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Abstract

A Ca2þ-activated, non-selective cation current (ICAN) has been suggested to contribute to plateau potentials in lamprey reticulospinal neurons,
providing the drive for locomotor initiation. Flufenamic acid (FFA) is commonly used as a blocker of ICAN. To explore the effects of FFA on
spinal locomotor pattern generation, we induced fictive locomotion in the isolated lamprey spinal cord. Bath-applied FFA (100e200 mM) caused
a marked reduction of amplitude and regularity of the locomotor burst activity. We next analyzed the NMDA-induced membrane potential os-
cillations in single spinal neurons. The duration of depolarizing plateaus was markedly reduced when applying FFA, suggesting an involvement
of ICAN. However, in experiments with intracellular injection of the Ca2þ chelator BAPTA, and in the presence of the KCa-channel blocker apa-
min, no support was found for an involvement of ICAN. We therefore explored alternative explanations of the effects of FFA. FFA reduced the
size of the slow, Ca2þ-dependent afterhyperpolarization, suggesting an influence on calcium channels. FFA also reduced the NMDA component
of reticulospinal EPSPs as well as NMDA-induced depolarizing responses, demonstrating an influence on NMDA receptors. These non-selective
effects of FFA can account for its influence on fictive locomotion and on membrane potential oscillations and thus, a specific involvement of the
ICAN current in the lamprey spinal cord is not supported.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: ICAN; Network; Central pattern generator; Membrane potential oscillations; NMDA
1. Introduction

Calcium-activated, non-selective (CAN) cation currents
(ICAN) have been shown to generate long-lasting depolarizing
plateaus in several classes of neurons (Partridge et al., 1994;
Zhang et al., 1995; Fraser and MacVicar, 1996; Klink and
Alonso, 1997; Morisset and Nagy, 1999; cf. Wilson et al.,
1996; Congar et al., 1997). The non-steroid anti-inflammatory
drug flufenamic acid (FFA) has been commonly used as
a blocker of ICAN in different systems (Morisset and Nagy,
1999; Pena et al., 2004; cf. Lee et al., 1996).

In the lamprey brainstem, CAN channels have been sug-
gested to contribute to plateau potentials in reticulospinal
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neurons, providing the drive for locomotor initiation (Viana
Di Prisco et al., 2000). It is not known, however, if CAN chan-
nels also contribute to the NMDA-induced membrane poten-
tial oscillations in neurons of the lamprey spinal cord, nor is
it known if these channels contribute during locomotor pattern
generation in the spinal network.

The lamprey central nervous system is a well-studied
model for the cellular and network bases of locomotion (Grill-
ner et al., 2001; Grillner, 2003). Locomotor-like activity can
be induced in the isolated lamprey spinal cord by application
of excitatory amino acids such as N-methyl-D-aspartate
(NMDA) (Grillner et al., 1981). The operation of the spinal
neuronal network underlying locomotion has been studied
in considerable detail (Grillner et al., 2001). Spinal neurons
may exhibit NMDA-induced membrane potential oscilla-
tions that persist after the blockade of Naþ currents with
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tetrodotoxin (TTX). These pacemaker-like oscillations are
present in neurons of the locomotor network and are believed
to be important for the maintenance of a slow and stable
locomotor activity (Brodin and Grillner, 1986; Wallén and
Grillner, 1987). The TTX-resistant oscillations induced by
NMDA normally have an amplitude of 15e40 mV and exhibit
several distinct phases: a rapid depolarization when NMDA
receptor channels open and Naþ and Ca2þ ions flow into the
cell, a maintained depolarized phase, and a rapid repolariza-
tion mediated by the activation of Ca2þ-dependent Kþ chan-
nels (KCa) and closure of NMDA channels (Wallén and
Grillner, 1987). When intracellular Ca2þ levels have decreased
and fewer KCa channels are being activated, the membrane
potential will again start to depolarize and when the level is
reached at which NMDA channels open, the next rapid depo-
larization phase will start and a new oscillatory cycle will
follow.

