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ABSTRACT

After long-term spinal cord transection, motoneurons in rat spinal cords exhibit large 

sodium and calcium persistent inward currents (PICs), which are responsible for the 

muscle spasticity after chronic injury. The persistent calcium currents are mediated by 

low threshold L-type calcium channels (Ca PIC). This thesis demonstrates that the Ca 

currents are capable o f activating calcium-activated small conductance potassium 

channels (SK channel), which are apamin sensitive and subsequently produce an outward 

current that counteracts the L-type calcium currents and results in a smaller recorded net 

Ca PIC. Our study also shows that the calcium channels become supersensitive to 5-HT 

after chronic spinal cord injury and can be facilitated with very low dose 5-HT (lpM ). In 

normal rats, high dose (30pM) 5-HT are needed to facilitate the Ca PIC. We suggest that 

residual 5-HT in spinal cord after injury acts on supersensitive receptors to produce the 

large Ca PICs seen in chronic spinal rats.
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Chapter 1: Introduction
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Spasticity and Spinal Cord Injury

A comprehensive definition o f  spasticity is difficult to give, largely due to the presently 

insufficient knowledge o f the neurobiology o f this complex motor disorder that appears 

with many injuries to the brain or spinal cord (Young 1994). Lance defined spasticity as a 

velocity-dependent increase in tonic stretch reflexes with exaggerated tendon jerks, 

caused by the hyperexcitability o f the stretch reflex (Lance and Burke 1974), which is a 

restrictive but widely quoted definition o f spasticity. This definition is appropriate for 

describing spasticity that results from brain injury such as stroke, but does not very well 

characterize spasticity that follows spinal cord injury, which is much more irregular, with 

cutaneously evoked muscle spasms being the hallmark (Kuhn and Macht 1948). More 

than 80% o f spinal cord injury patients develop a spasticity syndrome, which is clinically 

characterized as muscle hyperreflexia, hypertonus, clonus and spasms (Levi et al. 1995). 

The spasms usually develop in weeks or months after the spinal cord injury, and involves 

extensive extensor and/or flexor muscle contractions that last from seconds to minutes, 

and are triggered by only transient non-noxious stimuli (Kuhn and Macht 1948). 

Spasticity usually causes gait, movement, and bladder dysfunction, as well as pain 

(Ashby et al. 1987; Bennett et al. 1999a; Heckman 1994; Taylor et al. 1997). It has 

classically been assumed that these syndromes are caused by lesions o f the corticospinal 

tracts, but it is actually unknown which descending motor tracts are responsible for each 

symptom (Young 1994), and it is becoming clear that the loss o f brainstem 5-HT tracts 

plays a central role, as we described below (see also Harvey et al. 2005a,b,c). 

Conventional therapies are usually not effective in treating the spasticity in these patients,
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partly due to the lack o f  understanding o f the underlying mechanisms o f spasticity (Little 

et al. 1989).

M ost o f the clinical symptoms o f  spasticity are related to long lasting reflexes, triggered 

by polysynaptic reflexes and ultimately leading to sustained muscle spasms. For example, 

these include increased tonic stretch reflexes (Thilmann et al. 1991) and cutaneous/flexor 

reflexes (Bennett et al. 1999a). Previous studies indicate that the intrinsic excitability o f 

motoneurons is profoundly increased over the months following spinal cord injury, and 

this plays a major role in the generation o f spasticity, in both rats (Bennett et al. 2001b) 

and humans (Gorassini et al. 2004). That is, a brief stimulation can trigger long lasting 

firing by activating voltage-dependent persistent inward currents (PICs), which can cause 

a sustained depolarization (plateau potential) and firing that outlasts the stimulation by 

many seconds. These PICs/plateaus can be triggered by brief dorsal root stimulation, and 

then produce prolonged reflex responses, and thus play a major role in the long-lasting 

spastic reflexes seen after chronic spinal cord injury.

The ability to activate plateaus in normal motoneurons relies on the facilitation o f PICs 

by neuromodulators, including 5-HT (Hounsgaard and Kiehn 1989) and NE (Foehring et 

al. 1989). Following acute spinal cord transection, the motoneurons can not gain 

sufficient PICs to sustain plateaus due to the loss o f the descending reticulospinal tracts, 

since the axons containing 5-HT are originated from the raphe nucleus (Maxwell et al.

1996) and the axons containing NE are originated from the locus ceruleus nucleus (Patel 

et al. 1997). However, it has been found that the motoneurons somehow regain the ability

3
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to produce plateaus over the months following the injury, even in the complete absence 

o f externally applied neuromodulators like 5-HT, and even though the motoneurons are 

completely isolated from brainstem (Bennett et al. 2001b; Li and Bennett 2003). A 

central goal o f  this thesis is to determine what makes these large PICs occur following 

chronic spinal cord injury. We explore the hypothesis that motoneurons become 

supersensitive to residual 5-HT in the spinal cord following chronic injury.

Ionic Mechanism Underlying Spasticity and Modulation

The PICs underlying the long lasting reflexes includes two inward currents, a TTX- 

sensitive sodium current and a low threshold nimodipine-sensitive L-type calcium 

current. Previously, the PICs responsible for plateaus in motoneurons have been shown to 

be mediated by L-type calcium channels (Perrier et al. 2002; Simon et al. 2003), possibly 

through the newly identified low voltage activated Cavl.3 calcium channels (Xu and 

Lipscombe 2001). This Cavl.3 L-type calcium channel is less sensitive to nimodipine 

(Hounsgaard and Kiehn 1989) and has lower activation voltage than the conventional L- 

type calcium channel (C avl.2) (McCarthy and TanPiengco 1992). According to more 

recent results, both low-voltage-activated L-type calcium currents and TTX-sensitive 

persistent sodium currents contribute to the activation o f plateaus in both normal 

motoneurons and motoneurons o f  chronic spinal animals (Chandler et al. 1994; Li and 

Bennett 2003; Powers and Binder 2003). The TTX-sensitive persistent sodium currents 

are activated just sub-threshold to the sodium spike and tend to partly inactivate over a 

few seconds. In contrast, the L-type calcium current can persist without inactivating for 

many seconds and contributes the majority o f the sustained depolarization seen in

4
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motoneurons. Following chronic spinal cord injury, there are dramatic changes in L-type 

calcium channels and sodium channels in motoneurons below the level o f injury. 

Through these channels, large persistent calcium currents (Ca PICs) and persistent 

sodium currents (Na PICs) are activated by brief afferent stimulation, and remarkably, 

these PICs turn out to be solely responsible for the many second long spasms associated 

with spasticity (Bennett et al. 2001b; Li et al. 2004a).

After chronic injury, there are still small amounts o f endogenous 5-HT (about 2-15% of 

original) in the spinal cord below the injury (Hains et al. 2002; Newton and Hamill 1988; 

Shapiro 1997). In normal motoneurons, this low level o f 5-HT should not be sufficient to 

induce substantial sodium or calcium PICs in motoneurons, and indeed even in acute 

injury PICs are very small (Harvey et al. 2005b). However, it has been shown that the 

persistent sodium currents (Na PICs) become supersensitive to 5-HT after chronic spinal 

cord injury, with a Na PIC facilitated by a 5-HT concentration that is only about 3% of 

the effective concentration in normal motoneurons (30-fold supersensitivity; Harvey et al. 

2005b). Thus, the residual small amount o f 5-HT in the spinal cord after chronic 

transection (2 - 12%) should be more than enough to produce large Na PICs (60 - 400% 

o f normal). This idea has been confirmed by showing that blocking the action o f 

endogenous 5-HT (and NE) with 5-HT2a, 5-HT2c and NEa i receptors antagonist 

dramatically reduces the spontaneously occurring Na PICs. In combination these three 

antagonists completely eliminate the Na PIC in chronic spinal rats, demonstrating that 

residual 5-HT and NE acting on supersensitive receptors play the central role in 

facilitating Na PICs. Thus, in as far as Na PIC contribute to spasticity (see above; Li et al.

5
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2004a), this finding brings our understanding o f  spasticity to a new level: residual 5-HT 

and NE in the spinal cord acting on supersensitive receptors plays a major role in 

generating spasticity (Harvey et al. 2005c).

It is reasonable to hypothesize that the persistent calcium currents (Ca PICs) also become 

supersensitive to 5-HT and are also increased by residual endogenous 5-HT after chronic 

injury. Exploring this hypothesis is the one o f the major objectives o f this thesis.

However, there are a number o f  complications to address first, because the Ca PIC is not 

likely to be mediated by a single current, nor facilitated by the same receptors as the Na 

PIC. Furthermore, the same receptor may have different effects on these two currents; 

for example, GABAb receptor activation (with baclofen) increases the amplitude o f  the 

sodium PIC, but decreases the amplitude o f the calcium PIC (Li et al. 2004c). Therefore, 

the sodium PICs need to be separated from the calcium PIC, when the calcium PIC is 

investigated.

Calcium PIC and Small Conductance Calcium-activated Potassium Channel 

(SK current)

In order to study the L-type calcium current in isolation, both the sodium PIC and the

calcium activated currents need to be blocked. The calcium ion is not simply a charge

carrier; it is also capable o f activating several calcium-activated channels, including the

calcium-activated small conductance potassium channel (SK channel), the calcium

activated big conductance potassium channel (BK channel) and the calcium activated

6
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nonselective cationic ( I c a n )  channel. Therefore, the calcium PIC (Ca PIC) recorded in 

motoneurons probably is the net L-type calcium current (L-Ca) plus these calcium- 

activated currents. What is more, when agonists o f  5-HT receptors are applied, these 

calcium-activated currents are likely to increase secondary to the 5-HT induced increases 

o f  calcium currents, or even be regulated directly by the agonists, which makes the study 

o f  the net calcium PIC even more difficult. Thus, the calcium current through the L-type 

channels can be investigated only after being isolated from these calcium-activated 

currents. Among these calcium-activated currents, the interaction between the SK current 

and the Ca PIC is o f particular interest. The reason is that the Ican current has been 

shown not to play an important role in the plateau potentials in motoneurons (Perrier and 

Hounsgaard 1999). Also, the BK currents are responsible for the fast 

afterhyperpolarization (fAHP) and activated primarily by the N-type and P/Q-type 

calcium channels (Umemiya and Berger 1994), but not L-type calcium currents. What is 

more, the BK current is unlikely to be important for the plateaus mediated by the 

sustaining L-type calcium channels due to its relatively transient activation (McLarnon 

1995) compared to the slow activation and long time course o f the L-type calcium PIC. In 

comparison, SK channel inactivates slower, is not sensitive to the membrane potential, 

and the SK conductance increases with higher intracellular calcium concentration 

(M cLarnon 1995). SK channels have been found to be present in most types o f neurons 

and responsible for the medium afterhyperpolarization (mAHP) (McLarnon 1995). Since 

the SK current is an outward hyperpolarizing current and display relatively long lasting 

effects (produce mAHPs), they are likely to be activated by the calcium influx through 

the L-type calcium channels and subsequently counteract these L-type calcium currents.

7
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Previous studies also have shown that the L-type calcium channels are co-located with 

the SK channels and some types o f L-type calcium channels are capable o f  activating at 

least some o f the SK channels (Bowden et al. 2001). It is certain that the calcium influx 

during spikes can activate SK currents, which produce the mAHPs (Viana et al. 1993). 

This outward hyperpolarizing current must counteract the net Ca PIC underlying the 

sustained firing (Li et al. 2004a). However, during a full spike, both PIVA calcium 

channels and LVA calcium channels are activated. Thus, it is still unclear whether the 

low threshold L-type calcium current that mediates the Ca PIC (Cavl.3), is capable of 

activating the SK currents directly. I f  so, these would counteract the Ca PIC and result in 

smaller amplitude o f the recorded net Ca PIC. Addressing this question is the first topic 

o f this thesis. Previous studies already suggested that the recorded calcium PIC is not a 

pure calcium current, because the reversal potential o f the recorded calcium PIC is very 

low (-30 to -40mV) (Li and Bennett 2003), which means an outward current (possibly SK 

current) is activated following the calcium current activation.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Brief Summary o f  the Thesis Work

The present thesis includes two projects. In the first project, it is demonstrated that the major 

calcium-activated current that is activated by the low voltage activated L-type calcium 

current is the SK current. This sets the stage for the second project, where the modulation of 

the L-type calcium current by 5-HT is studied in isolation, by first blocking SK currents 

(and Na PICs). Specifically, in the first project, the SK current activated by the L-type 

(Cavl.3) calcium PIC (termed as S K l) is studied in motoneurons either from chronic spinal 

rats or from normal rats. The persistent sodium current is blocked by TTX in all the 

experiment. By comparing the amplitudes o f the calcium PICs before and after the 

application o f apamin (specific SK channel blocker), our results showed that the L-type 

calcium current (L-Ca) does activate a SK current (S K l), which subsequently diminishes the 

recorded calcium PIC (Ca PIC). With apamin to block the SK channel, the recorded calcium 

PIC is increased and the calcium plateau is enlarged and prolonged as well. The calcium 

influx source inducing the S K l current is different from that responsible for the SK current 

mediating the AHP (S K ahp)- N-type and P/Q-type calcium channel blocker conotoxin 

MVIIC eliminates both fAHP and mAHP, whereas the specific L-type calcium channel 

blocker nimodipine only blocks the S K l current without affecting the mAHP (S K ahp)- Our 

results also showed that the amplitude o f the S K l current in the acute spinal rats are not 

significantly different from that o f the chronic spinal rats, though the L-Ca PIC in the 

chronic spinal rats were significantly bigger. We also quantified the SK currents that 

mediated the AHPs during firing (termed S K Ahp), and ultimately we examined the role of 

both kinds o f SK currents in firing (S K ahp and S K l).

9
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In the second project, the relatively pure L-type calcium current is isolated by using TTX 

and apamin to block sodium currents and SK current, respectively. Then, the modulatory 

effect o f 5-HT on the L-type calcium currents and the supersensitivity o f these calcium 

channels to 5-HT is investigated. Our results show that 5-HT has complex effect on 

motoneurons either from normal rats or chronic spinal rats. The main effects include, the 

input resistance is increased, the resting membrane potential is depolarized, the calcium 

PIC is increased, and the activation threshold for the PIC is lowered. Importantly, all 

these effects are 30-fold supersensitive to 5-HT after chronic injury compared to in 

normal motoneurons, in that small dose o f 5-HT only affect motoneurons of chronic 

spinal rats, but not in normal rats. Because there is residual 5-HT in the spinal cord 

following chronic transection (see above and Newton and Hamill, 1988), this residual 5- 

HT likely acts on the supersensitive 5-HT receptors to help produce the large Ca PIC 

seen in chronic spinal rats. Ultimately, spasticity therefore results from a developed 

supersensitivity to monoamines like 5-HT and NE, which remain in the spinal cord at low 

concentration ( 2 - 1 5  % o f normal), and act on motoneurons to produced both the large 

Na PICs (Harvey et al. 2005c) and large Ca PICs (present work) that underlay muscle 

spasms (Li et al. 2004a).

10
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Animal Model o f  Spasticity

While spasticity has long been studied, the underlying mechanisms are not well 

understood, partly due to the lack o f appropriate experimental models. Spasticity can be 

found in humans with partial spinal cord transections. Whereas, in animals, only mild 

spasticity can be induced by incomplete spinal cord injury (Bennett et al. 1999a; Hultborn 

and M almsten 1983). Complete lumbar spinal transections can lead to spasticity in 

animals if  they remain in a healthy state. However, their susceptibility to bladder 

infections and pressure sores can be a chronic problem (Ashby et al. 1987; Bennett et al. 

1999a).

An accessible animal model o f spasticity was developed by Ritz in 1992. Ritz’s group 

found that low sacrocaudal transections in cats caused significant spasticity in the axial 

musculature o f  the tail vertebrae, without disrupting normal bladder, bowel or locomoter 

functions (Ritz et al. 1992). In Bennett's lab, a similar model has been developed 

recently. In this model, a complete spinal cord transection is made at the S2 sacral spinal 

cord level in adult Sprague Dawley rats. Rats are easier to handle and more resistant to 

infections compared with cats. By transecting the cord at the S2 level, the locomotion and 

bowel/bladder function are preserved. Also, the cord below S2 level is mainly responsible 

for the innervation o f  the tail muscle, which is easy to test and manipulate. What is more, 

the muscular structure o f the tail muscle is not very different from the structure o f the 

axial muscles o f  the back in human. Tonic muscle activity usually emerges after two 

weeks following the injury. After one month’s recovery, pronounced spasticity can be
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observed in the animals. A brief stimulation (either cutaneous stimulation or muscle 

stretch) can evoke long lasting reflexes in the tails, which is not seen in normal rats. In 

summary, the sacral spinal lesions in rats lead to flexor and extensor hypertonus, 

hyperreflexia, flexor spasms and clonus in the tail muscle, with normal bladder and 

bowel functions remaining intact. The time course o f  the development o f spasticity in the 

rat-tail muscle is similar as the development o f spasticity in human limbs, and thus 

suggests a similar mechanism o f the spasticity development. Another important 

advantage o f  this preparation is, the sacrocaudal spinal cord segment o f  the rat is very 

small and thus it is possible to keep this segment alive in vitro during the experiments 

(Bennett e ta l. 1999a).
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Chapter 2: Apamin-sensitive calcium-activated potassium 
currents (SK) are activated by persistent calcium currents in

rat motoneurons
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Introduction

Motoneurons have low threshold persistent inward currents (PICs), composed o f persistent 

sodium and calcium currents (Carlin et al. 2000b; Li and Bennett 2003; Powers and Binder 

2003; Svirskis and Hounsgaard 1997). These PICs are facilitated by monoamines, such as 

serotonin (Hounsgaard and Kiehn 1989; Perrier and Hounsgaard 2003) and norepinephrine 

(NE: Lee and Heckman 1999), which arise mostly, though not exclusively, from the 

brainstem (Maxwell et al. 1996; Patel et al. 1997). Also, PICs are facilitated by other 

transmitters such as glutamate and acetlycholine, acting on metabotropic receptors (Svirskis 

and Hounsgaard 1998). Functionally, PICs are important for bistable behaviour, including 

production o f  plateau potentials and self-sustained firing, seen in the normal spinal cord 

intact animals (Lee and Heckman 1998a, b; Schwindt and Crill 1982) and chronic spinal 

animals (Bennett et al. 2001b). Furthermore, bistable behaviours have been shown to play a 

major role in motor unit firing in normal and spinal cord injured humans (Gorassini et al. 

