracellular K" concentration
even if fAHP reverses at more positive membrane potential (-63 mV) compared to the
reversal potential of mAHP (-89 mV; Viana et al. 1993b). Bath application of a low
dose of TEA (1 mM) to neonatal HMs produces a clear prolongation of the AP (by
~90%) and block of the fAHP (Viana et al. 1993b). Increase in TEA concentration to
10 mM further prolonges the AP (by ~300%; Haddad et al. 1990; Mosfeldt-Laursen
and Rekling 1989; Viana et al. 1993b). In contrast, the mAHP remains unchanged or
even enhanced (Viana et al. 1993b). Another widely used blocker of K* channels, 4-
AP (0.1-0.5 mM), also causes prolongation of the AP (Viana et al. 1993b). Replacing
extracellular Ca®*" with Mn>" significantly, albeit weakly, increases spike duration (by
~15%) and almost completely blocks the mAHP (Mosfeldt-Laursen and Rekling
1989; Viana et al. 1993b; Umemiya and Berger 1994a). The bee venom apamin also
completely blocks mAHP (Viana et al. 1993b). This result is in contrast with the
finding of Haddad et al. (1990) that mAHP was not affected by Co*" or apamin.
Similar pharmacological effects (prolongation by TEA and 4-AP of AP, moderate
effect of Ca>" influx block on AP duration, and effective blocking of mAHP by
apamin and Ca®" channel blockers) have been found in other cranial and spinal
motoneurons (Chandler et al. 1994; Hounsgaard et al. 1988b; Nishimura et al. 1989;
Shwindt and Crill 1981; Takahashi 1990; Zhang and Krnjevic 1987). The AP of vagal
motoneurons is prolonged by charybdotoxin (Sah and McLachlan 1992).
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This pharmacological profile suggests that several K currents like delayed rectifier
(Ixkpr), transient outward (Is), and Ca?t-activated K* currents (Ic, Iapp) participate in
the shaping of AP and its afterpotentials in motoneurons like in other central neurons
(Llinas 1988; McLarnon 1995; Rudy 1988; Storm 1990).

2.2.2. Ixpr. A delayed rectifier type outward K' current sensitive to TEA and
activated by depolarization, with activation kinetics slower than that of In,, has been
identified in spinal motoneurons (Barrett et al. 1980). Ninety % activation occurs
within 5 ms while deactivation has a time constant of 2-4 ms.

Single K* channels of the delayed rectifier type (DR-channels) have been observed in
patches from the soma of neonatal spinal motoneurons (Safronov and Vogel 1995).
They have a ~10-pS channel conductance (in normal Ringer solution), activate
between -70 and 0 mV (with half activation of -44 mV and slope factor of 8.5 mV),
and deactivate slowly (60 ms T at 60 mV). However, no selective blocker of these
channels has been demonstrated, since TEA, 4-AP, and dendrotoxin all reduce unitary
currents in outside out patches (Safronov and Vogel 1995).

2.2.3. 1. A Ix-like outward K" current has been observed in spinal cord, trigeminal,
and vagal motoneurons (Hsiao and Chandler 1995; Safronov and Vogel 1995; Sah
and McLachlan 1992; Takahashi 1990). This current activates by depolarization,
inactivates during depolarization and recovers from inactivation by hyperpolarization
(Rogawski 1985; Rudy 1988; Storm 1990). 4-AP has been frequently used as a
selective blocker of this current (Rudy 1988). In trigeminal motoneurons (Hsiao and
Chandler 1995) bathed with low Ca?* and 20 mM TEA solutions I activates at -55 to
-60 mV, peaks within 5 ms and decays monoexponentially (6-8 ms 7). Half maximal
values for inactivation and activation are -72 mV (slope factor -6 mV) and =37 mV
(slope fa{ctor 7 mV), respectively. Bath application of 5 mM 4-AP suppresses this
current by approximately 90%.

In spinai motoneurons of neonatal rat, 5 activates between -60 and -20 mV (half
activation at —36mV with slope factor of 9 mV) and quickly inactivates (half maximal
at —87 with slope factor of =13 mV) with a time constant ~15-60 ms (Safronov and
Vogel 1995). Single channels have a conductance of ~19 pS in normal Ringer solution

and are blocked by both 4-AP and TEA (Safronov and Vogel 1995).
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A slower transient K current similar to Ip (Rudy 1988; Storm 1990) has been
observed in vagal motoneurons (Sah and McLachlan 1992), and it inactivates with T
of ~400 ms. _

2.2.4. I and Isp. Ca* -activated K* currents found in central neurons are the result of
activation of large (BK) and small conductance (SK) K* channels gated by a rise in
intracellular Ca®*, and, in the case of BK channels, also by voltage (Rudy 1988). Both
Ic and Iapp are present in motoneurons (Chandler et al. 1994; Hounsgaard et al.
1988b; Kobayashi et al. 1997; Krnjevic et al. 1975, 1979; McLarnon et al. 1995;
Mosfeldt-Laursen and Rekling 1989; Nishimura et al. 1989; Safronov and Vogel
1998 Takahashi 1990; Umemiya and Berger 1994a; Viana et al. 1993b).

In patches from cultured mouse motoneurons (McLarnon et al. 1995), BK channels
have large conductance (240 pS in symmetrical K™). Their activation has a sigmoidal
dependence on potential and their open probability is enhanced with increasing Ca**
concentrations. BK channels inactivate with time constant of 40 ms at low Ca*
concentration (0.5 uM) and are blocked by external TEA.

Unitary Ca**-activated K™ currents of the BK type in somatic membrane patches of rat
spinal motoneurons (Safronov and Vogel 1998) have a conductance of 82 pS in
normal Ringer solution and are activated by intracellular Ca*" and depolarization.
They activate rapidly (within 2-3 ms at 450 mV), do not inactivate with 100 uM
internal Ca>", and are blocked by external TEA and charybdotoxin.

Tagp is a Ca’*-activated, voltage-independent K current blocked by apamin and is the
dominant conductance underlying medium and slow afterhyperpolarizations in
motoneurons (Chandler et al. 1994; Sah and McLachlan 1992; Viana et al. 1993b;
Zhang and Krnjevic 1987).

Unitary single channel currents from SK channels have been detected in the
membrane of mouse motoneurons in culture (McLarnon et al. 1995). These unitary
currents have a ~18-pS conductance and a 3.5-ms mean open time. The mean open
time does not change when the patch is depolarized, thus indicating little or no
voltage dependence of kinetic behaviour.

2.2.5. Ca®" currents. At least six types of voltage-gated Ca** channels (L, N, P, Q, R,
and T types) are expressed in CNS neurons generating two types of macroscopic Ca**
currents (Randal and Tsien 1997; Tsien et al. 1991). One referred to as HVA Ca*

current activates at high voltages and is apparently non inactivating. The second one




is transient and activates at low voltage (LVA Ca" current; Randal and Tsien 1997;
Tsien et al. 1991).

Ca®* currents participate in the shaping of the AP and its afterpotentials directly and
indirectly. Influx of Ca®" activates BK and SK channels (McLarnon 1995). The ADP
seems to be the direct expression of Ca** conductances in HMs, since this hump
depolarization during spike repolarization is more prominent in high extracellular
Ca2* solutions (4-8 mM) and is abolished when Ca®" is replaced with Mn** (Viana et
al. 1993a). Moreover, HMs are able to generate Ca ** dependent spikes in the presence
of TEA and/or TTX (Mosfeldt Laursen and Rekling 1989; Viana et al. 1993a).
Pharmacological dissection has demonstrated that ADP results from activation of both
LVA and HVA currents, while mAHP is dependent on HVA Ca®" channels
(Kobayashi et al. 1997; Umemiya and Berger 1994a; Viana et al. 1993b).

The pharmacological and single-channel properties of motoneuronal Ca®™ channel
subtypes have been investigated in detail in neonatal HMs -(Umemiya and Berger
1994a, 1995a). Three types of high-voltage-activated (HVA; L, N, and P type) and
one type of low-voltage-activated (LVA; T type) Ca** channel types are present in the
membrane of HMs (Umemiya and Berger 1994a), with single-channel conductances
(with 110 mM Ba®" as charge carrier) of 28 pS (L type), 14 pS (N type), 20 pS (P
type), and 7 pS (T type). L- and P-type channels do not inactivate, whereas T- and N-
type channels do (t= 20 and 58 ms, respectively).

Voltage clamp recordings of macroscopic Ca® currents in HMs have revealed the
transient (LVA) and persistant (HVA) components (Bayliss et al. 1995; Umemiya and
Berger 1994a). The total Ca®" current reaches its peak relatively slowly in 19 ms and
inactivates during depolarization with a time constant of 30 ms at -40 mV, while at O
mV these values are 7 and 730 ms, respectively (Umemiya and Berger 1994a).
Pharmac%blogically isolated LVA current peaks at 14 ms (at -40 mV) and at 8 ms (at 0
mV), whiile inactivation time constant is 36 ms at 0 mV. Half activation voltage is —29
mV, while half inactivation potential is —62 mV for the currents activated at —40 mV
(Umemiya and Berger 1994a).

Spinal and facial motoneurons also have HVA and LVA Ca*" channel types in their
somatic membrane (Hounsgaard and Mintz 1988; Mynlieff and Beam 1992; Plant et
al. 1998). However, the HVA P-type channel is absent in the somatodendritic
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membrane of facial motoneuron, and a novel type (Rgoy) carries a major component

of the total HVA Ca®* current (Plant et al. 1998).

2.3. Repetitive firing

2.3.1. Frequency-current relation. When a HM is stimulated by a just suprathreshold
current, it discharges at a minimum rate of steady firing (Mosfeldt-Laursen and
Rekling 1989; Viana et al. 1995). A further increase in current intensity causes an
increase in steady discharge rate with a linear frequency-current relation (f-I). The f-I
has been shown to be composed by two linear ranges in spinal motoneurons
(Baldissera and Gustafsson 1974b; Kernell 1965b; Schwindt 1973). The first one
(from minimal firing frequency upwards) is referred to as ‘primary range’. At high
firing rates the f-I curve deviates in an upward direction, indicating that the cell
becomes more sensitive to changes in excitatory input. Firing at these higher rates has
been referred to as ‘secondary range’ (Baldissera and Gustafsson 1974b; Kernell
1965b; Schwindt 1973). In cat lumbosacral motoneurons, the secondary range starts
when steady-state firing reaches ~50 spikes/s, with a slope 2-6 times that of the
primary range (Kernell 1965b). HMs and many other cranial motoneurons (for
example facial, trigeminal, and phrenic) lack the secondary range at steady state, with
a linear f-I relationship over the entire firing range (Jodkowski et al. 1988; Moore and
Appenteng 1990; Mosfeldt-Laursen and Rekling 1989; Nishimura et al. 1989). HMs
exhibit minimal firing rate in the range 10- 20 spikes per second with a firing slope of
~30 Hz/nA and ~15 Hz/nA for neonatal and adult HMs, respectively, as calculated
from f-I relations of steady-state firing (Haddad et al. 1990; Mosfeldt-Laursen and
Rekling 1989; Nunez-Abades et al. 1993; Sawczuk et al. 1995; Viana et al. 1993b,
1995). Similar values have been found for facial and trigeminal motoneurons
(Chandler et al. 1994; Nishimura et al. 1989).

2.3.2. Spike frequency adaptation. In general, motoneurons fire with high frequency
only for a brief initial period just after the abrupt onset of stimulation. After that there
is a rapid decline in firing rate (initial adaptation; Granit et al. 1963; Kernell 1965a,b).
Often an initial doublet (two spikes at short interval (<20 ms)) at the onset of a long
current pulse occurs, which is part of the initial adaptation phase (0.5-1 s) during
which the firing frequency drops sharply, and is followed by a phase of slow
frequency decline referred to as ‘late adaptation’ (0.5-1 min; Kernell 1965a; Kernell

and Monster 1982).
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Adult HMs exhibit three adaptation phases (Sawczuk et al. 1995, 1997). The initial
phase is linear in time, lasts tens of milliseconds, and is complete after the first few
spikes. The early and late phases of adaptation can be described by two exponentials
with mean time constants of 250 ms and 20 s, respectively (Sawczuk et al. 1995,
1997).

In contrast to adults, neonatal HMs do not show strong spike frequency adaptation
(Viana et al. 1993b). An extensive study of repetitive firing in neonatal HMs has
revealed three groups of cells which differ in their type of firing pattern (Viana et al.
1995). In about 40% of neonatal HMs, the discharge rate is maximal at the beginning
of a constant current step, after which it declines to steady-state. Most of the decline
occurs during the first 200 ms, but, after this early adaptation, firing frequency
continues to drop albeit at a slower rate. In 20% of neonatal HMs a completely
different’discharge pattern is observed in response to a constant current step (Viana et
al. 1995). In these HMs the first interspike interval is the longest one as neurons show
progressive acceleration to steady-state firing rate. In 25% of recorded neurons the
accelerating phase is followed by adaptation. Among the remaining cells 8% show no
firing frequency modulation at all and 8% have complex firing patterns (Viana et al.
1995). mAHP decreases in amplitude during the trains of APs in accelerating HMs,
while the same trains cause mAHP amplitude to increase in HMs with spike
frequency adaptation. Progressive AP prolongation during repetitive firing is observed
in adapting HMs (Viana et al. 1995).

The mechanisms involved in the spike frequency adaptation are still not clear. It has
been proposed that an increase in the magnitude and duration of spike AHP
contributes to the initial adaptation (Baldissera et al. 1978; Barrett et al. 1980; Viana
et al. 199?), which is dependent on Ca** entry (activating Iapp) during the first few
spikes (S a‘zwczuk et al. 1997). However, block of Ca”" influx does not entirely abolish
initial ada%ptation. Late adaptation is also not abolished by Ca”* channel blockers; it
actually increases with these treatments (Sawczuk et al. 1997; Viana et al. 1993b),
indicating that a number of Ca**-independent mechanisms contribute to late
adaptatior{. Spike duration lengthening and spike amplitude decrease during repetitive
firing (Viéna et al. 1995) indicate some AP conductance changes during maintained
firing. These changes may be achieved by progressive increase/decrease in an

outward/inward current, an issue not yet resolved in HMs.
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2.3.3. Bistable firing. Some motoneurons show an ability to generate repetitive firing
that outlasts the current injection (Conway et al. 1988; Crone et al. 1988; Eken et al.
1989; Hounsgaard et al. 1986, 1988a; Hsiao et al. 1998; Lindsay and Feldman 1993;
Schwindt and Crill 1980a). Plateau potentials underlie this behavior, which can be
elicited in motoneurons by either short trains of excitatory synaptic input or current
injection. In most motoneurons, plateau potential is a property unmasked by
neuromodulators, such like glutamate (acting through metabotropic glutamate
receptors), 5-HT, norepinephrine, and dopamine (Conway et al. 1988; Crone et al.
1988; Delgado-Lezama et al. 1997, Hounsgaard et al. 1988a; Hsiao et al. 1998;
Svirskis and Hounsgaard 1998). An HVA Ca®* current, possibly located in the
dendrites, is the proposed ionic mechanism for generation of these plateau potentials
in motoneurons (Hounsgaard and Kiehn 1989, 1993; Hsiao et al. 1998; Lee and
Heckman 1996). Perturbations of the balance between inward and outward currents
by neurotransmitters, which may decrease outward K* currents, can lead to plateau
potentials and bistable membrane behavior by uncovering inward HVA Ca®" currents
(Delgado-Lezama et al. 1997; Hounsgaard et al. 1988a; Svirskis and Hounsgaard
1998).

Other mechanisms may also produce plateau potentials. Motoneurons in the nucleus
ambiguus have a Ca**-activated Na® current that produces prolonged firing in
response to brief afferent input or current injection (Partridge et al. 1994).

Plateau potentials have been observed in adult HMs in artificial conditions (Mosfeldt-
Laursen and Rekling 1989). Addition of Ba®* and Cs*, known to block K currents,
unmask a plateau potential outlasting the current step. This plateau persists in TTX
solution, thus suggesting that a slow inward current probably produced by Ba* flow
through Ca®* channels is responsible (Mosfeldt- Laursen and Rekling 1989).
Interestingly, in motoneurons of prepositus hypoglossus (ocular motor nucleus) the
TTX-sensitive plateau potential is evoked in the presence of Cs* and Co** (Rekling

and Mosfeldt Laursen 1989).

2.4. Active and passive membrane properties below AP threshold

2.4.1. V. and Ri,. The resting membrane potential (Vi) and input resistance (Rj,)
of HMs have been estimated to be in range —63 to =73 mV and 13-85 ML,
respectively (Haddad et al. 1990; Mosfeldt-Laursen and Rekling 1989; Nunez-Abades
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et al. 1993: Sawzcuk et al. 1995; Viana et al. 1994, 1995). These measurments have
been done using sharp intracellular electrodes. It has been demonstrated that using
patch pipettes leads to higher values of Vi and Rj, (Spruston and Johnston 1992;
Staley et al. 1992). This difference has beén proposed to be due to electrode induced
leak, which is larger with sharp electrodes. Average Vg and R, of HMs measured
with a patch pipette are -64 mV and 129 MQ, respectively (Robinson and Cameron
2000). Ri, tends to increase during the recording time, perhaps because of a
significant washout of intracellular mediators controlling ion permeability.

These Ve values suggest that main factor controlling the resting state of the
membrane is K permeability. The relative contribution by Na®, K, and CI" leak
conductances to spinal motoneurons has been estimated as gna/gx = 0.13 and go/gk =
0.25 (Forsythe and Redman 1988). Active ionic currents, such as the
hyperpolarization-activated inward current (I), inward rectifier K* current (Igr), Ia,
Ic, and Iapgp may also contribute to Ve (Bayliss et al. 1994b; Hsiao and Chandler
1995; Krnjevic et al. 1975; Talley et al. 2000; Topert et al. 1998).

2.42. I, A common membrane property of many central neurons is inward
rectification, namely a conductance increase upon hyperpolarization from Viest (Hille
1992). Two general types of inwardly rectifying currents have been described. One
type referred to as Iy is a slowly activating, non-inactivating, nonspecific cationic
current with reversal potential more depolarized than resting membrane potential
(Pape 1996). Ty has been found in HMs as well as in some other motoneurons
(Aghajanian and Rasmussen 1989; Barrett et al. 1980; Bayliss et al. 1994a; Chandler
et al. 1994: Mosfeldt-Laursen and Rekling al. 1989; Nishimura et al. 1989; Takahashi
1990). In HMs I, has relatively slow activation kinetics (~100-400 ms), a reversal
potential positive (~40 mV) to resting membrane potential, and is blocked by Cs*
(Bayliss et al. 1994a). This current underlies the time dependent depolarizing “sag” or
rebound e?vident in voltage responses to hyperpolarizing current pulses, which (in
combination with Ca?* currents) may even generate APs (Bayliss et al. 1994a;
Mosfeldt-Laursen and Rekling 1989; Nunez-Abades et al. 1993; Viana et al. 1993a,
1994). I Emay be partially active at rest, thereby contributing to resting membrane
potential (Bayliss et al. 1994a). The AHP or a hyperpolarizing inhibitory synaptic
input can activate l,, which in turn can shorten these hyperpolarizations, thus

stabilizing the membrane potential.
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2.4.3. Ixmr. Another class of inwardly rectifying current, Igr, has a more
hyperpolarized range of activation, faster kinetics, much greater sensitivity to Ba®
and is selectively mediated by K* (Hille 1992; Rudy 1988). In some neurons I is
active at resting membrane potential, giving rise to a steady outward current, which is
in balance with the leak inward current. When the membrane is relatively
unperturbed, this equilibrium ensures that the membrane potential is stable near Eg.
However, if the membrane is depolarized, Ixr deactivates, thus releasing the
membrane to depolarize further.

Recently, several novel inwardly rectifying K* channels (Kiry |, Kirs,, Kirp4, GIRK1-
3) have been identified in HMs (Topert et al. 1998). In neonatal HMs, block of Ikin2
and Igi.4 by extracellular Ba>" leads to depolarization and firing, suggesting that these

and related conductances contribute to motoneuronal resting membrane potential.

2.5. Modulation of HMs

2.5.1. Inputs to hypoglossal nucleus (nXII). Sensory information from several muscles
is relayed to the nXII through other nuclei. Information from mastication muscles
reaches the nXII via the trigeminal mesencephalic nucleus (Raappana and Arvidsson
1993). Afferent information from other peripheral sensors enters the brain stem
through vagal, glossopharyngeal, and accessory nerves and is conveyed to the nXII
via premotor neurons in the nucleus of the solitary tract (Beckman and Whitehead
1991; Borke et al. 1983; Lowe 1981; Travers and Norgren 1983). A third major
sensory afferent input to the nXII is from the spinal trigeminal complex (Borke et al.
1983; Travers and Norgren 1983). The largest concentration of hypoglossal premotor
neurons is ventrolateral and dorsolateral within the medullary reticular formation
(Borke et al. 1983; Dobbins and Feldman 1995; Travers and Norgren 1983). A
smaller number of premotor neurons upstream to the nXII are located in pontine
nuclei, periaqueductal gray of the midbrain, periambigual region, and gigantocellular
reticular nucleus (Dobbins and Feldman 1995; Li et al. 1997; Ono et al. 1994; Takada
et al.1984; Travers and Norgren 1983; Yang et al. 1995).

Some premotor neuron groups projecting to the nXII are involved in dedicated motor
tasks. The central subnucleus of the solitary tract contains the pattern generator for
swallowing and conveys direct synaptic information to HMs and related motoneurons

(Amri and Car 1988; Barrett et al. 1994). The pre-Botzinger complex, a respiratory
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rhythm generating region in brainstem, has direct contact with HMs (Funk et al. 1993;
Smith et al. 1991).