In this study, we investigate the effects of FFA on the spinal
locomotor pattern generation and plateau potentials, calcium
channels and NMDA receptors. On the network level, FFA
reduced the amplitude and regularity of the locomotor burst
activity, and on the single cell level FFA shortened NMDA-
induced plateau depolarizations, suggesting an involvement
of ICAN. However, in a separate set of experiments, not utiliz-
ing FFA, intracellular injection of the Ca2þ chelator BAPTA in
the presence of the KCa-channel blocker apamin did not result
in any shortening of the depolarization plateau, giving no sup-
port for an involvement of ICAN in lamprey spinal cord neu-
rons. Instead, FFA has here been shown to have non-specific
effects on glutamatergic synaptic transmission, particularly
on the NMDA receptor-mediated component and on the elec-
trotonic, gap junction-mediated component, and on Ca2þ

channels. These non-selective effects of FFA can account for
its influence on fictive locomotion and on membrane potential
oscillations. Some of these results have been presented in pre-
liminary form (Wang et al., 2001).

2. Methods

Adult male and female lampreys (Lampetra fluviatilis or Ichthyomyzon

unicuspis) were kept in fresh-water aquaria at 4e6 �C. Results obtained did

not differ between the two species. All experimental procedures were ap-

proved according to the Swedish regulations for the care and use of laboratory

animals. Animals were anaesthetized by immersion in a solution of tricaine

methane sulfonate (MS-222, 100 mg/l, Sigma) and then decapitated caudal

to the gills. The in vitro preparation consisted of the spinal cord (8e14 seg-

ments long) either attached to the notochord or in isolation (Fig. 1; Wallén

et al., 1985). For intracellular recordings, the spinal cord was isolated from

the notochord and fixed in a Sylgard-lined (Dow-Corning Corp., USA) open

perfusion chamber with the ventral side up, and the meninges removed. The

chamber was maintained at 6e10 �C and was continuously perfused with

physiological solution containing (in mM): 138 NaCl, 2.1 KCl, 1.8 CaCl2,

1.2 MgCl2, 4 glucose, 2 HEPES, and 0.5 L-glutamine, bubbled with O2 and

adjusted to pH 7.4 with NaOH. In the case of Ichthyomyzon, the solution

had a slightly different composition (in mM): 91 NaCl, 2.1 KCl, 2.6 CaCl2,

1.8 MgCl2, 4 glucose, and 20 NaHCO3 and was buffered to pH 7.6 by bub-

bling with 95%O2e5%CO2. Motoneurons and interneurons were recorded

in discontinuous current clamp (DCC) mode or bridge mode using an Axo-

clamp-2A amplifier (Axon Instruments Inc., USA), and data was stored and

analyzed on a PC-computer after A/D conversion under software control
(PClamp 8.0, Axon Instruments Inc., USA). The membrane potential of the

cell was kept constant by current injection in DCC mode. Somata of neurons

in the lateral gray matter were impaled with microelectrodes filled with 3 M

KAc and 0.1 M KCl (resistance 40e70 MU). Neurons were stimulated to pro-

duce action potentials by intracellular current injection, using a variety of

stimulus paradigms like single and trains of brief (2 ms) depolarizing pulses.

A programmable pulse stimulator unit (Master-8, A.M.P.I., Israel) was used to

set and deliver stimulus protocols. Fictive locomotor burst activity was re-

corded extracellularly from the cut ventral roots, which were sucked into glass

tip suction electrodes (Fig. 1).

For pharmacological analysis, the normal physiological solution was re-

placed with solutions containing different drugs and/or different concentra-

tions of ions.

To induce fictive locomotor activity as well as TTX-resistant membrane

potential oscillations, N-methyl-D-aspartate (NMDA, Tocris) was added to a fi-

nal concentration of 100e150 mM (Grillner et al., 1981; Wallén and Grillner,

1987). To block action potentials, 1.5 mM TTX (Sigma) was added to the per-

fusion medium.