1998; Gorassini et al. 2004; Kiehn and Eken 1997). Because o f  their dependence on 

facilitation from monoamines, PICs are dramatically reduced, though not eliminated by 

acute spinal transection, which eliminates brainstem monoamine innervation. However, 

these PICs return with chronic injury, possibly due to a developed supersensitivity to 

residual monoamines below the transection (Harvey et al. 2005a,b,c).

The persistent sodium currents (Na PIC) in motoneurons are TTX-sensitive, activate sub

threshold to firing and partly inactivate over a few seconds after activation. The persistent 

calcium currents (Ca PIC) are nimodipine-sensitive, activated near the firing threshold,
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but persist for longer than the Na PIC (seconds to minutes), and thus play the major role 

in sustained depolarizations (plateaus) and firing (self-sustained firing, Bennett et al. 

2001b; Li and Bennett 2003). The calcium PICs responsible for plateaus in motoneurons 

have been shown to be mediated by L-type calcium channels (Perrier et al. 2002; Simon 

et al. 2003), likely acting via the newly identified low threshold Cavl.3 calcium channels 

(Xu and Lipscombe 2001). The calcium PIC can be isolated by blocking the persistent 

sodium PIC with TTX. Besides acting as a charge carrier, the calcium ion is also capable 

o f  activating other channels, such as the calcium activated small conductance potassium 

channel (SK channel), the calcium activated big conductance potassium channel (BK 

channel) and the calcium activated nonselective cationic ( I c a n )  channel. Therefore, the 

calcium PIC (Ca PIC) recorded in motoneurons is likely the net L-type calcium current 

(L-Ca) plus the calcium-activated currents. The I c a n  current has been shown not to play 

an important role in the plateau potentials in motoneurons (Perrier and Hounsgaard 

1999). Also, the BK currents have been found to be responsible for the fast 

afterhyperpolarization (fAHP) and activated primarily by the N-type and P/Q-type 

calcium channels (Umemiya and Berger 1994), but is unlikely to play a major role in 

plateaus mediated by L-type calcium channels due to its relatively transient activation 

(M cLamon 1995).

SK channels have little voltage-dependence, but great Ca2+-dependent sensitivity. The 

conductance o f  SK channels increases with accumulation o f  intracellular Ca2+ and 

inactivate slowly (M cLamon 1995). The calcium sensitivity o f  SK channels arises from 

domains on the C terminal o f  each o f  their four subunits, which bind calmodulin as the
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Ca2+-sensor (Keen et al. 1999). SK channels have been found to be present in most types 

o f  neurons and responsible for the medium duration afterhyperpolarization (mAHP; 

M cLamon 1995). Previous studies have shown that certain L-type calcium channels are 

co-located with the SK channels and these SK channels can be activated when the L-type 

calcium channels are open (Bowden et al. 2001). Since the SK channels hyperpolarize the 

neurons and display relatively long lasting effects (produce mAHPs), they are likely 

activated during the Ca PICs, and ultimately should counteract the current produced by 

the L-type calcium channels. It is certain that the SK currents activated by spikes 

hyperpolarize the cell, by production o f  mAHPs, and this SK current must counteract the 

net Ca PIC that helps sustain firing. However, it is unclear whether the L-type calcium 

current that mediates the Ca PIC (Cavl.3), also directly activates SK currents. If so, these 

would also reduce the net PIC. Previous studies indicate that the recorded calcium PIC is 

not a pure calcium current, because the reversal potential o f the recorded calcium PIC is 

very low (-30 to -40mV), suggesting an opposing potassium current is activated 

following the calcium current activation, and this may be due to the SK current (Li and 

Bennett 2003). In this paper, the possibility that the L-type calcium current directly 

activates SK currents (tenned S K l current) is investigated by comparing PICs before and 

after blocking the SK channels with apamin, which is a highly specific SK channel 

blocker.

Our study showed that the L-type calcium current (L-Ca) does indeed activate a SK current 

(termed S K l) , which subsequently diminishes the recorded calcium PIC (Ca PIC). With 

apamin to block the SK channel, the recorded calcium PIC is increased and the calcium
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plateau is enlarged and prolonged as well. For comparison, we also quantified the SK 

currents that mediated the AHPs during firing (termed S K ahp), and ultimately we examined 

the role o f  both kinds o f SK currents in firing (S K ahp and S K l). For this study, we recorded 

PICs and firing in motoneurons in an in vitro preparation (Bennett et al. 1999b) where the 

sacrocaudal spinal cord was removed either from normal adult rats (acute spinal) or from 

adult rats after two months spinal cord injury (chronic spinal). These two preparations 

allowed us to additionally examine whether the SK currents were relatively smaller in 

chronic compared to acute spinal rats, thus contributing to the large net PICs seen in chronic 

spinal rats.
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Methods

Intracellular recordings were made from motoneurons in sacrocaudal spinal cord o f  both 

normal adult rats (female Sprague-Dawley; 3 - 9  months old, n = 8) and spastic adult rats 

with chronic spinal cord injury ( 3 - 8  months old, n = 18). The chronic spinal rats were 

transected at 2 months of age (adult rat) and recordings were made after their affected 

muscles became spastic ( 1 - 6  months after injury). See Bennett et al. (1999a) for details o f 

the chronic spinal transection and spasticity assessment. All recordings were made from 

the whole sacrocaudal spinal cord that was removed from the rat with a S2 sacral 

transection and maintained in vitro. This transection was made in chronic spinal rats just 

rostral to the chronic spinal injury, so as not to do further damage to the sacrocaudal cord. 

In contrast, in the normal rats, the spinal cord was necessarily acutely injured in the in 

vitro preparation (cut at S2), and thus we refer to these motoneurons as from acute spinal 

rats. Like in other in vitro slice or whole cord preparations, this acute injury produced the 

characteristic effects o f  spinal shock, where motoneurons were relatively inexcitable, 

compared to those o f  chronic spinal rats or normal intact animals (Bennett et al. 2001a). 

All experimental procedures were approved by the University o f Alberta Health Sciences 

Animal Policy and Welfare Committee.

In vitro preparation

Details o f the experiment procedures have been described in previous publications (Bennett 

et al. 2001b; Li and Bennett 2003). Briefly, all the rats were anaesthetized with urethane
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(0.18 g/100 g; with a maximum dose o f 0.45 g), and part o f the caudal cord (between the 

T13 and L6 vertebrae) was exposed and kept wet with modified artificial cerebrospinal fluid 

(mACSF). The rat was given pure oxygen for 5 minutes before transferred to a dissection 

chamber containing mACSF. All spinal roots were removed, except the S4 and Cal ventral 

roots. The cord was secured by gluing the dorsal surface o f the cord onto a small piece of 

nappy paper. After a 1.5 hours o f  incubation in the dissection chamber at room 

temperature (20-21° C), the cord was transferred to a recording chamber containing 

normal artificial CSF (nACSF) maintained at 23-25° C and with a flow rate > 5 mL/min. 

The cord was fixed onto the bottom o f the recording chamber with the ventral side up by 

pinning the nappy paper to the Sylgard base o f the chamber. A one hour long exposure in 

nACSF was given to wash out the residual anaesthetic and kynurenic acid, and then the 

nACSF was recycled as follows. The nACSF was oxygenated in a 200-mL source bottle, 

and then run through the recording chamber. This nACSF running out o f the recording 

chamber was collected, filtered and returned to the source bottle with a pump. Because o f 

the large volume (200 mL) o f  the source bottle and the small volume o f the cord (< 0.05 

mL), the accumulation o f any possible metabolic byproducts would be negligible.

Intracellular recording

Intracellular recording methods were as described in Li and Bennett (2003) and were briefly

summarized here. Sharp intracellular electrodes were made from thick-walled glass

capillary tubes (1.5mm O.D.; Warner GC 150F-10) using a Sutter P-87 micropipette puller

and filled with a mixture o f 1M K-acetate and 1M KC1. Electrodes were bevelled down
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from an initial resistance of 40-80 M£2 to 25-30 MQ using a rotary beveller (Sutter BV-10). 

A stepper-motor micromanipulator (660, Kopf) was used to advance the electrodes through 

the tissue and into cells. Intracellular recordings from motoneurons were made with an 

Axoclamp 2b intracellular amplifier (Axon Instruments, Burlingame, CA) running in 

discontinuous current clamp (DCC, switching rate 5-8 kHz, output bandwidth 3.0 kHz) or 

discontinuous single-electrode voltage clamp (SEVC; gain 0.8 to 2.5 nA/mV) modes. The 

S4 and Cal ventral roots were wrapped around Ag/AgCl electrodes above the recording 

chamber and sealed with high-vacuum grease (Dow Coming Corp.), which allowed for 

antidromic stimulation and thus used to identify motoneurons. Motoneurons with a resting 

potential below -60 mV and antidromic spike overshoot over OmV were considered healthy 

and used for recording. We also recorded from motoneurons after TTX was applied to block 

all the sodium channels, though we could not directly identify these as motoneurons by 

antidromic stimulation, because o f the block o f the antidromic spike by TTX. However, we 

found that these neurons could be reliably be identified as healthy motoneurons by their 

characteristic location (depth in motor nucleus), resting potential (Vm; -75 to - 60 mV), 

input resistance (Rm) and capacitance (Cm), the latter measured from the response to a 0.4 

nA hyperpolarizing current step. The capacitance was estimated from the time constant, x, o f 

an exponential fit to the response, which equals the product Rm * Cm (see details in 

Results).

Drugs and solutions
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Two kinds o f  artificial cerebrospinal fluid (ACSF) were used in these experiments; a 

modified ACSF (mACSF) in the dissection chamber prior to recording and a normal ACSF 

(nACSF) in the recording chamber. The mACSF was composed o f (in mM) 118 NaCl, 24 

N aH C 03, 1.5 CaCl2, 3 KC1, 5 MgCl2) 1.4 NaH2P 0 4, 1.3 M gS04, 25 D-glucose and 1 

kynurenic acid. Normal ACSF was composed o f (in mM) 122 NaCl, 24 NaHCOa, 2.5 

CaCl2, 3 KC1, 1 MgCl2 and 12 D-glucose. Both types o f  ACSF were saturated with 95% 

0 2-5% C 0 2 and maintained at pH 7.4. Additional drugs were added as required, including 2 

pM tetrodotoxin (TTX; Alamone Labs, Israel), 0.15 pM apamin (Alamone Labs, Israel), 15 

pM nimodipine (Sigma) and 5 pM conotoxin G-VII-C (Sigma). The spinal cords were 

briefly exposed to nACSF solution containing 0.04% pronase E (Helixx Technologies) for 

10 seconds prior to recording to weaken the pia o f the spinal cords and allowed for easier 

penetration (Buschges 1994).

Persistent inward currents in current and voltage clamp recording

Slow triangular current ramps (0.4 nA/s) were applied to the motoneurons to induce firing 

and associated AHPs, and measure basic cell properties. The input resistance was measured 

during the ramp over a 5-mV range near rest and subthreshold to PIC onset. The plateau 

potential was seen as a subthreshold acceleration in membrane potential prior to the firing 

threshold and a long after-depolarization following cessation o f firing. Instantaneous firing 

frequency (F) was computed from the current ramp recordings, using Clampfit 9.0 software.
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Slow triangular voltage ramps (3.5 mV/s) were applied to measure the PICs in voltage 

clamp. During the upward portion o f the ramp, the current initially increased linearly with 

voltage in response to the passive leak conductance. A linear relation was fit in this region 

(10 mV below the PIC onset) and extrapolated to the whole range o f the ramp. At more 

depolarized potential and the PIC threshold was reached, there was a downward deviation 

from the extrapolated leak current. The amplitude o f the PIC was measured as the peak 

amplitude o f this downward deviation. Large PICs usually caused a negative slope in the 

current response. Smaller PICs only caused a downward deflection in the current response 

(flattening o f I-V slope) without a negative-slope region. The onset voltage for the PIC (Von) 

was defined as the voltage at which the I-V slope first reached zero (Li and Bennett 2003). 

Von is not possible to be determined in cells without a negative-slope region. The current 

value corresponding to Von was defined as Ion. The width o f the PIC (Vw) was defined as the 

span between Von and the voltage at which the current reached Ion for the second time on the 

upward section during the ramp (defined as V jump), that is, Vw = V jump -  Von. Previously, it 

has been shown that the width o f the PIC corresponds to the amplitude o f the plateau 

potential that produced by the PIC (Li and Bennett 2003). The spike voltage threshold ( V th), 

was averaged from five consecutive spikes starting with the second spike on the up ramp, 

and was taken as the voltage at which the rate o f the membrane potential change (dV/dt) 

higher than lOV/s (Li et al. 2004a).

Analysis o f  AHP, and its conductance and voltage dependence
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The AHP was initially quantified when the membrane potential was held subthreshold to 

repetitive firing, by evoking spikes with antidromic stimulation o f  the ventral roots. The 

maximum AHP amplitude was taken as the amplitude o f  the mAHP, the duration was 

quantified as the duration o f the mAHP at half its amplitude (half amplitude).

The dependence o f  the AHP amplitude on potential was measured by systematically 

varying the potential prior to the antidromic stimulation with a bias current. As described 

in the results, the AHPs measured in this way had a linear voltage dependence, and we 

thus fit a linear regression the AHP versus potential relation and made the following 

calculations to quantify this voltage dependence. The conductance o f the SK channels is 

known not to have a voltage-dependence itself (Lancaster et al. 1991), and so it can be 

thought o f a simple fixed conductance (G a h p )-  Therefore, the SK current ( Isk )  underlying 

the AHP can be approximately modeled as the product o f  this SK conductance and the 

difference between the potential (V) and the reversal potential for potassium (E k ) , thus 

explaining the linear dependence o f the AHP on potential. That is, Isk  =  G a h p (V  -  E k ). 

This SK current ( Is k )  ultimately acts through the leak conductances G l and the SK 

conductance itself to produce the mAHP: 

mAHP = G a h p  (V -  EK)/( G Ahp +  G L) ......................... (1)

From this equation (1), the potential V at which the mAHP is zero corresponds to the 

reversal potential for potassium, Ek, and this was computed from the regression line fit 

through the AHP versus potential relation. The slope o f the AHP versus potential relation 

(S a iip )  was measured for each cell from the regression fit. This slope can be seen from 

equation (1) to be equivalent to S a h p  =  G a h p / (G a h p  .+ G l ) ,  and rearranging this relation
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gives an estimation o f  the AHP conductance: G a h p  = G l  S a h p /(1  -  S Ahp). which was also 

computed for each cell.

Data analysis

Data were analyzed in Clampfit 8.0 (Axon Instruments, USA), and figures were made in 

Sigmaplot (Jandel Scientific, USA). Data are shown as mean ± standard deviation. A 

Student’s t-test was used to test for statistical differences, with a significance level o f P  < 

0.05.
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RESULTS

M otoneuron properties and excitability

Intracellular recordings were made from 18 motoneurons from chronic spinal rats and 8 

motoneurons from acute spinal rats, while the whole sacrocaudal spinal cord was 

maintained in vitro. In the latter motoneurons, the sacrocaudal cord was obtained from 

normal adult rats, but we referred to these as acute spinal rats, because the cord was 

necessarily cut to remove it from the animal for in vitro recording. The effects o f apamin 

on these motoneurons were studied as described below, and were found to be 

qualitatively similar in acute and chronic spinal rats. However, we focused on chronic 

spinal rats because their motoneurons have previously been described to have large 

robust PICs (Li and Bennett 2003) with associated plateau properties (self-sustained 

firing) similar to in intact animals and humans (Gorassini et al. 2004; Heckman and Lee 

1999b), presumably because they have somehow adapted to the injury (Harvey et al. 

2005a, b). Furthermore, motoneurons o f these adult chronic spinal rats were much easier 

to penetrate and stably record from, than motoneurons o f acute spinal rats, perhaps 

because the dense white matter and connective tissue o f these fully adult rats had thinned 

following chronic injury (Bennett et al. 1999b).