Thus, HMs are the target for various transmitters (amino acids, amines, peptides). The
largest part of premotor neurons are GABAergic, glycinergic, or glutamatergic (Li et
al. 1997). Glutamate, GABA, and glycine acting on ionotropic receptors mainly
participate in fast transmission of input signals. The modulation of glutamatergic
transmission on HMs has been extensively studied (Bellingham and Berger 1994,
1996; Singer et al. 1996). However, the role of glutamate as well as glycine and
GABA on synaptic integration and interaction with intrinsic membrane properties of
HMs are still poorly investigated (Poliakov et al. 1996, 1997). Establishing of the role
of glutamate in synaptic signaling is complicated, due to the presence of both
jonotropic (NMDA and non-NMDA types) and metabotropic receptors (mGIuR) on
HMs (Hay et al. 1999; Martin et al. 1993; Monaghan and Cotman 1985; Shaw et al.
1992). However, the functional role of NMDA, non-NMDA, and mGluR activation
remain unknown. Both glycine and GABA activate Cl” permeable channels (O'Brien
and Berger 1999; Singer et al. 1998), thus producing inhibitory action on HMs. No
study has been centered to distinguish the consequence of these two receptor
activation on HMs excitability.

Noradrenergic input to the nXII comes from neurons in three pontine regions, nucleus
subcoeruleus, A7 and A5 cell groups (Aldes 1990; Aldes et al. 1992). The raphe
pallidus, obscurus, and magnus are the main regions containing 5-HT-positive
neurons projecting to the nX1II (Li et al. 1993; Manaker and Tischler 1993; Manaker
et al. 1992). The raphe nuclei also contain premotor neurons positive for several
neuropeptides. Substance P-like immunoreactive neurons projecting to nXII are in the
caudal raphe and Met-enkephalin-like immunoreactive premotor neurons are in the
caudal ra]ji‘)he and medial reticular formation (Henry and Manaker 1998).

2.5.2. Mofdulation of HMs by metabotropic receptors. Activation of metabotropic
receptors may modulate input signals (via presynaptic targets) as well as intrinsic
membrane properties, thus determining the generation of output signals. Activated
metabotrépic receptors initiate second messenger cascades that may have multiple
effects, many of which can utilize the same signal transduction mechanisms, or affect
the same target, such as a specific type of channel (Hille 1992).

The modulation of HMs by activation of norepineprine (NE) and serotonin (5-HT) has
been investigated (Bayliss et al. 1995; Berger et al. 1992; Parkis et al. 1995; Talley et
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al. 1997). Both NE and 5-HT acts directly by depolarizing HMs (Berger et al. 1992;
Parkis et al. 1995; Talley et al. 1997). In addition, 5-HT markedly reduces mAHP,
presumably via a reduction in N- and P-type Ca®" currents (Bayliss et al. 1995; Berger
et al. 1992). A presynaptic reduction of glutamatergic and glycinergic synaptic
transmission by activation of 5-HTp receptors has been ‘observed (Singer et al. 1996;
Umemiya and Berger 1995b). The increased excitability of HMs by NE and 5-HT is
compatible with the fact that release of NE and 5-HT is increased during the normal
waking state (Jacobs and Azmitia 1992) and make these neurons ready to respond to
excitﬁtory input. On the contrary, HMs become more resistant to the same input
during sleep when NE and 5-HT release is decreased.

In the CNS the action of ACh, liberated at cholinergic synapses, is mediated by
muscarinic and nicotinic receptors. Activation of muscarinic receptors can result in
either excitation or inhibition due to modulation of ongoing currents. Although this
mechanism is indirect and slow, it can still be a powerful effect, because of
background K* and CI” currents. HMs use ACh as their muscle transmitter, but they
also possess high levels of muscarinic receptors as revealed by autoradiographic
studies (Rotter et al. 1979; Walmsley et al. 1981). The medullary reticuler formation
is a likely source of cholinergic input to nXII (Connaughton et al. 1986). The
cholinergic terminals lack conventional postsynaptic specializations (Connaughton et
al. 1986). These findings suggest a direct action of ACh on HMs, although studies
demonstrating this effect are lacking. A presynaptic reduction by carbachol and
muscarine of glutamatergic transmission on HMs has been reported (Bellingham and

Berger 1996).

3. SIMULATION STUDY OF MOTONEURON PROPERTIES

3.1. Modelling as tool for neuron investigation

Membrane conductances are usually characterised by protocols designed to describe
them using a combination of electrophysiological, pharmacological and kinetic tools.
However, all these experimental approaches have limitations. For example,
sensitivities to various drugs and the time scale for activation/inactivation may
overlap amongst different conductances. Even in the ideal case of a totally selective
pharmacological block of a certain conductance, data should be interpreted with
caution, since neurons can utilise various mechanisms to compensate for the lack of

such a conductance. Computer simulations of neuronal activity can thus provide a
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useful adjunct to experimental work, as they offer the reconstruction of integrated
electrical behaviour and predict certain properties.

Hodgkin and Huxley introduced a remarkably successful quantitative description of
action potentials (Hodgkin and Huxley 1952). The success of the Hodgkin-Huxley
(HH) model of the squid axon has been due to the system simplicity, as its
components (Na* and K* conductances) have been well separated and parameters
have been easily evaluated from voltage clamp experiments. More recent techniques
revealed that the assumptions of the HH model were essentially correct if
reinterpreted in the light of current knowledge about ion channels (Hille, 1992) and
remain the most widely used description of voltage-dependent conductances (Borg-
Graham 1998). Extension of HH model to neurons leads to several complications
(large number of conductances, difficulties in isolating them, imperfect space and
voltage clamp). Moreover, there is increasing evidence that the simple HH kinetic
model is inadequate for certain neuronal currents, thus prompting a revision of kinetic

schemes (Clay 1998; Klemic et al. 1998; Schoppa and Sigworth 1998).

3.2. Motoneuron models

Several motoneuron properties have been studied using computer simulations
(Baldissera and Gustafsson 1974a; Baldissera and Parmiggiani 1979; Kernel and
Sjoholm 1972, 1973; Liischer and Larkum 1998; Powers 1993; Safronov et al. 2000).
Baldissera and Gustafsson (1974a), Baldissera and Parmiggiani (1979), Kernel and
Sjoholm (1972, 1973) have attempted to reproduce the firing adaptation pattern of cat
spinal motoneurons. They have included the Na' and K* conductances taken from
axon studies (Frankenhaeuser and Huxley 1964; Hodgkin and Huxley 1952) and have
adjusted_; them to fit motoneuron firing. In addition, the current underlying Ca*
sensitivé AHP has been modeled and included into the model motoneuron. In this way
spike f1‘équency adaptation affecting only the few first interspike intervals has been
reproduced. This result confirms the experimental finding that mAHP alone is not
able to produce all ranges of adaptation (Sawczuk et al. 1995, 1997; Viana et al.
1993b) ‘:and invites the search for other mechanisms involved in spike frequency
adaptatibn.

A motoneuron model has been developed to relate biophysical features of cat spinal
motoneurons to motoneuron discharge behaviour (Powers 1993). It has included

realistic voltage dependency for the K* currents and a low-threshold Ca** conductance




(found in o~ motoneurons of spinal cord) plus a function describing the threshold
change during repetitive firing as indeed observed in experiments (Barrett et all. 1980,
Schwindt and Crill 1980a,c, 1982). In this model an AP of fixed waveform occurs
whenever the membrane potential exceeds a specified threshold value. This
simplification speeds simulations, but, on the other hand, it could underestimate the
development of K™ and Ca”* conductances during the AP and the resulting changes in
AP shape. The model has been able to replicate some characteristics of repetitive
discharge behaviour of real motoneurons, such like first interspike and steady-state
frequency-current intensity (f-I) relations, relation between total membrane current
and membrane voltage (I-V), and bistable discharge of motoneurons.

Safronov et al. (2000) have simulated the generation of action potentials in the two
compartment spinal cord motoneuron by using experimental data on Na“ and K*
channel densities in the soma and in the remaining part of neuron (the axon and the
dendritic tree; Safronov et al. 1999; Wolff et al. 1998). This model confirms the
experimental observation that soma itself has low density of Na" channels and unable

to generate an AP.

4. AIMS OF THE STUDY

As discussed in the previuos sections, the motoneuron is one important cell model to
study patterns of normal motor behaviour and its dysfunctions. In particular, rat HMs
have recently attracted much attention due to their survival in in vitro conditions
which allow detailed studies of many cellular properties and mechanisms in a well
controlled experimental environment. Understanding their membrane conductances
and their interplay in generating repetitive firing may help to clarify the excitability
and operation of these cells and their special vulnerability to certain pathologies.

The aim of the present study was to investigate the mechanisms responsible for the
control of excitability of HMs, particularly the pattern of repetitive firing. For this
purpose the experiments were designed to isolate and characterize the membrane
voltage activated conductances. Further, the question how these currents control HMs
behavior and particularly their repetitive firing was addressed by means of

experiments performed under current clamp conditions and computer simulations.
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METHODS

1. Slice preparation and identification of the cells

Experiments were carried out using brainstem slices obtained from O to 9 day old rats.
Thin slices were prepared following the procedure described earlier by Viana et al.
(1994). The brainstem was isolated from neonatal rats and placed into modified ice-
cold Krebs solution (see below). A tissue block containing the lower medulla was
then fixed (with insect pins) onto an agar block inside a Vibratome chamber filled
with ice-cold Krebs solution (bubbled with 95% O,- 5% CO,) to obtain 200 pm thick
slices. Slices were first transferred to an incubation chamber for 1 h at 32°C under
continuous oxygenation and subsequently maintained at room temperature for at least
1 h before use.

Brainstem slices placed in a small recording chamber were viewed with an infrared
video camera to identify single HMs within the nXII. The nXII was clearly visible
through a Zeiss Axioscope microscope under x10 magnification. Magnification x40
allowed to visualize single HMs, which usually had fusiform soma with 1 to 3 major
dendrites. In some experiments neurobiotin (0.2%) was injected into HMs through the
recording patch pipette. The motoneurons so prepared had large soma (30- 60 pm
diameter) with 3-6 stem dendrites extended out into surrounding nXII. Motor axons

followed the route of the X1I cranial nerve and usually terminated as a black dot.

2. Solutions and drugs

2.1. Slice cutting and maintenance. For slice preparation and maintenance (mM):
NaCl 130, KCI 3, NaHCO; 26, Na,HPO, 1.5, CaCl, 1, MgCl, 5, glucose 10, L-
ascorbic acid 0.4 (290-310 mOsm).

2.2. Currenit clamp recordings. For current clamp recordings extracellular solution
[A] containéd (mM): NaCl 140, KCl 3, CaCl, 2, MgCl, 1, HEPES 10, glucose 10.
Patch pipette solution [B] contained (mM): K-methyl-SO4 110, KCI 20, NaCl 10,
MgCl, 2, HEPES 10, EGTA 0.5, ATP-Mg 2.

2.3. Ca“—dependent K* current voltage clamp recordings. The same solutions
(extracellular [A] and patch pipette [B]) as in current clamp experiments were used to

record Ca**-dependent K* currents.
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2.3. Voltage activated K* current voltage clamp recordings. For the voltage-activated
K" current recordings the same extracellular solution [A] as in current clamp
experiments was used. The patch pipette solution [C] contained (mM): K-gluconate
110, KC1 20, NaCl 5, MgCl, 2, CaCl, 1, HEPES 10, EGTA 10, ATP-Mg 2.

2.4. Voltage activated Na™ (Ina) current voltage clamp recording. Initial extracellular
solution [D] for recording of Iy, contained: cholineCl 60, TEACI 60, NaCl 20, KCl 3,
CoCl, 2, MgCl, 2, HEPES 10, glucose 10, 4-AP 5. In several experiments cholineCl
was replaced with NMDG 60 mM (solution [E]) or sucrose 120 mM (solution [F]) to
keep the same osmolarity. Several patch pipette solutions were used depending on the
experiment. Standard patch pipette solution [G] to record Iy, contained (mM): CsCl
120, NaCl 10, KCl 3, HEPES 10, EGTA 10, MgATP 2. High intracellular NaCl
solution [H] was similar to [G], except that NaCl and CsCl concentrations were 40
and 90 mM, respectively. In experiments with high Na®, the standard solution [A]
used in CC experiments was utilized, with added 20 nM TTX.

2.5. pH and osmolarity. All extracellular solutions were buffered to pH 7.4 with
NaOH or KOH and were adjusted to have osmolarity in the 300-310 mOsm range. All
patch pipette solutions were buffered to pH 7.2 with KOH or CsOH and were adjusted
to have osmolarity in the 280-290 mOsm range.

2.6. Liguid junction potential. All potential values were corrected off-line for the
liquid junction potential (Vj) between external and internal solutions (Barry and
Lynch 1991; Neher 1992). V; was measured with a 3 M KCl-agar bridge (Neher
1992) for all extracellular and patch pipette solution combinations used in
experiments and were as follows: between [A] and [B] (or [C]): 10 mV; between [D]
and [G]: 7.7 mV; between [E] and [G]: 4.5 mV; between [F] and [G]: 5.5 mV; and
between [F] and [H]: 4.4 mV.

2.7. Drugs. Ina was blocked by tetrodotoxin (TTX; 1-2 UM) in most voltage clamp
(VC) experiments. In some experiments QX-314 (5-10 mM) was added to the pipette
solution to block Iy, and I (Perkins and Wong 1995). Alternatively, CsCl (4 mM)
was added extracellularly to block Ty. Extracellular CaCl, was replaced by the same
amount of CoCl, (Ca-free-Co solution) or CdCl, (200 UM) was added to block Ca**
currents and Ca?* dependent K* currents. When TEA or 4-AP was added to the
recording solutioﬁ in concentrations larger than 5 mM, an equivalent concentration of

NaCl was removed. To minimize the interference from spontaneous synaptic activity,
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experiments were done in the presence of kynurenic acid (2 mM), strychnine (1 pM),
and bicuculline (10 pM). In all experiments drugs were applied via the bathing
solution (continuously superfused at 2-5 ml/min). Stock solutions of the agents were
made in distilled water and frozen in small vials (1 ml) volume. The final
concentration was obtained by dissolving an amount of ‘the stock into the recording
solution. When drugs were tested for their effects as blockers of certain K* currents
(under voltage clamp) or K" mediated conductances (under current clamp), usually
drugs were continuously applied for at least 5-10 min to achieve apparent equilibrium
conditions; thereafter, data were acquired and stored for further analysis.

The following drugs were used: muscarine chloride (muscarine); carbamylcholine
chloride (carbachol); atropine methylnitrate; apamin; 4-amino pyridine (4-AP);
tetracthylamonium, ~ chloride salt (TEACI); N-(2-aminoethyl) biotinamide
hydrochloride (neurobiotin); bicuculline methiodide (bicuculline); strychnine nitrate
(strychnine); 4-hydroxyquinoline-2  carboxylic acid (kynurenic acid); (¥)1-
aminocyclopentane-18,3R-dicarboxylic  acid ~ (t-ACPD); caffeine;  1-[(5-[p-
nitrophenyl]furfurylidene)—amino]hydantoin) sodium salt (dantrolene); ryanodine; N-

(2,6-dimethylphenylcarbamoylmethyl) triethylammonium bromide (QX-314).

3. Recording techniques

The conventional whole-cell patch-clamp recording technique (Hamill et al. 1981)
was employed. Briefly, with this technique, first described by Neher and Sakmann
(1976), a small heat-polished pipette is pressed against the cell membrane, forming an
electrical seal with resistance of the order of 50 MQ. The following gentle suction,
applied to the pipette interior, leads to the increase in seal resistance to 1-10 GQ. The
high resistance of so called “giga-seal” reduces the background noise and allows a
patch of membrane to be voltage-clamped without the use of an additional
microeleétrode.

An EPC-7 patch-clamp amplifier was used for voltage clamp experiments and,
alternatively, an Axoclamp-2B amplifier was utilized for current clamp experiments.
The first one was not suitable to current clamp experiments, since compensation of
pipette resistance was not available in current clamp operation mode. Moreover, it has
been shown that most of the amplifiers designed for voltage clamp experiments give

distortions in fast occurring events like action potential (Magistretti at al. 1996). For
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voltage clamp experiments patch electrodes had 3-5 MQ DC resistance while those
pulled for current clamp experiments had 10-18 MQ. Seal resistance was usually
higher than 2 GQ. After seal rupture series resistance, Rs, (5-15 MQ) was routinely
monitored and compensated (usually by 40%, range 20-60%) in voltage clamp
experiments. The voltage clamp recordings were performed only when R, stabilized
and the cells were chosen for analysis if changes in R, did not exceed 10%. For the
sample of cells used for measurements of K current kinetics and steady state
properties the average voltage error found at the largest depolarized potential
employed (+20 mV) was 7.2£0.5 mV (range 4.3-9.6 mV). For the Na®” current at
potentials where it was maximal (between 20 and 0 mV) the same voltage error was
441 mV (range 3.5- 5 mV). The maximal time constant of membrane voltage change
due to presence of Ry was 120 Us in experiments when Na" current was recorded and
150 ps when K* current were recorded. The bridge was balanced routinely in current
clamp experiments. Voltage and current pulse generation and data acquisition were
performed with a PC running pClamp 6.1 software. Currents elicited by voltage steps
were filtered at 3 kHz and sampled at 5-10 kHz.

Evoked synaptic currents. Excitatory postsynaptic currents were evoked by electrical
stimulation (5-100 V, 0.1-0.2 ms, 0.1-0.2 Hz) of the reticular formation lateral to the
border of nXII with an insulated bipolar platinum wire electrode. The stimulus
intensity was adjusted to have an evoked postsynaptic current of consistent amplitude

(100-200 pA). These experiments were performed in strychnine (1 pM) and

bicuculline (10 uM) to isolate glutamatergic inputs.

4. Data analysis.

Cell input resistance (R;,) was calculated from small (S mV or 10 pA) hyperpolarizing
voltage or current commands or from the linear portion of the I-V line (ramp test)
near the cell resting potential (Ves).

To quantify the spike AHP its peak amplitude (from baseline), area, time constants for
monoexponential rise and decay were measured. As these measurements are largely
influenced by membrane potential, the cell resting potential was kept at the same level
by intracellular current injection throughout the recording session.

To measure the amplitude and decay time constants of tail currents, these were fitted

with a mono or biexponential function. The initial 5 ms record after the end of the
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voltage step was discarded from fitting to avoid contamination by uncompensated
capacitance transients. Tail current amplitude was then obtained by extrapolating
fitted curves back to the end of the voltage step.

Sigma Plot and Clampfit software were used for exponential fitting of membrane

currents and for linear regression analysis of experimental data. Data are presented as

mean T+ standard error. Data were analyzed statistically using Student’s f-test or
ANOVA test. Significance was accepted when p< 0.05.

On- and off-line leak subtraction protocols were utilized in VC experiments described
below. On-line current leak subtraction was performed during the recordings of Ina
currents with the Clampex module of Pclamp6 acquisition program, which uses the
“p/N correction” protocol (Armstrong and Bezanilla 1974). Otherwise, off-line leak

correction was utilized using the procedure incorporated in Clampfit module.

5. Analysis of kinetic and voltage dependence of ionic currents
The voltage dependence of a conductance activation and inactivation was examined
by measuring the current peak conductance (gpeax) obtained by dividing the current

peak amplitude (I) by the driving force using the following equation:

*TV_E M

where g is conductance, I- current, V- membrane potential, and E,- current reversal
potential. Then gpeax Was normalized (Znorm) to the maximum conductance, gmax:

Znom values were plotted against membrane potentials to give the activation (or

o 8 peak

8 norm (2)

max

inactivatiépn) curve. These experimental points were fitted with the Boltzmann

equation, |
1
g.. (V) =i
-V ()
1+ exp(h}
s

where, V5 — the potential of half activation (inactivation) and s — the slope factor.
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Inactivation time constant (T,) was calculated from the current decay. At more
negative potentials T, was evaluated using two-pulse protocol as time constant of
recovery from inactivation.

Activation time constant (T,) was calculated in several ways.

1. From the exponential fit to the rising phase of Isow (20 to 100 % of the peak).

2. From the current time-to-peak for In, and Iggs. It has been demonstrated that when
the current reaches maximum (that is dI/dt=0; Bonifazzi et al. 1988):

3.7,
Z'p =1, -In 1+[—T—“j (4)

a

where t;, is the measured time-to-peak, T, — inactivation time constant evaluated from
the current decay, and T, is the activation time constant.

3. From exponential fitting of the tail current at hyperpolarized potentials, when the
first two procedures were not available.

Thus, estimated T, (T,) was plotted versus membrane potential and its voltage
dependence was obtained by fitting of experimental points with the following

expression:

1
B (A+V] (C+VJ
exp +exp 7

where A, B, C, D, and E are free parameters obtained from fitting procedures. Fitting

+E (5)

parameters used in the simulations are summarized in Table 1.

