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Abstract
Meaningful body movements depend on the interplay between synaptic inputs to motoneurons and
their intrinsic properties. Injury and disease often alter either or both of these factors and cause
motoneuron and movement dysfunction. The ability of the motoneuronal membrane to generate
persistent inward currents (PICs) is especially potent in setting the intrinsic excitability of
motoneurons and can drastically change the motoneuron output to a given input. In this article, we
review the role of PICs in modulating the excitability of spinal motoneurons during health, and
their contribution to motoneuron excitability after spinal cord injury (SCI) and in amyotrophic
lateral sclerosis (ALS) leading to exaggerated long-lasting reflexes and muscle spasms, and
contributing to neuronal degeneration, respectively.
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1. Introduction
Spinal motoneurons provide the final neural output of the central nervous system (CNS)
through which motor commands to peripheral muscles are communicated. They were called
the “final common pathway” by Sherrington (1906) because motor activity has to be
executed through the activation of motoneurons. Although motoneurons are only a very
small percentage of all neurons (<0.0005% of all neurons in humans, Kernell, 2006), their
study provides unusually deep insights into the function of the motor system. First, they
have large soma making their identification and penetration with microelectrodes relatively
easy. Second, their direct connection to muscles gives their output clearly defined functional
significance. Third, their action potentials are one to one with the muscle fibers that they
innervate, so that motoneurons are the only neurons whose firing patterns can be readily
measured in human subjects.

It has long been appreciated that motoneurons can generate steady repetitive firing to
prolonged inputs (Granit et al., 1963; Kernell, 1965). The general model of the motoneuron
was that its extensive dendritic tree passively transmitted synaptic current to the soma,
where it was converted into spike trains (Powers and Binder, 2001). The realization that
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motoneurons are not simple integrate and fire cells emerged from two revolutionary results.
In Seattle, Schwindt and Crill showed that motoneurons possessed large persistent inward
currents (PICs) that could greatly increase firing rate and prolong firing after input ceased
(Schwindt and Crill, 1977, 1980a,b, 1982). Then in Copenhagen, Hounsgaard, Kiehn,
Hultborn and colleagues showed that large PICs were a natural consequence of endogenous
neuromodulators released by axons originating in the brainstem (Hounsgaard and Kiehn,
1985, 1989; Hounsgaard et al., 1988a,b). The main neuromodulators were shown to be
serotonin and norepinephrine. Several studies (Hounsgaard and Kiehn, 1993; Lee and
Heckman, 1996, 1998a,b, 2000; Bennett et al., 1998) subsequently demonstrated that most
of the PIC is generated in dendritic regions and hence that motoneuron dendrites are not
passive but in fact highly active integrators of input. The dendritic PIC greatly amplifies
synaptic input – as much as fivefold (Lee and Heckman, 2000; Hultborn et al., 2003). It is
now considered likely that PICs play a fundamental role in shaping motoneuron firing
patterns during normal motor behavior (Heckman et al., 2008a,b, 2009). In this review, we
briefly summarize the ionic mechanisms and functions of PICs in the normal state, and then
concentrate on their potential involvement in two motor disorders: spasticity emerging after
spinal cord injury (SCI) and the neurodegenerative disease amyotrophic lateral sclerosis
(ALS).

2. Persistent inward currents in normal function
Schwindt and Crill (1977, 1980a,b) were the first to discover persistent inward currents
(PICs) in spinal motoneurons. The PIC is a depolarizing inward current that activates as long
as the membrane potential is depolarized (i.e., does not inactivate with prolonged
depolarization). It is an intrinsic ionic mechanism that allows motoneurons to respond to
brief synaptic input with prolonged firing activity, even after the cessation of the input (i.e.,
self-sustained firing, Fig. 1C) (Schwindt and Crill, 1980b; Hounsgaard et al., 1988b). This
mechanism could be beneficial in situations when motoneurons need to be constantly
activated (e.g., during postural control or isometric contractions) since steady synaptic input
would not be required (Hounsgaard et al., 1988b; Lee and Heckman, 1998a,b). Motoneuron
self-sustained firing can be terminated through inhibitory synaptic inputs, which
hyperpolarize the membrane potential and deactivate the PIC (Hounsgaard et al., 1988b;
Kuo et al., 2003; Bui et al., 2008).

When the PIC is activated, it enhances intrinsic motoneuron excitability by increasing the
gain of the frequency–current (F–I) relationship (which is the input–output function of the
motoneuron), increasing the maximum firing rate of the motoneuron, and amplifying
synaptic input (Fig. 1A and B, Lee and Heckman, 2000). Because the majority of the PIC-
mediating channels are located on the dendrites (Hounsgaard and Kiehn, 1993; Lee and
Heckman, 1996, 2000; Bennett et al., 1998), a small synaptic input that activates the
dendritic PIC is amplified resulting in a large current reaching the soma (i.e., the synaptic
current + the PIC) producing higher motoneuronal firing rates (Fig. 1B).