Reticulospinal EPSPs were evoked by extracellular stimulation of reticulo-

spinal axons using a glass tip suction electrode placed on the spinal cord sur-

face. These EPSPs have chemical and electrical components (Brodin et al.,

1988). The electrotonic synaptic component was isolated by perfusing with

200 mM cadmium chloride (Sigma) a broad range Ca2þ channel blocker. Apa-

min (Sigma) was dissolved in phosphate-buffered saline (PBS) and frozen in

stock vials. Just before use, it was thawed and mixed with physiological solu-

tion to the desired final concentration (2.5 mM; Cangiano et al., 2002). The fast

calcium chelator 1,2-bis-(2-aminophenoxy)-ethane-N,N,N 0,N 0-tetraacetic acid

(BAPTA; tetrapotassium salt, Sigma) was dissolved in 3 M KCl to a final con-

centration of 200 mM, and intracellularly injected from the recording micro-

electrode. Tetraethyl ammonium (TEA; 5 mM, Sigma) was added in the

perfusion solution to achieve a prominent calcium component of the action po-

tential. 2,3-dihydro-6-nitro-7-sulfamoyl-benzo(f)quinoxaline (NBQX 1 mM,

Sigma) was added to the perfusion solution to isolate the NMDA component

of the EPSP. NMDA-receptor mediated depolarizing responses were evoked

by direct activation using local application of NMDA from a pressure pipette

(1 mM) in the presence of TTX (1.5 mM). The effects of flufenamic acid (FFA;

100e200 mM, Sigma) were investigated by bath application during extra- and/

or intracellular recording.

For quantitative analysis of drug effects on the cycle structure of NMDA-

induced, TTX-resistant oscillations (Figs. 3e5), values of the normalized half

width (see Results) were measured over 20e30 cycles and plotted as

means � S.D. Student’s t-test was used for statistical comparisons.

VR-L

IC

VR-R

Stim RS

axons

caudalventral

Fig. 1. Schematic drawing (not to scale) of the lamprey spinal cord in the

recording configuration used. Suction electrodes were placed on two ventral

roots (VR) on the left (L) or right (R) side of the spinal cord segment, and

used to record the burst activity; one suction electrode was located on the sur-

face of the spinal cord for extracellular stimulation of reticulospinal axons

(RS), while postsynaptic responses were recorded in individual neurons. A mi-

croelectrode was introduced in the neuron for intracellular (IC) recording in

current clamp mode.
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3. Results

3.1. Effects of flufenamic acid on the spinal
locomotor network

In the spinal cord, fictive locomotion can be elicited by ap-
plication of excitatory amino acids such as NMDA, and the
motor output can be recorded from the ventral roots (Grillner
et al., 1981). To explore whether FFA, as an ICAN antagonist,
would influence the lamprey spinal locomotor network, we
first tested its effect on fictive locomotion (Fig. 2). FFA was
added to the solution during ongoing fictive locomotion in-
duced by bath application of NMDA (100 mM). Under control
conditions, regular alternating burst activity appeared in the
ventral roots with a frequency of approximately 3 Hz
(Fig. 2A). The rectified and filtered traces of the neurograms
(below each raw trace in Fig. 2) illustrate further the degree
of regularity in burst amplitude and burst rate. When the spinal
cord was perfused with 100 mM FFA in addition to NMDA,
the amplitude of the locomotor burst activity was reduced,
and the bursting became more irregular, which is particularly
evident from the filtered traces (Fig. 2B, n ¼ 7). There was no
consistent change of burst rate; in three cases it was increased,
while in four others it was instead decreased. The effect of
FFA was persistent and recovery upon wash-out was only par-
tially obtained in some cases.

Control (100µM NMDA)

VR-L

iVR-L

iVR-R

VR-R

FFA (200 µM) 25 min

0.5 sec

A

B

Fig. 2. Effects of flufenamic acid (FFA) on activity of the spinal locomotor net-

work. Fictive locomotor activity was induced by bath application of N-methyl-

D-aspartate (100 mM NMDA), and was recorded from the ventral roots. The

rectified and filtered (integrated) version of the ventral root recording (iVR)

is shown below each raw trace. (A) Perfusion with only NMDA (100 mM) in-

duced regular rhythmic activity with a burst frequency of approximately 3 Hz.