6. Computer simulation
6.1. Description of model. The HM was simulated by a single compartment model and
the principal equation for specifying how transmembrane voltage varied with time
was given by:

L av

—6— dt = Iinj - Ileak - INa - ]Kslow - IKfa-"I ’ (6)

n
where Cy, is the cell capacitance, t is time, Ii; is the injected current, and Lieae, Ina,
Iksiow, and Iggs represent leak, Na*, and two K currents. Ii.x was implemented in the

simulation by the following equation:
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1 .
]leak = E’T : (V - Eleak )’ (7)

where R, is the neuron input resistance agd Ejeax is the reversal potential for the leak
current. Kinetic models of the ionic currents were obtained by following methods
proposed by Hodgkin and Huxley (1952). In brief, the Na* current was assumed to
obey Ohm’s law and was described by:

m* h-(V=Ey), 8

where gnamax 1S constant and represents the maximum Na' conductance, m is the

INa = gNa,max

activation variable, h is the inactivation variable, and B, is the Na' equilibrium
potential. Variables m and h are functions of voltage and time and are expressed by

this general form:

m=m_ + (7710 —-m,_ ) GXP(" l"} (9)
T

m
where mg is the value of m at t= 0, m. is activation steady-state value, and Ty, time

constant. m.. and T, were obtained from the experiments as described in the previous

section. Change of m with the time was described by the following differential

equation:
fl_”l _ M.~ m_ (10)
dt T

m

Similar expressions were utilized for h, related to Iy, inactivation.

Tisiow and Ixgse were described as follows:

Kslow = g Kslow,max ’ i’l4 ' (V - EK) (1 1)
and
]Kfa.\'t = <igKﬂm,max “a: b- (V - EK )’ (12)

where gléslow,max and gxfsemax are maximal conductances underlying Ixsow and Ikfast
respectivély, n is Ixgow activation variable, a is Ikfast activation variable, b is Ikfast
inactivation variable, and Ex is K* equilibrium potential.

The Ina ?slow inactivation voltage dependence was taken from neocortical neuron
model (Fleidervisch et al. 1996). S, variable for this mechanism, was defined by:

0.001- exp(—%%:zj

0.001-exp =85V 1, 0.0034-| 1+exp -7V (13)
30 10

S =
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15 was 200 ms, that was near to values obtained experimentally from HMs.

Fast transient Na* and delay rectifier K™ conductances, were taken from respiratory
neuron model (Rybak et al. 1997) to create the model of fast spiking neuron.
Transient Na® and sustained K™ currents were expressed in the same way as Iy, and
Tsiow Of HMs in egs. (8) and (11), respectively. Activation and inactivation variables

m, h, and n were expressed through o and P, forward and backward reaction rates,

described by:
Y - 0.091-(V +38)
m = (‘V—ng (14)
1—exp
5
5 ~ ~0.062-(V +38)
m (V+38j (15)
1—exp
5
-V =55
o, —O.Ol6-exp(———i—5——-—j (16)
2.07
I+exp
oy = 0.01-(V +45)
n (_V*AI'SJ (18)
l—exp| ——
5
-V =50
=0.17 -exp| ——— (19)
B. p{ 0 j

6.2. Numerical methods. Most of the simulations were carried out with a home written
program using MatLab software run under Windows 95/NT operating system of PC
type computers. The Euler method with a fixed time step of 100 or 10 ps was used for
numerical simulations. Control simulations were run on Unix computers using an
implicit Runge-Kutta four-step integration method written in FORTRAN
programming language.

Maximal conductances underlying the currents were chosen to produce repetitive

firing during current injection. Reversal potentials were chosen to match experimental




conditions and were given (in mV) by: Eieak = Viest = -70, Enar = 50, Exstow = Expast =
Ex. = -90 mV. R, and Cp, set to match those obtained experimentally, were 200 MQ
and 50 pF, respectively. The units used in the model were time in milliseconds (ms),
voltage in milliVolts (mV), current in nanoAmperes (nA), conductance in
microSiemens (uS), and capacitance in nanoFarads (nF). The fitting parameters

describing voltage dependence and kinetics of the currents and used in simulations are

summarized in the Table 1.

Table 1. Voltage and kinetic parameters used in the HM model.

Current Vos, mV ', mV AP BP c’ D EP
Ina activation -30° 3.4 42 -9.3 15 7.9 0.78
Ina inactivation -44° -8.7 100 -17 26 3.0 2.4
Txsiow activation -25 19 170 -36 -28 9.5 12
Tkfase activation -28 16 93 -5.2 -3.6 36 1.2
Tksase inactivation -93 -11 80 -5.4 -250 65 21

® Vo5 and s values were obtained by fitting activation and inactivation plots with the

Boltzamann equation (eq. (3)).

® A, B, C, D, and E are eq. (5) fitting parameters to time constant plots.

¢ In most simulation experiments Vos values of Iy, activation and inactivation were

shifted to —40 mV and —65 mV, respectively, to eliminate large “window current” and

to obtain repetitive firing of model HM.
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RESULTS

1. FIRING CHARACTERISTICS OF HMS ‘

The HM firing characteristics were studied by injecting depolarizing and hyperpolarizing
current pulses into current clamped HMs (patch-clamp whole cell configuration). A
neuron was considered healthy if it had resting membrane potential more negative than —
55 mV, was able to fire an action potential (AP) with overshoot (usually 20-30 mV), and
responded with a train of AP to a long depolarizing current step. Average resting

potential (Vi) and input resistance (Ry,) were —68.840.7 mV and 240190 ML,

respectively (n= 59 cells).

1.1. Basic properties of repetitive firing

A typical example of responses to 1 s long current step of increasing intensity (200 to 500
pA; current amplitude indicated near each trace) is shown in Fig. 1A. Current steps of
>200 pA elicited a train of APs. The HM fired at higher frequency with increasing
current intensity as exemplified by f-t relation in Fig. 1B. In fact, the HM fired with
apparently constant frequency in response to 200 pA current step (open circles), while in
response to stronger current the first 1- 4 spikes occurred at higher frequencies (see first
1- 3 points in f-t relations of AP trains elicited by 300, 400, and 500 pA current stéps).
After this, firing frequency was constant during the remaining time period. Intracellular
stimulation rarely exceeded 400- 500 pA, since with high current steps cells fired few
spikes only (see for example the HM in Fig. 11A). Note also appearance of late slow
adaptation in the AP train evoked by current step of 500 pA in Fig. 1A and B.

The relation between spike discharge frequency and injected current (f-I relation) was
further investigated to determine the excitation-frequency transduction properties of these
cells. An example of instantaneous firing frequency (1/ interspike interval) versus
injected current plot is shown for the first six interspike intervals (Fig. 1C). The curve of
first interspike interval was sigmoidal (see also examples in Fig. 11D and 13D), while the
plots for subsequent interspike intervals were almost linear without secondary range
firing and overlapped to a large degree. This last result simply confirms the presence of

fast initial adaptation only within a moderate range of current injection amplitude. The f-I
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Figure 1. Repetitive firing properties of neonatal HMs. A: responses to 1 s current step of 200 (open
circles), 300 (closed circles), 400 (open triangles), and 500 pA (closed triangles) intensity. Values at
the start of each trace are the current step intensities. Vi = -71 mV. B: plot of instantaneous firing
frequency versus time (same current steps of the same HM as in A) for four different current steps.
Note the initial fast decrease in firing frequency. Initial adaptation during 500 pA current step is
followed also by slower decline of firing frequency. C: f-I relations for first (open circles), second
(closed circles), third (open triangles), fourth (closed triangles), fifth (open squares), and sixth (closed
squares) interspike intervals. Note that f-I plots for second and subsequent interspike intervals almost
overlap.
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Figure 2. HMs possess different types of afterpotential. All traces are obtained under current clamp
conditions. A and B: same action potential (evoked by short depolarizing current step; 5 ms, 0.5 nA)
shown on different time-scale. Note the presence of three types of afterpotentials: fAHP, fADP and
mAHP. C: repetitive firing evoked in response to a long depolarizing step (2's, 200 pA). mAHP can be
observed at the termination of current step (different cell from A-B). D: example of a neuron (9% of all
recorded cells) in which sAHP follows the mAHP (evoked by current step of 1 s duration and 200 pA
intensity). E: example of a neuron which, in response to current step injection (400 ms, 200 pA),
generates SADP after the mAHP. This behavior was observed in 40% of cells. Values at the start of
each trace are resting membrane potentials.
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relation for instantaneous frequency of the first interval rose more steeply than that for
the subsequent five intervals discharge. The average slope calculated for the first spike
doublet or at steady state discharge (usually calculated as averagé of last 3 to 5 intervals)
evoked by 50- 300 pA was 98+ 7 or 57+ 2 Hz/nA, respectively (n= 37 cells). A rebound
hyperpolarization was present at the end of the every current step (Fig. 1A). The cell in
Fig. 1 is representative of the most commonly observed firing pattern in control solution:
in fact, out of a group of 59 motoneurons which were able to fire repetitively, 37 had
exclusively very fast adaptation (lasting up to 50 ms and affecting the first 2-5 spikes
only), while 17 cells showed no measurable adaptation and 5 possessed also slower

adaptation lasting ~200 ms.

1.2. AP and its afterpotentials

The single AP usually elicited by a short current step (usually 0.5 nA, 5 ms) had a
threshold of -43+ 2 mV, an amplitude of 59+ 5 mV (measured from threshold to peak),
and a duration of 3.1+ 0.7 ms (measured at threshold level; n= 37 cells). The AP raising
and falling rates were 72+ 2 mV/ms and 58+ 2 mV/ms, respectively. The Na® channel
blocker TTX (0.5 uM) completely blocked single or trains of APs (data not shown).
Some general characteristics of the AP afterpotentials elicited by intracellular current
injection are presented in Fig. 2. Fig. 2A shows that, in analogy with the report by Viana
et al. (1993b), the decay phase of a single AP (evoked by a short current pulse) comprised
a fast afterhyperpolarization (FAHP) and a fast afterdepolarization (fADP). These early
afterpotentials were followed by a medium afterhyperpolarization (mAHP) which
undershot the baseline for about 250 ms (Fig. 2B, same cell). An analogous mAHP
(about 300 ms long) was also observed at the end of a spike train induced by a 2 s current
pulse (200 pA; see Fig. 2C, different cell from A-B). In few cells only (9% of total
recorded cell number) a slow afterhyperpolarization (SAHP) (lasting 2-5 s) appeared after
the mAHP (Fig. 2D; see also Viana et al. 1993b). In a larger group of cells (~40%) the
mAHP was followed by a slow afterdepolarization (SADP; 1-3 s long; Fig. 2E).




34

1.3. HM responses to hyperpolarizing current steps

Fig. 3A shows the membrane potential response to a series of hyperpolarizing current
steps. This response was characterized by an initial sag and a rebound depolarization at
the end of the pulse. The degree of depolarizing sag was quantified as ((Vpeak —Vsteady-
state)/ Vpear) (Viana et al. 1994). The average degree value was 0.36x 0.03 (n= 22 cells),
which differs from the result by Viana et al. (1994), who found that this value (expressed
in %) for intracellulary recorded neonatal HMs is 13 %. The initial sag increased at
increasing hyperpolarizing pulse strength. Only with very small hyperpolarizations (< 50
pA) the sag was absent.

CsCl (4 mM) added to the solution completely abolished both sag and rebound responses
(Fig. 3B). This result suggests that I current, found in HMs (Bayliss et al. 1994a), was
mainly responsible for the generation of sag and rebound. Occasionally, one (or more)
AP appeared at the top of the rebound depolarization (Fig. 3C). The rebound was
partially blocked in Ca-free-Co solution, thus, suggesting involvement of low threshold

Ca®* currents in generation of rebound.

1.4 Basic properties of mAHP

At Vs the mAHP following a single AP reached peak amplitude of 9.5 0.7 mV
(calculated from Vi) with a monoexponential rise (time constant = 2312 ms), from
which it decayed monoexponentially (decay time constant=150+10 ms). When
extracellular Ca®* was replaced by the same concentration of C02+, the mAHP was
abolished (Fig. 4A) but it recovered when standard external solution was reapplied (n=4).
The examp;le of Fig. 4B indicates that, under standard recording conditions, the mAHP
decreased w1th membrane hyperpolarization until it disappeared at -94 mV membrane
potential. fl‘he inset to Fig. 4B is the plot (for two HMs) of the relation between
membrane %potential and mAHP amplitude, yielding an extrapolated reversal potential of
~-94 mV, which coincides with the calculated equilibrium potential for K* on the basis of
the Nernst ‘equation. This result suggests that the mAHP is a response due to increased
permeabilify to K*. As the mAHP was fully and irreversibly blocked by 100 nM apamin

without concomitant suppression of the fAHP (Fig. 4C; similar data were observed on 9
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Figure 3. HMs inward rectification under hyperpolarization. A: responses to 400 ms current step
of 100, 200, and 300 pA. Note the sag during hyperpolarization and rebound at the termination of
hyperpolarizaing current step. B: sag is completely blocked by 4 mM CsCl. Traces in control and CsCl
solutions are superimposed. C: example of a neuron, which fires two APs during the rebound.
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Figure 4. mAHP is Ca** dependent, reverses at Ex", and is sensitive to apamin. A: mAHP after a
single spike (control) is blocked by replacing extracellular Ca®* with the same amount of Co™* (Ca-free-
Co). B: mAHP amplitude is voltage dependent as it decreases at more negative membrane potential.
Inset: reversal potential of the mAHP for two cells estimated from the extrapolated intercept of the
linear regression of mAHP amplitude plotted against membrane potential. C: mAHP after a single
spike (control) is completely blocked by 100 nM apamin. In A and C (right) traces are superimposed to

aid comparison.
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cells), it seems likely that the K* conductance responsible for generating the mAHP was
mediated by SK Ca®*-activated channels (Sah 1996).

1.5. Depression of mAHP by agents acting on ACh receptors

The cholinergic agonist carbachol largely attenuated the mAHP as exemplified in Fig.
5A. On average 50 pM carbachol reduced the mAHP to 37£4 % of control (n=17 cells).
The action of carbachol developed quite slowly, taking about 5 min to manifest fully, was
completely reversible on washout and was dose dependent. In fact, 10 pM carbachol
decrease the mAHP to 76+ 5% in 4 cells while 100 pM concentration reduced it to 20+
10% in 2 cells. Note that carbachol depressed the peak amplitude of the mAHP without
affecting its rise or decay timecourse (changes in Tyse and Tdecay WeTE 90+ 10% and 81%
9%, respectively; n=17 cells). The action by carbachol was not accompanied by any
significant change in spike amplitude (902 %), duration (10716 %) or threshold (99+6
%).

The carbachol inhibitory action on the mAHP was prevented by 10-15 min pretreatment
with 10 uM atropine (n=7 cells), a selective antagonist on muscarinic ACh receptors (Fig.
5B). The mAHP, however, retained its sensitivity to apamin (100 nM; Fig. 5B),
indicating distinctive modes of action for carbachol and this toxin in inhibiting the
mAHP. Note that on average atropine per se increased the mAHP by 29+ 7% (n= 7). The
selective muscarinic receptor agonist muscarine (50 pM) also produced HM
depolarization (10£4 mV) and attenuated the mAHP (Fig. 5C; on average to 40+ 20%;
n=3).

Together with the depression of the mAHP carbachol (10-100 uM) also produced a dose
dependent, slowly developing and reversible depolarization of all HMs tested. An
example of such depolarization by 50 UM carbachol is shown in Fig. 6A. During washout
of carbachol i;he membrane potential took several minutes to return to resting value. On
average, a 50 UM concentration induced a mean depolarization of 12+1 mV (Fig. 6B)
without sign:iﬁcant change (96 4%) in Ry, (n=17 cells; Fig. 6C). The carbachol
depolarizatioﬁ persisted in the presence of TTX, thus suggesting that it had a direct action

on HMs (11+2 mV; n=3; Fig. 6D). Muscarine, applied at the same concentration as
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Figure 5. mAHP is depressed by muscarinic receptor agonists. A: mAHP after a single AP (control) is
attenuated by 50 pM carbachol and recovers on washout. B: 10 pM atropine increases the mAHP
amplitude by 42% and prevents the mAHP depression by 50 uM carbachol. Note however that subsequent
application of 100 nM apamin (in atropine plus carbachol solution) completely blocks the mAHP. C:
mAHP is reversibly attenuated by application of 50 pM muscarine. Note that the depolarizing effect of

carbachol or muscarine was offset by steady current injection to maintain the cell at resting potential.
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Figure 6. Carbachol reversibly and dose dependently depolarizes HMs. A: example of membrane
potential trace showing depolarization due to carbachol (50 uM). B: dose dependence of carbachol
depolarization. C: Input resistance (R;,) does not change during application of 50 uM carbachol. D:
Carbachol acts directly on HMs since the depolarization persists in the presence of TTX. Muscarine (50
uM) also depolarizes HMs by a similar degree, thus suggesting that carbachol operates via activation of
muscarinic acetylc;holine receptors. Atropine (10 uM) supresses carbachol responses (not shown).
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carbachol (50 uM) produced membrane depolarization of similar extent (Fig. 6D; 10+ 4
mV).

1.6. mAHP involvement in repetitive firing

The duration and magnitude of the mAHP would predict this response to be a potent
regulator of the discharge properties of HMs, particularly in view of a similar role of the
mAHP in firing adaptation of hippocampal cells (Storm 1990). It was thus surprising to
observe that long current pulses evoked repetitive firing of HMs with slight adaptation
only despite the mAHP presence (see Figs. 1 and 2). One possibility for the rather modest
(or even absent) process of firing adaptation might be that the action of the mAHP was
contrasted by co-activation of other conductances. To reveal the influence of the mAHP
on spike firing, the selective blocker apamin (100 nM) was applied and AP trains were
evoked as depicted in Fig. 7A. In the presence of apamin the firing properties of the cell
were radically transformed with a large rise in frequency affecting both the early and late
AP in the train (see Fig. 7B). Effects similar to those of apamin were also observed by
applying Ca*-free-Co* solution (n=4; not shown). Furthermore, in apamin solution
firing adaptation was manifested as indicated by the continuous decline in firing
frequency over time (compare timecourse of filled and open circle graphs in Fig. 7B).

A f-I relation is shown for the first and last interspike interval (Fig. 7C). While in control
solution the difference between these values was small and skewed towards large injected
currents, in apamin solution there was a much more substantial difference throughout the
injected current range. The f-I relation slope calculated for the first interspike interval
(100£10 Hz/nA) and for steady state firing (58.1+0.7 Hz/nA) evoked by 50-200 pA
currents increased, in apamin solution, to 320220 Hz/nA and 160+20 Hz/nA, respectively
(n= 12 cells).

Application of carbachol (50 uM) also increased firing frequency of HMs in response to
current injection (Fig. 7D). Spike frequency adaptation was manifested in the presence of
carbachol (Fig. 7E), leading to a stronger separation between early and late firing
frequencies (Fig. 7F).

In presence of 100 nM apamin, carbachol (50 uM) had little effect on firing properties

(Fig. 8A) as quantified in Fig. 8B where data points for apamin or carbachol tests
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Figure 7. Effect of mAHP block by apamin or carbachol on repetitive firing properties of neonatal
HMs. A: responses to the current step (1 s, 200 pA) injected into a HM in standard solution (left) or in 100
nM apamin solution (right). Note large increase in firing frequency. B: plot of instantaneous firing
frequency versus time (same HM responses as in A) before (open circles) and after (closed circles)
applicationf of apamin. Note that slight, early spike frequency adaptation in control is replaced by two
phases of spike frequency adaptation in apamin solution. C: initial (1 isi; triangles) and steady state (ss;
circles) /I relations (same neuron as in A and B) before (open circles and triangles) and after apamin
(closed circles and triangles) application. D: spike trains elicited by current step injection (1 s, 300 pA) in
control or in 50 UM carbachol solution. Note increase in firing rate. E: plot of instantaneous firing
frequency against time (same responses as in D) before (open circles) and after carbachol (closed circles)
application. F: initial (triangles) and steady state (circles) f-I relations (same neuron as in D and E) before
(open circles and triangles) and after carbachol (closed circles and triangles) application. Note that the
depolarizing effect of carbachol was offset by steady current injection to maintain the cell at resting
potential.
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Figure 8. Carbachol affects repetitive firing properties of HMs via an apamin sensitive conductance.
A: responses to current pulse (1 s, 300 pA) injection in control solution, in presence of 100 nM apamin, and
during co-application of 100 nM apamin and 50 UM carbachol. B: plot of instantaneous firing frequency
versus time (same responses as in A) for control (open circles), apamin (open squares), and co-application
of apamin and carbachol (closed triangles). C: initial (1 isi; open circles, squares, and triangles) and steady
state (ss; closed circles, squares, and triangles) f-I relations of the same neuron as in A and B for control
(circles), apamin (squares), and co-application of apamin and carbachol (triangles). Note that the
depolarizing effect of carbachol was offset by steady current injection to maintain the cell at resting
potential.
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overlap. The analysis of f-I plots (Fig. 8C) indicates strong similarity between the effects
of apamine and carbachol on the AP frequency rise and firing adaptation. Nevertheless,
despite occlusion by apamine of carbachol effects on firing, this latter substance was still
able to depolarize HMs (8% 2 mV; n=5). The present data suggest that muscarinic
receptor activation could differentially modulate membrane potential and firing

properties of HMs.