In spinal motoneurons, the PIC has two equal components mediated by two distinct types of
ion channels, persistent Na+ (Na+ PIC, Hsiao et al., 1998; Lee and Heckman, 2001; Li and
Bennett, 2003) and low voltage-activated L-type Ca2+ (Ca2+ PIC) (Cav1.3 type; Schwindt
and Crill, 1980b; Hounsgaard and Kiehn, 1985, 1993) channels. The Na+ PIC is activated at
subthreshold potentials, has fast activation/deactivation kinetics and partial time-dependent
inactivation (Hsiao et al., 1998; Li and Bennett, 2003). The channels mediating the Na+ PIC
appear to be located at the soma and/or proximal dendrites because the Na+ PIC is not
hysteretic (i.e., the Na+ PIC activation and deactivation potentials are nearly the same on an
ascending and descending voltage ramp) and has small tail currents (Li and Bennett, 2003).
The Na+ PIC plays an essential role in the initiation of action potentials (APs) during
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rhythmic firing of motoneurons (Lee and Heckman, 2001). On the other hand, the Ca2+ PIC
activation potential varies (could activate sub, at, or supra-threshold), has slow activation/
deactivation kinetics and little or no time-dependent inactivation (Hounsgaard and Kiehn,
1989; Perrier et al., 2002; Li and Bennett, 2003). The Ca2+ PIC exhibits strong hysteresis
(i.e., the Ca2+ PIC activation and deactivation potentials are different on an ascending and
descending voltage ramp) and has long tail currents (Li and Bennett, 2003). These behaviors
are an intrinsic component of the channel behavior (Moritz et al., 2007). The L-type Ca2+

channels mediating the Ca2+ PIC are located on the dendrites of motoneurons (Hounsgaard
and Kiehn, 1993) and subsequently play a major role in the amplification of synaptic
currents (Bennett et al., 1998; Lee and Heckman, 2000). Computer simulations of
motoneurons indicate a mid dendritic location of the Ca2+ channels mediating the PIC
(ElBasiouny et al., 2005; Bui et al., 2006). Furthermore, repeated depolarization of the
membrane potential results in an increased activation of the Ca2+ PIC (Russo and
Hounsgaard, 1994, 1996; Delgado-Lezama et al., 1999). This phenomenon is called “warm
up” and is thought to result from depolarization-induced facilitation of the L-type Ca2+

channels in which membrane depolarization facilitates subsequent channel opening due to
the increase in intracellular Ca2+ concentration (Dolphin, 1996; Perrier et al., 2000).

The activation of a dendritic PIC and its evoked behaviors were missed in the early
electrophysiological studies because recordings were mostly performed in anaesthetized
animals. Under anesthesia the activity in descending monoaminergic axons is greatly
reduced and dendritic conductances are suppressed (Hultborn and Kiehn, 1992; Guertin and
Hounsgaard, 1999); thus, motoneuron dendrites were largely dominated by their passive
properties (Powers and Binder, 2001). However, the PICs and their evoked behaviors
became evident when K+ channel blockers were used to unmask the PIC, as in the initial
studies by Schwindt and Crill (1980a), or when the decerebrate preparation was used, in
which the monoaminergic drive to motoneurons is not reduced, as in the following studies
by Hounsgaard et al. (1984).

The discovery by Hounsgaard et al. (1988b) that endogenous neurotransmitters strongly
facilitate the PIC revolutionized our understanding of motoneuron behavior in normal
function and set the stage for many subsequent studies (reviewed in: Alaburda et al., 2002;
Hultborn et al., 2004; Heckman et al., 2008a,b). The level of the monoaminergic drive from
the brainstem to spinal cord varies between motor behaviors and is proportional to the level
of required motor activity (low during sleep, medium during moderate motor activity such
as standing or walking, and high during ultimate motor activities such as during the “fight or
flight” states) (Jacobs et al., 2002; Aston-Jones and Cohen, 2005; Heckman et al., 2005).

The primary neurotransmitters that control the PIC are the monoamines serotonin (5-HT)
and norepinephrine (NE). Axons that release 5-HT and NE from the brainstem originate
from the raphe nucleus and the locus coeruleus nucleus (Maxwell et al., 1996; Patel et al.,
1997), respectively, whereas there are little endogenous sources (~10%) of 5-HT or NE in
the spinal cord (Newton and Hamill, 1988; Shapiro, 1997). Interestingly, monoamines have
differential effects on the ventral versus dorsal horn of the spinal cord. In the ventral horn,
monoamines have excitatory effects on motoneurons and interneurons (Hammar and
Jankowska, 2003). For instance, 5-HT and NE have been shown to facilitate the activation
of PICs (Lee and Heckman, 1999), reduce the resting leak conductance (Elliott and Wallis,
1992), induce membrane depolarization (Hsiao et al., 1997), enhance the hyperpolarization-
activated inward current (Hsiao et al., 1997), and decrease the amplitude of the medium
duration afterhyperpolarization (Berger et al., 1992). Collectively, these effects increase
motoneuron excitability, increase the gain of the F-I relationship, and reduce the amount of
synaptic current required to recruit the motoneuron or to generate self-sustained firing
(Berger et al., 1992; Lindsay and Feldman, 1993; Hultborn, 1999; Heckman et al., 2005).
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Conversely, monoamines have inhibitory effects in the dorsal horn. They inhibit sensory
inputs to motoneurons (Jacobs and Fornal, 1997) such as cutaneous inputs (Clarke et al.,
2002) and high-threshold muscle afferents (groups III and IV) through presynaptic inhibition
(Cleland and Rymer, 1990; Jankowska, 1992; Miller et al., 1995). They also suppress inputs
to deep dorsal horn interneurons from high-threshold afferents (groups III and IV)
(Garraway and Hochman, 2001). The differential control of the monoaminergic drive on the
spinal cord is attained through the effect of monoamines on the different metabotropic G-
protein coupled receptors which influence the voltage-gated ion channels. For example, PIC
facilitation in motoneurons is achieved through 5-HT2 (Perrier and Hounsgaard, 2003) and
NE α1 receptors (Lee and Heckman, 1999), whereas inhibition of cutaneous inputs and
high-threshold muscle afferent inputs is achieved through 5-HT1b/d and NE α2 receptors
(Bras et al., 1990; Miller et al., 1995).