(B) Addition of FFA (200 mM, 25 min) reduced the amplitude of the activity

and the burst pattern became less regular.
3.2. Effects of FFA on NMDA-induced plateau potentials

During fictive locomotion induced by NMDA, spinal neu-
rons not only fire bursts of action potentials, but they may
also display membrane potential oscillations due to intrinsic
properties. These pacemaker-like oscillations are NMDA-
receptor dependent and can be observed after addition of
TTX, which blocks voltage-dependent Naþ channels and
synaptic transmission mediated by Naþ action potentials.
The NMDA-induced TTX-resistant oscillations (Fig. 3A)
consist of a rapid depolarization mediated by the Naþ and
Ca2þ influx via an opening of the NMDA channels and to
some degree by the opening of voltage-dependent Ca2þ

channels. It is followed by a prolonged plateau depolarization
and a subsequent rapid repolarization, which terminates the
plateau, dependent on KCa channels activated by the Ca2þ

entry, and on the closure of the NMDA channels (Wallén
and Grillner, 1987).

Application of FFA (150 mM) produced a marked, time-
dependent reduction of the amplitude and duration of the
depolarizing plateaus (Fig. 3BeE), and eventually the oscilla-
tions ceased at a hyperpolarized level (Fig. 3F). Similar results
were obtained in all neurons tested (n ¼ 6). These effects have
been further analyzed and illustrated in Fig. 3G. The duration
of the depolarized plateau, expressed as the width at half max-
imal amplitude (‘‘half width’’; see Fig. 3H), was normalized to
the cycle duration and plotted for all six neurons tested. Al-
though the half width showed considerable variability between
cells, FFA consistently and significantly reduced the duration
of the depolarized plateau in all cells.

Calcium-dependent potassium (KCa) channels play a critical
role in the termination of the depolarized plateaus (El Manira
et al., 1994). To avoid an interaction between KCa channels
that will terminate the plateaus, and a putative Ca2þ-dependent
ICAN that would prolong the plateau, KCa channels were
blocked with apamin. Application of apamin (2.5 mM) pro-
duced a marked prolongation of the plateau depolarization
during NMDA oscillations (Fig. 4 A,B; cf. El Manira et al.,
1994). In the presence of apamin, FFA (200 mM) still reduced
the depolarization plateau markedly (Fig. 4CeE). This effect
was seen in all of three neurons tested (Fig. 4F). Despite the
variability in half width between cells, FFA significantly re-
duced the duration of the depolarized plateau in all cells,
thus also in the presence of apamin. This would be expected
if putative CAN channels were to contribute to the mainte-
nance of the depolarized plateau.

3.3. Effects of the Ca2þ chelator BAPTA on
NMDA-induced plateau potentials

Since ICAN is activated by intracellular Ca2þ, the Ca2þ che-
lator BAPTA would be expected to prevent its activation. This
allows for a separate test of an involvement of ICAN, not uti-
lizing FFA. Intracellular administration of BAPTA through
the microelectrode caused a prolongation of the NMDA pla-
teaus (Fig. 5 A, B, n ¼ 3). This can be ascribed to a reduced
activation of KCa channels. If ICAN is present in these neurons,
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Fig. 3. Effects of FFA on NMDA-induced TTX resistant membrane potential oscillations. Intracellular recording from a spinal neuron using discontinuous current

clamp. (A) Bath application of 150 mM NMDA and 1.5 mM TTX induced membrane potential oscillations. (BeF) FFA (150 mM) progressively reduced the am-

plitude and duration of the plateau depolarizations, which eventually ceased. The average trough membrane potential (�58 mV in control) was kept constant by

DC-current injection during the experiment. (G) Cycle structure effects of FFA on NMDA-induced membrane potential oscillations. The width of the depolariza-

tion phase, measured at its half maximal amplitude (half width) was plotted as the proportion of the cycle duration for the 6 cells tested. The half width/cycle

duration (%) was significantly reduced after FFA bath perfusion in all 6 cells (P < 0.01). (H) Graphical representation of parameters measured: Oscillation

amplitude, as trough-to-peak; cycle duration, between peaks; width of plateau depolarization, at half maximal amplitude.
these results suggest that the influence of KCa channel
activation on the plateau duration would nevertheless be
dominating.