1.7. Effect of agents interacting with intracellular Ca’* on mAHP and repetitive firing
Several experiments were done with patch pipettes containing 1 mM BAPTA. This agent
is known to be an effective chelator of intracellular Ca®* and, thus, used to investigate
Ca* dependent neuronal processes (Schwindt et al. 1992a; Velumian and Carlen 1999).
Indeed, out of 6 cells recorded with a patch electrode filled with 1 mM BAPTA and held
at —68 mV, four showed no mAHP and two showed a rather small mAHP (3 and 1.5 mV,
respectively). An example of a single AP evoked under these conditions is shown in Fig.
9A (left trace). Note the absence of mAHP, while fAHP and prolonged fADP were seen
clearly. Further application of 100 nM apamin demonstrated that there was a slight,
residual apamin-sensitive conductance masked by a much stronger depolarizing
conductance (Fig. 9A). Intracellular BAPTA clearly changed repetitive firing pattern as
shown in Fig. 9B. After the initial fast adaptation, also present in control cells (see Fig. 1
and 5), a slower, almost continuous decline in firing frequency emerged during the whole
current application, thus exhibiting a strong, late adaptation (Fig. 9B). This second
adaptation phase is evident in f-t plots of corresponding spike trains (Fig. 9C). Moreover,
f-I plots of first to fifth interspike intervals were clearly separated (Fig. 9D). The train of
spikes in all HMs recorded with patch pipettes containing BAPTA (1 mM) was always
followed by a long lasting (1-2 s) sAHP (Fig. 9B). sAHP conductance was not
investigated m details, but preliminary experiments demonstrated that it was not sensitive
to apamine (up to 200 nM) and was blocked by Cd** (0.2 mM). It seems that Ca**
dependent channels different from those generating mAHP were involved.

Intracellular Ca** stores participate in the control of mAHP in several types of neuron
(Davies et al. 1996; Sah and McLachlan 1991). Agents modulating release of Ca®" from

intracellular stores, such as caffeine, dantrolen, and ryanodine were tested on HMs. It has
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Figure 9. Intracellular BAPTA abolishes mAHP and unmasks strong spike frequency adaptation.
A: a single spike and its afterpotential recorded with a pipette containing 1 mM BAPTA. The spike was
evoked by a short current step (2 nA, 5 ms). Note prolonged fADP and absence of mAHP in left trace.
Trace in the midle was recorded in apamin (100 nM) solution. Note that fADP was prolonged even
more. On the right, both traces are superimposed. B: typical responses to long current steps (1 s)
recorded with a pipette containing 1 mM BAPTA. Current step amplitude is indicated on the left. Note
evident interspike interval prolongation during the response. C: f-t relation for the same cell as in A and
B. Note the clear presence of two spike frequency adaptation phases. D: f-I relation corresponding to
first (open circles), second (closed circles), third (open triangles), fourth (closed triangles), and tens
(open squares) interspike interval. Note clear separation of plots not seen in cells recorded with patch

pipettes without BAPTA.
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been demonstrated that long lasting application of caffeine discharges the Ca®* stores
(Kostyuk and Verkhratsky 1994). Caffeine (10 mM) produced a multiphasic change in
HM membrane potential as shown in example trace in Fig. 10A. First, a slowly
developing hyperpolarization (3£l mV) appeared and was followed by a slow
depolarization (3.8£ 0.5 mV from the Ves) which persisted until the caffeine was washed
out (n= 7 cells). The hyperpolarizing phase was not seen when the neuron was pretreated
with apamin (n= 2 cells), thus suggesting that Ca*" released by caffeine activated Ca®*
dependent K™ (presumably SK) channels. R;, increased during the depolarizing phase by
21+ 7 % (p= 0.05; n= 7). In parallel to membrane depolarization, caffeine (10 mM)
significantly increased mAHP amplitude by 50+ 10 % (p= 0.03; n=7) as depicted in the
example in Fig. 10B. Single spikes were elicited in control and in caffeine containing
solutions. Caffeine enhanced amplitude of mAHP, which later was completely abolished
by apamin (Fig 10). Treatment with caffeine also led to decrease in firing frequency as
depicted and quantified in Fig. 11A and C. The first interspike interval and steady state f-
I relation slopes in the 150- 300 pA range decreased from 161 to 120 and from 61 to 45
Hz/nA in the sample cell, respectively (Fig. 11D). Dantrolene (30 UM), an agent blocking
Ca* sequestration by intracellular stores (Kostyuk and Verkhratsky 1994), also
significantly enhanced mAHP area by 60 10% (p= 0.04; n= 6), even if amplitude was
increased moderately, but not significantly (30% 10 %; p> 0.05). On three HMs ryanodine
(20 uM) was applied through bath perfusion. However, despite a slight prolongation of
decay phase of mAHP, ryanodine had no significant effect on HMs.

Part of the depolarization by carbachol was sensitive to caffeine. Carbachol (50 uM) was
applied to:five HMSs bathed in caffeine solution (10 mM) and held at Vig. In these
conditionsécarbachol depolarized by 6t 1 mV only (n=5), that is nearly half of the effect
standard sé)lution (see Fig. 6B). This result suggested that caffeine and carbachol could
utilize the tsame mechanism of membrane depolarization and that their co-application led

to response occlusion.
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Figure 11. Caffeine decreases repetitive firing frequency. A and B: responses to 100, 200, and 300 pA
current steps (1 s) in control (A) and 10 mM caffeine containing (B) extracellular solutions. Values at the
start of each trace represent current step intensity. C: f-t plot for the same traces as in A and B. Note that
plots in control and in caffeine are have similar forms: the only difference is that those in caffeine are
shifted downward for the same injected current. D: f-I plot for the same neuron as in A, B, and C. Note
slope decrease by caffeine. Note that depolarizing effect of caffeine was offset by steady current injection
to maintain the cell at resting potential.
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1.8. Modulation of HMs by activation of mGluRs

1.8.1. Postsynaptic effects of -ACPD. Although mGluRs are largely present in nXII (Hay
et al. 1999), the functional consequences of their activation on HMs are not yet known. In
the present experiments, bath application of #-ACPD (50 uM), a mGIuR agonist,
produced a slowly developing depolarization (on average 12+ 3 mV; n=7 cells) as is
exemplified in Fig. 12A. The depolarization was accompanied by a significant increase in
Rin (20£ 10 %; p< 0.05; Fig. 12 B and C). In addition, there was strong increase in
baseline noise (insets to Fig. 12A), which was partially diminished by application of
ionotropic receptor blockers, such like bicuculline, strychnine, and kynurenic acid.
Depolarization by #-ACPD persisted also in presence of TTX, thus, suggesting a
postsynaptic activation of mGluRs (n=3). Fig. 13A and B show HM responses to a 0.4 s
current step (200 pA) in control (A) and -ACPD (B) solutions. No evident change was
seen in the AP train. In fact, control or ~ACPD f-t plots (Fig. 13C) of AP trains elicited
by 200 and 600 pA current step (0.4 s) were almost completely overlapping. The f-I
relation indicated that only the first interspike interval frequency was reduced in ~ACPD
solution. First spikes of the trains of Fig. 13A and B are depicted on a faster time scale in
Fig. 14A. Application of +-ACPD resulted in a significant incfease in spike delay (156 6
% of control; p= 0.02; n=7; Fig. 14B), while spike amplitude (874 10 %; p= 0.06; Fig.
14C), spike duration (120% 10 %; p= 0.06; Fig. 14D), and threshold (96£ 3 %; p= 0.07;
Fig. 14E) were not significantly changed. The amplitude and area of mAHP measured
after single spike elicited by short current step (2 nA, 5 ms) were also unchanged (110£
20 %, p> 0.05 and 130+ 20 %, p> 0.05, respectively) during treatment with ~ACPD.
1.8.2. Presynaptic depression of excitatory synaptic transmission. Since t-ACPD induced
strong basé:line noise (Fig. 12A), which in part was due to increased synaptic activity, the
effect of ijth activation on evoked glutamatergic excitatory postsynaptic currents
(eEPSCs) | was tested. eEPSCs were evoked under voltage clamp conditions by
stimulating the reticular formation zone lateral to nXII. Voltage clamp was chosen to
avoid Voitage dependent effects, which would otherwise appear during strong
depolarizaﬁon of HM membrane by t-ACPD. eEPSCs were recorded in the continuous
presence of bicuculline (10 pM) and strychnine (1 uM). They were blocked by TTX (0.5
UM; Fig. 15A) or kynurenic acid (2 mM; Fig. 15B), an antagonist of glutamate receptors,
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Figure 13. Activation of mGluR by t-ACPD does not influence repetitive firing. A and B: responses to
200pA current step (400 ms) in control (A) and 50 pM t-ACPD solution (B). C: instantaneous firing
frequency ploted versus time for the same cell, as in A and B, spike trains elicited by 200 (squares) and 600
pA (circles) current steps (400 ms). Note that plots for control (open symbols) and t-ACPD (closed
symbols) are almost overlapping. D: first interspike interval (1lisi) and steady-state (ss) f-I relations before
and after t-ACPD. Note that the initial firing f-I curve (lisi) is shifted rightward in t-ACPD, while that of
steady-state (ss) is unchanged.
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and reversed at membrane potential near 0 mV (Fig. 15C).

Paired eEPSCs were evoked continuously at 0.1 Hz in control, t-ACPD (50 uM), and
washout solutions (Fig. 16A). t-APCD (50 uM) reduced the peak amplitude of the first
and second eEPSCs to 38+3% (p<0.05) and 40+2% (p<0:05), respectively (n= 10 cells).
In general, the amplitude recovered during washout of t-ACPD (Fig. 16A, right trace). In
addition, t-ACPD produced an inward current, as seen from the downward shift of
baseline (Fig. 16A, middle). The time course of t-ACPD effect on both first and second
eEPSCs can be followed in Fig. 16B. On average, the peak amplitude of the current
evoked by the second stimulus was usually larger than that evoked by first stimulus in
control (Fig. 16A and B). This phenomenon was quantified by the ratio of second eEPSC
peak amplitude to first one and referred to as paired pulse facilitation (PPF), which is
plotted in Fig. 16C. PPF was 1.2940.05 in control and was significantly increased in t-
ACPD to 1.51£0.03 (n= 10; p<0.05) as exemplified in Fig.16C and D.

2. VOLTAGE AND CA>* DEPENDENT CURRENTS IN HMSs

2.1. Basic characteristics of HMs under voltage clamp conditions

Voltage clamp recordings were obtained from 86 neurons with 515 pF somatic
capacitance and 300+£100 MQ input resistance (Ri,). Nine motoneurons in nine distinct
slices were injected with neurobiotin in order to check if there was any substantial dye
coupling among these cells. After histological processing no significant staining of cells
adjacent to injected motoneuron was detected. These results suggest that HMs were not
strongly coupled, a condition which would have made difficult to perform voltage clamp
studies.

In standard solution membrane currents elicited by depolarizing voltage commands
comprised multiple components. An example is shown in Fig. 17A where depolarizing
steps (10 mV increments from -70 mV holding potential; Vy,) evoked fast inward currents
(apparent threshold = -50 mV) followed by slower outward currents (apparent threshold
= -20 mV). The fast inward current was blocked completely by 1 uM TTX (Fig. 17B),
suggesting that it was a voltage-activated Na* current (Iy,). Although not shown in Fig.
17 most cells also displayed a slower and smaller inward current which was blocked by

Cd** (0.2 mM) or by replacing Ca*" with Co*", indicating that it was mostly carried by
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Figure 16. Activation of mGluR depress evoked glutamatergic currents. A: current evoked by paired
stimuli is depressed in t-ACPD solution and recovers during it washout. Traces are averages of 10
consecutive evoked responses. B: plot of time course of t-ACPD effect. Both first (open circles) and
second (closed circles) stimulus response amplitude is plotted versus time. t-ACPD application period is
indicated by the bar above. C: paired pulse facilitation (PPF) as ratio of first stimulus response amplitude to
second stimulus response amplitude is plotted versus time. t-ACPD application period is indicated by the
bar above; D: histograms of PPF in contro] or in t-ACPD solution. T-ACPD significantly enhances PPF
(p<0.05; n=10).
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Figure 17. Depolarization elicited membrane currents of HMs. A, membrane currents elicited by
application of depolarizing voltage steps (10 mV increments) from -70 mV 'V}, (schematized in upper panel)
in normal solution (control). Pulses (at 10 s intervals) were 1 s long but only the initial 10 ms traces are
shown. Note inward current followed by outward current. All traces are leak subtracted. B, membrane
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mM) (dotted line traces). Note suppression of inward current while outward current persists.
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Figure 18. Iy, recorded from HMs. A: Iy, elicited by depolarizing voltage steps from -45.5 to -30.5 mV.
This current is completely abolished by TTX (0.5 uM; lower traces). B: current-voltage (I-V) relation of Iy,
in choline (black circles; n= 10 cells) or NMDG (open circles; n= 7) containing solutions. C: activation
time constants, T,, in NMDG solution (open circles; n=7 cells) or in high-Na® solution with 20 nM TTX
(closed triangles; n= 3 cells) calculated with eq. (4) and plotted versus membrane voltage. Closed circles
represent deactivation time constants in NMDG solution as estimated from monoexponential fitting of Iy,
tail currents (n=4). Line represents eq. (5) fitting of graph points for data obtained in NMDG solution.
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Ca®. As the properties of voltage dependent Ca** currents and channels of HMs have
been systematically investigated by Umemiya and Berger (1994a, 1995a), they will not
be further reported here.

The outward current, clearly detected in TTX medium (Fig. 17B), was partly diminished
(for instance by 11 % at 0 mV) in Ca-free-Co solution or by extracellular application of
Cd*" (not shown). This outward component was more strongly depressed (40+8 % at O
mV; n=3 cells) by the K* channel blocker TEA (20 mM; not shown). These preliminary
observations suggested that the outward current was presumably due to K* efflux via
several conductances, mainly voltage and partly Ca®" activated. Ca2+—dependent K*
currents were very small by comparison with Ca**-independent K* currents (Fig. 17 B)
presumably because of the presence of the strong Ca®" chelator EGTA (10 mM), which is
known to suppress the Ca* dependent AHPs (Viana et al. 1993b). For this reason EGTA

was reduced in patch pipette solution when Ca®" dependent K™ currents were recorded.

2.2. Voltage dependent Na* current

In standard solution the Iy, was too fast to be adequately voltage clamped (Fig. 17A; also
see Takahashi 1990, for problems to clamping In, in motoneurons). Thus, an attempt was
made to record Iy, after a strong reduction in the extracellular Na® concentration or in
presence of a small dose of TTX (20 nM) to decrease In,. These manoeuvers made it
possible to record apparently voltage clamped Iy, and to obtain a detailed kinetic
description of this current.

The example of Fig. 18A shows a family of In, currents elicited by voltage steps from —
45.5 to =30.5 mV by 5 mV increments in low-Na (20 mM NacCl) solution, in which 120
mM of ;fexternal NaCl was replaced by 60 mM TEACI and 60 mM cholineCl. Iy, was
compleéely blocked by 0.5 uM TTX as demonstrated in Fig. 18A (lower traces). No TTX
resistené inward current was observed.

Ina appeared to be under voltage clamp control for various reasons. There was no latency
jitter, the current activation phase become steeper with increasing voltage, and the
descending phase of the current-voltage (I-V) curve declined continuously without
discontinuous breaks (Fig. 18B; closed circles; n=10 cells).

In neurons maintained at —~65mV Vi, Ina activated at an apparent threshold of — 45 mV
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(Fig. 18B; closed circles) and reached a maximum peak at about —10 mV. Reversal
potential (Ena) of Iy, was estimated from the projected intersection of the I-V (voltage
range O to 30 mV) with the voltage axis. A value of 110 mV was obtained, which was far
from that calculated with the Nernst equation (15 mV). This fact led to the conclusion
that either the cells were poorly clamped or there was another ion substantially
permeating Na' channels (for example choline). When another large cation NMDG was
used instead of choline to replace external Na', the Ey, estimated from this I-V gave a
value of 80 mV (Fig. 18B; open circles; n= 7), still far from the expected one. However,
the amplitude of Iy, in NMDG solution was reduced by half compared with Iy, recorded
in presence of choline (Fig. 18B). This result suggests that care should be taken with the
choice of this “impermeant” cation to replace Na* as choline had apparently the ability to
permeate through Na™ channels of HMs. Although it might have been anticipated that a
large cation like choline would have had minimal permeability through Na* channels, it is
worth noting that significant permeability to choline of Na” channel has actually been
reported on squid axon (Hironaka and Narahashi 1977).

Further attempts were made to improve clamp efficiency of In,. One approach consisted
in reversing the Iy, direction by increasing internal Na*, This method should have helped
to decrease the size of In, and, thus, to improve clamping. Therefore, high Na* (40 mM)
patch pipettes were used, while the extracellular Na” concentration was 20 mM (with 60
mM NMDG). This Na* concentration ratio gave En, of =15 mV as calculated with the
Nernst equation. A set of current traces elicited by depolarizing voltage commands to
potentials between —30 and +30 mV from -65 Vy, is shown in Fig. 19A. At membrane
potential positive to 0 mV, In, changed direction as seen from appearance of a fast
transient outward current at these potentials. An average I-V of 4 cells is plotted in Fig.
19B. Ena estimated from this plot was 5 mV. However, closer inspection of traces
recorded in these conditions revealed that occasionally Iy, was multiphasic at positive
potentials. An example of such a current trace (elicited by voltage step to 20 mV) is
depicted in Fig. 19C. The current following the capacitative artifact had three
components. A fast, transient inward current, I, and an outward current, Iy, both
sensitive to TTX. I, had the same amplitude at all potentials where it was present and

was presumably an action current generated at a distal, unclamped part of the neuron.
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Figure 19. Iy, reverses during recording with a high Na® containing pipette. A: Iy, elicited by
depolarizing voltage steps as depicted in upper panel. Recording pipette contains 40 mM Na* (20 mM Na*
in extracellular solution). Note that Iy, reverses at positive membrane potentials. B: average I-V relation of
Iy, recorded in high intracellular Na conditions (n= 5 cells). C: an example of membrane current trace
(elicited by voltage step to 20 mV), which exhibits two components of TTX sensitive Na* current, Iy, and
I, seen immediately after artifact. A slow outward current, Loy, is the current also depicted in Fig. 20. D:
average I-V relation of Iy, recorded in standard solution (150 mM extracellular Na* and 10 mM
intracellular Na*) containing 20 nM TTX to partially block Iy, (n= 5).
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Figure 20. Voltage dependence of Iy, activation and inactivation. A: Iy, activation (open circles) and
inactivation (closed circles) curves obtained in NMDG solution. Experimental points obtained by dividing
Ina peak by its driving force (V,-Ena) and by normalizing them by the maximal conductance. Lines
represent Boltzmann equation fits; the potentials for half activation and half inactivation were —30.2% 08
and —44.1+0.3 mV, respectively, while the slope factors were 3.4+ 0.7 and -8.7+0.3 mV, respectively (n=
7). Closed triangles represent data obtained in high Na* solution containing 20 nM TTX. B: a set of Iy,
traces elicited by a test voltage step to —8 mV after conditioning prepulse from ~85.5 to ~13 mV for 20 ms.
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This current, present at positive potentials also in choline and NMDG solutions,
contaminated the Iy, and did not allow plotting reliable I-V curves at these positive
potentials. The slow outward current, Iy, insensitive to TTX and present also in
previous experiments, will be described below. Further experiments were performed in
‘standard extracellular Na* (high-Na") solution containing 20 nM TTX to block Na*
channels partially. An average I-V plot (n= 3 cells) of Iy, current is shown in Fig. 19D.
The En. estimated from this I-V was 64 mV, near to that calculated with the Nernst
equation (61.5 mV).

Voltage dependence and kinetics of Iy, (recorded in NMDG containing extracellular
solution) were next examined. The time-to-peak, t,, was measured to estimate the
activation time constant, T, which was analytically calculated from eq. (4) and plotted
versus membrane potential in the Fig. 18C (open circles; n=7); This plot indicates the
strong voltage dependence of the Iy, activation process. Similar T, plot was obtained for
In, recorded in high Na® solution (Fig. 18C; closed triangles; n= 3 cells). The deactivation
time constant at more negative membrane potentials was evaluated by exponential fitting
of decaying Iy, tail currents recorded at repolarized membrane potentials (range —60 to —
100 mV) after activation of Iy, by short voltage steps to =10 mV for 3- 4 ms in NMDG
solution. Decay time constants were averaged and plotted versus membrane potential
(Fig. 18C, closed circles; n=4). Both activation and deactivation time constants in the plot
in Fig 18C were fitted by the eq. (5).

The voltage dependence of Iy, conductance activation was examined by calculating the
Ina peak conductance (gpeax) Obtained by dividing the Iy, peak amplitude by the driving
force using eq. (1). Ena used in these calculations was that calculated with Nernst
equation (15 mV for given solution). Normalized conductance values (eq. (2)) were thus
plotted against membrane potentials to give the activation curve (Fig. 20A; open circles).
These experimental points were fitted with the Boltzmann equation (eq. (3)), which
indicated half activation of Ina at -30.2+0.8 mV with a 3.4+0.7mV slope factor (n= 7
cells). The conductance was activated at potentials positive to -50 mV and was virtually
fully activated at -10 mV. The voltage dependence of Iy, recorded in high Na* solution
(Fig. 20A; closed triangles) activated half maximally at -32.6+ 0.3 mV with a 2.5 0.2

mV slope factor (n= 3 cells).
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The protocol to study steady-state inactivation of Iy, is depicted in Fig. 20B in which the
motoneuron membrane potential was conditioned (for 20 ms) to different potentials (in
the range from —85.5 mV to -13 mV) and then depolarized to the fixed test potential of -8
mV which corresponded to full activation of Iy, (see Fig. 20A). Traces in Fig. 20B show
that, with progressively more depolarized prepulses, Iy, disappeared. Iy, peak was
measured and the underlying gpeax calculated and normalized to gmax (eq. (3) and (4)). The
inactivation curve was generated by plotting gnorm versus the conditioning step potential
(Fig. 20A; closed circles) and fitted with the Boltzmann equation. Half inactivation was
estimated at —44.1+ 0.3 mV with a —-8.7+ 0.3 mV slope factor (n= 7 cells). The
conductance inactivation was complete at -20 mV and was completely removed at -80
mV.