3. PICs and spinal cord injury
3.1. Spasticity after spinal cord injury (SCI)

Spasticity, or hyper-reflexia, is a common complication after a number of neurological
disorders (e.g., stroke, cerebral palsy, multiple sclerosis, brain injury or SCI). It is
commonly defined as “a velocity-dependent increase in the tonic stretch reflex (muscle tone)
with exaggerated tendon jerks, resulting from the hyperexcitability of the stretch reflex”
(Lance, 1980). Despite the extensive citation of this definition of spasticity, it has not been
fully validated (c.f. Pandyan et al., 2005). The causative relationship between the
hyperexcitable stretch and exaggerated tendon reflexes implied by the definition has not
been confirmed experimentally. Instead, the magnitude of the tendon reflex was found to
have no significant correlation with that of the stretch reflex (Fellows et al., 1993).
Moreover, the classical definition of spasticity is considered to be narrow and restrictive
(Young, 1994; Barnes, 2001; Pandyan et al., 2005). More specifically, because spasticity
results from lesions in the pyramidal and extrapyramidal pathways (Burke, 1988), its
pathophysiology varies depending on the site of neurological lesion. For instance, following
stroke excessive muscle tone in the antigravity muscles is the prominent feature of spasticity
with lesser involvement of muscle spasms, whereas following SCI excessive muscle spasms
in flexor and extensor muscles are the prominent features of spasticity with lesser
involvement of muscle tone.

The mechanisms underlying spasticity in stroke and SCI appear to be different as well,
neural mechanisms are thought to be more involved in spasticity following SCI, whereas
biomechanical mechanisms (i.e., changes in intrinsic properties of muscles) are thought to
be more involved in spasticity following stroke (Pierrot-Deseilligny and Burke, 2005).
Accordingly, the term “spasticity” has been increasingly used to refer to several features
emerging after lesions to the descending corticospinal tract (i.e., upper motor neuron
syndrome) (Edwards, 2002; Pandyan et al., 2005). In addition to muscle hypertonus,
spasticity following SCI could also involve hyperreflexia (increased reflex gain), clonus
(oscillating reflex activation of the muscle), clasp-knife responses (abrupt relaxation of the
stretched muscle after initial resistance), long-lasting cutaneous reflexes, and large
involuntary muscle contractions (i.e., muscle spasms) evoked by brief non-noxious
cutaneous stimuli (Lance and Burke, 1974; Young, 1994). Our focus in this review is on
spasticity emerging after SCI.

Spasticity usually develops several months after SCI, mainly in antigravity muscles.
However, immediately following SCI, the spinal cord becomes areflexic for a period of time
that lasts for weeks (Nacimiento and Noth, 1999). This period is called spinal shock and is
characterized by loss of tendon reflexes below the level of the lesion, muscle paralysis, and
flaccid muscle tone (Bastian, 1890). Days-to-weeks after injury, various muscle reflexes
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such as the tendon reflex, the flexor withdrawal reflex, and the Babinski sign recover
gradually (Hiersemenzel et al., 2000). The threshold of the flexor reflexes, which are usually
evoked by cutaneous stimulation, decreases over time until a brief stimulation of the foot
plantar surface becomes capable of generating long-lasting strong contraction of the flexor
muscles (Kuhn and Macht, 1948; Ashby and McCrea, 1987).

Extensor reflexes, which are usually evoked by proprioceptive stimuli, recover later than the
flexor reflexes, and sometimes flexor/extensor muscle co-contractions can occur and can last
for several seconds (Kuhn and Macht, 1948; Ashby and McCrea, 1987). Furthermore,
intense muscle spasms lasting for several seconds can be triggered by various other stimuli
such as heat/cold sensation and bladder distention (Little et al., 1989). Interestingly, extensor
spasms in the leg muscles which make the leg rigid can at times provide assistance in
dressing or walking (Barnes, 2001). Nonetheless, these spasms are usually painful and can
reduce the functional outcome of the residual voluntary drive in individuals with incomplete
SCI spasticity; thus, compromising rehabilitation efforts. This makes spasticity one of the
most debilitating side effects of spinal cord injury (Little et al., 1989; Delwaide and Pennisi,
1994).

3.2. Role of PICs in spasticity after SCI
The role of PICs in the pathogenesis of spasticity after SCI has been studied over the last
decade mainly in the chronic spinal rat model of spasticity (Bennett et al., 1999), which
allowed for establishing the ionic basis of the long-lasting exaggerated reflexes and muscle
spasms associated with spasticity. Immediately following SCI (acute injury), the loss of the
monoaminergic drive from the brainstem to spinal cord causes disfacilitation (i.e., removal
of excitation) of the ventral horn and disinhibition (i.e., removal of inhibition) of the dorsal
horn (Fig. 2). The former effect reduces the excitability of motoneurons, whereas the latter
effect increases the size and duration of the polysynaptic EPSPs of sensory inputs mediated
through the dorsal horn (Bennett et al., 2004). At this acute stage, long-lasting reflexes are
not activated due to the reduced excitability of motoneurons.