The basic properties (Rm, Cm, and Vm) o f motoneurons in chronic and acute spinal rats 

are summarized in Table 2-1. W hile most neurons were directly identified by antidromic 

stimulation o f  the ventral roots (see Methods), a few o f the neurons included in this study
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(n = 5) were penetrated after all spikes were blocked with TTX, and thus definitive 

identification with antidromic stimulation was impossible. However, these neurons were 

recorded from the motor nucleus, and had the characteristic input resistance (Rm= 

8.4±1.1MQ), capacitance (Cm= 850±20 pF), resting potential (Vm < -60 mV) and Ca 

PICs (2.1±0.7nA) o f  motoneurons (compare to Table 2-1), and thus we also refer to these 

as motoneurons. Also, the time constant (RmCm = x) in these neurons recorded in TTX 

was typical o f  that seen in antidromically identified motoneurons (6.4±3.9ms), and in 

general we found that looking for cells with such long time constants (rise time during 

current step) was an effective w ay to initially find putative motoneurons, whether or not 

TXX was applied.

Vm(mV) Rm (MQ)
Time 

constant x 
(ms)

Capacitance
(pF)

Acute (n=8) -69.9 ± 6.0 9.1 ± 4 .1 4.5 ± 2 .3 770 ± 20

Chronic
(n=18)

-69.8 ±8 .1 8.2 ± 2 .9 6.1 ±3 .1 1100 ± 4 0

Table 2-1 Basic properties o f  motoneurons

The mAHP is mediated by an apamin-sensitive SK  current

In normal ACSF, the sodium spike that was evoked by either antidromic stimulation of 

the ventral roots (n=12, see Fig 2-1A) or a current injection (n=15, see Fig 2-2A&B) was 

always followed by a post spike afterhyperpolarization (AHP). This AHP had a classic
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combination o f  a small fast AHP (fAHP) followed by a pronounced medium duration 

AHP (mAHP) (Viana et al. 1993). At the end o f a series o f spikes (burst) there was a final 

AHP (Fig 2-2A), but this was not longer than a typical mAHP, and thus there was not the 

very slow AHP seen in other neurons (no sAHP; Lasser-Ross et al. 1997).

W hen the potent and selective SK channel blocker apamin (0.15 pM) was applied, the 

mAHP was completely blocked, and there only remained the fAHP, which was 

insensitive to apamin (Fig 2-lB ,C ; n = 9/9 motoneurons in chronic spinal rats and n -  5/5 

in acute spinal rats). This mAHP block was seen by comparing the spike evoked by 

antidromic stimulation from potentials sub threshold to repetitive firing, as in Fig 2-1C, or 

by comparing the first spikes when repetitive firing was evoked by a ramp current 

injection, as in Fig 2-2 C, E, Thus, an apamin-sensitive calcium-activated potassium 

current (SK current) mediates the entire mAHP in these motoneurons.

The mAHP limits the fir in g  rate

During repetitive firing in motoneurons, the mAHP plays a central role in limiting the

firing rate, roughly maintaining interspike intervals longer than the time to peak o f  the

mAHP (36.5 ± 6.5ms; Kemell 1965; Li et al. 2004a). Such firing is seen in Fig 2-2A,

where firing only reached 10 Hz during a slowly increasing current injection, and then

decreased relatively linearly as the current was decreased. In contrast, when the mAHP

was blocked with apamin as shown in Fig 2-2B, the firing rate at recruitment jum ped

extremely rapidly (in an all-or-nothing manner) to a very high rate not normally obtained
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in these motoneurons (100 Hz in Fig 2-2B, note scale difference), and 10-times higher 

than the rate for the same current ramp prior to apamin. Basically, in apamin there was 

only the fAHP to limit the firing rate and this was < 10 ms long, allowing 100 Hz firing 

immediately. Following recruitment, there was marked spike-frequency adaptation 

(decrease in rate from 100 Hz to zero), likely due to the inactivation o f  the sodium 

channel (spike height reduced). However, the firing did not fail completely and continued 

at a slower rate aller the initial steep spike-frequency adaptation.

The mAHP limits the Ca PIC activation

When there are persistent calcium and sodium currents (Ca and Na PICs) present, the

firing is augmented and prolonged by these extra intrinsic currents in the motoneuron

(e.g. Li et al. 2004a). This is seen in Fig 2-2A, where the firing is maintained at currents

well below the current to recruit the cell (self-sustained firing, hysteresis), mainly due to

the activation o f  Ca and Na PICs (see details in Li et al. 2004a). It has previously been

argued that the AHP provides a major hyperpolarizing current that prevents full all-or-

nothing activation o f  the Ca PIC (Li et al. 2004a). Thus, we used an apamin block o f  the

AHP to directly test this idea. Just after tennination o f  firing on a decreasing current

ramp, and even just before, there was a clear plateau potential, seen as a deviation from

the extrapolated subthreshold changes in potential with current (thin line, plateau ~ 15

mV in Fig 2-2B), and this was much larger than the small after-potential (plateau; at

upward arrow in Fig 2-2A) seen without apamin (Fig 2-2A). This plateau was due to a

Ca PIC, because it persisted when the Na PIC and spikes were blocked in TTX (see Fig
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2-7 described below). The Ca PIC/plateau (and Na PIC) was initiated just prior to the 

recruitment w ith and without apamin (at *’s in Fig 2-2A,B), and thus played a central 

role in recruitment (Li et al. 2004a). However, in apamin, this Ca PIC was able to more 

fully activate during firing because o f the lack o f hyperpolarization from the mAHPs, and 

ultimately caused the all-or-nothing jum p in firing rate at recruitment and a very large 

after-potential.

M otoneurons without a large enough Ca PIC to produce a plateau (i.e. in acute spinal 

rats, 5/5; and in 1/9 chronic spinal rats) fired roughly in proportion to the injected current 

prior to apamin, with no self-sustained firing (not shown, but see Bennett et al. 2001 and 

Li et al. 2004). W ith the application o f apamin, even these cells reached extremely high 

rates (near 100 Hz) with standard size current ramps that normally only produced 1 0 - 1 5  

Hz firing without apamin, but this firing only reached a peak (100 Hz) at the peak o f  the 

current injection, rather than at the onset o f firing because there was not a large Ca PIC at 

the onset o f  firing (not shown). Thus, even without the Ca PIC, sufficient current 

injection alone caused apamin treated motoneurons to fire at very high unphysiological 

rates, because they did not have a mAHP to limit the firing rate.

Very slow fir in g  does not require the mAHP

In normal ACSF, there was often very slow firing near the threshold for de-recruitment

(in cells with large healthy Na PIC; Li et al. 2004; Harvey et al. 2005a). This very slow

firing was at intervals that well exceeded the mAHP duration (see last few spike intervals
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in Fig 2-2D), and has previously been shown to result from a near-threshold slow 

oscillation o f  the Na PIC, where the Na PIC causes a characteristic slow ramp (at double 

arrow heads) and then an acceleration in the membrane potential that triggers a spike (at 

*; referred to as ramp&acceleration profile; this profile is blocked by a low dose o f  TTX 

that blocks the N a PIC but not the spike; see details in Li et al. 2004). Following each 

spike the AHP deactivates the N a PIC and then the Na PIC-dependent ramp&acceleration 

profile occurs again and triggers another spike (see two interspike intervals shown in Fig 

2-2D), and the N a PIC continues to oscillate in this slow manner producing the slow 

firing, with one spike per oscillation cycle.

Following the block o f  the mAHP with apamin, this slow firing persisted, again with a 

characteristic Na PIC-dependent ramp&acceleration profile (at double arrows and * in 

Fig 2-2F) producing long interspike intervals. This Na PIC-dependent ramp&acceleration 

profile followed immediately after the fAHP (Fig 2-2F), whereas without apamin this 

ramp&acceleration profile occurred later, after the mAHP (above dashed line in Fig 2- 

2D). Thus, apparently the hyperpolarization from the fAHP alone is sufficient to 

deactivate the Na PIC and following this the Na PIC activates again in the characteristic 

ramp&acceleration profile (see two interspike interval at left o f Fig 2-2F).

It should be emphasized that subthreshold to the Na PIC activation (near -60mV, which is 

also subthreshold to repetitive firing) this ramp&acceleration profile never occurred 

following a spike evoked by an antidromic ventral root stimulation in apamin (Fig 2 -IB),
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consistent with it being mediated by the Na PIC. Instead, the membrane potential came 

back to rest within 20 ms following the spike (mAHP completely blocked by apamin).

The AH P depends on N-, P/Q-type and not L-type calcium currents

When all the calcium currents were blocked with cadmium (400uM), the mAHP was 

completely blocked (n = 4), consistent with the above conclusion that the mAHP is 

mediated by a calcium -activated potassium current (SK current). A selective block o f  the 

high voltage-activated N-, and P/Q-type calcium channels with co-conotoxin MVIIC 

(5pM, n = 5) mimicked the effects o f cadmium, again completely eliminating the mAHP 

(fAHP also eliminated, Fig 2-3B). This conotoxin had no effect on the low voltage- 

activated Ca PIC (see Li and Bennett, 2003). In contrast, a block o f the L-type calcium 

channels with nimodipine had no effect on the AHP (mAHP or fAHP, Fig 2-3C), whereas 

nimodipine completely blocked the Ca PIC (which is thought to be C avl.3 L-type 

calcium channel mediated; see Fig 2-5 described below and Li and Bennett, 2004). Thus, 

the mAHP in motoneurons is produced by an apamin-sensitive SK current that is 

activated by calcium that flows through N- and P/Q-type FIVA channels during the spike. 

Further, the L-type calcium channels do not appear to play a major role in the AHP, in 

contrast to their principle role in producing the low voltage activated Ca PIC (see details 

below).
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The AHP is strongly voltage-dependent, hut does not change with chronic injuiy

In order to compare the AHP across cells and between acute and chronic spinal rats, we 

found it necessary to first quantify the strong voltage-dependence o f  the mAHP, which 

occurred because the mAHP current is a pure potassium current close to its reversal 

potential (Ek.; see Methods). That is, when the mAHP was measured from antidromically 

evoked spikes while the membrane potential was systematically varied with a bias current 

(e.g. -7 0  mV shown in inset o f Fig 2-4A), then the mAHP amplitude varied linearly with 

the membrane potential (subthreshold to repetitive firing, Fig 2-4A). As expected, apamin 

blocked the mAHP at all potentials (triangles in Fig 2-4A), and thus the mAHP resulted 

from just an SK potassium current, regardless o f  the potential. At the fixed potential o f -  

70 mV (near rest), the mAHP was not significantly different in acute and chronic spinal 

rats. The reversal potential for the mAHP, and thus also Ek, was on average -80m V  and -  

82mV in chronic and acute spinal rats (computed where regression lines crossed 0 mV), 

and there was no significant difference between these two groups. Because the potassium 

concentration gradient was not likely to change from cell to cell, the variability in Ek was 

probably ju st a result o f  error in recording absolute potential (e.g. tip potential drift etc). 

Thus, to compensate for this error in Fig 2-4C we corrected the potentials in all cells so 

that they had a common E k , equal to the overall mean E k  (-81mV). After this correction, 

there was a very close overlap o f  the AHP-vs-potential relations, suggesting that at a 

given potential, the AHP was very similar in all cells. In particular the mAHP at the 

corrected -70m V  potential was again not significantly different in acute and chronic 

spinal rats. O f course, the reversal potential for mAHP only represents the reversal
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potential as seen at the soma, and if  the mAHP currents are distal to the soma it might be 

expected to be more hyperpolarized. However, because mean reversal potential is only - 

81 mV and the mAHP varies remarkably linearly with potential, it is likely that the 

mAHP currents are from channels near the soma.

The slope o f the mAHP vs potential relation (S a h p , in Fig 2-4B) was also not significantly 

different in acute and chronic spinal rats. Furthermore, as detailed in the Methods, this 

S a h p  slope can be used to compute the effective conductance o f  the mAHP (G a h p ) , and 

this is summarized in Table 2-2 (0.1 -  0.3 uS), and is also not significantly different in 

acute and chronic spinal rats. The current underlying the mAHP ( ISk ) can be directly 

measured following a simulated spike (2 ms step to > 0 inV) in voltage clamp, as shown 

in Fig 2-4D. From this current the AHP conductance can be more directly computed by 

dividing by the driving potential: G a h p  =  I s k /(V  -  E k ) ,  and for the example in Fig 2-4D 

this corresponds to 3 nA/(-50+80 mV) = 0.1 uS, which is similar to the Gk values 

computed from S a h p  (Table 2-2). Finally, the mAHP duration (time to peak mAHP) was 

on average not significantly different in chronic spinal rats (85.2±16.1ms) compared to in 

acute spinal rats (77.3±15.9ms).

mAHP
amplitude

(mV)

mAHP half 
duration 

(ms)

mAHP slope 
( S ahp)

Leak
conductance

AHP
reversal
potential

(mV)

mAHP
conductance

(G ahp)

Acute (n=8) 5.22 ± 0.73 77.3 ± 15.8 0.44 ± 0.06 0.24 ± 0 .1 0 80.0 ± 4 .7 0.19 ± 0.11

Chronic
(n=17) 5.71± 1.47 85.2 ± 16.1 0.48 ± 0 .1 2 0.22 ± 0.04 83.1 ± 2 .9 0.23 ±0 .13

Table 2-2 mAHP properties and leak conductances o f  motoneurons
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In summary, the AHP varies dramatically with potential, due to the close proximity o f  the 

resting potential to the reversal potential for potassium. Despite this, at a given potential 

the AHP is not significantly different in amplitude, duration or conductance in acute and 

chronic spinal rats, and for that m atter very similar across all cells.

L-type calcium current o f  the Ca PIC  activates an SK  current

When the membrane potential was slowly increased under voltage-clamp conditions, a 

persistent inward current (PIC) was activated, and seen as a downward deviation from the 

extrapolated subthreshold linear leak current (thin line), and this usually produced an 

outright negative slope region in the current-voltage (I-V) relation (NSR; Fig 2-5C). The 

voltage clamp had adequate gain to usually stop spikes from occurring above the firing 

threshold (near -51 mV, though one unblocked spike occurred at * in Fig 2-5A; blanked 

out), and thus AHP currents did not generally contaminate the PIC measurements prior to 

TTX application, and spikes were blocked after TTX application.

Part o f this PIC was blocked rapidly by TTX (about half), and this has previously been 

attributed to a persistent sodium current in these motoneurons (Na PIC; Fig 2-5A; Li and 

Bennett, 2003). The remaining current in TTX was blocked by nimodipine (15 pM; 

leaving only a linear leak current-voltage relation below -  40 mV) and thus was mediated 

by an L-type calcium channel dependent persistent calcium current (Ca PIC; Fig 2-5C; 

see details in Li and Bennett, 2003). This Ca PIC is the focus o f the remainder o f the 

results section. In chronic spinal rats the Ca PIC was activated with an average onset
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threshold o f  -58 .6  mV, and reached a peak o f  2.2±1.2 nA at -54 mV. With decreasing 

current ramps (Fig 2-7, described later) the Ca PIC was deactivated at a significantly 

lower voltage than its onset voltage (V0ff; 12.5±3.3 mV lower). Acute spinal rats had 

similar, but much smaller Ca PICs described later (Fig 2-9).

When apamin was applied to block the outward SK currents (in the presence o f  TTX) 

there was a significantly larger persistent inward current measured during voltage ramps 

(Fig 2-5B, D), which we refer to as the L-Ca current, to distinguish it from the Ca PIC 

(prior to apamin) and to indicate that it is produced by L-type calcium channels. The 

apamin-sensitive current (Ca PIC minus L-Ca current) we refer to as the SKl current (Fig 

2-5B). This SK l current must have been activated by the L-Ca current because it was 

always activated just after the onset o f  the L-Ca current (Figs 2-5B and D). Furthermore, 

the SKl current must be nimodipine-sensitive, because both the L-Ca current (in apamin; 

Fig 2-5D) and the Ca PIC (pre apamin; Fig 2-5C) were blocked by nimodipine, and their 

difference is the SKl current. The SKl current at the initial peak o f  the L- Ca current (at 

arrow in Fig 2-5B) was on average 0.59 ± 0.4 nA, which was 26% o f the L-Ca current. 

This initial SK l current was significantly smaller in size and estimated conductance 

(0.019 +- 0.014 jliS; current / [V-Ek]) than the SK current underlying the AHP. However, 

as described below, the SKL current increased substantially as the voltage ramp continued 

to increase (at wall). What is more, the width o f  the valley formed by the PIC in the I-V 

relation (as defined in Fig 2-7A&B and methods, Vjump-Von) was significantly increased, 

from 11.9 ± 2.7mV (Ca PIC) in control conditions to 13.9 ± 4.1mV (L-Ca PIC) in 

apamin, consistent with the larger plateau formed in apamin (see below and Methods).
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Neither the resting membrane potential nor the leak conductance (1/ Rm) were 

significantly affected by apamin, and thus there was not a resting calcium current 

(different from L-Ca) that activated an SK current.

The SK  current produced a steep increase in conductance (wall)

In normal ACSF, during the increasing voltage ramp the slope o f the I-V response

relation was always much steeper after the full activation o f  the Ca PIC (termed slope

conductance S2, and measured after peak o f Ca PIC at VjUmP; dashed vertical line in Fig

2-5D) compared to before the Ca PIC activation (S I, leak conductance; Fig 2-5, A-D).