Once activated the Iy, inactivated exponentially to zero with a single voltage dependent
time constant. An example of the monoexponential fitting of Iy, is shown in the Fig. 21A.
Currents elicited by voltage steps to —22.5, -15, -7.5, and 0 mV from —65 mV V}, decayed
with 2.68, 2.15, 1.79, and 1.62 ms time constants, respectively, in NMDG solution.
Excellent fitting with a single exponent indicated the presence of only one component of
Ina in neonatal HMs. Moreover, such a good fit might be an additional sign of good
voltage clamp of In.. The averaged inactivation time constants obtained in NMDG
(closed circles) and high Na® (open triangles) solutions were plotted against the
membrane potential in the Fig. 21B. Data obtained in two different solutions were very
similar and thus indicated that the use of low Na® solution did not changed Iy,
characteristics.

The kinetics of recovery from inactivation is of special interest since it can limit the firing
frequenc;il of AP in motoneurons (Powers et al. 1999). In the present study, the Iy,
recovery j%ﬁrom inactivation at four different potentials was investigated using the two-
pulse prdtocol shown in Fig. 21D. In, was activated and subsequently inactivated by a
long (20 ms) voltage pulse from of =58 mV to —13 mV. A second test pulse to —13 mV
was then applied to the membrane with increasing delay to check for the cell ability to
generate iNa. The ratio between the peak amplitude evoked by the second and first voltage
pulses Wés plotted against the time interval between the two pulses. In Fig. 21E there are

examples of such plots for two V; —58 (Ea) and —78 mV (Eb). The experimental points
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Figure 21. Inactivation kinetics of Iy,. A: Iy, recorded in NMDG solution, decay phase fitted
monoexponentially with time constants of 2.7, 2.2, 1.8, and 1.6 ms for currents elicited by depolarizing
steps to -22.5, -15, -7.5, and 0 mV, respectively. B: inactivation time constants (closed circles) and fast
time constants of recovery from inactivation (open circles) plotted versus membrane potential. Line
represents fitting of experimental points with eq. (5). Open triangles represent inactivation time constant of
Ina recorded in high Na* solution containing 20 nM TTX. C: plot of time constants of slow recovery from
inactivation versus membrane potential. D: current traces elicited by two pulse protocol to study the
process of Iy, recovery from inactivation in NMDG solution. E: plots of experimental points obtained by
the protocol shown in D. Data points represent the normalized amplitude of Iy, evoked by second pulse at
different intervals after first pulse for sojourns at =58 (Ea) or =78 mV (Eb). The lines represent fits with one
or two exponentials. The best fit is obtained with two exponentials (time constants of 13.9% 0.7 and 16020
for -58 mV).
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were obtained by averaging data from 6 cells. The examples of Fig. 21E show fitting with
single or double exponentials. Since monoexponential fitting failed to describe the late
phase of recovery, two exponents were found to be adequate for fitting both fast and slow
phases of recovery from inactivation. At a potential of =58 mV the fast and slow time
constants were 13.9+0.7 and 160120 ms (n= 6 cells), respectively. Fast and slow time
constants were plotted against Vy in the Fig. 21B (open circles) and in the Fig. 21C
(closed circles), respectively. Both inactivation and fast recovery time constants were
fitted with eq. (2) to describe the voltage dependence of inactivation time constants.

In solutions containing low Na®, choline (or NMDG), TEA, and 4-AP together with Iy,
an unidentified outward current (Iouw; Fig. 22A), elicited by the same voltage protocol as
depicted in Fig. 18A was recorded. Ioyw was resistant to 500 nM TTX, a dose which
completely blocked In, (Fig. 22B). An average I-V is plotted in Fig. 22C. The identity of

this current remains unclear.

2.3. Voltage dependent outward K* currents

2.3.1. Slow transient outward current (Iggq,,). The delayed transient outward current
(Ixslow) was routinely investigated in Ca-free-Co solution containing TTX (1 uM) and Cs*
(4 mM). The example of Fig. 23A shows a set of current traces generated by steps to
potentials between -30 mV and +20 mV following a 500 ms long conditioning step
(prepulse) to -50 mV from -70 mV Vy. The test command to -20 mV was clearly above
threshold for eliciting a slowly developing outward current, which did not decline during
the 1-s pulse. Larger steps generated currents of larger amplitude and faster peaking
response. Some decline in current amplitude emerged for responses generated by pulses
to positive rr{émbrane potentials. Preliminary trials showed that the conditioning step
(200-500 ms)%to -50 mV did not influence the slow current development but it removed
the contaminéting presence of a faster current (described below). For this reason,
whenever the slow current was studied in isolation, a 400 ms prepulse to -50 mV was
always applied before depolarizing test steps. We also checked that extracellular
application of Cs* did not influence Iggow Since this monovalent cation can block a
variety of K™ channels in other cells (Rudy 1988). Thus, comparing the steady state Ixgow

amplitude (evoked by +20 mV steps) in Cs" free solution with the one obtained after the
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Figure 22. An unidentified I, current recorded from HMs. A: set of membrane current traces elicited
with similar voltage protocol as in Fig. 16. Note the presence of two components, Iy, and Iy, of distinct
kinetics and flow directions. B: Iy, is blocked by TTX (500 nM), while Iy is TTX resistant. C: average I-
V relation of Iy, (n= 10 cells).
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Figure 23. HMs possess a slow transient outward current (Ixgow). A, Ixaow elicited by depolarizing
voltage steps from -30 mV to 20 mV with conditioning step to -50 mV for 400 ms. B, I-V relation of Ixgey
(n=15 cells). C, plot of Ik, chord conductance versus membrane voltage for the same group of cells. Line
represents Boltzmann equation fit; the potential for half activation and slope factor were -25£10 mV and
1943 mV, respectively. D, graph of Ik, activation time constant (open circles; estimated by fitting the
current activation phase with a single exponential) and deactivation time constan (closed circles) versus
membrane voltage (n=8 cells). Line represents eq. (5) fitting of graph points.
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addition of Cs™ (4 mM) indicated that there was no significant change (3+8 %; n=4;
p=0.7 with ANOVA test)

The average I-V relation (n=15 cells) for Ixgow is shown in Fig. 23B. Iggow activated at
membrane potentials positive to -50 mV. Its amplitude' monotonically increased with
increasing depolarization within the tested potential range of -50 to +20mV. The
dependence of Ikgow chord conductance (g; expressed in nS) on membrane potential is
shown in Fig. 23C. After measuring the peak of Iggow, the values for g were calculated
according to the eq. (1). The values of g grew for potentials positive to -50 mV and
showed an average increment of 3.9+0.4 nS/mV. Fitting these data according to the
Boltzmann equation (Fig. 23C line) yielded an average slope of 19+3 mV; the g
maximum value was estimated as 261 nS as it occurred at a potential level (+60 mV)
outside the range tested in the present experiments.

Fig. 23D shows a plot for the voltage dependence of Iy, activation (open circles) in
which the current rising phase could be fitted monoexponentially: it is clear that it had a
slow onset, which for example at 0 mV had a time constant of 30+10 ms. Once Ixgow
reached its peak, it remained at a plateau or gradually declined for test depolarizations
positive to -10 mV. For example, Ixow decline had a time constant of 4.2+0.4s at +20mV
membrane potential (n=3 cells). The deactivation properties of Ixsow Were studied using
the time constant of tail currents at the end of depolarizing voltage commands.
Deactivation time constants were plotted in Fig. 23D (closed circles). In this case the
deactivation time constant was in the range 20-60 ms within -110 and -40 mV (n=7 cells).
These data therefore indicate that Ixq.w had rather slow kinetic characteristics which
made it unsuitable to control motoneuronal excitability within a narrow time frame and
prompted a rrélore systematic search for a faster outward current component hitherto
undescribed m these cells.

2.3.2. Fast tra;zsient outward current (Igny). Any hypothetical fast outward current (Iggase)
might have been largely masked by the use of relatively depolarized Vy, values since this
appears to be‘the case for the fast outward current of other central neurons (Rogawski
1985; Rudy 1988). In order to demonstrate its existence in HMs a subtraction procedure
as detailed in Fig. 24A, B was utilized. In fact, a family of outward currents consisting of

an initial, rapid peak followed by a slower component was obtained (Fig. 24A) when the
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Figure 24. HMs possess a fast transient outward current (Igpq). A and B, two sets of outward current
traces evoked by a series of depolarizing voltage steps from -60 mV to 20 mV preceded by either a
hyperpolarizing voltage step to -110 mV (A) or a depolarizing voltage step to -50 mV (B) for 400 ms. C,
Ixrse isolated by subtracting current traces in B from those in A. D, I-V relation of Ixg,s (n=8 cells). E, plot
of Ixgg activation (open circles) and deactivation (closed circles) time constant versus membrane potential.
Line represents-eq. (5) fitting of graph points.
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1 s depolarizing test steps were applied immediately after a hyperpolarizing prepulse (to -
110 mV). An analogous protocol was subsequently repeated on the same cell with only
one difference, namely, instead of a hyperpolarizing prepulse, a depolarizing one (to -
50mV; Fig. 24B). In the latter case the outward current typically consisted of Txgow only
(see also Fig. 23). After point-to-point subtraction of the current traces obtained with
depolarized prepulses from those obtained with hyperpolarizing prepulses, a transient and
rapid outward current (Ixsg) could be demonstrated in isolation (Fig. 24C). Ik grew to
a peak and inactivated in less than 200 ms (Fig. 24C). It was also investigated whether
the presence of 4 mM Cs" in the bathing solution might have affected Ixtast development.
Comparing the peak amplitude of Igfs (induced by steps to +20 mV) before and after
adding Cs" showed that there was no significant change (7£9 %; n=3; p=0.8) suggesting
that this cation did not interfere with Ixfg recording.

The peak current-voltage (I-V) relation for I is shown in Fig. 24D. The threshold for
activation of Igpg Was approximately -60 mV with a monotonic increase in Txcfast
amplitude as the test depolarization increased. The I activation time constants were
calculated from time-to-peak using eq. (4) and were plotted against the membrane
potential in Fig. 24E (open circles). The activation time constant decreased with
increasing depolarization, suggesting voltage dependence of the current activation
process. The activation time constant was 6+3 ms at -50 mV and 2+1 ms at +20mV (n=5
cells). Deactivation properties of Ikss Were obtained by measuring the time constant of
decay of tail currents (e.g. Fig. 27) at potentials between -105 and -65 mV (plotted in Fig.
24E, closed circles) since at less negative level the inactivation process became
predominant. In this case deactivation was in the range 1-9 ms (range 4-38ms; n=6 cells).
The activatjion and inactivation properties of Ixsy g were next examined. For activation
the peak cénductance (gpeak) Was simply determined by dividing the I peak amplitude
by the driving force (eq. (1)) and then normalized (gnom) to the maximum conductance,
Zmax (€q. (2)). The latter value was obtained from chord conductance-voltage plots, which
indicated g saturation at +20 mV.

For 9 cells the normalized conductance (gnom) values were thus plotted against
membrane  potentials to give the activation curve (Fig. 25A; filled circles). These

experimental points were fitted with the Boltzmann equation, which indicated half
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Figure 25. Voltage dependence of activation and inactivation of Is.y. A, activation (filled circles) and
Inactivation (open circles) curves for Ixpg. Experimental points were obtained dividing Igps peak by its
driving force (Vpn-Er,y) and normalizing them by the maximal conductance g,y taken as 1. Lines represent

Boltzmann equation fits; the potentials for half inactivation and half activation were -92.910.2 mV and -

27.610.9 mV, respectively, while the slope factors were 10.810.2 mV and 16+1 mV for inactivation and
activation, respectively (n=9 cells). B, a set of outward currents elicited by a test voltage step to 30 mV
after conditioning pre-pulses from -140 mV to -50 mV for 200 ms. C a, same set of current traces on a
faster time scale. C b, individual Iz, responses were isolated by subtracting the current trace obtained after
the depolarizing prepulse to -50 mV from the current traces shown in C a.
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activation of Ik at -27.6+£0.9 mV with a 16x1mV slope. The conductance was thus
activated at potentials positive to -70 mV and was virtually fully activated at +20 mV.
The protocol to study steady-state inactivation of Ikg is depicted in Fig. 25B in which
the motoneuron membrane potential was conditioned (for 200 ms) to different potentials
(in the range from -140 mV to -10 mV) and then depolarized to a fixed test potential of
+30 mV which corresponded to full activation of Ixsg (see Fig. 25A). The faster timebase
records of Fig. 25Ca show that, with progressively more depolarized prepulses, Ixs
disappeared. For full isolation of Ixgs the current trace after a prepulse to -50 mV (when
Ixest was absent) was subtracted from all the other traces. Ik could thus be measured
separately (Fig. 25C b) and the inactivation curve was generated as described for Iy, (Fig.
25A; open circles) and fitted with the Boltzmann equation. Half inactivation was
estimated at -92.9+0.2 mV with a -10.8+0.2 mV slope (n=9 cells). The conductance
inactivation was complete at -50 mV and was completely removed at -140 mV. When
activated Ikfg inactivated completely or to a small residual current (Fig. 25C).

It seemed useful to characterize how quickly Ikpg inactivation could develop as this
property may influence the firing characteristics of the cell. This result was obtained by
measuring the time constants of single exponential decay of Ik (Fig. 26A). In these
examples the values were 86, 75, and 61 ms at -40, -20, and 0 mV membrane potentials,
respectively. These observations allowed to plot the average time constants of
inactivation versus membrane potential (Fig. 26B, open circles; n=7 cells). Inactivation
was found to be dependent on voltage since the decay time constant was twice faster at
+20 mV than at -40 mV.

Recovery of Ik from inactivation was studied using a two pulse protocol as shown in
Fig. 26C. A conditioning step (1 s) from -110 mV V; to +10 mV was first employed to
inactivate Iéfast completely and then, after a sojourn at -110 mV for 10-1000ms, a test
pulse to +1(j mV was subsequently applied. Note that after progressively longer sojourns
at -110 mV the amplitude of Iksg gradually returned to control value. The kg peak
(normalized with respect to the initial control amplitude) was plotted versus time (Fig.
26D; open c’ircles). Fig. 26D also shows that on 3 cells similar data were obtained when
the initial V}, and sojourns values were -110 mV or -90 mV (open circles and filled

circles, respectively). In both cases the time course of recovery from inactivation was
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Figure 26. Inactivation kinetics of Ixps. A, Ixpy traces isolated as described in Fig. 22 C. The decay
phase was fitted monoexponentially with time constants of 86 ms, 75 ms, and 61 ms for currents elicited by
depolarizing steps to -40 mV, -20 mV, and 0 mV, respectively. B, plot of inactivation time constant (open
circles) and fast time constant of recovery from inactivation (closed circles) versus membrane voltage (n=7
cells). Line represents eq. (5) fitting to graph points. C, current traces elicited by two pulse voltage protocol
to measure time course of Iggg recovery from inactivation. D, plots of data obtained with a protocol similar
to the one shown in C; the experimental points represent the normalized amplitude of Iggg (ordinate)
evoked by the second pulse at different intervals (expressed in ms; abscissa) after first pulse for sojourns to
-110 mV (open circles) or -90 mV (closed circles) (n=3 cells). The time course for recovery was well fitted
by two exponentials with time constants of 4.4+0.6 and 17+2 ms for -110mV and 5.1+0.2 and 25.8+0.9 ms

for -90 mV.
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Figure 27. Ionic properties of outward currents. A, tail currents of Igsy (bottom) elicited by voltage
steps to different potentials from -95 mV to -60 mV after a depolarizing step to 0 mV for 15 ms (top). The
membrane was hyperpolarized to -110 mV for 400 ms prior to the test pulse to remove inactivation of the
transient outward current. B, plot of average tail current amplitude as a function of membrane voltage in the
presence of 3 (n=11), 6 (n=3), and 12 mM (n=3) extracellular K*. C, plot of the reversal potential as a
function of the extracellular K™ concentration. Closed squares for Igsg, open squares for Ixge,. Dashed line
represents theoretical K* equilibrium potential calculated from the Nernst equation.
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well fitted by two exponentials (Fig. 26D). The time course for recovery was well fitted
by two exponentials with time constants of 4.4+0.6 and 17+2 ms at -110mV and 5.1+0.2
and 25.8+0.9 ms at -90 mV, indicating a slight voltage dependence for this process. Fast
time constant of recovery was plotted versus Vi in Fig. 26B (closed circles). In
conclusion, recovery from inactivation was less dependent on membrane potential that
the process of inactivation itself.

2.3.3. Ionic properties of outward currents. The ionic selectivity of Iigs and Ixgow Was
studied with tail current analysis. Voltage steps to 0 mV from -70 mV Vy, with or without
a prepulse to -110 mV (for 200-500 ms) were applied to evoke these currents. When the
current reached its peak (200 ms for Iggow and 15 ms for Ik the membrane potential
was stepped to different voltages and tail currents were recorded. An example of Ixg tail
currents recorded at membrane potentials from -95 mV to -60 mV is shown in Fig. 27A.
In this cell the tail current reversed at -80 mV. The mean reversal potential of Ixg, tail
currents was -75+2 mV (n=11 cells) while the corresponding value for Ikgow tail currents
was -81x1 mV (n=11 cells).

Average Ik tail currents plotted versus membrane voltage in 3 (n=11 cells), 6 (n=3), or
12 (n=3) mM external K concentrations are presented in Fig. 27B. A compensatory
reduction in NaCl was effected whenever K™ was raised. The results indicate that the tail
current reversal potential, Ery, moved to more positive values when the external K* was
increased and that there was an approximately parallel, rightward shift of these plots. The
E.y dependence on the external K* concentration is shown in Fig. 27C for both Ikgow
(open squares) and Igps (closed squares). The theoretical En, for K* at three K*
concentrations was calculated with the Nernst equation and is shown as a dashed line in
Fig. 27C. From these data it is apparent that E., for both outward currents moved
together wii;th changes in external K" concentration, suggesting that Ixgow and Ixes were
predominariltly K" currents. Nevertheless, as the observed values differed from the
calculated one, at least three factors could have accounted for the deviation: (1) K'
accumulation in the extracellular space; (2) a degree of membrane permeability to other
ions such as Na®; (3) imperfect voltage clamp conditions. The first possibility seemed
unlikely because the tail current amplitude of Iggg or Igsow at -50 mV (to maximize its

size) did not change during 2 Hz test pulses, a condition which should have enhanced any
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K" accumulation. The second possibility was explored by 50 % replacement of external
NaCl with the presumably impermeant NMDG: in this case the tail Erey of Ix shifted in
the negative direction by 5t1 mV (n=3 cells). This result suggests a measurable
contribution by Na® to the transient outward currents. Using the Goldman-Hodgkin-Katz
equation (Hille, 1992) the permeability ratio of K* to Na™ (Px/Pn.) Was calculated. For
the Na* and K" concentrations of the patch pipette and extracellular solutions the
permeability ratio values of 1/0.01 (92/1) and 1/0.02 (50/1) were obtained for Iy and
Ikfasi, respectively. These data suggest that the contribution by Na® permeability to the
transient K* currents was relatively small and that the deviation of the outward current
Erev from the one calculated for a pure K™ mediated response was perhaps also due to the
difficulty to obtain isopotential conditions for a large cell with dendritic arborization in a
slice preparation.

2.3.4. Pharmacological dissection of Igpms and Iggm,. Two well known K channel
antagonists, TEA and 4-aminopyridine (4-AP), were tested. Application of 10-30 mM
TEA (n=6 cells) readily depressed Iksow as indicated by the example in Fig. 28A a,b in
which the whole set of outward current traces (elicited by the same protocol shown in
Fig. 23A) recorded in control solution (Ca-free-Co, TTX, Cs*) was attenuated by 20 mM
TEA. Fig. 28A c shows the I-V curve related to the same data indicating that there was a
consistent depression (by 70£3 %) of Iksow at various test potentials. This effect was
reversible after 15-20 min washout. Ixse was comparatevely resistant to 10-30 mM TEA:
in fact, Ixgg amplitude at 420 mV slightly increased by 1.1+0.2 times (n=4 cells).

Ikfast was preferentially blocked by 4-AP. An example is shown in Fig. 28B in which Igpg
elicited by a depolarizing step to 20 mV after a conditioning step to -110 mV was
recorded in Ca-free-Co solution containing TTX (1 uM), TEA (20 mM), and Cs* (4
mM). Increasing concentrations of 4-AP (1, 2, and 3 mM) were cumulatively added to
the external solution. The peak amplitude of Ixs was not decreased by 1 mM 4-AP
although the current decay became faster (33 ms time constant in control and 21 ms time
constant in presence of 1 mM 4-AP) as could be expected from use dependent block of
these channels by 4-AP. This result is also consistent with findings by single Kv1.4
channel recordings, which have demonstrated little or no change in the fast kinetics of

opening and closing within bursts, but shorter mean burst duration and reduced
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Figure 28. Pharmacological properties of Ikgow and Igpg. A: current traces obtained by depolarizing
voltage steps (same protocol as in Fig. 21.) in control (containing TTX, Ca-free-Co, Cs®) solution (A a) and
in the presence of TEA (20 mM) (A b). A c¢: I-V relation of Iy, in control (open circles) solution or in the
presence of 20 mM of TEA (closed circles) for the same cell shown in A a-b. B: 4-AP preferentially blocks
Ikt Current traces (elicited by voltage step to 20 mV) were recorded in a solution containing TTX, TEA
(20 mM), Ca-free-Co and different concentrations of 4-AP (0, 1, 2, and 3 mM). All records are from the
same cell. C: current traces elicited by voltage steps (same protocol as in B) in control (containing TTX,
Ca-free-Co, Cs™) solution and in presence of 4-AP (10 mM). Note, that both, Ixqg and Ixgew, were reduced
by this hlgh dose of 4-AP. D: time course of Ig, block by 4-AP (2, 5, and 10 mM) for the same cell shown
in C.
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probability of channel opening by depolarization (Yao and Tseng 1994). At 2 or 3 mM
concentration 4-AP diminished I« peak by 6 and 19 %, respectively, together with a
progressive reduction in current decay (13 and 10 ms time constants). Nevertheless, the
late component of Ixs, remained relatively unaffected. Even very high concentrations of
4-AP (up to 10 mM) were unable to block Ixs, completely as shown in Fig. 28C. Fig. 28
D shows, on the same cell, the time course of peak outward current depression by
incrementing concentrations of 4-AP. At concentrations higher than 6 mM 4-AP also
depressed (by 28 % in 7 mM 4-AP solution) Ikgow. At 5 mM concentration 4-AP
depressed Ifas: and Ixsiow by 37 and 6 %, respectively. An example is shown in Fig. 28C
in which membrane current was elicited by a depolarizing step to 20 mV after a
conditioning step to -110 mV and recorded in Ca-free-Co solution containing TTX (1
uM) and Cs™ (4 mM) before and after addition of 4-AP (10 mM). The peak amplitude of

Ik ast and Iggow Were decreased by 4-AP.