Conversely, in chronic injury, the motoneuronal PIC recovers, via as yet unclear
mechanisms, and restores the motoneuronal excitability. It has been shown that motoneurons
become highly sensitive to monoamines after long-term injury and this could play a role in
the reactivation of the PIC. The supersensitivity of receptors could allow the residual
monoamines available below the level of the lesion (from the autonomic system and blood
vessels) to facilitate the reactivation of PICs after injury (Harvey et al., 2006a,b; Li et al.,
2007). The lack of descending control over PIC activation coupled with the aberrant
enhancement in excitability of other spinal mechanisms (see next section) allow synaptic
inputs to evoke prolonged high motoneuronal firing activity (Fig. 2). At this stage,
prolonged EPSPs generated by sensory stimuli can easily reactivate the PICs and trigger
long-lasting reflexes and muscle spasms (Bennett et al., 2004).

In human subjects, where intracellular recordings are not feasible, the PIC is measured
indirectly via monitoring the firing rates of motor units (Paired motor unit analysis
technique, Kiehn and Eken, 1997; Gorassini et al., 2002). In this technique, the firing rates
of two motor units are recorded simultaneously and compared (the lower-threshold unit is
the control, whereas the higher-threshold unit is the test unit). The difference in firing rate of
the control unit at the recruitment and de-recruitment of the test unit (Δf) is measured and
used to estimate the PIC magnitude in the test unit (Gorassini et al., 2002). Careful
examination of this technique in decerebrate cats, in which independent measurements of Δf
values and PIC amplitudes are feasible, showed that this technique is dependent on a number
of factors other than the PIC amplitude (Powers et al., 2008). These factors include: (1)
amplitude and mode of PIC activation (graded versus all-or-none) in the two units, (2)
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amount of rate modulation in the control unit, (3) choice of the control unit, and (4) the
relationship, whether linear or non-linear, between the net synaptic excitation received by
the two units (Powers et al., 2008). Despite these constraints, motor unit recordings in
spastic SCI patients using this technique suggest that spasticity in humans involves similar
Na+ and Ca2+ ionic mechanisms to those found in animal models (Gorassini et al., 2004;
Norton et al., 2008). More specifically, long-lasting reflexes and self-sustained firing seen
during muscle spasms were ascribed to the activation of the Ca2+ PIC, whereas the slow and
regular firing of motor units of chronic SCI subjects seen after muscle spasms or voluntary
contraction were ascribed to the activation of the Na+ PIC. In agreement with that, computer
models of motoneurons incorporating Na+ and Ca2+ PICs were able to exhibit self-sustained
firing, plateau potentials, and sustained depolarization of the membrane potential similar to
those seen during spasticity (ElBasiouny et al., 2005, 2006).

Additional evidence for PIC activation in normal and spastic individuals after SCI can be
inferred from the large muscle contractions elicited in response to high-frequency electrical
stimulation of muscles (Collins et al., 2001; Nickolls et al., 2004). Electrical stimulation of
constant frequency and intensity of human muscles resulted in progressive generation of
higher forces (up to 40% of maximal voluntary contraction) that exceeded those obtained
from direct stimulation of motor axons. With triangular patterns of stimulation, abrupt
muscle forces were also generated that persisted even after the decline of stimulation
frequency. The activation of these additional forces appear to be an intrinsic central
mechanism, which does not depend on volitional drive to motoneurons, consistent with PIC
activation because the additional forces: (1) disappeared when the nerve was blocked
proximal to the stimulation site, (2) could be triggered in sleeping subjects, (3) could be
triggered at mild stimulation intensities that activated large sensory, but not motor axons,
and (4) could be turned off by inhibitory synaptic input from the contraction of antagonist
muscles or cutaneous nerve stimulation (Collins et al., 2001, 2002; Nickolls et al., 2004).

3.3. Potential for control of spasms via PICs
Long-lasting spasms are often triggered via hyperexcitable dorsal horn circuitry and then
amplified and prolonged by motoneuron PICs. Thus drugs that target 5-HT2 and NE α1
receptors that facilitate motoneuron PICs used in combination with agonists of 5-HT1b/d
and NE α2 receptors that inhibit sensory processing in the dorsal horn may prove to be the
optimal approach for controlling spasms. Application of direct current (DC) and alternating
current (AC) electrical fields across the spinal cord was also proposed through computer
simulations as a means for reducing the motoneuronal hyperexcitability via the modulation
of the dendritic PIC (ElBasiouny and Mushahwar, 2007). Non-invasive application of these
electrical fields in spastic rats produced moderate reduction in spasticity (14%, ElBasiouny
et al., 2010), but more studies are need to establish the effectiveness of this technique.