The greater slope conductance after Ca PIC activation (S2/S1 = 2.5±1.2) resulted from:

(1) the increased conductance arising from the L-Ca current (Li et al. 2004a), and (2) the

activation o f  SK l currents. That is, application o f apamin significantly lowered the S2

slope relative to the SI slope (S2/S1 ratio = 1.6±0.5). Characteristically, in apamin the

current during the voltage ramp increased linearly after the initial onset o f the L-Ca (after

NSR), consistent with the onset o f  a steady L-Ca current that simply increased the overall

conductance (by 20 % o f leak conductance in Fig 2-6B). In contrast, prior to apamin, the

current during the voltage ramp increased much more steeply after the initial onset o f the

Ca PIC (after NSR), with a non-linear parabolic shape induced by the SK current, as

though intracellular calcium was accumulating. Thus, the steep apamin-sensitive S2 slope

provides a distinctive feature o f the I-V relation that indicates the presence and size o f the

SK l current. By subtracting the S2/S1 conductance ratios before and after apamin, we get
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the ratio o f  the S K l conductance to the leak conductance (SI), which was 0.85 ± 0.8, 

indicting that the SK l current produced a conductance similar in size to the leak 

conductance (and AHP conductance). This steep apamin-sensitive S2 slope conductance 

was eliminated by nimodipine (Fig 2-5C), as well as apamin (Fig 2-5D), further 

supporting the idea that the L-Ca current activates an SK current (S K l).

The detailed changes in the SK current during the voltage ramp can be seen in Fig 2-6D, 

estimated by subtracting the measured currents before and after apamin (Fig 2-6C). As 

the membrane potential was depolarized to near -  40 mV, this outward SK l current 

always became very large and eventually exceeded the inward L-Ca current; so the net 

current exceeded the leak current estimate (current above thin leak line in Fig 2-6A). At 

this point (near - 40 mV) the SKL current (1.68 ± 0.58nA) was significantly larger than 

the SK l current at the initial peak o f  the PIC (near -5 0  mV; 0.59 ± 0.4nA; described 

above), and comparable in size (> 1 nA) to the current produced by the AHP ( S K ahp)- 

This large increase in SK current near -  40 mV was generally so pronounced that our 

intracellular electrodes could not depolarize the cell much past -  40 mV (electrode 

current limited to < 6 -  12 nA), and thus we also referred to this steep S2 slope region as 

the wall (Fig 2-6C). Once the wall was eliminated by apamin (S2 reduced), we could 

usually depolarize the cells above -  40 mV (Fig 2-6C; gray section). In current clamp the 

effect o f the wall was manifested as a flat (shallow) region, where the membrane 

potential could not be easily depolarized by current injection (top o f plateau described 

later in Fig 2-7).
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Calcium spikes and post calcium spike afterhyperpolarizations (CaAHPs)

W hen the Ca PIC was large enough to produce a negative-slope region in the I-V relation

(NSR; in voltage-clamp), there was always a plateau potential seen in current clamp

during a ramp current injection, induced by the instability o f this NSR (Li and Bennett

2003; Schwindt and Crill 1982). This plateau had a characteristic sharp overshoot at its

onset (Fig 2-7, D&G), which can be considered as a calcium spike riding on top o f  the

plateau (L-Ca mediated spike). Following this calcium spike there was always a post

calcium spike afterhyperpolarization (CaAHP), which tended to reduce plateau. This

CaAHP was blocked by apamin and thus was mediated by an SKl current. In some cells

this CaAHP was sustained during the plateau and served to thus reduce the plateau

amplitude (Fig 2-7, G-I). However, in other cells the CaAHP reached a peak

hyperpolarization in about 200 -  300 ms, and was then turned off, presumably because

the CaAHP reduced the L-Ca current underlying the plateau/spike. Following this there

was a second calcium spike as the L-Ca current reactivated, followed by a second

CaAHP. This oscillation o f the L-Ca and the SK current continued for a few cycles until

a steady state activation o f the L-Ca and the SK currents was reached. This oscillation

was always blocked by apamin, confirming the role o f the SKl currents (Figure 2-7, D-

F). Further, in apamin the steady-state depolarization was less than without apamin,

showing that the SK l current also produced a steady hyperpolarization throughout the

plateau, reducing its size. Interestingly, during voltage ramps a similar oscillation was

also seen at the onset o f  the Ca PIC (Fig 2-1 A), even though this current was measured

under voltage clamp, which should at least clamp the potential near the soma, avoiding
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local oscillations o f  channels. These oscillations were blocked by apamin (Fig 2-7B), and 

thus again were mediated by S K l currents. Likely, these oscillations resulted from 

calcium spikes interacting with CaAHPs, as described above under current clamp, but 

occurring in the distal unclamped dendrites. Indeed, all cells that had these Ca PIC 

oscillations under voltage clamp conditions also had calcium spikes and CaAHP 

oscillations under current clamp conditions (e.g. Fig 2-7 A and D is from same cell). This 

provides indirect, but intriguing, evidence that the SKL currents are o f  dendritic origin, 

like the L-Ca currents, and perhaps unlike the S K Ahp currents.

Time course o f  SKl current

To examine the time course o f the SKl currents we employed a series o f  long voltage

steps. Subthreshold to the Ca PIC, these steps produced a current response proportional to

the leak current (trace 1 and 2 in Fig 2-8B, E and left o f  Fig 2-8F). For larger steps above

threshold the Ca PIC was activated and reduced the current below the expected leak

current (traces 3 and 4 in Fig 2-8B, E and right o f Fig 2-8F). As previously reported, with

steps just above threshold for the Ca PIC (trace 3), the Ca PIC activated with a substantial

delay, o f 1 sec or more (Li and Bennett 2003). Usually a few o f the characteristic SKl-

mediated oscillations (apamin-sensitive) occurred during this slow Ca PIC activation

(like on current ramps; Fig 2-7B). With larger voltage steps, Ca PIC activated more

rapidly, starting at the onset o f the step and reaching 90 % o f its maximum within 45 ± 7

ms (n = 4), though steady-state activation was not reached for about 1 sec (see below). In

contrast, the first sign o f  the SKl current onset, seen as small SK-inediated oscillation
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(first inflection), did not occur until 170 ± 19 ms. Thus, the SK current onset was delayed 

by about 100 ms, relative to the underlying L-Ca current that activated it. Thus, the L-Ca 

activation o f the SK currents was slower than the sodium spike-mediated activation o f  the 

SK currents (AHP onset in < 10 ms), suggesting differences in spatial location.

Application o f  apamin increased the overall PIC measured with voltage-steps, as 

expected from the voltage-ramp results, and consistent with a block o f  the outward SK 

currents, leaving only the underlying L-Ca current (Fig 2-8E). The L-Ca, like the Ca PIC, 

was slow to activate with small voltage steps near threshold, but did not have oscillations 

during activation (Fig 2-8E; trace 3). With larger steps the L-Ca started its activation 

sooner, ju st like the Ca PIC. The net SK current in response to a large step is shown in 

Fig 2-8C, computed by subtraction before and after apamin. Interestingly, following its 

onset the SK current was gradually reduced over a few seconds, even though the L-Ca 

was not reduced (L-Ca computed by leak subtraction, Fig 2-8C). This slow reduction o f 

the SK current with time caused the net Ca PIC (prior to apamin) to reach a steady-state 

maximum inward current significantly later than the L-Ca current (95 % activation 

occurred at an average time o f 2.3 ± 0.9 seconds for the Ca PIC and 1.1 ± 0.7 seconds for 

the L-Ca).

Following termination o f the voltage steps, the Ca PIC always took about 0.5 second to 

turn off, producing a characteristic tail current, with a mean duration 323 ± 372 ms prior 

to apamin (50% down). Associated with this tail current, there was a residual SK current 

that also decayed off slowly (Fig 2-8C). Block o f the SK current with apamin ultimately
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led to a significantly longer tail current (783 ± 965ms). Thus, the outward SK current 

acted to speed the deactivation o f  the inward L-Ca current.

S K l c u rren ts  in a c u te  sp in a l ra ts

M otoneurons o f acute spinal rats had small but significant Ca PICs, as previously 

described (Harvey et al. 2005a). These Ca PICs, were not usually large enough to 

produce a negative slope region (NSR) in the current response to a voltage ramp, and 

instead only induced a negative deflection in current relative to the extrapolated leak 

current (PIC indicated by arrow in Fig 2-9A). Because o f  the lack o f NSR, there were 

also not plateaus seen with current injection in these motoneurons (not shown). Apamin 

increased these PICs (arrow larger in Fig 2-9B), indicating that there was an apamin- 

sensitive S K l current (Fig 2-9D), like in chronic spinal rats. Also, apamin tended to 

decrease the S2 slope (Fig 2-9B), like in chronic spinal rats, indicating a substantial SK l 

conductance.

As expected, the L-Ca current measured in apamin was significantly smaller in acute

compared to chronic spinal rats (Fig 2-10A). However, the SK current itself was

unexpectedly n o t  significantly smaller in acute compared to chronic spinal rats (though

its mean was 30% smaller). Also, the SK-induced slope conductance (S2) was not

significantly different in acute and chronic spinal rats. Taken together, these results

suggest that for a given amount to calcium current (L-Ca) the resulting SKl current

activation was greater in acute spinal rats. Indeed, the ratio o f the SKl current to the L-Ca
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current was significantly greater in acute spinal rats by about 40%, compared to in 

chronic spinal rats (Fig 2-1 OB).

Barium also blocks apamin-sensitive SK  current

To further examine the calcium-activated currents, including SK currents as well as

others, we substituted barium (Ba) for calcium (Ca) as the charge carrier through the

calcium channels (n=5). This effectively blocks all calcium-activated currents (including

the SK current), because barium is much less effective than calcium in activating these

currents (Enomoto et al. 1991). As shown in Fig 2-1 IB, this barium substitution, always

led to an increase in the PIC (labeled L-Ba), compared to in normal calcium containing

ASCF (Ca PIC), very much like we saw with apamin. Unfortunately, because the barium

current through calcium channels is generally known to be larger than the calcium current

through the same channels (Hille, 2001), part o f this increase in the PIC may have been

due to this differing current carrying capability o f  barium. However, the shape o f the I-V

relation in barium was remarkably like that in apamin (Fig 2-6B), suggesting that the

barium substitution caused a block o f  SK currents. Indeed, this was the case, because

applying apamin while in barium had no significant effect on the PIC (L-Ba is apamin

resistant). In barium alone, like in apamin, the S2 slope after the PIC activation was very

shallow, and close to the leak conductance (SI), again consistent with barium blocking

the SK current that produced the characteristic very steep S2 slope in normal ACSF (Fig

2-11 A, Fig 2-6A). On average the ratio S2/S1 was significantly reduced by barium, like

apamin (from about 2.5 ± 0.86 to 1.5 ± 0.17; Fig 2-1 IE). Furthermore, the S2/S1 ratio

was not significantly different in barium and apamin, and approximately 1.5, indicating
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that both apamin and barium blocked a similar conductance (barium and apamin 

sensitive) that was about equal to the leak conductance (2.5-1.5 = 1).

However, in barium there was the additional complication that the S 1 conductance (leak 

conductance) was significantly less than in control conditions (S l=  0.12 ± 0.03 in barium 

vs. 0.23 ± 0.16 in normal ACSF), unlike in apamin. Thus, the finding that the S2/S1 ratio 

was similar in barium and apamin, actually indicates that the S2 slope itself was less in 

barium than apamin. Indeed, the L-Ba conductance (S2 -  SI in barium) was significantly 

less than the L-Ca conductance (S2 -  SI in apamin; Fig 2-1 IF). If  anything the direct 

barium conductance through the L-type calcium channels should be greater than the 

calcium conductance (as described above; Hille, 2001); so the finding that the L-Ca 

conductance is instead greater than the L-Ba conductance, indicates that this L-Ca current 

is not purely made up o f the calcium current passing through the L-type calcium 

channels, but also has a calcium-activated component not sensitive to apamin. That is, 

barium likely blocked other calcium-activated conductances, rather than just the apamin- 

sensitive SK current.

Surprisingly, in barium there was always a high-voltage activated large and sustained PIC 

(Ba PIC) that was activated above -  30 mV (2 in Fig 2-11 C), and not seen in apamin. 

This was activated at a distinctly higher potential than the normal low voltage activated 

PIC (1 in Fig 2-11 C; activated at about -  50 mV, as in nACSF or apamin), and thus 

remarkably discrete low and high voltage activated PICs were seen in the same cell (Fig 

2-11C, 1 and 2 respectively). This high voltage activated Ba PIC produced a large
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sustained plateau potential in current clamp that was very difficult to turn off (Fig 2-1 ID, 

2), as described in detail below. This large high voltage-activated Ba PIC was an artifact 

o f  barium application, because it was not seen without barium even with the large 

depolarizations possible in apamin (Fig 2-6C). Under physiological conditions (nACSF) 

the cell could never be steadily depolarized past -  40mV, due to the steep SK-dependent 

wall, described above, and so this high voltage activate PIC has not much relevance. 

Probably, this high voltage activated Ba PIC was a result o f  a loss o f inactivation o f  HVA 

calcium current (N, P/Q-type) resulting from removal o f  calcium from the bath, because 

calcium channel inactivation is known to have a strong dependence on calcium itself 

(calcium-dependent calcium inactivation; (Cens et al. 2005; Zong et al. 1994).

■4

SK  currents prevent uncontrollable activation o f  dendritic Ca PICs

The Ca PICs usually had a voltage threshold for activation (measured at electrode, in

soma) that was significantly higher than the threshold for deactivation (by about 10 mV,

hysteresis described above). This has previously been attributed to the dendritic nature o f

these currents and the inevitable poor space-clamp over these distal dendrites in very

large dendritic trees o f motoneurons (Hounsgaard and Kiehn 1993; Hultbom 2002).

However, in nACSF this poor space clamp was not a problem, because the Ca PICs could

still be fully deactivated after they were activated (Fig 2-12A&D), and thus quantified,

albeit at a distance. However, in a few cells in apamin (n = 4/26) and most cells in barium

(n = 4/5) the persistent calcium current (L-Ca or L-Ba) was uncontrollable, in the sense

that once activated it could not be completely deactivated. This loss o f control over the L-
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Ca current (or L-Ba) occurred in voltage-clamp, as in Fig 2-12E, or in current-clamp, 

where associated plateaus could not be turned off, as in Fig 2-12B. Once we lost control 

over the L-Ca currents in this way, subsequent voltage evoked smaller L-Ca currents than 

before (Fig 2-13B), because a portion o f the PIC was tonically activated (or inactivated). 

Likewise, after the first uncontrolled plateau activation with a current ramp, as second 

current ramp produced a smaller plateau (not shown). In these cells, we had to be very 

cautious in comparing the pre- and post apamin results; i f  the loss o f control was not 

noticed, then the L-Ca in apamin appeared smaller than the Ca PIC before apamin, 

leading to the erroneous conclusion that apamin blocked the calcium current itself. Thus 

in the results described above only PICs measured prior to loss on control were used. 

We interpret the loss o f control over the calcium currents after a block o f  SK currents as 

indicating that a portion o f the dendritic tree distal to the electrode had gone onto an 

uncontrolled L-Ca mediated plateau. Why this only occurred in some cells is uncertain, 

though it m ay relate to how close the electrodes was to the center o f  L-Ca channel 

activation. In any event, these results demonstrate that the SK currents play a major 

physiological role o f  assuring that the L-Ca currents can be turned o ff after they are 

activated, because such uncontrolled PICs were not seen without apamin or barium 

present.
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DISCUSSION

Cavl.3 calcium currents activate SK  currents

Our results demonstrate that the low voltage activated persistent calcium current in spinal 

motoneurons activates a calcium-activated potassium current that is directly blocked by 

apamin and indirectly blocked by nimodipine (SK l current). This outward SK current 

opposes the inward persistent calcium current, resulting in a smaller net current (Ca PIC, 

about 20% smaller). Previously it has been suggested that SK currents oppose persistent 

calcium currents in this manner (Hultbom 1999), but this had not been directly confirmed 

in motoneurons. Because o f its low activation voltage, block with a relatively high dose 

o f nimodipine (> 1 0  pM; see Results and Li and Bennett, 2003), and complete resistance 

to conotoxins (see Results and Li and Bennett, 2003), the persistent calcium current that 

activates these SK l currents is likely mediated by the Cavl.3 channels recently 

characterized by Lipscomb and Xu (2001). We refer to this calcium current as the Cavl.3  

current, for short.