For this reason, we next attempted to reduce the contribu-
tion of KCa channels by administrating apamin (2.5 mM;
Fig. 5CeE). Also under these conditions, BAPTA injection
caused an increase in plateau duration, rather than a shorten-
ing (Fig. 5 D, E, n ¼ 3). This effect was seen in all of three
neurons tested (Fig. 5F). Despite the variability in half width
between cells, BAPTA significantly increased the duration of
the depolarized plateau in all cells, hence also in the pres-
ence of apamin. This prolongation is likely to be due to
blockade of the activation of remaining KCa channels that
had not been blocked by the apamin administration (cf.
Cangiano et al., 2002). This is in contrast to findings in
reticulospinal neurons, where BAPTA injection has been
reported to indeed shorten the depolarized plateau (Viana
Di Prisco et al., 2000). The present findings thus do not pro-
vide support for the presence of an ICAN current in lamprey
spinal neurons.
3.4. Effects of FFA on calcium channels and the
slow AHP

On the basis of the results described above, where no sup-
port for an involvement of ICAN could be demonstrated, we
explored alternative explanations of the effects of FFA. One
possibility would be that FFA influences Ca2þ channels,
and thereby the slow afterhyperpolarization (sAHP) which
follows the action potential, and which is dependent on KCa

channel activation. Clearly, an effect on the slow AHP would
influence the firing properties of single neurons as well as the
activity of the burst-generating spinal network. After admin-
istering FFA, the sAHP was markedly reduced in amplitude
(Fig. 6A; summed sAHP following a train of three spikes).
A similar reduction in sAHP amplitude was seen in all of
four cells tested (Fig. 6B). In the presence of TEA, a potas-
sium channel blocker, the action potential is prolonged,
largely due to an increased Ca2þ influx (Hill et al., 1985).
Correspondingly, the KCa channel-dependent sAHP is in-
creased in amplitude in the presence of TEA. After
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Fig. 4. Effects of FFA on prolonged oscillation plateaus, induced in the presence of the KCa channel blocker apamin. (A) Control recording from a spinal neuron

(resting membrane potential: �78 mV) showing membrane potential oscillations, induced by perfusion of NMDA (150 mM) together with tetrodotoxin (TTX

1.5 mM). (B) Bath application of apamin (2.5 mM) produced a marked prolongation of the depolarizing plateau. (CeE) In the presence of apamin, perfusion

of FFA (200 mM) gradually reduced both the amplitude and duration of the plateau. (F) In the presence of apamin, the half width of the depolarization phase

was significantly reduced by FFA in all of three cells tested (P < 0.01).
administering FFA in the presence of TEA, the amplitude of
the sAHP was again reduced in all of four cells tested (Fig. 6
C,D). At the same time, the duration of the prolonged action
potential was significantly reduced (Fig. 6E, n ¼ 3). These
findings thus suggest that FFA indeed influences Ca2þ

channels.