3.4. Other spinal mechanisms contributing to spasticity after SCI
The complete pathophysiology of spasticity is still unclear, and the reemergence of PICs
after SCI appears to be one of the contributing factors to the manifestation of spasticity.
However, the hallmark of spasticity is the abnormally increased excitability of the stretch
reflex (Lance, 1980). Many spinal pathways, both excitatory and inhibitory, converge onto
the motoneuron and are involved in the modulation of the excitability of the stretch reflex
(e.g., Ia-reciprocal inhibition, recurrent inhibition, presynaptic inhibition, and interneurons).
Thus, enhancement in the excitability of the stretch reflex could equally result from
malfunctions that cause enhancements in the excitability of an excitatory pathway or
suppression of the excitability of an inhibitory pathway.
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Experimental evidence demonstrated that a reduction in the excitability of various inhibitory
pathways, in addition to an enhancement in the excitability of excitatory pathways does
indeed occur after SCI in humans and in animal models of spasticity. For instance,
reductions in post-activation depression (Hultborn and Nielsen, 1998; Thompson et al.,
1998), presynaptic inhibition (Delwaide, 1973; Faist et al., 1994), and Ia-reciprocal
inhibition (Boorman et al., 1996), in addition to increases in the excitability of motoneurons
(Hiersemenzel et al., 2000; Li et al., 2004a,b) and excitatory interneurons (Kitzman, 2006,
2007), were reported following SCI.

It is of great importance for the development of effective rehabilitation strategies to assess
the likelihood of involvement and the relative significance these mechanisms might have in
the pathophysiology of spasticity (for detailed reviews on this topic see: Pierrot-Deseilligny
and Burke, 2005; ElBasiouny et al., 2010). Therapeutic interventions targeting one or more
of the likely and/or significant mechanisms contributing to spasticity may be especially
effective in reducing the severity of spasticity and related motor disabilities in people with
SCI. Interestingly, when the intensity of spasticity, as assessed on the Ashworth scale, was
examined versus the level of aberration in the various proposed spinal pathways (e.g.,
motoneuron hyperexcitability, reduction in presynaptic inhibition, and Ia-reciprocal
inhibition), no statistically significant correlation was found (Faist et al., 1994;
Hiersemenzel et al., 2000; Marque et al., 2001; Pierrot-Deseilligny and Burke, 2005). This
led to the assumption that the intensity of spasticity is not a function of one specific
abnormality.

However, there are numerous factors that could have contributed to the low correlation
between the level of spasticity and the degree of abnormalities in the various spinal
pathways. First, experimental volunteers with spasticity resulting from different pathological
conditions (e.g., stroke, SCI, cerebral palsy, and multiple sclerosis) were sometimes pooled
together in clinical and research studies. Even in studies involving SCI volunteers only,
small sample sizes are encountered as well as the pooling of results from people with
different levels and severity of lesions. Second, the methods used for the assessment of
excitability of spinal pathways were not selective (e.g., tendon vibration reduces the
magnitude of the H-reflex due to the concurrent effects of post-activation depression and
presynaptic inhibition). Third, the excitability of spinal pathways was assessed under
variable conditions (i.e., rest versus contraction), thus leading to conflicting results (e.g.,
post-activation depression disappears as the level of muscle contraction increases). Finally,
the alteration in excitability of spinal pathways that may contribute to the pathophysiology
of spasticity do not covary (Pierrot-Deseilligny and Burke, 2005). This could explain the
discrepancy in reports regarding the nature of alteration in some mechanisms during
spasticity. For instance, contradictory results were reported on Ia-reciprocal inhibition after
SCI in which enhancement (Boorman et al., 1991), reduction (Boorman et al., 1996), and
reciprocal facilitation (i.e., reciprocal inhibition was replaced by excitation, Crone et al.,
2003) were reported. In general, recent assessment of the likelihood of involvement and
relative significance of the various spinal mechanisms might have in spasticity indicated that
hyperexcitability of motoneurons and interneurons are most likely involved and play
significant roles in the pathophysiology of spasticity (ElBasiouny et al., 2010a). Axonal
sprouting, reductions in presynaptic inhibition, post-activation depression, and Ia-reciprocal
inhibition were determined to be likely involved in the pathophysiology of spasticity, but
had various levels of significance (high, moderate, uncertain, and unclear, respectively)
(ElBasiouny et al., 2010a).
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4. PICs and amyotrophic lateral sclerosis
4.1. Clinical features of amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a predominantly adult onset disease in which
progressive motoneuron degeneration occurs. Since the first clinico-pathological description
of ALS by Charcot and Joffroy (1869), the cause of motoneuron death has been a point of
active research. Both sporadic and familial forms of the disease exist with the majority
(90%) being the sporadic form. Of the familial cases, seven genes have been identified
through linkage and positional cloning studies (Gros-Louis et al., 2006; Pasinelli and Brown,
2006; Dunckley et al., 2007) with mutations in the superoxide dismutase 1 (SOD1) gene
accounting for 20% of familial cases (Rosen et al., 1993). The rate of mortality is staggering
with most patients dying from respiratory failure within 5 years of the symptom onset
(Beghi et al., 2006; Nelson and McGuire, 2006). Today the primary cause of motoneuron
degeneration is still not clear and it is likely a combination of pathologies that trigger
degeneration.