High voltage activated persistent calcium currents that are, in contrast, sensitive to 

conotoxins have been reported in motoneurons (N, P, Q-type; Carlin et al. 2000a; 

M cCarthy and TanPiengco 1992; Powers and Binder 2003) and these may also activate 

SK currents. However, the role o f  these persistent currents is not obvious, because during 

normal firing the membrane potential is held well below the spike threshold (-50 mV) by 

the AHPs, except for the 1 ms depolarization during each spike. Even if  these currents
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were o f dendritic origin, their activation at above - 30 mV, means that they would not be 

substantially activated except transiently during the spikes, so they may only play a role 

during very fast firing. Furthermore, these persistent calcium currents may be partly an 

artifact o f the patch clamp electrodes used to record them, which contained substantial 

calcium buffers, unlike our sharp electrodes. This may have reduced intracellular calcium 

sufficiently to stop the usual calcium-activated calcium channel inactivation associated 

with these calcium currents (N, P, and Q-type). Indeed, we found similar high-voltage- 

activated persistent currents in barium (and not apamin), and these are likely an artifact o f 

substituting barium for calcium, which is known to reduced calcium channel inactivation 

(Cens et al. 2005). Alternatively, because this persistent inward current was only present 

in barium and not apamin, there may be an apamin-resistant calcium-activated potassium 

current that precisely  opposes (masks) this inward current normally, though this seems 

unlikely because o f  the very large size o f  this barium induced inward current. The barium 

induced high-voltage-activated persistent inward current is activated at a distinctly higher 

potential (> -30 mV) than the usual low threshold persistent calcium current (Cavl.3; -50 

mV threshold), and ultimately causes a peculiar second plateau riding on top o f  the usual 

low voltage activated plateau (Cavl.3 mediated) seen in motoneurons (Fig 2-1 ID).

We have also shown that the SKl current is one o f the major calcium-activated currents 

triggered by the Cavl.3 current, because a block o f  all calcium-activated currents 

produced by substituting barium for calcium has similar effects on the low-voltage- 

activated persistent calcium current as application o f  apamin alone (subthreshold to the 

high voltage activated currents just described; < - 40 mV). Thus, the persistent inward
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current remaining in apamin, which we refer to as the L-Ca current, is a fairly good 

approximation o f the isolated C avl.3  current (L-Ca ~= C avl.3), and the total persistent 

inward current is approximately: Ca PIC = L-Ca + SKl current (as in Figs 2-5). However, 

the actions o f  barium are difficult to interpret quantitatively because o f the greater charge 

carrying capability o f  barium compared to calcium, and changes in calcium-dependent 

calcium channel inactivation in barium. There remains a possibility that there are other 

significant calcium-activated currents triggered by C avl.3  currents, particularly because 

the persistent barium conductance (L-Ba) is smaller than the persistent calcium 

conductance seen in apamin (L-Ca; see Results), despite the greater charge carrying 

capability o f  Ba compared to Ca. For example, there could be a calcium-activated cation 

current, as in some other motoneurons (Lee et al. 1996; Wu and Anderson 2000).

The SKl current magnitude and dependence on intracellular calcium

The SK l current is activated just after the L-Ca onset, and produces an outward current 

that is about 20% o f the inward L-Ca current at the initial peak o f the L-Ca current, 

making the net inward current (Ca PIC) about 20 % smaller than the L-Ca current. With 

time and greater depolarization (during a slow ramp), the S K l current increases 

dramatically, even though the L-Ca current does not also increase. Eventually the SK l 

current completely overcomes the L-Ca current (magnitude SK l > L-Ca), so that there is 

no longer a net persistent inward current. At this time the high conductance o f  the SK l 

current produces a steep increase in I-V relation (twice the leak conductance), which we
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refer to as the wall, and functionally makes depolarization o f  the neuron past - 40 mV 

difficult.

The SK channel conductance is known to not have a voltage dependence (McLamon 

1995), but the SK l current should at least vary linearly with voltage, increasing with the 

difference from the reversal potential for potassium (as for the AHP current, see Results). 

Also, the SK l current should depend on the variations in intracellular Ca (M cLamon 

1995), which should in principle be related to the integrated inward calcium current 

minus the calcium removal via buffering and pumps. Thus, the steep, greater-than-linear, 

increase in the SK l current observed during the voltage ramps to -40 mV could reflect an 

accumulation o f  intracellular Ca, with calcium buffering not being able to keep pace with 

the maximal L-Ca current activation. In contrast, the slow decay in the S K l current (over 

seconds) during a steady submaximal L-Ca current activation during a voltage step (Fig 

2-8), could represent the calcium buffering overcoming the accumulation o f  intracellular 

calcium from the L-Ca current. Sometimes during a voltage ramp both o f these processes 

occur together (Fig 2-6D): the SK l reaches an initial peak with the L-Ca current peak and 

then slowly decays, but with time increases again to produce the steep SK-mediated wall.

Relationship between plateau potentials and PICs

When the Ca PICs are activated during a current ramp (Fig 2-7D) or voltage step (Li et 

al. 2004a), they produce a classic calcium plateau potential, due to the unstable negative-
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slope region in the I-V relation (Fig 2-1 A), which forces the potential to jump in an all- 

or-nothing manner to a greater more stable potential, above the negative slope region. 

Previously, (Hounsgaard and Mintz 1988) showed that these calcium plateaus are 

augmented by apamin, suggesting that the PICs are themselves augmented by apamin, 

and thus providing indirect evidence that the SK currents tend to reduce the PICs, as we 

have directly demonstrated. However, an increased amplitude o f the PIC does not 

necessarily mean an increased plateau, since it is the width o f  the valley formed by the 

unstable negative-slope-region (in the I-V relation, Fig 2-7A&B) that determines the 

plateau size, and not the PIC amplitude itself (Li and Bennett 2003). Furthermore, 

without any changes in the PIC amplitude, a simple decrease in the overall leak 

conductance increases this width, because it takes more depolarization for the leak 

conductance to overcome the PIC, and this ultimately results in a larger plateau without a 

larger PIC (unpublished observations, Bennett and Li). So it is risky to infer changes in 

PICs from observations o f  plateaus alone. However, the present results confirm that the 

larger plateaus seen in apamin (Hounsgaard and Mintz, 1988) are in fact due to a block o f 

SK currents, which in turn produces a larger PIC and a valley formed by the negative- 

slope region that has a greater width. In particular, this greater width in apamin occurs 

because the steep wall (S2 conductance) in the I-V relation is eliminated (apamin- 

sensitive), so greater increases in voltage are required to overcome the PIC, and 

ultimately this produces a greater plateau.
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Calcium spikes are produced by the delayed activation o f  the SKl current at the onset o f  

an L-Ca plateau

At the onset o f  a calcium plateau produced by the Ca PIC there is usually at least one 

characteristic calcium spike in cat (Bennett et al. 1998b), turtle (Hounsgaard and Kiehn 

1993) and rat (Fig 2-7). The present results demonstrate that this spike results from the 

slightly delayed activation o f  the S K l current activation shortly after the L-Ca activation, 

which allows the L-Ca current to reach a transient peak (calcium spike; apamin- 

sensitive), after which the SK l current hyperpolarizes the membrane potential, in what 

we have referred to as a CaAHP following this calcium spike. During this 

hyperpolarization (CaAHP), the L-Ca current must be reduced somewhat, and then the 

SK l current subsides, enabling the L-Ca current to sometimes reactivate and form a 

second calcium spike and so on. Following about 1 to 4 calcium spikes (oscillations) L- 

Ca and SK l currents reach a steady state and form a steady depolarizing current that 

produces a plateau potential. Interestingly, these calcium spikes occur even when the 

soma is voltage-clamped, suggesting that the SK l currents are dendritic origin (see 

Results), which is consistent with dendritic nature to the L-Ca current (Bennett et al. 

1998b; Carlin et al. 2000b; Heckman and Lee 1999a; Hounsgaard et al. 1988b).

The calcium spikes at the onset o f the Ca PIC are likely important for detennining the 

initial firing rate o f  the motoneuron, because they are often > 5 mV high and about 50 ms 

wide, and the Ca PIC is generally activated just at recruitment, particularly when 

activated by synaptic, rather than intracellular currents (Bennett et al. 1998b; Li et al.
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2004a). Indeed, it has been argued that these spikes produce the characteristic doublets 

and triplets ( 2 - 3  spikes at about 10 ms intervals) seen at the onset o f self-sustained firing 

that occurs in association with the Ca PIC (Gorassini et al. 1998) add 2001 human 

Gorassini paper too, though see other doublet mechanisms described in (Gorassini et al. 

1999). However, only fast motoneurons that can fire multiple spikes in the brief calcium 

spike period would produce these doublets/triplets, perhaps explaining why they are 

com mon in fast hindlimb rat motoneurons (e.g. tibialis; Gorassini et al. 1999), and 

uncom mon in the much slower tail motoneurons o f the present preparation. When these 

doublets do occur, they should augment the net force production in muscle because o f the 

special catch properties o f muscle (Stein et al. 1988).

SK  current is usually not active at rest

SK currents are not activated subthreshold to the L-Ca currents, because apamin has no 

effect at these membrane potentials. Thus, because Ca PICs are not usually activated at 

the resting membrane potential, the SK currents are also not involved in the resting 

membrane potential. A few cells do have their Ca currents activated at rest (Schwindt and 

Crill 1980), particularly when they are treated with 5-HT (Hounsgaard and Kiehn 1985), 

and in such cells the SKl currents would be active at rest. M ost o f motoneurons do not 

have SK currents activated at rest (Lape and Nistri 2000; Purvis and Butera 2005).
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The AH P is also mediated by SK  currents, but these are activated by different calcium  

currents

Our results have also demonstrated that the classic post spike AHP is almost entirely 

mediated by an apamin-sensitive SK current ( S K ahp), with apamin producing a complete 

block o f  the mAHP and only leaving the small transient fAHP (see results). This is to be 

expected, based on previous results from other neurons and motoneurons, where the 

mAHP is mediated by SK currents and the fAHP mediated by apamin-resistant BK 

currents (Schwindt et al. 1988; Viana et al. 1993). Furthermore, our results demonstrate 

that these S K Ahp currents are activated by the fast transient high-voltage-activated 

calcium currents (conotoxins-sensitive N, P and Q-type) triggered during the action 

potential, consistent with results o f  previous studies (Pineda et al. 1998; Viana et al. 

1993; W illiams et al. 1997). The classic high-voltage activated L-type calcium currents 

(e.g. C avl.2 , as opposed to C avl.3) do not contribute substantially to the S K ahp 

(nimodipine-resistant), probably because o f their slow kinetics (Lipscombe et al. 2004). 

Interestingly, these AHP results indicate that the calcium that activates the S K ahp current 

is completely different from the calcium that activates the SK l current, even though both 

o f  these SK currents are apamin sensitive. That is, only low voltage-activated L-type 

calcium currents (Cavl.3), and not N, P and Q-type calcium currents, are involved in the 

Ca PIC and associated SK l currents, because conotoxins do not affect these, whereas 

nimodipine blocks the Ca PIC and S K l (see above).
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There is no sAHP in motoneurons, but the SKl current is a similar phenomenae

In some neurons, like hippocampal neurons (Tombaugh et al. 2005), there is very slow 

AHP (sAHP) that follows a train o f action potentials. This has been shown to be mediated 

by high-voltage activated calcium currents and the L-type calcium currents activating SK 

current (Pineda et al. 1999). M otoneurons do not have this sAHP, but they do have an L- 

type calcium current that produces a depolarizing after potential (L-Ca plateau), 

following firing (Fig 2-2A), and this afterpotential is augmented by apamin, indicating 

that S K l current oppose the L-Ca current. However, the S K l current is not larger than the 

L-Ca current, and a net depolarization is always produced (afterpotential). Had the SK l 

current exceeded the L-Ca current, a net hyperpolarization would have occurred, 

producing a sAHP like in hippocampal cells. Thus, the difference between cells that have 

an sAHP and cells that have an afterpotential may simply be a matter o f the relative 

balance o f SK l and L-Ca currents.

S K a h p  stops all-or-nothing PIC activation, whereas S K l  does not

When spikes are blocked with TTX, there is a rapid all-or-nothing activation o f the L-Ca 

current that forms a plateau (as described above), and while the SK l currents reduce the 

net PIC, they do not themselves prevent this all-or-nothing activation o f the PIC. In 

contrast, during firing, the additional S K  currents produced by the AHP (S K Ahp) do 

prevent (or at least slow) the rapid all-or-nothing PIC activation seen in TTX. That is, the
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accumulated hyperpolarization from the AHP effectively holds (clamps) the membrane 

potential below the firing threshold (- 50 mV), limiting the full PIC activation. The 

potential only exceeds this firing threshold for 1 ms or so each spike, and the L-Ca 

current does not respond to such small transients (Fig 2-8 and Li and Bennett 2003). 

Thus, from the stand point o f  the slow L-Ca current, the membrane is indeed clamped 

below the firing level. When apamin selectively blocks the AHP, the L-Ca is instead 

activated in an all-or-nothing manner, and this causes extremely high firing rates, 

followed by a very large plateau potential after firing stops (Fig 2-2B), confirming the 

critical role o f  the AHP in preventing all-or-nothing PIC activation. Furthermore, these 

results are consistent with the classic notion that the AHP limits the maximum firing rate 

(Kemell 1965).

Role o f  S K  current in the primary, secondary and tertiary ranges o f  F -I relation

As just described, when AHPs are present (without apamin) the membrane potential is

effectively clamped to stay below the firing threshold, and thus the Ca PIC activation is

initially held at or below the level achieved at recruitment. However, the firing threshold

increases somewhat with increased firing rate (Schwindt and Crill 1982), and so further

Ca PIC activation is possible as the firing rate increases with increased current injection.

This extra current from the Ca PIC causes further increases in firing rate enabling still

further increases in the Ca PIC and so on. Ultimately, this activation o f the Ca PIC leads

to the steep increase in firing rate that is known as the secondary range o f  firing in the

frequency-current relation (F-I relation; i.e., secondary range is nimodipine-sensitive; Li
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et al. 2004a). After a sufficient increase in firing rate (and firing threshold), the Ca PIC is 

able to become relatively fully activated (or at least saturated), and further increases in 

current only gradually increase the firing, and this region is known as the tertiary range 

(very shallow F-I slope region; nimodipine-sensitive; Li et al. 2004a).

In some cells the Ca PIC is not activated at recruitment during intracellular current 

injection (unlike in Fig 2-2), and in these cells the firing increases with only a shallow 

slope in the F-I relation (in classic primary range), until the Ca PIC activation starts, and 

then produces a secondary range. However, this primary range firing is an artifact o f 

current injection, and never occurs when the cell is activated by synaptic inputs alone 

(Bennett et al. 1998a; Li et al. 2004a; Li et al. 2004b). Instead, with synaptic inputs 

neurons start firing either in the secondary range (with Ca PIC only gradually activated), 

or immediately in the tertiary range (with Ca PIC saturated at recruitment; (Bennett et al. 

1998b; Li et al. 2004a). Even with current injection, many rat motoneurons also start 

firing immediately in the tertiary range at recruitment (e.g. Fig 2-2A). In these cells, there 

is no rapid acceleration in firing after recruitment, but there is a steady Ca PIC present 

because this current produces pronounced self-sustained firing (nimodipine-sensitive; Li 

et al. 2004) that continues even in the presence o f  hyperpolarizing currents well below 

the recruitment current (as in Fig 2-2). Likely, in these cells the Ca PIC is saturated at a 

fixed level at recruitment, though this level may not be the maximum Ca PIC activation, 

because the SK currents limit (clamp) the depolarization, and apamin seems to enable a 

larger net depolarization/plateau in these cells (Fig 2-2B).
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Voltage-clamp also prevents all-or-nothing Ca PIC activation, like the AHP

When the membrane potential at the soma is directly voltage-clamped, the Ca PIC is also 

only gradually activated during an increasing voltage ramp, because the Ca PIC are 

prevented from fully activating by the voltage-clamp, at least in the dendrites close 

enough to the soma to control with the clamp. This direct voltage-clamp is similar to the 

effective clamp o f the membrane potential by the AHP currents during firing (just 

described). W e find that for these neurons good voltage clamp o f the Ca PIC (with less 

than a few mV clamp error) is obtained with a clamp gain o f at least 1 nA/mV (see 

Methods), which corresponds to a conductance introduced by the clamp o f 1 pS. In 

comparison, during firing the AHPs themselves provide an SK current with a 

conductance o f  about 0.2 pS, and the SKl provides a similar conductance at its maximum 

(0.2 pS). Thus, these SK currents provide an effective clamp o f the Ca PICs that is poor 

in relation to our direct voltage clamp, but nonetheless, they do prevent full PIC 

activation.

Slow fir in g  in apamin

The AHP duration has classically been thought to determine the maximum interspike 

interval, and thus determine the minimum firing rate, and indeed this is the case in 

motoneurons o f pentobarbital anaesthetized cats or acutely spinalized rats without 

persistent sodium currents (Na PICs; Li et al. 2004a, Kemell, 1965). However, recently it
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has been shown that motoneurons that possess large subthreshold Na PICs are able to fire 

at much lower rates (and thus longer intervals) than determined by the AHP duration (Li 

et al. 2004a; Harvey et al. 2005a). This slow firing is often very regular, and occurs even 

in the absense o f synaptic noise. In particular, when these Na PICs are large enough to 

produce a negative slope region in the I-V relation, then these Na PIC cause slow 

intrinsic oscillations ( 1 - 4  Hz) in the membrane potential near the firing threshold, and 

these oscillations ultimately trigger the slow firing. Each cycle o f this oscillation take the 

form o f an initial slow depolarization (ramp; double arrow in Fig 2-2D) followed by a 

faster depolarization (acceleration; * in Fig 2-2D) which ultimately triggers a spike. 