3.5. Effects of FFA on NMDA receptors and
gap junctions

Since both the rhythmic network activity and the NMDA-
induced plateau potentials depend on the activation of
NMDA receptors, we also tested whether FFA would directly
influence these receptors. We first investigated if FFA would
affect synaptic transmission between ventromedial reticulospi-
nal axons and neurons in the spinal gray matter. Intracellular
recordings were made in postsynaptic cells during extracellu-
lar stimulation of reticulospinal axons (see Fig. 1). The retic-
ulospinal EPSP in spinal neurons is composed of a mixed
chemical EPSP with an NMDA-component and a non-
NMDA-component, and an early electrical component medi-
ated by gap junctions (Ohta and Grillner, 1989). To test
whether FFA would influence the NMDA component of the re-
ticulospinal EPSP, the non-NMDA-component was blocked.
After bath application of NBQX, an AMPA/kainate receptor
antagonist, the remaining EPSP thus includes an electrical
and an NMDA component. After administration of FFA, the
NMDA-EPSP amplitude was markedly reduced (Fig. 7A).
This effect was seen in all of three cells tested (Fig. 7B). To
further determine whether the reduction of the NMDA-EPSP
amplitude is caused by a direct influence on NMDA receptors,
or indirectly by an effect on glutamate release, we also tested
FFA on NMDA depolarizations induced by direct, local appli-
cation of NMDA in the presence of TTX (Fig. 7C). FFA
caused a marked reduction in size of the NMDA-induced de-
polarization (n ¼ 3). These results thus suggest that FFA also
influences NMDA receptors.

After administration of the Ca2þ channel blocker Cd2þ, all
chemical synaptic transmission will be absent, leaving only
the electrical component of the EPSP. FFA depressed also
the remaining electrical EPSP (Fig. 7D, n ¼ 3). The possibility
that FFA might influence the presynaptic action potential in
the reticulospinal axon, which indirectly would affect the
size of the electrical EPSP, was tested with intra-axonal re-
cordings. No significant change of amplitude or shape of the
action potential in reticulospinal axons was found upon FFA
administration (n ¼ 5; not illustrated). These results therefore
indicate that FFA also affects gap junctions.

4. Discussion

A calcium-activated non-selective (CAN) cation current
(ICAN) plays a crucial role in important functions in many neurons
because of its involvement in generating a maintained
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Fig. 5. Effects of BAPTA in combination with apamin on NMDA-induced plateau potentials. (A) Control recording from a spinal neuron (resting membrane

potential: �78 mV) showing membrane potential oscillations, induced by perfusion of NMDA (150 mM) together with tetrodotoxin (TTX 1.5 mM). (B) After

16 min of intracellular BAPTA injection (200 mM in microelectrode), plateau depolarizations were prolonged. (CeE) In the presence of apamin, BAPTA still

prolonged plateau depolarizations. (C) Control recording after preincubation of the spinal cord with apamin (2.5 mM) for 80 min. (D,E) After 5 and 12 min of

intracellular BAPTA injection, the depolarized plateaus were progressively prolonged. (F) In the presence of apamin, the half width of the depolarization phase

was significantly prolonged by BAPTA in all of three cells tested (P < 0.01).
depolarization of the cell, such as during bursting activity of pace-
maker neurons (Partridge et al., 1994; Zhang et al., 1995; Fraser
and MacVicar, 1996; Klink and Alonso, 1997; Morisset and
Nagy, 1999). Flufenamic acid (FFA), a class of non-steroid anti-
inflammatory drugs (NSAIDs) that are derivatives of diphenyl-
amine-2-carboxylate (DPC), has been utilized as a blocker of
ICAN in a number of cell types. FFA blocks ICAN in molluscan
bursting neurons (Lee et al., 1996) and the CAN channel-depen-
dent plateau in deep dorsal horn neurons (Morisset and Nagy,
1999), and a block of CAN channels may contribute to the protec-
tive effect of FFA from ischemic injury in retinal neurons (Chen
et al., 1998).