The clinical diagnosis of ALS is often not confirmed until nearly a year after symptoms are
detected (Brooks, 2000; Zoccolella et al., 2006). Generally, ALS presents itself with both
upper and lower motoneuron symptoms and is generally classified as arm, leg, or bulbar
onset. Upper motoneuron signs include hyper-reflexia, increased tone, and clonus while
lower motoneuron signs include weakness, fatigue, muscle atrophy, non-specific muscle
cramping, and fasciculations (Brooks et al., 2000). At the onset of clinical symptoms,
significant motoneuron degeneration has already occurred (Wohlfart, 1959; Swash and
Ingram, 1988), which is mirrored in a mouse model of ALS (Hegedus et al., 2007, 2008). In
this model, a 22% and 60% reduction in motor units of the fast twitch muscles, medial
gastrocnemius and tibialis anterior, were seen presymptomatically at 40 and 60 days of age,
respectively (Hegedus et al., 2007, 2008). Motor units from the slow twitch muscle, soleus,
decreased only after symptom onset indicting a distinction between the degeneration of fast
(type F, large) motoneurons and slow fatigue resistant (type S, small) motoneurons
(Hegedus et al., 2007). The delay between large motoneuron degeneration, overt symptoms,
and clinical diagnosis may be one reason for the failure of so many clinical drug trials. The
disease may simply have progressed too far by the time interventions are implemented.

The identification of mutations in the SOD1 gene in some familial ALS patients, paved the
way for transgenic mouse models of ALS to be developed. Expression of mutated human
SOD1 protein (mSOD1) in mice mirrors many of the pathological features and time course
of ALS in familial and sporadic cases but differences do exist between the mouse models
and patients and also between mouse models expressing different SOD1 mutations and
protein expression levels (Durand et al., 2006). However, mouse models are the only way to
assess possible presymptomatic changes in ALS patients and may provide crucial data on
very early abnormalities which lead to neuronal degeneration and possibly to the
development of an early diagnostic tool. For instance, the time course of neuronal
degeneration investigated in various mouse models of ALS with different SOD1 mutations
(G85R, G93A, and G37R) showed that significant loss in neurons was correlated with the
appearance of phosphorylated neurofilament inclusions and the onset of reactive astrocytosis
(Chiu et al., 1995; Dal Canto and Gurney, 1995; Wong et al., 1995; Bruijn et al., 1997; Brett
et al., 1998).

To this end, recent behavioral studies of neonatal mSOD1 mice have provided evidence of
developmental changes. Although not documented to date in human patients, transient,
subtle sensory-motor deficits are discernable during the first postnatal week in mSOD1
mice. The exact behaviors affected appear to depend on specific mutations, however, in two
mouse models (G85R and G93A), a transient delay in the righting response was present
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(Amendola et al., 2004; Van Zundert et al., 2008). These early behavioral deficits suggest
that pathological changes are present long before motoneuron death and stress the need to
discover early markers of the disease.

4.2. Proposed mechanisms for motoneuron degeneration in ALS
Identified after clinical diagnosis in ALS patients and throughout the lifespan of mSOD1
mice, a wide range of cellular pathologies are present which likely contribute to motoneuron
degeneration including mitochondrial and axon transport dysfunction (reviewed in: Rao and
Nixon, 2003; De Vos et al., 2008; Magrane and Manfredi, 2009; Shi and Gal, 2009), the
accumulation of misfolded proteins (reviewed in: Chattopadhyay and Valentine, 2009),
alteration in mechanisms which could lead to glutamate-induced excitotoxicity (reviewed in:
Van Den Bosch et al., 2006; Foran and Trotti, 2009), and glial activation (reviewed in:
Sargsyan et al., 2005) [see Fig. 3 for a summary of symptom timeline in ALS mouse
models]. The process of identifying the primary mechanism(s) leading to motoneuron
degeneration in ALS is compounded by the fact that these stressors are interrelated (primary
versus secondary pathologies have not been distinguished yet) and any of them could
trigger/enhance the other mechanisms resulting in progressive motoneuron loss. For
instance, increased Ca2+ entry through excessive glutamate receptor activation can lead to
mitochondria Ca2+ overloading resulting in production of reactive oxygen species (ROS)
and additional mitochondria damage (Carriedo et al., 2000; Chang and Reynolds, 2006;
Grosskreutz et al., 2007). Mitochondrial damage can enhance glutamate-induced
excitotoxicity by depolarizing the resting membrane potential and releasing the Mg2+ block
of NMDA receptors (Heath and Shaw, 2002). Furthermore, mitochondrial damage may
result in energy generation dysfunctions which hamper axon transport, metabolic processes,
and protein synthesis (Chang and Reynolds, 2006). Identifying abnormalities occurring
before symptom onset and at early stages of the disease in transgenic mice could be one way
to dissociate these mechanisms. For the purpose of this review, we focus on the
excitotoxicity hypothesis in ALS because of its relevance to PICs and motoneuronal
excitability.

4.3. Motoneuron vulnerability in ALS
Despite the extensive cellular abnormalities seen in mSOD1 mice, these abnormalities do
not explain the prominent, early degeneration of motoneurons in contrast to most other cells
types, and it may be intrinsic motoneuron properties which cause the initial vulnerability.
Motoneurons have high energy demands due to both their size (large soma, extensive
dendrites, and very long axons) and function (often producing sustained repetitive firing)
making them particularly susceptible to the axon transport, mitochondria, and metabolic
dysfunctions prominent in ALS (Magrane and Manfredi, 2009). Interestingly, the dendritic
morphology and branching complexity of mSOD1 motoneurons have been shown to
increase significantly, long before symptom onset (at P8 in the G85R model; Amendola and
Durand, 2008). A similar increase in the dendritic morphology of mSOD1 motoneurons was
also observed in the G93A model (low expressor line, personal communication with the
Durand group). It is unclear at the moment whether the increase in dendritic branching is a
compensatory mechanism triggered to counteract early alterations in motoneuronal
excitability and electrical properties (see next section) or leads to these electrical alterations.
In either case, the increase in dendritic morphology increases the energy demands of
mSOD1 expressing motoneurons and may contribute to motoneuron degeneration in familial
ALS.