Following each spike an AHP occurs that deactivates the Na PIC transiently, and then the 

N a PIC is reactivated again with the characteristic ramp&acceleration profile. This 

ramp&accelerate profile is resistant to nimodipine (not L-Ca mediated) and blocked by a 

low dose o f  TTX that blocks the Na PIC without affecting the sodium spike, and thus is 

N a PIC mediated (Li et al. 2004a). The present results indicate that such N a PIC 

mediated slow firing can still occur when the mAHP is blocked by apamin. In this case 

the fAHP seems to be sufficient to deactivate the Na PIC following each spike, and the 

same Na PIC mediated ramp&acceleration depolarization profile follows after each 

fAHP, though the slow firing is not as robust as with a mAHP present. Thus, slow firing 

appears to continue with the same underlying Na PIC oscillation, but with the mAHP no 

longer interposed between the spike and the Na PIC activation. Importantly, in apamin 

this firing that is mediated by the Na PIC oscillations is not restricted to very slow rates, 

and occurs at faster rates with interspike intervals much less than the usual mAHP 

duration (Fig 2-2B). Thus, Na PIC oscillations must participate in determining the
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interspike interval when firing  at all rates', its effect is just more obviously separated 

from the mAHP at very low rates.

Possible spatial location o f  SK  channels

The spatial location o f  the SK currents underlying the AHP ( S K ahp currents) is uncertain, 

though these are likely close to the location o f the action potential initiation and 

associated high-voltage-activated calcium channels, because o f  the speed with which the 

AHP is initiated following the spike. Thus, these S K ahp currents are likely located close 

to the soma and proximal dendrites, where the spike is initiated (Oomura and Maeno 

1963). Thus, the AHP current are likely located near the intracellular electrode, consistent 

with the very linear AHP vy potential relation which has a reversal potential at only -81 

mV (Fig 2-4B). In contrast, the SK l currents may not be as closely localized/associated 

to the L-type calcium currents that activate them during plateau potentials, because SK l 

initiation is delayed about 100 ms after the onset o f the L-type calcium current (see 

Results). The L-Ca currents themselves arise from the dendrites, with the major L-Ca 

activation likely occurring at least 300 um distally to the soma (half o f a space constant; 

Bennett 1998b). Thus, it could be that the SK l currents are more proximal than the 

majority o f  the L-Ca currents. Indeed, an intriguing hypothesis is that the same 

population o f  SK channels produce the S K ahp and the S K l currents. In this way the much 

larger delay in the S K l current, in relation to the S K ahp current, could arise from these 

SK channels being closer to the spike initiation zone (cell body) than the majority o f the
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L-type calcium channels underlying the L-Ca. However, while this is an attractive idea, 

there are several problems to consider. First, we do not know much about the relative 

spatial location o f L-type C avl.3 channels (L-Ca associated) and SK channels on 

motoneurons, though we do know that L-type C avl.2  channels are closely associated 

with SK channels in other neurons (Bowden et al. 2001). Second, the SKl oscillations 

seen in voltage clamp suggest unclamped dendritic SK currents. Third, we have found 

that the SKl current play a major role in assuring that L-Ca currents can be deactivated 

(Fig 2-12 and 2-13), and for this it seems especially important to have SKl currents on 

the most distal, least controllable dendrites where the L-Ca exist. Perhaps the SK currents 

are both proximal and distally to the L-Ca current, but not immediately co-localized.

Effect o f  chronic spinal cord injury on the SKl current

The present results indicate that both motoneurons o f acute and chronic spinal rats have 

S K l currents activated by the C avl.3  currents (L-Ca current), and together these form a 

net persistent inward current (Ca PIC). The whole sacrocaudal spinal cord o f normal rats 

was maintained in vitro in the present experiment, and this in vitro preparation was 

termed acute spinal because o f  the necessary transection needed to remove the spinal 

cord. Such acute injury has been shown to reduce the motoneuron excitability, and in 

particular reduce PICs (Hounsgaard et al. 1988a), and thus it is not surprising that the L- 

Ca current in acute spinal rats is small (with no negative slope region; Harvey et al. 

2005a, b). With chronic spinal cord injury the motoneurons somehow adapt and recover
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their excitability, and in particular exhibit large PICs (Li and Bennett 2003), consistent 

with the large L-Ca currents seen in the present chronic spinal rats (see Results). We do 

not know about the corresponding SK l current in the intact rat, though it is likely that 

these are present, because there is good evidence that intact animals (and humans) have 

persistent calcium currents (Ca PICs) that help sustain motor unit firing. Furthermore, 

qualitatively the PICs in spinal cord intact decerebrate cats (Lee and Heckman 1998a) are 

similar to those o f chronic spinal rats (i.e. both have a pronounced negative slope region 

that produces plateaus), and so the L-Ca and S K l current likely most closely approximate 

the currents seen in the spinal cord intact animal.

Interestingly, the SKL current is not significantly bigger in chronic spinal compared to 

acute spinal rate, despite the much larger L-Ca current in chronic spinal rats. Thus, there 

appears to be less availability o f  S K l channels in chronic spinal rats, compared to acute 

spinal rats, because the larger L-Ca current does not activate larger a SK l current, in 

contrast to what would be expected if  the SK channels remained unchanged. Thus, the 

larger net Ca PIC (L-Ca + S K l)  seen in chronic spinal rats, compared to acute spinal, 

may in small part be due to this reduced SK channel availability. However, similar 

conclusions can not be drawn from the SKAHp results. The AHP and associated S K ahp 

current and conductance is not different in acute and chronic spinal rats (see Results), and 

furthermore the spikes that trigger the AHP are not different in acute and chronic spinal 

rats (Li et al. 2004a). So there is no change in availability o f the S K Ahp current with 

chronic injury. Although, the reason for this discrepancy between the changes in SK l and
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SKahp currents with chronic injury are uncertain, it provides indirect evidence that these 

two SK currents are mediated by different populations o f SK channels.
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Figure 2-1. Apamin blocks the mAHP following an antidromic spike. A: A spike was 

induced by antidromic stimulation with following fAHP and mAHP, recorded from a 

motoneuron after chronic injury. B: Apamin totally blocks the mAHP, but did not 

decrease the fAHP. C: Figure shows the overlay o f the motoneuron response before and 

after apamin.

67

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Figure 2-2
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Figure 2-2. The effect o f  apamin on repetitive firings, recorded from a motoneuron after 

chronic injury. A: The cell fires repetitively on an increasing current ramp with a 

frequency less than 10 Hz and a small plateau. B: In apamin, the cell fires with an initial 

frequency higher than 100 Hz and gradually decreased, with a bigger plateau following 

the firing. C: The first spike from figure A shows fAHP and a full mAHP. D: The last 

spikes from figure A also shows plateau. E: The mAHP following the first spike was 

eliminated by apamin. F: Apamin also totally blocks the mAHPs after the last spikes. * 

shows the Ca/Na PIC initiated before a spike. Double arrow shows the Na-dependent 

ramp&acceleration profile.
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Figure 2-3
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Figure 2-3. Both fAHP and mAHP are blocked by N-type and P/Q-type calcium channel 

blocker conotoxin MVIIC, but not affected by L-type calcium channel blocker 

nimodipine. A: a full spike with fAHP and mAHP. B: Both the fAHP and the mAHP 

were eliminated by conotoxin MVIIC. C: Overlay o f the cell response before and after 

nimodipine, the mAHP was not affected by nimodipine.
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Figure 2-4
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Figure 2-4. The amplitude o f mAHP increases linearly with higher membrane potential. 

A: The amplitudes o f mAHPs are voltage-dependent and increases linearly with higher 

membrane potential. Apamin completely blocked the mAHPs at any potential. An 

overlay o f  the mAHP before and after apamin is also shown. B: The relationship of 

mAHP amplitudes vs. voltage were recorded from 15 cells after chronic spinal rats and 7 

cells from normal rats. Thick straight lines shows the average potassium reversal 

potential for motoneurons from chronic spinal rats and normal rats respectively. C: The 

responses were corrected to an overall potassium reversal potential. D: Black trace show 

a mAHP current recorded in voltage clamp mode; gray trace shows the corresponding 

mAHP in current clamp mode.
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Figure 2-5. Apamin increases the Ca PIC by blocking SK current and nimodipine 

eliminates both Ca PIC and SK current, recorded in a motoneuron after chronic injury. A: 

In voltage clamp mode, TTX decreased the total PIC by blocking Na PIC and left a Ca 

PIC. B: Apamin increased revealed L-Ca current from the Ca PIC by eliminating the SK 

current. The S2 slope is reduced by apamin. C: TTX and nimodipine blocks any current 

in the recorded voltage range and made S2 equal to SI. D: TTX and apamin revealed the 

L-Ca current and lower S2 slope, further application o f  nimodipine blocked the L-Ca 

current and made S2 equal to S 1 by eliminating any additional conductance.
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Figure 2-6
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Figure 2-6. SK current increases with higher potential; apamin eliminates the high SK 

conductance “wall” . A: In some cells, SK current increases dramatically with up-ramping 

voltage and made a steep SK conductance “wall”. B: The “wall” was eliminated by 

apamin. C: The I-V relationship overlay before and after apamin. At an equal voltage, the 

SK current w as reduced; an equal current can be reached only at a higher voltage (gray 

trace). D: The relationship o f  pure SK current vs. voltage before apamin was 

demonstrated.
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Figure 2-7

+TTX +Apamin+TTX

10mV

Ca P [
2nA

Width
2sec

C a P I
1nA

+TTX+Apamin

1sec

10mVCa spikes
lateai

2nA
2sec

Ca spike

10mV

Plateau

2nA

2sec

F Ca spikes

lateau

CaAHP

0.5sec

5mV

Plateau Ca spike

CaAHP 5mV

0.5sec

78

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Figure 2-7. Apamin increases and widens the Ca PIC, and increases the height and 

duration o f the Ca plateau as well. A: A voltage clamp response recorded from a 

motoneuron after chronic injury. B: Apamin increased the PIC amplitude and width. C: 

The peak o f the PICs are overlaid and shown in large scale. The PIC is larger and the Ca 

oscillations are gone. D: A Ca plateau induced by a ramping current was shown, recorded 

from the same motoneuron with figure A. E: Apamin blocked the Ca spikes at the onset 

o f the plateau, increased the amplitude and duration o f the Ca plateau. F: The onset part 

o f  the Ca plateaus were overlaid and shown in large scale. G: A Ca plateau can also be 

induce in a normal motoneuron with a current ramp. H: Apamin blocked the Ca spike and 

increase the Ca plateau in normal cells as well. I: The onset part o f the Ca plateaus 

recorded from normal motoneuron were overlaid and shown in large scale.
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Figure 2-8
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Figure 2-8. Current responses to voltage steps before and after apamin. A&B: Long 

square voltage steps and corresponding current responses recorded in a motoneuron from 

chronic spinal rat. D&E: After apamin, the currents were recorded at matched voltage 

steps from the same motoneuron. C: Two current traces responding to an equal potential 

were overlaid (not shown in figure B&E) and the SK l current was calculated by 

subtracting the L-Ca current from the Ca PIC. Also note that the tail current after apamin 

lasts longer. F: The I-V relationships o f current to voltage steps before and after apamin 

are compared and the S K l current is revealed by subtracting between the two traces.
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Figure 2-9
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Figure 2-9. The effect o f  apamin on Ca PICs in normal motoneurons. A: Ca PIC can be 

induced in normal motoneurons with a voltage clamp, and shows a steeper S2 slope than 

SI slope. Usually no negative slope regions (NSR) are presented in normal motoneurons. 

B: Apamin increased the Ca PIC by blocking the SK current and revealed an L-Ca, 

apamin also reduced the S2/S1 ratio as in motoneurons after chronic injury. C: The SK 

current and SK conductance can be demonstrated by overlaying the current responses 

before and after apamin. D: In I-V relationship, it is shown that an SK current was 

blocked by apamin, also, the SK current and conductance increased with higher potential.
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Figure 2-10
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Figure 2-10. The amplitudes o f each current in motoneurons after acute and chronic 

injury were summarized and compared. A: The amplitudes o f Ca PIC and L-Ca are 

significantly higher in motoneurons after chronic injury than in normal cells. The SK 

current is also larger in cells after chronic injury, but not significantly. B: The ratio o f SK 

to L-Ca current is significantly higher in normal cells than in cells after chronic injury. 

The amplitudes o f the currents were recorded at a comparable average potential (- 

48.4mV for acutes and -49.3mV for chronics).
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Figure 2-11
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Figure 2-11. The SK current can also be blocked by replacing Ca++ with Ba++ in the 

nACSF. A: A  Ca PIC and steep S2 were induced by increasing potential in a voltage 

clamp. B: By replacing Ca++ with Ba++, the PIC is increased and the S2/S1 is lowered. C: 

In voltage clamp mode, two Ba PICs are induced, one has a lower threshold (near - 

50mV) and the other has a higher threshold (near -30mV). D: In a corresponding current 

clamp, a double-plateau can be activated and last for a long time. E: Both apamin and Ba 

can significantly reduce the S2/S1 slope ratio; the ratio is very similar, either apamin or 

Ba is used to block the SK current. F: Apamin blocked a conductance which is 

significantly higher than the conductance blocked by Ba.
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Figure 2-12. The blockade o f  the SK channel causes a loss o f  control o f the clamps. 

A&D: In TTX, a good control o f  the clamps were shown, i.e. the activated currents were 

totally de-activated either in current clamp mode or voltage clamp mode. B&E: With the 

presence o f  TTX and apamin, sometimes, the activated current can not be fully de

activated by lowering the membrane potential. C&F: In Ba, the control over the currents 

are more difficult and might lost most o f the control o f the clamp. Figure C also shows a 

sequence o f  Ba spikes activated at the onset o f the second Ba plateau, shown in large 

scale as well.
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Figure 2-13
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Figure 2-13. The recorded PICs are smaller if  a loss o f control over the current happens. 

A: In apamin, an L-Ca is activated but not fully de-activated due to a loss o f control over 

the current during the first ramp. B: In the following ramp, the recorded L-Ca became 

smaller compared to the PIC in the first ramp. C: With Ba to block the SK current, a Ba 

PIC can be activated and kept on. D: In the second ramp, no PIC can be induced any 

more; but a huge negative bias current is needed to keep the membrane potential stable.
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Chapter 3: Persistent calcium currents in adult rat 
motoneurons are facilitated by serotonin, and become 

supersensitive to serotonin following long-term spinal cord
injury
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Introduction

A spasticity syndrome is often seen after central nervous system injury, featured as 

muscle hyperreflexia, hypertonus, clonus and spasms (Ashby et al. 1987; Bennett et al. 

1999a; Heckman 1994; Taylor et al. 1997; Ward 2002). Recently, the motoneuron 

properties and ionic mechanisms underlying spasticity have been investigated. The 

results indicate that the intrinsic excitability o f  motoneurons is profoundly increased over 

the months following spinal cord injury, and plays a major role in the generation of 

spasticity, in both rats (Bennett et al. 2001a; Bennett et al. 2001b; Li et al. 2004a) and 

humans (Gorassini et al. 2004). That is, a brief stimulation can trigger long lasting firing 

by activating voltage-dependent persistent inward currents (PICs) on motoneurons, which 

can cause a sustained depolarization (plateau potential) and firing that outlasts the 

stimulation by many seconds. These PICs can be triggered by dorsal root stimulation, 

which in turn produces self-sustained firing in the motoneurons and thus play a major 

role in the long-lasting spastic reflexes seen after chronic spinal cord injury.

The PICs responsible for plateaus in motoneurons have been shown to be mediated by L- 

type calcium channels (Li and Bennett 2003; Perrier et al. 2002; Simon et al. 2003) and 

TTX-sensitive persistent sodium currents (Li and Bennett 2003). The Na PICs are 

activated sub-threshold, but partly inactivated over a few seconds. In contrast, the L-type 

calcium current (Ca PIC) can persist for many seconds and contributes to about 60% o f 

the sustained depolarization (plateau). Following chronic spinal cord injury, there are 

dramatic changes in the Na and Ca PICs in motoneurons below the level o f injury. These
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PICs induce large rapidly activating plateaus that cause sustained muscle spasms 

(Bennett et al. 2001b; Li and Bennett 2003).

The ability to activate plateaus in normal motoneurons relies on the facilitation o f  PICs 

by neuromodulators including 5-HT and NE acting on 5-HT2 and oti-NE receptors on 

motoneurons (Harvey et al. 2005c; Lee and Heckman 1999; Perrier and Delgado-Lezama 

2005; Perrier and Hounsgaard 2003). Following acute spinal cord transection, the PICs in 

motoneurons are small, and not sufficient to produce plateaus, due to the loss o f 

brainstem-derived neuromodulators such as 5-HT and NE (Harvey et al. 2005a,b). 

However, motoneurons somehow regain the ability to spontaneously exhibit large Na and 

Ca PICs and plateaus over the months following the injury, even though they are 

completely isolated from the brainstem (Bennett et al. 2001b).

Recently, the origin o f  the large N a PICs in chronic spinal rats has been demonstrated to 

be due to small amounts o f residual 5-HT and NE in the spinal cord, because 5-HT and 

NE receptor antagonists eliminate these Na PICs (Harvey et al. 2005c). Only 2-15% of 

normal 5-HT amounts remain below a chronic spinal transection (Hains et al. 2002; 

Newton and Hamill 1988), but motoneurons develop a supersensitivity to 5-HT that more 

than overcomes this reduction in normal 5-HT. That is, very small amounts o f 5-HT (less 

than lpM ) facilitate Na PICs in chronic spinal rats, whereas much larger doses o f  5-HT 

are needed in normal motoneurons (30pM; 30-fold supersensitivey) (Harvey et al. 