2.4. Membrane current sensitive to apamin and carbachol

Apamin sensitive membrane currents were investigated under voltage clamp conditions.
Outward membrane currents were recorded by delivering depolarizing voltage steps (1 s
duration) in the range 40 mV to 20 mV from -50 mV Vj, in the presence of TTX. This
protocol generates a heterogeneous voltage dependent outward current, a typical example
of which is shown in Fig. 29A. The outward current did not inactivate during the 1 s long
voltage steps and was followed by a tail current. The contribution of the apamin sensitive
current to the total membrane current was examined by adding 100 nM apamin to the
extracellular solution. Apamin (which did not change leak current) reduced by 36+ 1 %
the outward current (Fig. 29B; n=10) measured 10 ms before the voltage step
termination. Preliminary experiments were performed on four HMs to test if rundown of
outward currents could develop during the course of recording. Over a period of time up
to 30 min there was no significant decrease (4% 2 %) in current amplitude, suggesting that
the apamin sensitive current was a stable cell response. Since all the effects induced by
apamin were fully produced within 20 min application, it seems that any outward current
reduction was due to pharmacological block and not to current rundown. The apamin

sensitive outward current could then be obtained by subtracting the current recorded in
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Figure 29. Apamin sensitive current of HMs. All data are from voltage clamp experiments. A: membrane
currents elicited by application of depolarizing voltage steps between -40 to +20 mV (10 mV increments)
from -50 mV holding potential in control solution containing TTX. B: set of membrane current traces
elicited by the same voltage steps in the same neuron as in A after application of 100 nM apamin. Note
reduction in steady state outward current. C: average I-V relation (n= 5 cells) of apamin sensitive
membrane currents obtained after subtracting current traces recorded in apamin solution from those
recorded in control solution. Note that the current activation threshold is near -30 mV. D: superimposed tail
currents recorded at the end of +20 mV voltage steps as the membrane potential was returned to -50 mV
(same neuron as in A and B in control or in the presence of 100 nM apamin). Note shortening of tail current
in apamin solution. E: plot of apamin sensitive tail current time constant versus membrane potential. F: plot
of apamin sensitive tail current (obtained by subtracting tail currents recorded in apamin solution from
those recorded in control solution) versus voltage step (to +20 mV) duration. The time course of apamin
sensitive tail current development is well fitted by two exponentials (0.7+ 0.1 and 2443 ms; n= 5 cells).
Currents were normalized with respect to the one obtained by a 50 ms depolarizing step.
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Figure 30. Block of outward currents by carbachol. A and B: membrane currents elicited by
depolarizing voltage steps between -40 to +20 mV (10 mV increments) from -50 mV in control solution
containing TTX (A) or in 50 UM carbachol solution (B). Note reduction in steady state outward current by
carbachol. C: superimposed tail currents recorded at the end of +20 voltage steps (same neuron as in A and
B) in control or carbachol sclution. Note shortening of tail current by carbachol. D and E: membrane
currents elicited with the same protocol as in A and B in solution containing 100 nA apamin (D) or further
application of 50 uM carbachol (E). F: tail currents (recorded at the end of +20 mV voltage step; faster time
scale) taken from tests shown in D and E. Note reduction in tail current amplitude by carbachol.
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apamin solution from the control one. The average I-V relation for the apamin sensitive
current is plotted in Fig. 29C. Its apparent activation threshold was -40 mV from which
the current grew monotonically with increasing membrane potential.

To characterize the apamin sensitive current deactivation, tail currents following voltage
steps to +20 mV in the absence or in the presence of apamin were studied (see Fig. 29D).
In control conditions tail currents could be fitted by two exponentials with decay time
constants of 24+3 ms and 154+9 ms at -50mV, respectively (n= 11 cells). In the presence
of apamin only a fast monoexponential component remained (decay time constant=19+ 3
ms; n= 5 cells). After current subtraction, the apamin sensitive tail current was shown to
have a monoexponential decay (140420 ms) which was voltage independent in the range
between -40 to -120 mV (Fig. 29E). This observation suggests that deactivation of the
apamin sensitive current was relatively slow and unaffected by membrane potential.
Apamin sensitive tail currents reversed at -91t1 mV (n= 5) membrane potential, a value
very near Ex' (-95 mV).

Studying the activation kinetics of the apamin sensitive current was difficult because of
its contamination by the concomitant development of other voltage-dependent currents.
To partially circumvent this problem we studied the kinetics of generation of the apamin-
sensitive tail currents by applying voltage steps of different length. In this case the
current flowing at the end of each voltage command should have represented the
activation of a certain fraction of apamin sensitive channels for a given membrane
potential. The protocol therefore consisted in delivering fixed-amplitude voltage steps of
increasing duration (from 1 to 50 ms) in the absence or in the presence of apamin and in
measuring the tail currents obtained after current subtraction. The subtracted tail currents
were then plotted (Fig. 29F) versus the voltage step duration (step command to 20 mV).
The time course of tail current development was fitted by two exponentials with time
constants of 0.720.1 and 2443 ms (n=5 cells). Note that even 1 ms voltage command was
able to generate a measurable fraction of the apamin sensitive current (~20%).

Examples of outward currents recorded before or after adding 50 UM carbachol are
shown in Fig. 30A, B. On average carbachol depressed the outward current by 28+ 3%
(n=6), a phenomenon associated with the generation of an inward current (40120 pA).

Analysis of tail currents (Fig. 30C) indicated that carbachol blocked the slow component
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(by 80£10 %) strongly and the fast one (by 359 %) weakly (n=6). Nevertheless, 50 uM
carbachol in the presence of 100 nM apamin could still reduce the steady-state outward
current by 27+1 % (n= 3 cells) as shown in example of Fig. 30D, E. In apamin solution
the monoexponentially decaying (20+5 ms) tail current was also depressed in amplitude

by 20£10 % (Fig. 30F).

3. SIMULATION OF HM RESPONSES

A computer model was set up to simulate the electrical behavior of HMs and to
investigate the role of Ina, Ixsiow, and Ixsg in generating an AP or in controlling repetitive
firing. Since this model did not include the complete set of voltage dependent
conductances present in HMs as such data are not yet available, the aim was necessarily
restricted to explore the contribution by Ina, Ixsow, and Ikss underlying conductances to
shape the AP and the firing pattern. The kinetic parameters obtained from the present
experiments (Table 1, see p. 40) were used as a start-up for the simulation experiments.
The first test of the model was to examine how well it could simulate the Na™ and K*
currents previously recorded under voltage clamp conditions. Fig. 31 shows simulated
membrane currents Iy, (A; top traces), Ixsow (B; top traces), and Igfas (C; top traces), that
were elicited by voltage clamp protocols similar to those used in the previously described
experiments (see Figs. 18, 23, and 24). The simulated current responses closely
resembled those experimentally obtained (Fig. 31A, B, and C bottom traces), including
features like time course of activation and inactivation. However, the transient Iy, was
followed by a persistent Na* current in two simulated responses (voltage steps to —40 and
—-30 mV). This presumably happened because of the presence of a ‘window’ current
occurring évhen the activation and inactivation curves overlapped (see Fig. 20A). Note
also that iniactivation of Ixsow Was not described in model.

Next, the f)rotocol of brief current pulse injections was simulated to reproduce the AP
normally obtained with current clamp experiments. Fig. 32A shows the simulation with
100 ms current pulses injected into the model neuron which initially comprised leak
(Zleak)» Na‘“i(gNa) and slow K" (gksiow) conductances only. The maximal values of gy, and
gkslow wWere 1 uS and 0.5 S, respectively. The 1 US gy, maximal value was chosen to

reproduce the real HM spike characteristics such like threshold (-43 mV) and rate of rise
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Figure 31. Computer simulations can reconstruct the voltage activated currents normally present
in HM. Iy, (A), Iksow (B), and Igss (C) as simulated responses (top traces) with the plotocols used in
real VC experiments. In all three cases Vyqq = -70 mV and the voltage step increment is 5 mV for Iy,
and 10 mV for Igge and Iggow. In (C) a conditioning prepulse (to —100 mV) is applied for 500 ms.
Bottom traces are experimentally obtained current traces. Note that average values were used for
simulations, thus some differences in currents kinetics and amplitudes could be noted when compared
with single cell current traces.
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Figure 32. Simulation of HM including Na* and slow K* conductances. A, current pulses of varying
intensities (indicated on the left to every response) elicit one spike only. Note appearance of the plateau
after a single spike, which persists also after termination of 100 ms current step. Standard value of Na*
conductance (gy,) is used for these simulations (see Table 1). B, simulation results with modified gy,.
Repetitive APs appear in response to similar current pulses as in (A).
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(62 mV/ms). However, using these parameters only a single spike was elicited at the
beginning of each one of the current steps (200, 400, and 500 pA) as the AP was
followed by a sustained plateau which persisted even after the termination of the current
pulse. Simulations with increased ggsow (Up to 1 US) led to shortening of the plateau
and/or its elimination at the end of current step' but could not reveal any repetitive firing
during the pulse. At gksiow= 5 uS the spike was completely abolished. The simulated
behavior shown in Fig. 32A was never observed experimentally. In fact, a plateau was
found in real HMs only with current > 0.5- 0.8 nA and it terminated immediately after the
end of current pulse. Analysis of gna parameters suggested that “window” Na® current
could bring the model neuron to generate a plateau state. Shifting the half activation and
half inactivation potential values to —40 mV and to —65 mV, respectively, led to
disappearance of this plateau in the model neuron (Fig. 32B). These changed gna
parameters were thus used for further simulations. Under these conditions the model
could then generate all-or-none APs, the frequency of which increased with the cell
depolarization pulse up to block of repetitive firing. Cell repolarization after the end of
the pulse also occurred.

The characteristics of simulated single APs were next investigated. A series of computer
generated voltage traces (maximal values for gn,= 1S and ggsiow= 1 puS) are shown in
Fig. 33A. The 100 pA current step did not evoke any spike, while stronger pulses elicited
APs of 11 ms duration (measured at threshold value). The corresponding value for real
HMs was 3.5 ms. This long duration of the simulated AP was partially due to the
appearance of a shoulder during the final phase of spike repolarization. However, even
when measured at midheight, spike duration was too long (5.5 ms). Fig. 33B shows the
result of simLf?ating a response to 300 pA step when maximal gigow Was 0.1, 0.5, 1,2, or
5 uS. The inciease in the gxsow progressively reduced the duration of the simulated spike.
When gxsiow \;vas 5 uS, duration of simulated spike was 3.5 ms at midheight (10 ms total
duration). Fig. 33C presents responses when gna and gxast only were included in the
model (maxirinal gxas values were 0.01, 0.05, 0.1, 0.2, or 0.5 uS). The waveform of the
simulated AP became narrower with increasing g, until the AP generation was
prevented when maximal ggese reached 0.5 pS. Moreover, gxfast influenced the initial

repolarization phase only and could not repolarize the membrane potential back to spike
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Figure 33. Action potential of model HM has long duration. A, APs evoked by incrementing current
step (100 to 500 pA, 30 ms). The latency of AP decreased with increasing current intensity. The current
step of 100 pA did not elicit any spike. The peak of the APs was apparently invariable. B, AP elicited
by 300 pA current step (50 ms). Decrease in AP duration is due to increasing gxsiow value (0.1, 0.5, 1, 2,
and 5 pS as indicated near traces). C, substitution of gksiow by gk fails to decrease AP duration. AP
elicited by similar current step as in (B). gk values expressed in 1S are indicated near traces. The AP
is completely blocked when the gggs reached 0.5 IS value. D, both ggsow (1 1S) and kst inserted in
model HM. Increasing of Zxgs (values indicated near traces) does not further shorten AP. Note increase

of AP delay with increasing gksast
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Figure 34. HM model exhibits repetitive firing. Simulated voltage traces as responses to current
pulses (200- 500 pA; A- B, respectively; upper traces) and corresponding Zsiow plots (bottom traces in
each panel). ’
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threshold. Thus, gxrst also failed to shorten the spike duration to the experimentally
observed values. Next, voltage traces were generated to investigate whether the
simultaneous presence of both gksiow and ggs repolarized the membrane potential after
an AP. An example is shown in Fig. 33D. Maximal gxslow was 1 1S and maximal gxfast
was increased from O to 0.5 us. Changing of gxfast did not have any influence on the
duration of AP, while latency increased from 8.8 ms (for ggfas= 0.05 uS) to 11 ms (for
gxrs= 0.2 1S). When gxfast reached 0.5 uS, AP was blocked. Similar results were
obtained for different ggsiow values (0.5-5 uS).

Discrepancies between behavior of the model and the real HM suggested that neither
EKslow DOT ZKfast (separately or together) could repolarize the membrane potential quickly
enough to produce an AP as short as the real one. This conclusion is perhaps unsurprising
if the AP duration (3.5 ms experimentally measured) is compared with the time constants
of Ixsow (tens of ms; Fig. 23D). However, it is surprising that the relatively fast activating
Tkfase (Fig. 24E), which is only ~3 times slower than Ina (Fig. 18C), could not play a major
role in shortening APs. Preliminary simulations were performed to test whether the use of
first power for Iifast activation and inactivation variables (a and b, respectively, in eq.
(12)) was indeed correct. When the power of the activation variable was raised to two or
four, gkrs was still unable to shorten the AP. Moreover, gxfas DECOmME even more
effective to delay and/or to block completely AP. Thus, the formalism described in eq.
(12), did not apparently show any substantially wrong assumption and was used for
further simulations. Employing this formalism is also useful as it allows comparison with
other cells, like hippocampal neurons (Traub et al. 1991; Warman et al. 1994).

The rather small contribution by gksiow and gxrast tO AP repolarization raised the
possibility that these currents were instead involved in the control of repetitive firing.
This aspect was therefore further investigated. In response to long (1 s) depolarizing
current pulses (200-500 pA), the model HM consisting of gna and gksiow (both 1 LLS)
exhibited repetitive firing as exemplified in Fig. 34. gkaow Was set to 1 S since this value
gave a relati?vely short AP. Higher values led to voltage responses with a single spike
only. Responses to a 100 pA current pulse were below AP generation threshold. The real
HMs were able generate repetitive firing with current pulses between 20 to 100 pA

(depending also on Rip). Addition of a low threshold Ca*" current might presumably




77

Jower AP generation threshold. The simulated neuron fired at frequency of 12 Hz or 22
Hz for 200 or 300 pA steps, respectively (Fig. 34A and B). These frequencies were
similar to those of real HMs. In fact, the sample neurons in Figs. 1 or 7 fired at steady
state frequencies of ~10 Hz and ~18 Hz in response to similar current pulses. gxslow PlOts
are depicted under each voltage trace in Fig. 34, These plots represent the ggsow activated
every moment during depolarization. About 0.03 US gksiow (3% of maximally available)
was activated during first AP for all traces presented. gxsiow did not deactivate completely
after termination of AP. Subsequent spikes again activated a similar fraction of gksiow-

When ggas (0.1 1US) was included into model in addition to gkslows the 200 pA current
step was not able to evoke any AP and higher current steps (300 pA and 500 pA; Fig.
35A) elicited AP trains which fired at lower frequencies (18 Hz for 300 pA step).
Increase in maximal gxpst to 0.2 US led to further decrease in firing frequency (7 Hz at
steady state for 300 pA step). The fraction of active ggsiow OF ZKfast Was plotted below
every voltage trace in Fig. 34 and 15A to illustrate the evolution of these conductances
during repetitive firing. A similar degree of gxsow (about 3% for each current pulse)
activated during every subsequent AP in the train and deactivated to the same level
between every two spike (Fig. 34 and 35A). A different behavior was exhibited by gxfast.
About 10% of maximally available gxfst Was activated during the first spike of the train
(Fig. 35A). During subsequent spikes this portion gradually decreased to about 3%,
presumably due to inactivation of gxf.s. Moreover, the firing frequency increased during
the AP train in the model cell which included gggst- This fact is quantified in the f-I plots
of Fig. 36A. The f-1 plot of the model cell with gy, and gxsiow only (both with 1 uS
maximal values) was almost linear in the range 200- 400 pA and deviated downwards at
a higher current step (Fig. 36A; closed circles). Given that the f-I plots for initial and
steady state were overlapping, only average f-I plots are shown. Inclusion of gkt (0.1
1S) into the model cell produced firing with changing frequency. Initial (closed triangles)
and steady state (open triangles) f-I curves are shown in Fig. 36A. They had similar slope
but that of steady state was shifted upward indicating that firing frequency increased
during AP train (accelerating firing). Inclusion of larger gxrst (2 uS) into the model gave
the same trend but the separation of f-I plots and the overall decrease in firing frequency

were stronger (Fig. 36A; open and closed squares).
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Figure 35. Fast K* conductance reduces model HM firing frequency. A: simulated responses to
current pulse (1 s, 300 and 500 pA). Voltage trace (upper trace), gxsiow plot (middle trace) and ggg,q plot
(bottom trace) are shown. Note large activated gggs during first AP and its gradual inactivation during
depolarization. B: experimental responses to 1 s current step of 300 and 500 pA intensity (taken from
Fig. 1).
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Figure 36. f-I plot of model HM. A, {-I relations for the basic model (gng= 1KS and gggow= 1US;
closed circles) and for models including different ggsy maximal values- 0.1 uS (triangles) and 0.2 puS
(squares). B, f-I relations of basic model (closed circles) and of model with gy, slow inactivation
(triangles). In'both A and B, steady state and initial firing plots are depicted with closed and open
symbols, respectively.
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The above described simulations showed that model could be made to fire at frequencies
like those of real HMs (see sample traces recorded under control conditions; Fig. 35B).
One interesting finding is that the presence of gkfast could produce accelerating firing as
indeed reported for a small population of HMs (Viana et al. 1995). However, simulation
results should be considered with caution, because real HMs possess other conductances,
such as voltage activated Ca® and Ca®" dependent K* conductances, which were not
present in the model neuron. Moreover, the present experiments demonstrated that the
mAHP strongly reduced firing frequency. Perfusion of cells with apamin, which blocks
the mAHP, strongly increased firing frequency to values (~25 Hz and ~40 Hz,
respectively; see for example Fig. 7) higher than those of the simulated neuron. On the
other hand, the simulated neuron fired at a constant or accelerating (in presence of gxfast)
rate in contrast to the experimental data (Fig. 1 and 7), especially those obtained in
apamin solution (Fig. 7 and 8) when spike frequency adaptation became apparent.
Ideally, the contribution of other conductances should have been tested but the lack of
information about kinetics, voltage and/or Ca** dependencies of other currents present in
HMs made it impractical.

For this reasons other mechanisms were explored. In particular, slow inactivation of Ina
has been suggested as a candidate for spike frequency adaptation (Fleidervisch et al.
1996; Powers et al. 1999). This mechanism was observed in real HMs and thus was
inserted into the HM model (gne= 1 S and ggaow= 1 KS). Time constant of slow
inactivation was 200 ms, near the value found in the present experiments. The result of
the simulation is shown in Fig. 36B and 37. The model neuron still was able to fire
repetitively, but the spike amplitude progressively decreased (Fig. 37). In addition, spike
frequency adaptation became manifested and lasted up to about 500 ms. Initial (closed
triangles) and steady state (open triangles) - plots are shown in Fig. 36B and are shifted
downward in respect to the f-I plot of the model cell without gy, slow inactivation. In
addition, the steady state f-I is shifted downward with respect to that of initial firing, thus,
indicating that firing frequency decreased during depolarization.