In addition to intrinsically high energy demands, calcium homeostasis is especially
precarious in motoneurons. First, motoneurons have a large number of Ca2+ permeable
AMPA receptors, which aid in fast synaptic transmission and allow large influxes of Ca2+ to
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the cell (Carriedo et al., 1996; Van Den Bosch et al., 2000; Vandenberghe et al., 2000a,b;
Kawahara et al., 2003; Corona and Tapia, 2007). Second, most motoneurons lack the
calcium binding proteins calbindin and parvalbumin which, in other neurons, neutralize
large Ca2+ influxes produced by glutamate stimulation (Ren and Ruda, 1994). Instead,
motoneurons rely heavily on mitochondria for Ca2+ buffering (Carriedo et al., 2000;
Grosskreutz et al., 2007). Stressors that induce mitochondrial damage and dysfunction are
therefore especially detrimental to motoneurons causing energy deficiencies which result in
improper Ca2+ buffering and increased excitability (Bergmann and Keller, 2004).
Interestingly, mitochondria Ca2+ loading capacity is decreased presymptomatically in the
brain and spinal cord of the G93A model (high expressor line) (Damiano et al., 2006).

The coupling of high energy demands and low Ca2+ buffering capabilities make
motoneurons particularly susceptible to excitotoxic damage (Robberecht, 2000; Van Damme
et al., 2005). Excitotoxicity occurs when excessive Ca2+ overwhelms the cell’s buffering
systems and activates cell death signals. Although generally associated with increased
glutamate receptor activation, excitotoxicity can occur during normal glutamate receptor
activation if conditions of energy depletion are present (Novelli et al., 1988; Henneberry et
al., 1989). Due to the PIC’s role in setting motoneuron excitability, an increase in PIC
amplitude could contribute to excitotoxic damage through a number of mechanisms. First,
an increase in the Ca2+ PIC will directly increase Ca2+ entry. Second, an increase in either
the Na+ or Ca2+ component of the PIC may lead to an increased F–I gain and higher firing
rates (Heckman et al., 2005) which increase Ca2+ entry through activation of high-threshold
L-type Ca2+ channels during the action potential. In both cases, the Ca2+ buffering
capabilities of mitochondria will be further stressed. Third, an increase in PIC amplitude will
raise energy demands by increasing motoneuron excitability and/or possibly by increasing
dendritic branching (see section above). Therefore, the PIC amplitude may contribute to
motoneuron death through raising both cytosolic Ca2+ levels and the energy demands of the
cell.

4.4. Alteration of motoneuron excitability and role of PICs in ALS
In ALS, the excitability of motoneurons is altered, and evidence for both hypoexcitability
(Bories et al., 2007; Pambo-Pambo et al., 2009) and hyperexcitability (Pieri et al., 2003,
2009; Kuo et al., 2004, 2005; Zona et al., 2006; Van Zundert et al., 2008; Pambo-Pambo et
al., 2009) has been reported in mouse models. Hypoexcitability of mSOD1 motoneurons in
the G85R model was expressed as reduction in the input resistance and gain of the F–I
relationship relative to WT in response to long current pulses in neonatal motoneurons
recorded in vitro in the whole spinal cord preparation (Bories et al., 2007). Similarly, a
reduction in the F–I gain of neonatal mSOD1 motoneurons was seen in the G85R and G93A
(low expressor line) models in response to slow current ramps recorded in vitro in slices
(Pambo-Pambo et al., 2009). On the other hand, hyperexcitability was seen in the G93A
(high expressor line) model as an increase in the F–I gain in response to current pulses and
ramps in cultured motoneurons (Kuo et al., 2004, 2005) and in the G93A (low expressor
line) in response to current pulses recorded in vitro in slices (Pambo-Pambo et al., 2009).
Also, neonatal hypoglossal motoneurons and cultured cortical neurons in the G93A model
(high expressor line) exhibited an increased Na+ PIC and higher firing frequency to injected
current (Van Zundert et al., 2008; Pieri et al., 2009). It is unclear whether the discrepancies
between the alterations in excitability (hypo-versus hyperexcitability) observed in mSOD1
motoneurons is due to the type of the genetic model of ALS (G85R versus G93A low or
high expressor lines), the type of preparation (whole cord versus slices versus cultured
cells), or the protocol used to activate the motoneuron (long current pulse versus slow
current ramp). Slice preparations usually lack the full contribution of dendritic voltage-
sensitive ion channels because the dendrites are substantially truncated by the slice, and
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cultured motoneurons lack the physiological environment and full development of
motoneuron dendrites. Also, long current pulses and slow current ramps could have
differential effects on the ionic conductances involved in triggering spikes in mSOD1
motoneurons (Pambo-Pambo et al., 2009). Clinically, mounting evidence suggests that
motoneuronal hyperexcitability is a feature of ALS in patients and is likely present before
symptom onset (Kostera-Pruszczyk et al., 2002; Zanette et al., 2002; Piotrkiewicz et al.,
2008; Vucic and Kiernan, 2008; Vucic et al., 2008, 2009). Furthermore, riluzole, the only
FDA approved drug to treat ALS, is known to decrease the excitability of motoneurons
through both intrinsic (i.e., reduction of PIC, see next section) and synaptic mechanisms
(i.e., reduction of glutamate release) (Bensimon et al., 1994; Urbani and Belluzzi, 2000;
Andreadou et al., 2008; Fumagalli et al., 2008).