It has been reported previously that FFA will abolish the
sensory stimulus-evoked, maintained depolarizing plateau of
reticulospinal (RS) neurons in the lamprey brainstem, indicat-
ing an involvement of ICAN in these neurons (Viana Di Prisco
et al., 2000). The present study was initiated to clarify if ICAN

may also be present in spinal neurons of the lamprey and if
this current would contribute to rhythm generation in the spi-
nal locomotor network. It was shown that FFA influences both
the amplitude of rhythmic burst activity and the regularity of
the pattern during fictive locomotion in the isolated lamprey
spinal cord. In addition, FFA markedly decreased the ampli-
tude and duration of the depolarizing plateau phase during
NMDA-induced membrane potential oscillations.
4.1. FFA effects on the locomotor pattern and on
plateau potentials

If ICAN were involved in plateau potentials and during loco-
motor pattern generation in the lamprey, one would expect that
a specific ICAN blockade would influence the amplitude of
bursting and the regularity of the locomotor pattern, which in-
deed occurred after administration of FFA. Intracellular Ca2þ,
through its role in the activation of putative CAN channels and
of calcium-dependent potassium channels, is of key impor-
tance during membrane potential oscillations. In bursting neu-
rons, Ca2þ influx through NMDA channels and voltage-gated
calcium channels may activate nearby CAN channels, which
might then contribute to the maintenance of depolarization
during the burst.

Since FFA is a non-specific drug that has been shown to
influence other currents than the CAN current (e.g. Ottolia
and Toro, 1994; Harks et al., 2001; cf. Schiller, 2004; Tryba
et al., 2006, and below), we also performed independent
tests for an involvement of CAN channels in lamprey spinal
neurons without using FFA, by manipulating the effects
of intracellular Ca2þ. After intracellular injection of the
calcium chelator BAPTA, the depolarized plateaus of
NMDA-induced membrane potential oscillations were prolo-
nged (Fig. 5 A, B), suggesting that the dominating role of
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(200 mM). (B) In all of four cells tested, the amplitude of the sAHP was reduced following FFA application (relative change of sAHP amplitude plotted versus time

of FFA application). (C) Effect of FFA on the TEA-sAHP. The sAHP was increased in the presence of TEA, a potassium channel blocker (5 mM; Control, gray

trace; single action potential), and was markedly reduced after administering FFA (200 mM). (D) In all of four cells tested in the presence of TEA, the amplitude of

the sAHP was reduced following FFA application (relative change of sAHP amplitude plotted versus time of FFA application). (E) Effect of FFA on the prolonged

action potential of the same spinal neuron as in C (Control, gray trace) in the presence of TEA (5 mM). Upon administration of FFA (200 mM), the duration of the

broadened action potential was significantly reduced. Traces are averages of 30e40 individual trials.
intracellular Ca2þ is to activate KCa channels which take part
in the repolarization and termination of the plateau. Accord-
ingly, after blockade of KCa channels with apamin, plateau
depolarizations also become prolonged (Fig. 4 A, B; cf. El
Manira et al., 1994). Thus, with the effect of intracellular
Ca2þ on KCa channels being compromised by apamin block-
ade, one would expect that, if CAN channels would contrib-
ute to the depolarized plateau, BAPTA injection would now
cause a shortening of the plateau. This, however, did not oc-
cur (Fig. 5CeF); instead BAPTA still resulted in a prolonga-
tion, presumably due to an incomplete block by apamin (cf.
Cangiano et al., 2002). This test, without utilizing FFA, thus
failed to demonstrate any contribution of ICAN to the depo-
larized plateau and hence, CAN channels may not be present
in spinal neurons of lamprey, at least not to a degree that
would render them a significant role during NMDA-induced
membrane potential oscillations. An alternative interpretation
may be considered, which is that BAPTA injection using
sharp electrodes would have failed to penetrate the cellular
compartments to a degree sufficient to influence the activa-
tion of putative CAN channels. This possibility seems un-
likely, however, since BAPTA injection readily reduces
the activation of KCa channels, leading to a delayed
repolarization and prolongation of the depolarized plateau
(Fig. 5). Besides, in the work on lamprey reticulospinal
neurons (Viana Di Prisco et al., 2000; cf. below), which
are larger in size than the spinal neurons studied here, in-
jection of BAPTA from sharp microelectrodes was reported
to be effective in influencing CAN channels.