One basic difficulty with the present modelling approach was generated by the long
duration of single spikes. This artificial condition meant that a larger portion of gxsow and

gxrast Wwould be activated during a 10 ms (simulated) than a 3.5 (measured experimentally)
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Figure 37. Slow I, inactivation produces spike frequency adaptation. Simulated responses to
current steps (200- 500 pA, 1 s) when slow inactivation of gy, is added to the model. The frequency of
repetitive discharge becomes lower. In addition, spike frequency adaptation during the first 300- 500
ms appears. Note strong depression of subsequent AP amplitude.
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Figure 38. Slow K+ conductance reduces firing frequency in the fast spiking neuron model. A,
simulated responses of basic fast spiking neuron model to current pulses (200- 400 pA, 200 ms). B,
insertion of 1 uS (B) or 2 WS (C) gksow into fast spiking neuron model lowers firing frequency. Note
that firing frequency declines during depolarization. During depolarization activated gggow 1S plotted
versus time below voltage traces. Note cumulative activation of gsiow, which might explain the
appearance of spike frequency adaptation.
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lasting AP. Consequently, the role of these K* conductances on firing frequency would
be overamplified. In practice, in order to study how much HM gggow and gxms were
capable of controlling firing, single spikes had to be as short as those found in real HMs.
A different approach was therefore chosen to address this 'question. Two conductances,
namely a fast transient Na* current and a generic K™ current (both 1 uS), were taken from
the standard respiratory neuron model (Rybak et al. 1997) and were inserted into the HM
model together with gear. The choice of these conductances seemed justified since they
produced high frequency firing (57 Hz or 72 Hz for 200 pA or 300 pA steps,
respectively; Fig. 38A) with short APs (2.5 ms) when neuron was at -70 mV Viest. This
approach was simply used to estimate the influence of ggsow and gxrs ON the qualitative
characteristics of the model behavior. Following insertion of ggsow (1 1S) steady state
firing frequency dropped to 42 Hz or 57 Hz (200 pA or 300 pA steps, respectively) with
changed pattern of firing, since spike frequency adaptation become evident and lasted for
the first 100 ms (Fig. 38B). Adaptation was even more evident when ggslow Was increased
to 2 uS (Fig. 38C). Plots of the activated ggslow during depolarization are shown below
the voltage traces in Fig. 38B and C. The percent of gxaow gradually increased for each
subsequent spike, suggesting that accumulation of this conductance could be one
mechanism responsible for adaptation. The insertion of gfast (0.1 US or 0.2 uS), instead
of gxsiow into the fast spiking model, also led to reduction in steady state firing frequency
(66 Hz or 55 Hz, respectively, for 300 pA step; Fig. 39). However, it had the opposite
effect on firing pattern since firing gradually accelerated as also found in the previously
described simulations. Moreover, the first interspike interval was larger than those at
steady state. This was probably due to inactivation of ggfst, as shown with the time
profile plot of this conductance (Fig. 39; corresponding plots below voltage traces).

The following simulations were made when both ggsow and gxfast Were inserted into the
model with values of either 1 uS and 0.1 uS (Fig. 40A), or 2 uS and 0.2 uS (Fig. 40B),
respectively. In these exemplified cases, the adaptation pattern prevailed against the
accelerating one, while the temporal evolution of those conductances during
depolarization is also shown in Fig. 40 (plots below voltage traces). Sample traces
recorded in apamin solution (which best approximated the simulated conditions) are

depicted in Fig. 40C. Strong firing frequency adaptation emerged in presence of apamin.
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Figure 39. Fast K" conductance reduces firing frequency in the fast spiking neuron model.
Simulated responses to current steps (200-400 pA, 200 ms) when gk is 0.1 uS (A) and 0.2 uS (B).
Voltage traces (upper traces) and ggs plots (bottom traces) are depicted. Insertion of gkss diminishes
firing rate stronger at the beginning of depolarization than at the end, thus producing apparent
acceleration of firing. This is probably due to progressive inactivation of gg. during depolarization as
is clearly seen from gggg plots.
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Figure 40. Slow and fast K* conductances together slow down firing rate. Simulated responses of
fast spiking neuron model to current steps (300- 500 pA, 200 ms) possessing two different sets of gxsiow
and gias values: A, Ssow 15 1 US and gxgaq 18 0.1 US; B, gxsow 18 2 US and ggpe 15 0.2 US. For every
voltage trace (upper traces) are depicted gggow plot (middle trace) and gxfast plot (bottom trace). Note
that conductance behavior during depolarization is similar to that in previous cases when ggslow and
gxrs Were inserted separately. However, frequency decline prevailed in AP trains. C: sample current
traces recorded in the presence of apamin (100 nM) are shown to compare simulated and real HM
voltage responses.




84

The results of fast spiking model simulations are summarized in Fig. 41. The basic model
f-1 plot was linear (closed circles in Fig. 41A, B, and C). gksiow (1 uS or 2 uS; triangles or
squares, respectively; Fig. 41A) shifted f-I plots downwards. Steady state {-I plots (open
triangles and squares) were shifted more than those for inifial firing (closed triangles and
squares), thus indicating the presence of adaptation. Insertion of ggrst (0.1 US), instead of
gxslow, shifted f-I plots (Fig. 41B; triangles) in a different fashion as those for steady state
(open triangles) were shifted less than those for initial firing (closed triangles). Increasing
of ggps to 0.2 LS had qualitatively similar, although stronger effects on f-I plots (open
and closed squares). Fig. 41C summarizes the simulation results when both ggsow and
grrase Were inserted into model.

In summary, simulations of model HM with gna, gKslows and gxnst produced single or
trains of AP. The simulated AP did not replicate precisely that recorded experimentally in
terms of duration, suggesting that at least another current is involved in single AP
repolarization. One possible candidate for this role is the large-conductance non-
inactivating Ca®* dependent K* current (driven by BK channels). While this current has
been suggested to be responsible for the most of the AP repolarization of hippocampal
neurons (Lancaster and Nicoll 1987; Storm 1987), its presence and characteristics in
HMs are presently unknown.

Simulations using the fast spiking neuron model helped to ascertain the possible role of
gkslow and gxmst. Insertion of gxsiow into this model produced repetitive firing with
adaptation, that is the phenomenon most frequently observed in real HMs under control
conditions (Viana et al. 1995) or unmasked after block of mAHP (Viana et al. 1993b; see
also Fig. 7). Interestingly, the insertion of gxfast into the model led to responses with
accelerating fifing. This type of firing is not usual in HMs as it has been found in a small
population of HMs only (Viana et al. 1995). When both gxsow and Zrrst Were inserted
together into ;nodel, simulations gave adapting firing patterns. This observation shows
that the action of these conductances was temporally restricted to modulation of firing
pattern, a phenomenon undoubtedly controlled also by other conductances not included

into the present, simplified model of HMs.
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Figure 41. £-I plot of fast spiking neuron model. f-I relation for basic fast spiking neuron model
(closed circles) is plotted in A, B and C. In each panel open triangles or open squares indicate steady
state plots while filled triangles and squares refer to initial firing. A, f-1 plot of model including
different ggsow maximal values- 1 uS (triangles) or 2 uS (squares). B, f-I relations of model including
different ggpg maximal values- 0.1 WS (triangles) or 0.2 pS (squares). C, f-I relations of model
including two different sets of gxsiow and ggpe values- 1 uS and 0.1 pS (triangles), or 2 uS and 0.2 US
(squares), respectively.
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DISCUSSION

The present study provided the first macroscopic, quantitative description of three
voltage-activated, Ca**-independent currents, such as fast transient Na* (In,), slow
activating K" (Ixsiow), and fast transient K" (Ikfst) in neonatal HMs under voltage-clamp
conditions. In addition, a distinct outward current apparently responsible for the mAHP
was identified and its modulation by muscarinic receptor activation was demonstrated.
The present patch clamp experiments also provided new evidence for the role of the
mAHP in spike firing and its regulation by muscarinic receptors. Finally, the present
study attempted to integrate available parameters of macroscopic currents into a coherent

model, which might help to explain the electrical behavior of HMs.

1. Technical considerations

Analysis of voltage and/or Ca’" activated currents in HMs, like in all mammalian CNS
neurons, is fraught with problems. In slice preparations, Na* and K™ membrane currents
are large and possibly distributed along dendritic processes of complicated structure and
length. These two factors create problems for voltage and space clamp. The introduction
of the patch clamp technique (Hamill et al. 1981; Neher and Sakmann 1976) has led to
significant progress in voltage clamp studies of many neurons.

In the present study the whole- cell patch clamp technique led to considerable success in
recording membrane currents of HMs. The opportunity to vary extracellular and
intracellular solutions and the use of low resistance recording pipettes should have
minimized voltage errors. Time constant (t;) of membrane charging due to the presence
of series resi;stance was 120 us in the case when Iy, was recorded. T, was smaller than
time constan'é of Iy, activation. Any distortion of Iy, was probably evry small since even
in the voltage range (from -100 to ~60 mV or positive to 0 mV) where the activation time
constant was faster, this remained six times larger than T,. Activation time constants of
Ttase and IKSI;W were at least ten times slower than 7T, thus distortion of these currents
should be minimal.

Space clamp problems are more difficult to assess. However, the study by Viana et al

(1994) has suggested that HMs are compact neurons, with an electronic length of 0.99. A
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similar result (0.5- 0.85 A) has been reported for spinal motoneurons (Clements and
Redman 1989: Thurbon et al. 1998). The use of thin slices (in which some parts of the
dendritic tree might have been cut off) and visual identification of cells (with the
possibility of choosing smaller cells) may have reduced spéce clamp errors, which cannot
be completely excluded. In fact, the estimation of Ina reversal potential was made
difficult probably due to incomplete clamp of distal parts of HMs. However, the kinetic
properties of Ing, the current most vulnerable to poor voltage and space clamp, were
similar to those of the spinal motoneuron Na® current (see discussion below), which was
investigated when space and voltage clamp conditions should have been much better (two
electrode or single channel recordings; Barrett and Crill 1980; Safronov and Vogel 1995).
Histological staining of single HMs with neurobiotin did not reveal any dye coupling and
thus indicated that single HMs were presumably electrically isolated within the network,
a condition necessary for effective voltage clamping.

Until recently data regarding firing properties and membrane conductances of HMs have
been obtained using intracellular recording with sharp electrodes (Mosfeldt-Laursen and
Rekling 1989; Sawczuk et al. 1995, 1997; Viana et al. 1993a,b, 1994, 1995). It is
interesting to compare these results with the present ones, because the two recording
techniques produce differences in neuronal Ry, (Spruston and Johnston 1992; Staley et al.
1992). One possible factor leading to these discrepancies can be the membrane shunt
created around the sharp electrode. On the contrary, the seal of several G created
around the patch pipette leaves the membrane of the neuron relatively undamaged. In
recordings with sharp electrodes, part of injected current is dissipated via the shunt. This
can explain the differences in current step intensities required to evoke repetitive firing.
In the present study the AP trains were evoked with current pulses in the range 50- 700
pA, while current steps of several nA have been injected via sharp electrodes into HMs to
have similar f-I curves (Mosfeldt-Laursen and Rekling 1989; Sawczuk et al. 1995, 1997,
Viana et al. 1993b, 1995). In sharp electrode experiments some currents flowing via
activated conductances can also be deviated via shunt and might not generate changes in
current clamp experiments. This is a concern especially for conductances situated in
distal parts of dendrites and could explain the fact that inward rectification by

hyperpolarization is weak in neonatal HMs recorded with sharp electrodes (Viana et al.
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1994), while the same inward rectification was substantially stronger in the present study,
when neurons were patch clamped. Although the localization of the I conductances in
HMs is not yet known, its presence in dendrites of hippocampal neurons has been
reported (Magee 1998, 1999). '

Nevertheless, patch clamp recordings have limitations too. The large pipette provides less
resistance (thus improves voltage clamp conditions), but also washes out enzymes and
metabolic products from the neuron cytoplasm. Consequently, many membrane
properties are not constant during recording (Robinson and Cameron 2000; Spruston and
Johnston 1992) due to phosphorylation/dephosphorylation of membrane proteins
(including ionic channels). Since low resistance pipettes were used for voltage clamp
experiments (to reduce series resistance and improve voltage clamp) and high resistance
electrodes were utilized for current clamp recording (to reduce rundown), strightforward
comparisons between the two sets of data requires caution.

Typically, single or repeated APs were followed by a series of depolarizing and
hyperpolarizing afterpotentials as examplified in Fig. 2. The fAHP, mAHP and fADP
were present in all HMs. A few cells possessed the SAHP (see also Viana et al. 1993b;
Nishimura et al. 1989) or the sSADP, which has also been observed in facial motoneurons
(Nishimura et al. 1989). The HM mAHP was qualitatively similar to the one recorded
with sharp electrodes from brainstem (Mosfeldt Laursen and Rekling 1989, Nishimura et
al. 1989, Sah and McLachlan 1992, Viana et al. 1993b, Chandler et al. 1994) or spinal
(Walton and Fulton 1986, Zhang and Kmjevic 1987) motoneurons. The similarity of
voltage pattern demonstrates that HM whole cell patch clamping allowed measuring of
voltage response without introducing artifacts inherent to the recording technique.

Adult HMs in brainstem slices show three distinct phases of spike frequency adaptation
(Sawczuk et al 1995, 1997). In most cases HMs of neonatal rats display fast spike
adaptation or, 1n a minority of cases, firing acceleration (Viana et al. 1993b, 1995). The
present study found no direct experimental evidence for spike frequency acceleration
while fast adaptation was the commonest response (a minority of cells had a regular
firing pattern). The differences might be due to postnatal developmental changes (as the
present results were obtained from younger rat cells that often show fast adaptation;

Viana et al. 1995) or to the recording conditions (sharp versus patch electrodes; blind
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recording versus visually identified motoneurons; large current pulses versus weaker

ones).

2. Fast transient Na* current

One of the most problematic membrane currents to be studied accurately is the fast
transient Na* current (In,). Its fast activation is strongly distorted by any voltage clamp
error. This fact explains the poor understanding of Iy, properties in motoneurons (Barrett
and Crill 1980; Takahashi 1990). Until now no data were available about the kinetics of
macroscopic Iy, in motoneurons in a slice preparation and only single channel recordings
are available for spinal motoneurons (Safronov and Vogel 1995). Several approaches
were utilized in the present study to investigate macroscopic Ina, €.g. strong decrease in
extracellular Na* concentration (substituted by TEA, NMDG, or choline) or perfusion of
HM with very low doses of TTX (20 nM), which partially reduced Ina. Ina recorded under
these conditions was apparently clamped and had activation threshold at about —45 mV
(half activation —30 mV). In, activated with time constants of 1- 4 ms, inactivated during
depolarization (half inactivation —44 mV), and recovered from inactivation with a
biexponential process. These Iy, kinetics strongly resemble the kinetics of spinal neuron
Na' channels. However, the voltage dependence of HMs Iy, activation and inactivation
was shifted rightwards with respect to that of spinal motoneurons. It is difficult to decide
whether these more depolarized values could be attributed to voltage clamp errors. Iy, has
been recorded in many reduced preparations like acutely isolated neurons or oocytes
(Cummins et al. 1994; Fan et al. 1994; Huguenard et al. 1988; Sah et al. 1988; Stiihmer et
al. 1987) and exhibited large variability of half activation and inactivation values (range —
21 mV to —41 mV and —46 mV to -70 mV, respectively). Values for HMs were within
this range of values. Nevertheless, simulations of HM spike using these parameters of In,
revealed a plateau state, normally not found experimentally and which disappeared after
shifting half activation and inactivation values leftwards by 10 mV and 20 mV,
respectively. Note also that Iy, was recorded in a Ca® free extracellular solution of
highly reduced Na" concentration. This milieu might have interfered with activation

and/or inactivation processes of Na* channels.
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Slow inactivation of In, has been suggested to be a suitable mechanism for some spike
frequency adaptation (Fleidervish et al. 1996; Powers et al. 1999; Rudy 1981). Iy, in
HMs exhibited two phases of recovery from inactivation (fast one with t= 10- 20 ms and
slow one with 1= 100- 300 ms). Simulations including th»is property produced trains of
.AP with firing adaptation lasting hundreds of milliseconds. However, it still is not
confirmed experimentally whether this mechanism is indeed utilized for spike frequency
adaptation by HMs.

A persistent noninactivating Na* current (Inqp) is present in adult facial, hypoglossal, and
trigeminal motoneurons (Chandler et al. 1994; Mosfeldt Laursen and Rekling 1989;
Nishimura et al. 1989) as well as in other central neurons (Alzheimer et al. 1993a; French
et al. 1990; Huguenard et al. 1988; Schwindt and Crill 1980a,b). Inap activates below
spike threshold, and would therefore accelerate subthreshold membrane depolarization to
spike threshold. However, this current was not observed in neonatal HMs, since only one
fast inactivating component (estimated with exponential fitting of In. decay during
depolarization) was present. A similar result has been obtained on neonatal spinal
motoneurons (Safronov and Vogel 1995). It has been demonstrated that In,p increases
with age (Alzheimer et al. 1993b; Huguenard et al. 1988) and, perhaps, HMs at this
developmental stage (1- 7 days) have not yet expressed Inqp.

The Na* channel from rat brain consists of one major o subunit and two smaller {3
subunits, B1 and B2 (Catterall 1992). Five different o subunits were cloned from rat brain
(Noda et al. 1986a,b) and seem to be differentially distributed among brain regions. The
RII subtype is preferentially expressed with RI/RII ratios ranging from 0.07 (in the
hippocampus) to 0.17 (in the cerebral cortex), while the RI subtype is preferentially
expressed? in more caudal areas of the central nervous system with values of RI/RII of
0.98 (for émedulla oblongata) and 2.2 (for spinal cord; Gordon et al. 1987). The strict
regional éxpression of these two sodium channel subtypes suggests that they may have
distinct functional properties or physiological roles. Inmunochemical staining of neurons
against Na" channels from rat brain showed their preferential localization in the axon
hillock (Boudier et al. 1985; Catterall 1981; Wollner and Catterall 1986).

The axoﬁ hillock- initial segment of axon has been identified as a site where AP is

generated (Araki and Terzuolo 1962; Coombs et al. 1957; Moore et al. 1983). Recently
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information about Na" channel distribution over the spinal motoneuron membrane has
been provided (Safronov et al. 1999). It appears that the soma has very low density of
Na" conductance (~22 pS/umZ) and is even unable to generate an AP, while the same
value for the axon is about 2400 pS/um2 (Safronov et al. 1999, 2000). This fact has been
confirmed by both experiments and simulation studies. In contrast, the soma of
hippocampal pyramidal neurons in which Na* channel densities can reach 30 pS/um?, is
able to generate spikes (Colbert and Johnston 1996). An even higher density of these
channels (~400 pS/;.Lm2) have been reported in isolated hippocampal cells by Sah et al.
(1988). The Na* conductance used in present computer simulations was 200 pS/um?, that
is near the realistic one. However, the HM model consisted only of the soma
compartment. This is justified by the lack of information about Na" and K* conductance
density and distribution. More accurate reconstruction of HM excitability characteristics

could be obtained when all the necessary information becomes available.

3. K currents

In addition to Iy, generated by depolarization, multiple K™ conductances have been
suggested to shape AP repolarization and repetitive firing behavior of HMs (Viana et al.
1993b). Molecular biology studies have indicated that rat brainstem nuclei contain
mRNA for various K* channel subunits, particularly Kv3.3 (and to a lesser degree Kv3.1)
which in expression studies generates a sustained, slowly inactivating current (Weiser et
al. 1994), and Kv4.2 and Kv4.3 responsible for fast activating and inactivating currents
(Serodio and Rudy 1998). It appears likely that HMs possess a repertoire of K" currents,
which so far have not been systematically analyzed under voltage clamp conditions.

In the present experiments the total outward current could be separated into two broad
components. One composed of voltage-activated K* currents and a second one of Ca**-
dependent K" currents, which are typically responsible for the medium and slow AHP
(Viana et al. 1993b).

Voltage-activated K* currents were investigated in the presence of TTX to block I, and
in Ca-free-Co solution to eliminate Ca" currents and any residual Ca**-dependent K*
currents. Cs* was routinely present in the external solution to block the hyperpolarization

activated current I, (Bayliss et al. 1994a) and did not appear to interfere with the voltage
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activated K* currents. Under these conditions a slow K* current (Tsow) Was generated by
1 s voltage steps from -70 mV Vy (see Fig. 17B), peaking in tens of milliseconds and
remaining at a plateau with a slow decline. Hyperpolarizing prepulses allowed unmasking
a much faster K" current (Igfast). Ikstow and Ixgse could thérefore be distinguished on the
basis of the substantial differences in their voltage dependence of activation and
inactivation. Ca>* dependent K currents were recorded in the presence of TTX and in
normal Ca** (2 mM) solution. In addition, EGTA concentration in the pipette solution
was decreased to avoid reduction of this current due to Ca®* chelation, as shown also by

the fact that intracellular EGTA blocks the mAHP (Viana et al. 1993b).

4. Igsiow and Igps properties

By its activation kinetics and voltage dependence Ikgow resembled the classical delayed
rectifier (Ixq,) first reported for the squid giant axon by Hodgkin and Huxley (1952) and
found in many neurons (see for review Rudy 1988; Storm 1990). Iksiow activated at
membrane potentials positive to -50 mV, and showed voltage-dependent kinetics of
activation. For example, the activation time constant value decreased nearly three-fold
from -20 mV to +20 mV. At membrane potentials positive to -10 mV Ixksiow inactivated
slowly with a time course of seconds. During repolarization at the end of voltage step,
Ixsiow deactivated with monoexponential time constant. In addition, Ixsow Was suppressed
by TEA and partly depressed by very high doses of 4-AP.