2005b).
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The objective o f  the present study was to determine whether a similar supersensitivity to 

5-HT develop for the Ca PICs, like that described for the Na PICs. I f  so, this would 

explain why the Ca PIC is also large in chronic spinal rats. That is, residual 5-HT may act 

on supersensitive receptors to enhance Ca PICs and ultimately contribute to spasticity. 

Our results confirmed the supersensitivity o f  the Ca PICs to 5-HT after chronic injury. 

Interestingly, 5-HT not only increased the amplitude o f the Ca PICs at very low doses, 

but it also dramatically lowered the onset threshold o f  the Ca PICs, making these 

persistent currents larger and easier to activate.
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Methods

Intracellular recordings were made from motoneurons in the sacrocaudal spinal cord o f both 

normal adult rats (female Sprague-Dawley; 3 - 8  months old, n = 9) and spastic adult rats 

with chronic spinal cord injury ( 3 - 8  months old, n = 11). The chronic spinal rats were 

transected at 2 months o f age (adult rat) and recordings were made after their affected 

muscles became spastic ( 1 - 6  months after injury). See Bemiett et al. (1999a) for details o f 

the chronic spinal transection and spasticity assessment. All recordings were made from 

the whole sacrocaudal spinal cord that was removed from the rat with a S2 sacral 

transection and maintained in vitro. This transection was made in chronic spinal rats just 

rostral to the chronic spinal injury, so as not do further damage to the sacrocaudal cord. In 

contrast, in the normal rats, the spinal cord was necessarily acutely injured in the in vitro 

preparation (cut at S2), and thus we refer to these motoneurons as from acute spinal rats. 

Like in other in vitro slice or whole cord preparations, this acute injury produced the 

characteristic effects o f  spinal shock, where motoneurons were relatively unexcitable, 

compared to those o f  chronic spinal rats or normal intact animals (Bennett et al. 2001b). 

All experimental procedures were approved by the University o f Alberta Health Sciences 

Animal Policy and Welfare Committee.

In vitro preparation
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Details o f  the experiment procedures have been described in previous publications (Li et al. 

2004a; Li et al. 2004b). Briefly, all the rats were anaesthetized with urethane (0.18 g/100 g; 

with a maximum dose o f  0.45 g), and part o f the caudal cord (between the T13 and L6 

vertebrae) was exposed and kept wet with modified artificial cerebrospinal fluid (mACSF). 

The rat was given pure oxygen for 5 minutes and then the cord was removed and transferred 

to a dissection chamber containing mACSF. All spinal roots were removed carefully, except 

the S4 and C al ventral roots. The cord was secured by gluing the dorsal surface o f the cord 

onto a small piece o f  nappy paper. After an incubation o f 1.5 hours in the dissection 

chamber at room temperature (20-21° C), the cord was transferred to a recording chamber 

containing normal artificial CSF (nACSF) maintained near 24° C and with a flow rate > 5 

mL/min. The cord was fixed onto the bottom of the recording chamber with the ventral side 

up by pinning the nappy paper to the Sylgard base o f the chamber. A one hour period in 

nACSF was given to wash out the residual anaesthetic and kynurenic acid, and then the 

nACSF was recylced as follows. The nACSF was oxygenated in a 200-mL source bottle, 

and then ran through the recording chamber. Tins nACSF running out o f the recording 

chamber was collected, filtered and returned to the source bottle with a pump. Because of 

the large volume (200 mL) o f the source bottle and the small volume o f the cord (< 0.05 

mL), any accumulation o f possible metabolic byproducts was negligible.

Intracellular recording

Intracellular recording methods were as described in Li and Bennett (2003) and were briefly

summarized here. Sharp intracellular electrodes were made from thick-walled glass
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capillary tubes (1.5mm O.D.; Warner GC 150F-10) using a Sutter P-87 micropipette puller 

and filled with a mixture o f 1M K-acetate and 1M KC1. Electrodes were bevelled down 

from an initial resistance of 40-80 MQ to 25-30 Mf2 using a rotary beveller (Sutter BV-10). 

A stepper-motor micromanipulator (660, Kopf) was used to advance the electrodes through 

the tissue and break into cells. The S4 and Cal ventral roots were wrapped around Ag/AgCl 

electrodes above the recording chamber and sealed with complex grease (Dow Coming 

Corp.), which allows for antidromic stimulation and thus used to identify motoneurons. A 

bead o f Dow Coming high vacuum grease was put around the edge o f the complex grease to 

stop possible droplets o f the complex grease into the flow. Only motoneurons with resting 

potential below -60 mV and antidromic spike overshoot over OmV were considered healthy 

and used for recording. We also recorded from motoneurons after TTX was applied to block 

all the sodium channels, though we could not directly identify these as motoneurons by 

antidromic stimulation, because o f  the block o f the antidromic spike by TTX. However, we 

found that these neurons could be reliably identified as healthy motoneurons by their 

characteristic membrane properties and location (See chapter 2 for details). Data were 

collected with an Axoclamp 2b intracellular amplifier (Axon Instruments, Burlingame, CA) 

running in discontinuous current clamp (DCC, switching rate 5-8 kHz, output bandwidth 3.0 

kHz) or discontinuous single-electrode voltage clamp (SEVC; gain 0.8 to 2.5 nA/mV) 

modes.

Drugs and solutions
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Two kinds o f  artificial cerebrospinal fluid (ACSF) were used in these experiments; a 

modified ACSF (mACSF) in the dissection chamber prior to recording and a normal ACSF 

(nACSF) in the recording chamber. The mACSF was composed o f (in mM) 118 NaCl, 24 

N aH C 03, 1.5 CaCl2, 3 KC1, 5 MgCl2) 1.4 NaH2P 0 4) 1.3 M gS04, 25 D-glucose and 1 

kynurenic acid. Normal ACSF was composed o f (in mM) 122 NaCl, 24 NaHCCb, 2.5 

CaCl2, 3 KC1, 1 MgCl2 and 12 D-glucose. Both types o f ACSF were saturated with 95% 

0 2-5% C 0 2 and maintained at pFI 7.4. Additional drugs were added as required, including 2 

pM tetrodotoxin (TTX; Alamone Labs, Israel), 0.15 pM apamin (Alamone Labs, Israel) and 

1-50 pM 5-HT (Sigma). The spinal cords were briefly exposed to nACSF solution 

containing 0.04% pronase E (Helixx Technologies) for 10 seconds prior to recording to 

weaken the pia o f the spinal cord and allow for easier penetration (Buschges 1994). The 

pronase E did not induce noticeable changes o f the motoneuron properties.

Persistent inward currents in current and voltage clamp recording

Slow triangular current ramps (0.4 nA/s) were applied to the motoneurons to measure basic 

cell properties. The input resistance (Rrn) was measured during the ramp over a 5-mV 

range near rest and subthreshold to PIC onset. The plateau potential was seen as a 

subthreshold acceleration in membrane potential prior to firing and a long after

depolarization. Bistable behaviour was quantified by measuring self-sustained plateau (Al): 

i.e., when the plateau continued at less current than was initially used to activate the plateau.
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This was quantified by subtracting the current at offset from the current at the onset of the 

plateau.

Slow triangular voltage ramps (3.5 mV/s) were applied to measure the PICs in voltage 

clamp. During the upward portion o f the ramp, the current initially increased linearly with 

voltage in response to the passive leak conductance. A linear relation was fit in this region 

(10 mV below the PIC onset) and extrapolated to the whole range o f the ramp (leak current). 

At depolarized potential and the PIC onset threshold was reached, there was a steep 

downward deviation from the extrapolated leak current. The onset voltage for the PIC (Von) 

was defined as the voltage at which the I-V slope first reached zero (Li and Bennett 2003). 

The amplitude o f  the PIC was measured as the peak amplitude o f this downward deviation. 

Large PICs usually caused a negative slope in the current response. Smaller PICs only 

caused a downward deflection in the current response (flattening o f I-V slope) without a 

negative-slope region. Von is not possible to pick in cells without a negative-slope region. 

Similarly, the offset voltage for the PIC (V0n) was defined as the voltage at which the I-V 

slope reached zero on the downward ramp. The difference between Von and V 0ff (V 0n-V0ff) 

was used to compute the hysteresis o f  the PIC. The currents corresponding to Von and V0it 

are defined as Ln and I0fr respectively. A linear current response, not deviating downward 

from the leak current line (linear I-V relation), was used to indicate the absence o f any PIC. 

The width o f  the PIC (Vw) was defined as the span between Von and the voltage at which 

the current reached Ion for the second time on the upward section during the ramp (defined 

as VjUmp), that is, Vw = Vjump -  Von. Previously, it has been shown that the width o f the PIC
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corresponds to the amplitude o f  the plateau potential that can be produced by the PIC (Li 

and Bennett 2003).

The depth o f  the PIC is defined as the difference between Ion and the second zero-slope 

point on the ramp (the peak o f the PIC, Ip). The spike voltage threshold (V th), was averaged 

from five consecutive spikes starting with the second spike on the up ramp, and was taken as 

the voltage at which the rate o f  the membrane potential change (dV/dt) higher than lOV/s 

(Li et al. 2004a).

Data analysis

Data were analyzed in Clampfit 8.0 (Axon Instruments, USA), and figures were made in 

Sigmaplot (Jandel Scientific, USA). Data are shown as mean ± standard deviation. A 

Student’s t-test was used to test for statistical differences, with a significance level o f P < 

0.05.
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Results

Intracellular recordings were made from 11 motoneurons from chronic spinal rats and 9 

motoneurons from acute spinal rats. As previously described (Harvey et al. 2005a), both 

o f  these groups o f  motoneurons exhibited Ca and Na PICs, though the Ca PIC were larger 

in the chronic spinal rats and we focus on these first.

L-Ca current in chronic spinal rats are large and produce plateaus

In the voltage-range below - 40mV, where the membrane potential spends most o f its 

time even during firing, there are only two major persistent inward currents: the N a PIC 

and the Ca PIC. Application o f TTX eliminates the N a PIC, leaving the Ca PIC in 

isolation (Li and Bennett, 2003). This isolated Ca PIC is composed o f inward current 

flowing directly through the L-type calcium channels (L-Ca current; nimodipine- 

sensitive) and calcium-activated currents triggered by the L-Ca current. Recently, we 

have shown that the major calcium activated current in motoneurons is the apamin- 

sensitive calcium activated potassium current (SK current), which produces an outward 

current that opposes the L-Ca current (see chapter 2). Thus, to examine the L-Ca currents 

without complication from this SK current we applied apamin to block it. The resulting 

L-Ca current, measured in TTX and apamin, is shown in Fig 3-1 A.
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In motoneurons from chronic spinal rats, the L-Ca current was activated at on average -  

56.7±6.0 mV (Von) and produced a downward deflection in the current response to an 

increasing voltage, which was quantified by subtracting the current from the extrapolated 

subthreshold leak current (thin line in Fig 3-1B, see Methods). On average the initial peak 

o f  the L-Ca (length o f  arrow in Fig 3-1 A) was 2.4±1.0 nA. Usually, the L-Ca current was 

large enough in chronic spinal rats to overcome the increasing leak current and produce 

an outright negative-slope region (NSR; labeled in Fig 3-1B), and the depth o f this NSR 

was 1.51±0.8 nA (Table 3-1). Following the NSR the measured current increased again 

with increasing voltage, and only overcame the leak current (passing the onset current for 

the L-Ca current, Ion, 3.8±1.4nA), when the potential was on average -  46.5±7.0 mV 

greater than Von (width o f valley formed by NSR, termed Vw; Fig 3-1B). W hen the 

voltage was then decreased, there was a clearly sustained L-Ca current (sustained peak 

1 .7± l.lnA ), which only turned o ff when the voltage was significantly below the onset 

voltage (Voff = -65.3±6.6mV). This hysteresis (Von - V0ff) is likely due to the dendritic 

currents involved in the L-Ca current, which are only poorly clamped by the voltage 

clamp that we applied at the soma (Lee and Heckman 1996). The L-Ca current was, as 

expected, blocked by the L-type calcium channel blocker nimodipine (15pM), or by the 

general calcium channel blocker cadmium (400pM).

PIC
properties

Membran 
e potential 

(mV)

conductan 
ce (pS) V0„(mV)

Amplitude 
o f initial 
PIC (nA)

Amplitude 
o f  

sustained 
PIC (nA)

Width o f  
initial PIC 

(mV)

Depth o f  
NSR (nA)

nACSF -76.7±7.0 0.24±0.09 -56.7±6.0 2.4±1,0 1.69±1.1 10.2±6.2 1.51 ±0.8

low dose 
5-HT

-67.7±7.3 0 .13±0.03 -63.7±7.1 3.0±0.73 2.2±0.75 17.7±4.9 1.9±0.63

Table 3-1 Effects o f  5-HT on motoneurons o f  chronic spinal rats
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Functionally, the large L-Ca current in chronic spinal rats produced a plateau potential, 

when the membrane potential was free to change in current clamp mode (Fig 3-2A). That 

is, during an increasing current injection, this plateau started with the same threshold 

(Von, Ion) as the L-Ca current itself, and had a height that was proportional to the width of 

the valley formed by the negative slope region (Vw). Also, it was terminated only by 

reducing the current well below the onset current (Ion).

The L-Ca current is resistant to long-term block o f  spike mediated transmission

As stated above the L-Ca current was studied in isolation from the sodium currents by 

applying TTX. A secondary advantage o f  applying TTX is that it blocks all spike- 

mediated synaptic inputs to the motoneurons. This indirect effect o f TTX has previously 

been shown to only produce a small (20 %) reduction in the L-Ca current, likely via a 

reduction in transmitters that facilitate the L-Ca current (Li and Bennett, 2003). Indeed, in 

the presence o f  TTX we found that large L-Ca currents persisted for many hours (up to 4 

hours tested, n = 5), indicating that whatever transmitters facilitate the L-Ca current (e.g. 

endogenous 5-HT, Harvey et al. 2005b), these are mostly not released in a spike mediated 

manner (TTX resistant; except for the transmitters involved in the 20% reduction o f the 

L-Ca current by TTX).

Low dose o f  5-H Tfacilitated the L-Ca current in chronic spinal rats
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W hen a low dose o f 5-HT (lpM ) was applied to motoneurons o f chronic spinal rats the L- 

Ca current was dramatically altered in its onset threshold, duration/width and amplitude 

(n = ll)  (Fig 3-1B&3-2D), all o f  which led to markedly enhanced plateaus (Fig 3-2C) and 

thus greater overall excitability o f  motoneurons. This occurred despite the presence o f 

TTX to block transmission, so the effects o f  5-HT must have been directly on the 

motoneurons themselves, and not by indirect effects on intemeurons. Specifically, the 

onset threshold o f  the L-Ca current was decreased significantly by 7.0±4.7 mV, and the 

width o f  the valley formed by this current was significantly increased by 7.5±3.7 mV. 

Further, the amplitude o f the PIC was also significantly increased, in both its initial and 

sustained peaks. This led to a greater NSR, with a depth also significantly larger (see 

Table 3-1).

Together, with these changes in the L-Ca current, the resting membrane potential and 

input conductance (Gm) were both significantly reduced by the low dose o f 5-HT. This is 

consistent with previous reports (Harvey et al. 2005a).

Interaction o f  5-HT-induced changes in input conductance and L-Ca current

Interestingly, with 5-HT the onset voltage (Von) was lowered more than the offset voltage

(V0ff), so the amount o f hysteresis (V0ff - Von) was significantly reduced, though not

eliminated by 5-HT. It is possible that this reduction in hysteresis might be in part related

to the decreased conductance, which could make dendritic L-Ca currents more readily

activated and clamped. However, we found no significant correlation between the
i l l
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change in conductance and change hysteresis with 5-HT application (r = 0.48, n=l l ) .  

Likewise, there was no significant correlation between the 5-HT-induced change in 

conductance and the change in PIC width (Vw, r = 0.29), onset voltage (Von, r = 0.18) or 

amplitude (r = 0.47). Thus, the 5-HT induced change in input conductance cannot 

trivially account for the dramatic changes in PIC observed.

The 5-HT-induced L-Ca current is ultra long lasting after removal o f  5-HT

Following 5-HT application the changes in the L-Ca current took about 1 0 - 1 5  minutes

to reach a peak, and after that remained stable while in 5-HT. So the L-Ca current is only

slowly modulated by 5-HT and does not habituate. Furthermore, after removal o f  5-HT

from the bath the L-Ca current was not immediately reduced, and remarkably it instead

increased for about 45 min (significant increase o f  0.51±0.1 nA, n=6). Following this

paradoxical increase, the L-Ca current slowly decreased, but even 2 hrs after washout

was still significantly greater than control conditions. We were not able to hold cells

longer than this to evaluate full washout and reversal o f the effects o f 5-HT. It suffices to

say that the effect o f  5-HT on the Ca PIC must be ultra long lasting (similar slow action

o f 5-HT was seen in acute spinal rats, described below). For comparison, the changes in

membrane potential and input resistance, induced by 5-HT were reversed within 1 5 - 2 0

minutes o f  removal o f  5-HT (see Harvey et al. 2005a), so 5-HT receptor activation was

indeed terminated by washing 5-HT from the bath. Somehow, the receptor or intracellular

path involved in controlling the L-Ca current must be different and much longer lasting

than that controlling the Rm and Vm. This receptor/pathway must also be different than
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the receptor that controls the N a PIC, because the effects o f  5-HT on the Na PIC are 

reversed within 45 minutes o f  removal o f 5-HT (Harvey et al. 2005b).