These results are at variance with findings from lamprey re-
ticulospinal neurons, where not only FFA application, but also
BAPTA injection blocked the sensory stimulus-evoked, main-
tained depolarizing plateau (Viana Di Prisco et al., 2000). In
these neurons the plateau is, however, of a different character,
being non-regenerative and long-lasting (tens of seconds). In
lamprey spinal neurons, the NMDA plateau potentials are re-
generative at a rate corresponding to low to medium locomotor
frequencies (up to about 2 Hz). Activation of KCa channels
significantly contributes to the repolarization phase during
these plateau oscillations (Fig. 4; cf. El Manira et al., 1994),
while these channels may contribute less to the plateau prop-
erties of reticulospinal neurons (cf. Viana Di Prisco et al.,
2000). Moreover, the contribution of voltage-activated calcium
channels to the plateau properties seems minor, or even absent,
in reticulospinal neurons (Viana Di Prisco et al., 2000; cf.
Wallén and Grillner, 1987).
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Fig. 7. Effects of FFA on NMDA receptors and gap junctions. (A) Compound NMDA-receptor mediated EPSP in a spinal cord neuron, evoked by extracellular

stimulation of reticulospinal axons, in the presence of NBQX (1 mM) a non-NMDA receptor blocker (Control, gray trace). In the presence of FFA (200 mM), the

amplitude of the EPSP was markedly depressed. (B) In all of three cells tested, the amplitude of the NMDA-EPSP was reduced following FFA application (relative

change of EPSP amplitude plotted versus time of FFA application). (C) Membrane potential depolarization induced by direct, local application of NMDA, in the

presence of TTX to avoid synaptic activation. In the presence of FFA (200 mM), the amplitude of the NMDA-receptor mediated depolarization was markedly

reduced. (D) In the presence of cadmium chloride (200 mM), a Ca2þ channel blocker, only the electrical, gap junction mediated EPSP remains (Control, gray trace).

Upon application of FFA (200 mM), the amplitude of the electrical EPSP was progressively reduced, as evident from the traces taken at 8 and 16 min after onset of

FFA application. Traces are averages of 30e40 individual trials.
4.2. The mechanisms of FFA effects on the locomotor
pattern and on plateau potentials

What then are the alternative mechanisms underlying the
effects of FFA on the locomotor pattern and the plateau poten-
tials in spinal neurons? The data presented demonstrate that
FFA has several non-selective effects on lamprey spinal cord
neurons. The amplitude of the slow AHP, as well as the duration
of the action potential in TEA, was markedly reduced upon ad-
ministration of FFA, suggesting an influence on calcium chan-
nels. Furthermore, the NMDA component of the EPSP from
reticulospinal axons was reduced in size by FFA, as were
NMDA-induced depolarizations, demonstrating an influence
on NMDA receptors (cf. Chen et al., 1998; Lerma and Martin
del Rio, 1992). Both of these influences will clearly lead to
effects also on the locomotor pattern produced by the spinal
network and on the NMDA-dependent plateau potentials. For
example, an influence on calcium channels will affect both
the slow AHP of bursting neurons and the oscillatory properties
leading to alterations of the rhythm (cf. Wallén and Grillner,
1987; El Manira et al., 1994; Grillner et al., 2001). A blockade
of NMDA receptor activation will obviously affect synaptic
transmission within the network, and will also compromise
the ability to generate membrane potential oscillations.

FFA also influenced gap-junction mediated synaptic trans-
mission, and even if the detailed role of gap junctions in the
locomotor network remains to be explored, such an effect of
FFA may clearly also contribute to its influence on the loco-
motor burst pattern. It is worth noting that FFA and other fe-
namates have been shown to block gap junctions in other
cell types, including neuroblastoma cells (Harks et al., 2001;
Srinivas and Spray, 2003; cf. Bruzzone et al., 2005).

In conclusion, our findings demonstrate several non-selec-
tive effects of FFA. These effects may account for the ob-
served influence of FFA on fictive locomotion and on
membrane potential oscillations in the spinal cord and thus,
a specific involvement of the ICAN current in lamprey spinal
neurons is not supported. Furthermore, a word of caution
may be raised towards the usage of FFA as a blocker of this
current also in other systems.
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