Iksst was unaffected by TEA application, a treatment which actually allowed to observe it
in isolation with its characteristically faster kinetics. Igsg resembled the fast transient
outward cu%rrent 14, first observed in gastropod neurons (Connor and Stevens 1971a). Ikfas
was almosé completely inactivated near resting potential, since depolarizing voltage steps
from -70 mV Vi did not evoke Ik Halfmaximal inactivation was at -93 mV. By
membrane hyperpolarization the inactivation of Ixs. was rapidly removed with recovery
to 50 % of control amplitude in about 10 ms (see Fig. 26 D). Subsequent depolarization
to values positive to -60 mV activated Ixg (With a time course depending on membrane
voltage) which peaked and fully inactivated within 200 ms (at 0 mV the inactivation time

constant was 70 ms). Igmns deactivation after the end of the command pulse was
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comparatively faster (19 ms) and showed little voltage sensitivity. In contrast to Ixsow,
kst Was selectively attenuated after application of 4-AP (up to 5 mM) which, in mM
concentrations, is a well established blocker of Ixgy in other nerve cells (Rudy 1988;
Storm 1990). The characterization of Iggg in HMs is thus based on distinct
electrophysiological properties and pharmacological sensitivity.

It should be noted that E,e, for Ixss (and also for Iggow) Was relatively near the calculated
value for K* and was shifted positively (as predicted by the Nernst equation) by raising
extracellular K concentration. These observations suggest that both currents were mainly
mediated by an increased membrane permeability to K*. Nevertheless, there was a small
but systematic difference between the current Er, and Ex. This was partly due to a slight,
yet consistently measurable permeability to Na* inherent in both currents and perhaps
partly to the difficulty in obtaining complete isopotential conditions in neurons with

dendritic arborization.

5. Apamin sensitive current

The outward current selectively inhibited by apamin may be termed Lygp (see Sah, 1996).
On HMs this represented about 1/3rd of the total outward current induced by membrane
depolarization and deactivated slowly. For 1 s long membrane depolarization to +20 mV
(from -50 mV Vy,) the cord conductance of Iayp (under apparently steady state conditions)
was 7 nS. The corresponding conductance value for the Iksow (values taken from Fig.
23A) was 14 nS while Ixpg was strongly inactivated at this time point. Thus, during
sustained depolarization Ixqow generated a membrane shunt considerably larger than Iayp.
Note that in addition to these K currents there was a residual, unidentified outward
current sensitive to muscarinic agents. Since the largest component of the total outward
steady current was apparently made up by Iksow (which deactivated with a faster
timecourse), it was difficult to study Iamp in isolation. For this reason kinetic parameters
pertaining to Ingp were obtained by analyzing the current (and especially its slow tail)
obtained after subtraction. The I-V relation of Iamp indicated an apparent activation
threshold at about -40 mV; its non-linear voltage dependence in the -40/-10 mV range
might have reflected the strong voltage dependence of Ca** conductance activation (Hille

1992). The time course of Iamp development was bi-exponential. This latter property
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probably reflects the multifactorial process underlying Iaup generation and might have
been due to phased recruitment of SK channels by increasingly larger amounts of
intracellular Ca** diffusing over a wide cytoplasmic area. It is interesting that Iamp
deactivation (observed as monoexponential decay time cohstant of the apamin sensitive
tail current) showed no voltage dependence, thus suggesting that the membrane
conductance underlying Iagp was probably voltage independent. Isgp with similar kinetic
properties has been described in sympathetic neurons (Cassell and McLachlan 1987, Goh
and Pennefather 1987), vagal motorneurons (Sah and McLachlan 1992), trigeminal
motoneurons (Chandler et al. 1994) and cortical neurons (Schwindt et al. 1992b).

It is noteworthy that membrane depolarization as short as 1 ms could elicit a measurable
Inup. It is suggested that even very short voltage changes (as brief as a single AP,
normally lasting 1-3 ms) can trigger Ca** entry sufficient to turn on an adequate number
of SK channels to generate a mAHP. Similar observations have been obtained with
ganglion neurons (Lancaster and Pennefather 1987).

The mAHP was completely blocked by Ca**-free solution or apamin, and it reversed at
membrane potential near the predicted Ex. All these observations indicate that mAHP
was due to Iygp activation. Its sensitivity to apamin, a very selective blocker of SK
channels (for review see Sah 1996), suggests that Isup responsible for this phenomenon
was probably mediated by SK channels and turned on by Ca®" entry following one (or
more) AP. In fact, the lack of effect of apamin on resting potential or leak conductance
shows that such a Ixgp was inactive at resting levels of intracellular Ca**. Additional
experiments explored the mAHP sensitivity to intracellular Ca™.

Introducing BAPTA (1 mM), a fast Ca** chelator, into the HMs strongly reduced mAHP
as does also EGT A (10 mM; Viana 1993b). The AP and fAHP were unaffected, but a
long sAHP (il-2 s duration) appeared. This result could suggest that the relative distance
of Ca** difﬁision might be important in determining the different BAPTA actions on
distinct afterpotential components. As SK channels nﬁght be located relatively far from
Ca®" entry sites, BAPTA would be able to capture Ca** moving towards these channels.
On the other hand, potentiation of Ca®" dependent K" currents or SAHP by BAPTA has
surprisingly been reported for hippocampal neurons (Engisch et al. 1996; Jahromi et al.

1999; Velumian and Carlen 1999; Zhang et al. 1995). The suggested mechanism for this
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potentiation (Jahromi et al. 1999; Zhang et al. 1995) implies that BAPTA increases the
pool of diffusible cytoplasmic buffers which reversibly bind and release Ca** and thereby
it facilitates diffusion of Ca®" from sites of entry to sites of action. BAPTA is more
suitable for this than EGTA, because BAPTA has Kp éimﬂar to that of EGTA, but
releases Ca”* 100 times slower (Pethig et al. 1989). Whether this scheme is applicable to
HMs is not clear, but it could explain why sAHP was rarely seen in control conditions but
was unmasked when BAPTA (1 mM) was present in patch pipette. Very low
concentration of EGTA (0.5 mM) in the control pipette solution and possible wash out of
endogenous mobile buffers from HMs presumably led to impossibility to observe sAHP
under control conditions.

It is interesting to note that an exceptionally low endogenous Ca”" binding ratio of 41 has
been reported for HMs (Lips and Keller 1998, 1999). This value is much smaller than the
one for cortical (100-135; Helmchen et al. 1996), hippocampal pyramidal (168- 207;
Helmchen et al. 1996), or Purkinje neurons (900; Fierro and Llano 1996). Moreover, this
property of HMs might account for their high vulnerability to Ca ** dependent excitotoxic
damage. In fact, the degenerative motoneuron disease ALS has been shown to affect
preferentially HMs as well as some other brainstem motoneuron groups (e.g. trigeminal,
facial, and ambiguous; DePaul et al. 1988), which do not contain the Ca2+—chelating
protein parvalbumin, while motoneurons containing this protein are more resistant to
ALS (Reiner et al. 1995).

During a single AP the increase in intracellular Ca®* concentration which is responsible
for generating the mAHP is suggested to originate from transmembrane influx as well as
release from internal stores (Sah 1996). This phenomenon is applicable to sympathetic
neurons (Davies et al. 1996; Kawai and Watanabe 1989) or vagal motoneurons (Sah and
McLachlan 1991). On HMs the Ca” store depleting agent caffeine (10 mM) largely and
persistently enhanced mAHP. Such an observation indicates that on HMs the contribution
by Ca®" release from internal stores to the mAHP following each AP was probably very
small. Further evidence in support of a minimal role by internal Ca®" release in mAHP
generation comes from the experiments with dantrolene or ryanodine, agents which are
known to block release of Ca®* from internal stores (Friel and Tsien 1992; McPherson et

al. 1991; Ohta et al. 1990; Shmigol et al. 1994; Thayer et al. 1988; Usachev et al. 1993).
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While these results collectively indicate that the main mechanism for Ca*" mediated
generation of HM mAHP is influx of this divalent cation, future work will be necessary

to clarify the process underlying the mAHP enhancement by caffeine or dantrolene.

6. Functional implications of K* currents for motoneuronal firing properties

6.1. AP repolarization

Iksiow Observed in the present study showed rather slow activation. This slowness is
hardly to be attributed to poor clamping conditions. Single, delayed rectifier- like channel
recordings from spinal motoneurons have intrinsically slow kinetics (Safronov and Vogel
1995). A similar time course is seen in acutely dissociated hippocampal (Numann et al.
1987) or sympathetic neurons (Goh et al. 1989). Slow kinetics of Ixsow lead to doubts
about this current participation in AP repolarization. Nevertheless, it has been reported by
Viana et al. (1993b), that TEA (1-10 mM) prolongs AP duration. However, it cannot be
excluded that another conductance, e.g. fast Ca** dependent K* current mediated by BK
channels could have been blocked by TEA. The last one current is the main AP
repolarizing mechanism in hippocampal (Lancaster and Adams 1986; Lancaster and
Nicoll 1987; Storm 1987) and sympathetic neurons (Adams et al. 1982). Unfortunately,
this current is still uncharacterized in HMs.

It has been previously proposed that 4-AP sensitive K" conductances shape the AP of
HMSs (Viana et al. 1993b) as 4-AP (0.1-0.5 mM) prolongs AP duration. The present
experiments suggest that only a very small part of Ixss could be blocked by 1 mM 4-AP.
Thus, it seems plausible that spike lengthening by small doses of 4-AP does not involve
depression of Ij,. Furthermore, as the resting potential of neonatal HMs is about -70 mV
and the -j;spike duration about 1 to 3 ms (Viana et al. 1995; present study), it is likely that
at rest lével Iksase 18 partially inactivated and that any available fraction of Iggst possesses
activatién and deactivation kinetics (approximately 10 and 20 ms, respectively) much
slower than the spike duration.

For these characteristics one can suggest that Ixgow and ke, rather than controlling the
duration of a single AP (which perhaps relies on a distinct Ca*" dependent K* current

have a role in determining the repetitive firing pattern.
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Simulations confirmed that neither Ixgow nor Ixmse were capable of quickly repolarizing
the AP. Surprisingly, Iksow despite its slower kinetics was more effective than Iggg in
producing repolarization. However, with maximal ggsow equal to maximal gy, (1 1S, that
corresponds to conductance density of 200 pS/um? for a ﬁeuron with capacitance of 50
pF) the simulated AP had duration of 10 ms. This is a rather high conductance density if
compared with the K conductance density in spinal motoneuron soma (20 and 18
pS/um?® for Kpg and K, channels respectively; Safronov et al. 2000). This fact raises the
question of how K* channels are distributed over the HM membrane, since spatial
distribution of K" conductances may strongly influence their contribution to neuronal
excitability. A simulation study by Mainen and Sejnowski (1996) has demonstrated that a
set of neurons that share a common set of ion channels and differ only in their dendritic
geometry can exhibit an entire spectrum of firing patterns. The heterogeneity of channel
distribution over dendritic and somatic membranes can elicit even more complicated
firing behavior. K4 channels, generating I, have been found to be distributed with
increasing density along the hippocampal cell main dendrites (Hoffman et al. 1997). This
localization allows these channels to reduce excitatory synaptic events and to limit back
propagation of AP into the dendrites. The dendrites of spinal motoneurons posses about
one fifth of total I, which is mainly situated in the soma (36%) and in the axon (47%;
Wolff et al. 1998). Surprisingly, the largest part of Ixkpr (47%) is located in the dendrites
of these motoneurons. This result suggests that similar currents can have different roles in
the regulation of neuron excitability not only in view of the variability in the kinetics

and/or voltage dependence but also of their compartmental distribution.

6.2. Control of repetitive firing

Previous studies have shown the importance of the mAHP in controlling repetitive firing
“in different neurons (Kernel and Sjoholm 1973; Baldissera and Gustafsson 1974a,b;
Madison and Nicoll 1984; Nishimura et al. 1989; Schwindt et al. 1992b; Viana et al.
1993b; Chandler et al. 1994, Powers et al. 1999). In the present investigation the crucial
role of the mAHP (or it underlying Iapp) in firing behavior became immediately apparent
after the mAHP was blocked by apamin, carbachol or Ca® free solution. Very strong

firing adaptation was readily manifested as a result. The present results therefore
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demonstrate that the mAHP of neonatal HMs had the fundamental property of
maintaining a slow firing frequency (with a relatively regular pattern). Whenever the
mAHP was present, the duration of membrane potential sojourns at depolarized level
became inadequate for full activation or inactivation of other voltage dependent K"
conductances.

The fact that discharging rate increased and strong spike frequency adaptation appeared
when the mAHP was fully suppressed by apamin raises the question of the relative
contribution by different conductances to repetitive firing. In the presence of apamin
and/or carbachol (which should have also blocked Iy or leak conductance as discussed
later), adaptation probably developed because of the kinetic properties of Ik and/or
Ikslow, €specially as the baseline membrane potential, elevated during the spike train,
should have facilitated persistent Iggow activation. Modulation of mAHP by
neuromodulators like muscarine, 5-HT (Bayliss et al. 1995) or norepinephrine (Parkis et
al. 1995) suggests that HM firing could change during different behavioral states
associated with various degree of activity of cholinergic, serotoninergic or noradrenergic
pathways. These transmitters might thus act via dynamic alterations in the role of various
K" conductances to the total outward current.

Only a small part of Iggow could by activated during the first spike due to its slow
kinetics. Nevertheless, since Ixsow deactivated with a time constant (20- 50 ms) longer
than first interspike interval (5 to 10 ms, when mAHP was blocked; Figs. 7 and 8), a
certain fraction of activated Ixgow Would be present at the beginning of the second spike
in a train. Likewise, further accumulation of Iggow Would occur during the spike train
with summating properties after each successive spike. Analogous considerations may be
applied to Ikrse on the basis of the properties of the fast In current described by Connor
and Stev%ens (1971a,b).

Unforturiate]y, direct experimental test of Ikgow and Ikms participation in the spike
frequency adaptation manifested after mAHP block is presently made difficult by the lack
of highly selective blockers. For instance, although I is sensitive to 4-AP, even a 5 mM
concentration of this substance could not block it completely. The same applies to TEA

acting oh Ijow. Along the same line it might be difficult to rely on holding potential
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changes to remove Iy inactivation selectively as this approach would also affect the
kinetic properties of voltage dependent inward currents.

Computer stimulation studies shed some light on the functional role of Ixgow and Ixgg in
HMs. The model HM did not include any mAHP conducténce, thus, it was similar to the
experimental conditions, when mAHP was blocked by apamin or carbachol. Simulations
indicated that, during first AP, about 10% of available Ik activated and substantially
prolonged the first interspike interval. However, I inactivated during depolarization,
thus gradually reducing its inhibitory contribution. Apparent spiking acceleration
emerged in a train of AP until an equilibrium between Ik activation and inactivation
was reached. On the contrary, accumulation of activated Iggow in the model neuron led to
stronger delay of subsequent spikes within the first 100-200 ms, thus suggesting that slow
activation of Igsow could be a suitable mechanism for early adaptation lasting hundreds of

ms as indeed observed in experiments when mAHP was blocked (see Figs. 7 and 8).

7. Effects of muscarinic or mGlu receptor activity on HMs

The mAHP of HMs is a target for neuromodulation by 5-HT or norepinephrine (Bayliss
et al. 1995; Parkis et al. 1995). Both substances do not act directly on the mAHP
underlying conductance but operate indirectly by either inhibiting Ca® currents in the
case of 5-HT (Bayliss et al. 1995) or reducing leak conductance (and activating an inward
current) in the case of norepinephrine (Parkis et al. 1995). The present study shows that
the mAHP (and Ismp) is also a target for muscarinic receptor activity. Carbachol or
muscarine reduced mAHP amplitude without changing its rise and decay times,
suggesting that muscarinic receptors apparently led to inhibition of a fraction of Iagp
channels. Tt should be pointed out that previous studies on cortical neurons have reported
that muscarinic receptors usually block the sSAHP (Cole and Nicoll 1983, 1984; Schwindt
et al. 1988, 1992b) while sparing the mAHP. On the other hand, like in the case of HMs,
the mAHP of hippocampal neurons is reduced by carbachol (Storm 1989; Fiszman et al.
1991; Williamson and Alger 1990; Zhang and McBain 1995). It is however clear that in
hippocampal cells several conductances participate in the generation of mAHP (Storm
1989) and that one of them, the so called Iy, may be the main target for the blocking
action by carbachol on the mAHP (Halliwell and Adams 1982). It seems unlikely that on




100

HMs Iy was responsible for generating the mAHP since Iy is not Ca** dependent and has
slow activation kinetics (Adams et al. 1982, Brown and Selyanko 1985) which preclude
its turning on by a single AP. The present study thus indicates the mAHP as a novel site
of action for muscarinic receptors of HMs. Furthermore,»atropine enhanced the mAHP
amplitude, suggesting that, under the recording conditions of the slice preparation, there
was background release of acetylcholine sufficient for partial inhibition of the mAHP.
The present data however indicate that, in addition to Isgp, other K™ currents of HMs
were modulated by muscarinic receptors. In fact, in the presence of apamin when Iagp
should have been completely blocked, carbachol could still reduce a component of the
sustained outward current. The multiple sites of carbachol action on HMs were confirmed
in experiments under current clamp conditions, as reduction in mAHP and membrane
depolarization could be differentially occluded by apamin. While block of a variety of K*
conductances contributes to the carbachol-evoked depolarization (Benardo and Prince
1982; Womble and Moises 1992), it is possible that enhancement of a non-specific
cationic current is also a factor leading to membrane depolarization (Colino and Halliwell
1993; McCormick and Prince 1985; Segal 1982). Unlike the case of CAl hippocampal
cells (Figenschou et al. 1996), the present study did not observe any change in action
potential duration or threshold in the presence of carbachol.

In addition, muscarinic agonists increase intracellular free Ca®* in hippocampal and
symphatetic neurons by causing Ca® release from intracellular Ca®* stores and by
promoting Ca*" influx (del Rio et al. 1999; Felder et al. 1992; Kudo et al. 1988). Indeed,
pretreatment of HMs with caffeine, which is known to release Ca?" from internal stores
(Kostyuk and Verkhratsky 1994), reduced the depolarizing action of carbachol, thus,
sugges’jting some interaction between caffeine and carbachol.

The eé(citatory transmitter glutamate, acting on metabotropic receptors, modulates
neuron?s by regulating their intrinsic and synaptic properties (Baskys 1992; Baskys and
Malenka 1991; Cochila and Alford 1998; Del Negro and Chandler 1998; Forsythe and
Clements 1990; Glaum and Miller 1993; Schoepp and Conn 1993). HMs might also be
influenced by mGluRs activation, because they express mGluRs (Hay et al. 1999) and
receive glutamatergic inputs (Funk et al. 1993; O’Braien et al. 1997). However, there

were no studies whether HMs possess functionally expressed mGluRs. Therefore, the
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modulation of HM excitability and the regulation of excitatory synaptic transmission to
them were examined. Multiple effects of mGluRs activation by their agonist ~ACPD
were observed. +-ACPD depolarized HMs with a parallel increase in Rj,. A similar
depolarization due to reduction in the leakage current has been reported for several
neurons (Del Negro and Chandler 1998; Guerineau et al. 1994; Mercuri et al. 199¢6;
McCormick and von Krosigk 1992). While activation of mGluRs depresses slow AHP
and decreases accommodation in hippocampal neurons (Baskys et al. 1990; Charpak et
al. 1990; Stratton et al. 1989), the firing pattern of HMs was apparently unchanged by -
ACPD. No mAHP modulation by +~ACPD was observed in the present study. However,
the delay of first AP in the train and first interspike interval were significantly prolonged.
Even though this phenomenon was not further investigated, Ixss upregulation by mGluRs
activation might be a suitable mechanism in analogy with the similar process described
by Cochilla and Alford (1998). In addition to these direct actions on HMs, ~ACPD
depressed evoked glutamatergic currents. Whether this phenomenon was due to a pre- or
post-synaptic effect remains to be investigated, but the increased paired pulse facilitation
suggest that a presynaptic site of action was likely.

It is possible that mGluRs on HMs might by activated under physiological conditions in
vivo. HMs receive glutamatergic rhytmically active inputs from respiratory neurons
during the inspiration phase (Funk et al. 1993, 1997). High frequency activity may cause

glutamate accumulation and it would, thus, favor mGluRs activation.

8. Conclusions

The present study investigated the membrane conductances and mechanisms underlying
excitability and firing of neonatal HMs in a brainstem slice preparation. For this purpose
current and voltage clamp experiments were performed using the whole cell patch clamp
technique. Finally, some hypotheses were tested by computer simulations.

Kinetics and voltage dependencies of three voltage activated membrane currents Iy,
Tkstow, and Txgs were described. This description allowed the computer reconstruction of
these currents and thus is useful for further simulation studies of HMs. Despite the
incompleteness of the model, preliminary simulations led to important conclusions about

the role of Ing, Iksiow, and Ixss in the control of firing. Ina is responsible for the fast up-
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stroke of AP. Ixgow and Ixgs Were not capable to repolarize a single AP, but strongly
influenced model HM firing by reducing frequency and producing adapting or
accelerating firing, respectively. Slow inactivation of Iy, was observed in HMs and
produced spike frequency adaptation in the model HM. '

A Ca** dependent K* current sensitive to apamin was identified. This current underlies
the mAHP, which had a fundamental role in maintaining low firing frequency in HMs.
Block of mAHP always unmasked adapting firing pattern. mAHP was modulated by
manipulating intracellular Ca* by BAPTA and agents emptying Ca™ stores. This fact
suggested that mAHP might be modulated during neuronal activity. In addition, mAHP
was depressed via activation of muscarinic ACh receptors by carbachol, which also
depolarized HMs. Activation of mGluRs by ~ACPD produced pre- and postsynaptic
effects on HMs. --ACPD depolarized HMs (with parallel increase in Ry,) and depressed
glutamatergic transmission. However -ACPD apparently neither modulated mAHP nor
changed the discharge pattern of HMs. The results of ACh and mGlu receptors activation
provide new evidence that network activity or behavioral state can influence HM

responsiveness to synaptic inputs by changing HM excitability.
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