Neuronal excitability also has profound effects on dendritic structure and morphology. It has
been recently shown that altering the excitability of motoneurons by genetic manipulations
of their ion channels resulted in dendritic overgrowth via more than one mechanism (Duch
et al., 2008). For instance, when the motoneuronal excitability was increased by knocking-
down the potassium channel subunits, the dendrites exhibited increased dendritic branch and
node formation. In contrast, when the motoneuronal excitability was reduced by increasing
the expression of persistent potassium channels, the dendrites exhibited increased dendritic
branch elongation. The changes in dendritic morphology observed in neonatal mSOD1
motoneurons in the G85R model are consistent with those resulting from increased
motoneuronal excitability (Amendola and Durand, 2008). Furthermore, it is likely that the
motoneuronal excitability and spiking activity are reflected as global calcium signals, which
can also effect dendritic growth through transcriptional regulation (Redmond and Ghosh,
2005).

As stated above, data from transgenic mice expressing mSOD1 suggest that the PIC
amplitude is altered in very young animals and may play an early role in motoneuron
dysfunction. For instance, in studies from cell cultures and in neonatal slice preparations
from the G93A (high expressor line) model, the Na+ PIC amplitude was increased in spinal
motoneurons (Pieri et al., 2003; Kuo et al., 2004, 2005). Comparable results were also
obtained in mSOD1 upper motoneurons and other cortical cells using similar preparations in
the G93A (high expressor line) (Van Zundert et al., 2008; Pieri et al., 2009) suggesting that
an increase in Na+ PIC amplitude is an early feature of mSOD1 associated ALS. In addition,
Na+ channels in mSOD1 mice display a rapid recovery from fast inactivation, which would
allow mSOD1 motoneurons to fire at higher firing rates (Zona et al., 2006) and in ALS
patients the nodal NaP (persistent Na+ currents at the nodes of ranvier) are increased
(Tamura et al., 2006). The ALS drug, riluzole, which is known for its effect in reducing the
Na+ PIC, gives further support for the involvement of Na+ currents in ALS (Bensimon et al.,
1994; Urbani and Belluzzi, 2000; Andreadou et al., 2008; Fumagalli et al., 2008).

Taken collectively, it is evident that motoneuronal excitability and PICs are altered in ALS,
but more work is needed to elucidate the nature of these alterations in the various genetic
models of ALS using various protocols of current injection and in preparations having intact
motoneuron dendrites. Computer simulations of reconstructed morphologies could be an
important tool to assist in resolving these issues (ElBasiouny et al., 2010b). Also, studies
looking specifically at the development of both the Na+ and Ca2+ PIC and motoneuron
morphology are needed to distinguish the primary versus secondary changes, and to
determine if the neonatal increase in PIC amplitude is sustained throughout the disease and
contributes to motoneuron degeneration in ALS.
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5. Conclusion
The intrinsic excitability and electrical properties of spinal motoneurons are continuously
regulated during various daily motor tasks. This regulation is attained through supraspinal
control over the intrinsic membrane mechanisms of spinal motoneurons (e.g., PICs) and
various spinal mechanisms (e.g., Ia-reciprocal inhibition and presynaptic inhibition). After
injury or a neurological disease, pathological changes in these mechanisms occur that
contribute to the resulting motor deficit. Specifically, the excitability of motoneurons and
the magnitude of their PICs appear to be altered in both SCI and ALS, and are suggested to
play major role in the pathophysiology of these conditions. After SCI, rehabilitation
interventions targeting PICs or other likely mechanisms are expected to be effective in
reducing the severity of spasticity. In ALS, the early alterations in dendritic morphology,
motoneuronal excitability, and increase in the PIC amplitude may play a key role in
subsequent pathology and motoneuron death. More work is needed in both disorders to
study the temporal changes in PIC properties during the progression of these conditions.
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Fig. 1.
The dendritic persistent inward current (PIC) amplified and prolonged synaptic input in a
low-threshold, type S motoneuron. (A) At a hyperpolarized holding potential (−90 mV;
green trace), synaptic input produced a steady current with a sharp onset and offset. At a
depolarized holding potential (~−55 mV; red trace), the PIC is activated and amplifies and
prolongs the same input. Baseline holding currents are removed to allow the traces to be
superimposed. (B) The difference between the currents in A reflects the net PIC contribution
(C) In current clamp, the same input produces a steady excitatory post-synaptic potential
(EPSP) when the cell is hyperpolarized (~−90 mV; green trace). At a more depolarized level
(−70 mV; red trace) [offset removed], the input evokes repetitive firing and then slower self-
sustained firing when the input is removed. Data are from Lee and Heckman (1996). (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 2.
Block diagram illustrating the flow of events following SCI. The differential effects of
monoamines on the dorsal and ventral horns are indicated. The site of action and nature of
effect of the various drugs used for the management of spasticity after SCI are illustrated.
Red color indicates a positive action, i.e., increase, whereas a blue color indicates a negative
action, i.e., reduction. Figure adapted from Elbasiouny et al. (2009). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 3.
A timeline summary showing the progression of events in the various animal models of
ALS. (See above-mentioned references for further information.)
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