Higher 5-H T doses in chronic spinal rats had no further effect

Higher doses o f  5-HT (10-30^M) had similar effects to the standard low dose (lfiM) 

described above (6 out 6 motoneurons tested), as shown in Fig 3-3C. In particular, the L- 

Ca onset (Von), amplitude and width were not significantly increased by high dose 5-HT 

compared to in low dose 5-HT. Likewise, the hysteresis and width o f the PIC were also 

not significantly different with high and low dose 5-HT, nor was the input conductance 

different. Thus, the low lpM  dose appears to provide a maximal effect on the L-Ca 

current in chronic spinal rats, similar to that described for 5-HT induced changes in the 

Na PIC in motoneurons (Harvey et al. 2005b).

The L-Ca current is supersensitive to 5-HT in chronic compared to acute spinal rats

In contrast to in chronic spinal rats, the low dose o f 5-HT (lpM ) had no significant effect 

on the L-Ca current or other motoneuron properties in acute spinal rats (n=5) (Fig 3-4B). 

A much higher dose o f  5-HT ( 1 0 - 5 0  pM) was needed to induce similar changes in the 

L-Ca current in acute spinal rats as seen in chronic spinal rats for low doses (n=9) (Fig 3- 

4C). For m any o f  the motoneurons from acute spinal rats, there is no NSR and high dose 

5-HT usually increased the L-Ca enough to produce a NSR (as in Fig 3-5). The onset
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threshold was significantly reduced and the PIC amplitude significantly increased by this 

high dose (Table 3-2). The 5-HT induced increase in PIC was similar in absolute value to 

in chronic spinal rats, but because the PICs in acute spinal rats were initially much 

smaller, 5-HT had a greater relative effect, nearly doubling the small PICs seen in acute 

spinal rats, and bringing them closer to the PICs seen in chronic spinal rats (prior to 5- 

HT). Because many acute spinal motoneurons had such small PICs initially (see above), 

there was not a NSR and the width o f the PIC was impossible to quantify, and thus these 

parameters were not measured prior to 5-HT.

PIC
properties

Membrane
potential

(mV)

conductan 
ce (pS)

V„„(mV)
Amplitude 

o f  initial 
PIC (nA)

Amplitude 
o f  

sustained 
PIC (nA)

Width o f  
initial PIC 

(mV)

Depth o f  
NSR  
(nA)

nACSF -77.9±7.8 0.28±0.09 -58.5±14.8 0.69±1.05 0.62±1.05 N/A N/A

High dose 
5-HT

-72.3±8.1 0.22±0.07 -62.5±3.6 1.27±1.1 l . l i l . l 7.4±5.0 0.41±0.5

Table 3-2 Effects o f 5-HT on motoneurons o f  acute spinal rats

A high dose o f  5-HT (10 - 50 pM) also significantly reduced the input conductance and 

depolarized the motoneurons (Table 3-2), whereas again, a low dose not effect these 

parameters in acute spinal rats.

In summary, the L-Ca current, input conductance and resting membrane potential are all 

supersensitive to 5-HT in motoneurons o f  chronic spinal rats, compared to in normal 

motoneurons in acute spinal rats (acutely isolated nonnal spinal cord). Up to 30 times
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more 5-HT is required in acute spinal rats to have the same effect as in chronic spinal 

rats, indicating an approximately 30-fold supersensitivity in chronic spinal rats.
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Discussion

5-HT increases persistent calcium currents, and lowers their threshold

Our results demonstrate that the low-voltage-activated persistent calcium current (L-Ca 

current) in adult rat motoneurons is facilitated by 5-HT, with a marked reduction in 

threshold and increase in amplitude. This produces a larger and wider negative-slope 

region in the I-V relation, which ultimately enhances (or enables) plateau potentials, 

making them larger in amplitude and lower in threshold. These results are consistent with 

previous reports o f increases in the L-Ca current and Ca plateau with 5-HT (in turtle; 

Perrier and Hounsgaard 2003), though the marked reduction in the onset threshold had 

not previously been described.

Functionally, the lower threshold o f  the L-Ca current helps to enable activation during 

fir ing

Functionally, a reduction in the L-Ca threshold is as important as the increase in

amplitude, because only the portion o f the L-Ca current that is below the firing threshold

voltage (Vth; about - 50 mV) can be activated during firing, because between spikes the

AHP holds the potential below the firing threshold, and the L-Ca current is much too

slow to respond to the couples o f  milliseconds depolarization during the spike (Li et al.

2004a). The L-Ca current that is activated during firing aides in sustaining firing, and

enables self-sustained firing (firing that out lasts a stimulation; Li et al. 2004a). When the
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L-Ca onset is well below the firing threshold, self-sustained firing is pronounced, and 

easily triggered (Li et al. 2004a). On the other extreme, when the L-Ca current is well 

above the firing threshold, it cannot be activated and does not produced self-sustained 

firing (Li et al. 2004a). Thus, by lowering the onset voltage o f the PIC, 5-HT should 

enable the L-Ca current to be more fully activated during firing, and encourage self

sustained firing. This is often the case (Harvey et al. 2005a,b).

However, there are some cells that paradoxically become less excitable in 5-HT, with less 

self-sustained firing (Harvey et al. 2005a; Perrier and Hounsgaard 2003). This paradox 

partly arises because 5-HT also lowers the firing threshold, V th (Harvey et al. 2005a; 

Fedirchuk and Dai 2004). So when this reduction in Vth exceeds the reduction in the 

onset voltage o f  the L-Ca current, V on, then the L-Ca current is less able to activate 

during firing (A V th >  AVon; Harvey et al. 2005a,b). Furthermore, the facilitation o f  the L- 

Ca current by 5-HT seems to work by the 5 -HT2 receptor class (Perrier and Hounsgaard 

2003), whereas there may be an inhibition o f the L-Ca current by 5-HT]a receptors 

(Harvey and Bennett, unpublished data). Also, 5-HT has different effects on different 

spatial locations in the motoneurons (Perrier and Hounsgaard 2003). Thus, the balance o f 

5-HT2 and 5-HTia activation and spatial distribution o f  the 5-HT innervation may 

determine whether 5-HT has a net facilitory affect on firing.

The facilitation o f  the L-Ca current by 5-H T is ultra long lasting
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The results also demonstrate that not only does 5-HT facilitate the L-Ca currents, but 

these effects are very long lasting, continuing for as long as 5-HT is present, and not 

reversing for hours after removal o f  5-HT. Unexpectedly, during the first 45 minutes after 

removal o f  5-HT the L-Ca current tends to increase further, rather than decrease, though 

this is consistent w ith the recent findings that 5-HT-induced facilitation o f spinal reflexes 

is further augmented after removal o f 5-HT agonists (Machacek et al. 2001). Reversal o f 

the effect o f 5-HT receptor agonists on the L-Ca current (Results) and spinal reflexes 

(Machacek et al. 2001) takes many hours. Functionally, this leads to the surprising 

conclusion that normal 5-HT innervation o f  motoneurons, for example through transient 

raphe activation, should increase motoneuron excitability for many hours. Perhaps, 5- 

H T ia receptors or other inhibitory coupled receptors, are able to rapidly inhibit the L-Ca 

currents (unpublished findings), and enable more fine minute-by-minute control o f  the 

motoneuron excitability. Furthermore, other actions o f 5-HT, such as its depolarization 

and increase in input resistance are much more rapid to reverse than its action on the L- 

Ca current.

Origins o f  spontaneously occurring L-Ca currents

Because o f the ultra long-lasting effects o f  5-HT, the spontaneously occurring L-Ca

currents that we measure in our in vitro spinal cord preparation could, in principle, be a

result o f 5-HT activation o f motoneurons from the brainstem that occurs at or before the

removal o f the spinal cord from the animal. However, this is unlikely to be the case,

because we do not observe a rundown o f  L-Ca currents many hours after removal o f  the
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spinal cord from normal rats, when the 5-HT effects should be slowly reversed. 

Furthermore, in chronic spinal rats the brainstem innevation is completely gone months 

before the experiment, and thus cannot be involved.

In chronic spinal rats transmitters intrinsic to the spinal cord, including the residual 

amounts o f  5-HT and NE in the chronic spinal animal (Newton and Hamill 1988), could 

in principle be responsible for enabling the large L-Ca currents seen in these animals. 

These transmitters, m ay be in small part be released by a spike-mediated manner, because 

there is on average a somewhat larger cadmium sensitive L-Ca current (20% larger) 

before compared to after a block o f  spike mediated transmission with TTX (Li et al. 

2004a). However, the bulk o f  the L-Ca current persists in TTX, and even 3 - 5  hours after 

application o f  TTX large L-Ca currents can be observed (see results), suggesting that 

what ever transmitter facilitates the L-Ca current leaks from its terminal in a non-spike 

mediated manner.

L-Ca currents are supersensitive to 5-H T in chronic spinal rats and likely lead to large 

PICs

Following chronic spinal cord injury most o f the 5-HT axons that innervate the spinal 

cord degenerate, because they arise from the brainstem (Maxwell et al. 1996). 

Nevertheless, there is about 2 - 15 % o f the normal levels o f  5-HT remaining below an 

injury site in a chronic spinal animal, in part due to intrinsic spinal 5-HT neurons, which 

can be fairly plastic following injury (Branchereau et al. 2002; Newton and Hamill 1988). 

The reduced 5-HT following injury is associated with a classic denervation
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supersensitivity, because spinal reflexes are facilitated by unusually low doses o f  5-HT 

(Bedard et al. 1979; Bedard et al. 1987). Further, many motoneuron parameters, 

including the input resistance, resting potential, persistent sodium current and L-Ca 

current become supersensitive to 5-HT (Results and Harvey et al. 2005b). Thus, the small 

amounts o f residual 5-HT may have large effects on the motoneurons and reflexes and 

ultimately lead to the hyperexcitable state o f chronic spinal animal. Indeed, recently it has 

been shown that both 5-HT and NE do leak from spinal sources in the chronic spinal rats 

to produce large persistent sodium currents seen in these motoneurons. This was 

primarily demonstrated by showing that blocking the action o f  these monoamines with 5- 

HT2 and N E -a l receptor antagonist eliminates these sodium currents (Harvey et al. 

2005c). This elimination of these persistent sodium currents takes about 1 hour, similar to 

the time to reverse the effects o f  5-HT on the sodium currents after removing 5-HT. The 

ultra long-lasting effects o f 5-HT on the L-Ca current (hours) make similar experiments 

very difficult, though it is clear that endogenous 5-HT and NE are present and thus 

should be involved in enabling the large L-Ca currents seen in chronic spinal rats.

Summary and role o f  5-HT in spasticity

The supersensitivity o f  the L-Ca current to 5-HT has important implications for the 

understanding o f spasticity. Previously, it has been show that L-Ca currents produce the 

many second long spasms that are the hallmark o f  spasticity following spinal cord injury 

(Gorassini et al. 2004; Li et al. 2004a). Thus, the small amounts o f endogenous 5-HT
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below the injury in a chronic spinal rat likely act on supersensitive receptors to produce 

large L-Ca currents and ultimately enable muscle spasms. Furthermore, because the 

spinal sources o f  5-HT are closely associated with the autonomic system, the L-Ca 

currents and spasms might be modulated with autonomic input, and for example help 

explain why bladder irritation or infection can lead to increased spasms in spinal cord 

injured patients (Knutsdottir 1993). Ultimately, understanding and treating spasticity will 

involve determining what 5-HT receptors are involved in facilitating the L-Ca current and 

what makes these receptors supersensitive. Our preliminary results suggest that 5-HT2B 

receptors play a major role (Li and Bennett, unpublished results), consistent with the 

novel role 5 -HT213 receptors in modulating the reflexes involving L-type calcium 

channels in frog motoneurons (Holohean and Hackman 2004), and different from the 5- 

HT2A/C receptors that facilitate the persistent sodium current (Harvey et al. 2005c).
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Figure 3-1
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Figure 3-1. An example o f low dose 5-HT facilitates Ca PIC in motoneurons from 

chronic spinal rats. A: shows a recording in voltage clamp mode prior to 5-HT. B: Low 

dose 5-HT lowered the Ca threshold, increased the PIC and lowered the conductance as 

predicted.
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Figure 3-2
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Figure 3-2. Another example o f  low dose 5-HT facilitates Ca PIC in motoneurons from 

chronic spinal rats. A: Ca plateau potential induced by increasing current ramp. B: A 

corresponding Ca PIC induced in voltage ramp mode, recorded from the same cell. C: 

Low dose 5-HT increased the Ca plateau significantly. D: Low dose 5-HT demonstrated 

complicated effects on the cell.
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Figure 3-3

TTX
B C

Low dose 5-HT High dose 5-HT

Ca PIC

5sec

10mV

Ca PIC

-50mV

Ca PIC
OnA

126

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Figure 3-3. High dose 5-HT showed no further effects. A: A Ca PIC was induced in 

voltage clamp mode, recorded from a motoneuron from chronic spinal rats. B: Low dose 

5-HT exhibited complicated effects on the cell. C: The effects o f low dose 5-HT is almost 

saturated and high dose 5-HT showed no further effects.
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Figure 3-4
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Figure 3-4. In acute motoneurons, high dose, but not low dose 5-HT facilitates Ca PIC. 

A: A Ca PIC was induced in voltage clamp mode. B: Low dose 5-HT showed no 

significant effects on the cell. C: High dose 5-HT exhibited comprehensive effects, 

lowered the Ca threshold, increased the PIC and lowered the conductance as predicted.
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Figure 3-5
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Figure 3-5. Another example o f  high dose 5-HT facilitates Ca PIC in acute motoneurons. 

A: Like in many o f the acute motoneurons, a Ca PIC was induced by an increasing 

voltage ramp, but not sufficient to induce a NSR. B: High dose 5-HT lower the 

conductance and induced a bigger Ca PIC and a NSR.
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Chapter 4: Conclusion
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Present Results

In this thesis, we first hypothesized that the L-Ca (Cavl.3) PIC underlying the plateau 

potential activates an SK current, and this SK current ultimately counteracts the L-Ca PIC 

and makes the recorded net calcium PIC smaller. The second hypothesis was that the 

calcium channels responsible for the Ca PIC become supersensitive to 5-HT, and the 

supersensitivity o f  the channels to this endogenous 5-HT causes the large Ca PICs found 

in the motoneurons from chronic spinal rats. The results o f our studies supported these 

hypotheses. It was demonstrated that:

1. The SK current responsible for the mAHP is activated by N-type or P/Q-type 

calcium current, but not by L-type calcium currents during the spikes.

2. The L-type Ca PIC (C avl.3) does activate an SK current, which subsequently 

counteracts the L-Ca PIC.

3. The amplitudes o f this L-type calcium current are not significantly different in 

motoneurons from chronic spinal rats than that from acute rats.

4. This L-type calcium current activated SK current is important for controlling 

the large L-Ca PICs that occur in motoneurons.

5. 5-HT makes motoneurons more excitable by depolarizing the membrane 

potential, decreasing the conductance o f  the cell, lowering the threshold o f  the 

Ca PIC and increasing the amplitude o f  the Ca PIC. This ultimately leads to 

larger, more easily activated plateaus and self-sustained firing.
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6. After chronic spinal transection, the effects o f  5-HT on motoneurons become 

30-fold supersensitive to 5-HT, with 30 times the 5-HT concentration needed 

to facilitated Ca PICs and plateaus in normal rats compared to in chronic 

spinal rats. .

These results help explain the mechanism by which large PICs develop after spinal cord 

injuries and ultimately leads to the spasticity in patients. That is, residual 5-HT in the 

spinal cord below the spinal cord injury can act on supersensitive receptors to produce 

large Ca PICs, as has also been demonstrated for N a PICs (Harvey et al. 2005a). The 

results also show the interaction between the L-Ca PIC underlying the plateau potentials 

and the SK current activated by  this low threshold L-Ca current, where the SK current 

essentially keeps the L-Ca current in check, so that it can be turned off.

Future Directions

Though the calcium channels have been proved to be supersensitive to 5-HT after chronic

injury, it is still unclear what receptors are involved in this modulation. Among the sub-

type receptors o f  5-HT, the 5-H T ia and 5-HT2B receptors are promising candidates for

the modulation and this idea has been supported by our preliminary research (results not

shown). We know from previous results that the Ca PIC persists in the presence o f 5-

HT2a, 5-HT2c and alphal NE antagonists, unlike the Na PIC (Harvey et al. 2005b). So it

is likely that the Na and Ca PICs are mediated by different receptors. Also, the

mechanism underlying the supersensitivity after chronic injury is still unknown;
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possibilities include: changes in the number or structures o f  the receptors/channels or 

changes o f  the intracellular pathways that facilitate the Ca PIC. Future studies focused 

on these aspects would improve the understanding o f  the motoneuron properties after 

chronic spinal cord injury and ultimately be critical in determining new treatments for 

spasticity, because the Ca PIC on the motoneurons has been shown to play the major role 

in producing sustains muscle spasms (Li et al. 2004).
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