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Transient A-type K1 channels (IA) in neurons have been implicated
in the delay of the spike onset and the decrease in the firing
frequency. Here we have characterized biophysically and pharma-
cologically an IA current in lamprey locomotor network neurons
that is activated by suprathreshold depolarization and is specifi-
cally blocked by catechol at 100 mM. The biophysical properties of
this current are similar to the mammalian Kv3.4 channel. The role
of the IA current both in single neuron firing and in locomotor
pattern generation was analyzed. The IA current facilitates Na1

channel recovery from inactivation and thus sustains repetitive
firing. The role of the IA current in motor pattern generation was
examined by applying catechol during fictive locomotion induced
by N-methyl-D-aspartate. Blockade of this current increased the
locomotor burst frequency and decreased the firing of motoneu-
rons. Although an alternating motor pattern could still be gener-
ated, the cycle duration was less regular, with ventral roots bursts
failing on some cycles. Our results thus provide insights into the
contribution of a high-voltage-activated IA current to the regula-
tion of firing properties and motor coordination in the lamprey
spinal cord.

Coordinated motor patterns are generated by neural circuits,
the activity of which depends on the intrinsic properties of

single neurons and their synaptic interactions. Although a few
neural circuits underlying rhythmic motor patterns have been
identified and characterized in some detail (1–4), our under-
standing of their function remains incomplete. A fundamental
understanding of how neural circuits generate and control
behavior requires knowledge about the role of different sub-
classes of ion channels in the function of network neurons and
thereby in the regulation of information processing, synaptic
interactions, and the operation of the network as a whole. The
importance of individual classes of ion channel in regulating the
activity of neural networks has been studied in a few vertebrate
(5–7) and invertebrate (8–10) preparations.

The present study identifies a high-voltage-activated A-type
K1 current in the lamprey spinal cord and investigates its
importance in controlling the firing properties of single neurons
and thereby in the generation of coordinated locomotor pat-
terns. Transient A-type K1 channels can act as a control
mechanism for neuronal excitability (11, 12). Different A-type
K1 channels have been cloned and characterized biophysically in
single-cell expression systems (13). They can be subdivided into
low- and high-voltage-activated channels, depending on their
voltage activation range. Low-voltage-activated currents gener-
ally activate at potentials below the spike threshold, whereas
high-voltage-activated currents are only activated by membrane
potential depolarizations above the spike threshold. Low-
voltage-activated currents delay the onset of action potentials,
decrease the firing frequency of neurons (11, 12, 14), influence
dendritic integration and propagation of information (15, 16),
and gate the propagation of action potentials in branched axons
(17). However, because of the lack of specific blockers, the role
of the high-voltage-activated channels in regulating the excit-

ability of neurons and the pattern of activity in a neural network
has proved more difficult to investigate.

The in vitro preparation of the lamprey spinal cord provides a
model system in which a detailed analysis of how ion channels
contribute to the generation of motor behavior can be under-
taken. In this preparation, the neural network underlying swim-
ming activity has been partially characterized. Here we have used
a selective pharmacological agent, catechol, to characterize a
high-voltage-activated A-type current in lamprey spinal cord
neurons and thus examine its role in single neuron firing and in
rhythmic motor pattern generation. We show that this current
facilitates Na1 channel recovery from inactivation and thus plays
a critical role in the sustained repetitive firing of neurons.
Furthermore, a blockade of this current significantly alters the
motor pattern in the intact spinal cord, suggesting an intrinsic
role for the current in the production of locomotory behavior.

Materials and Methods
Cell Dissociation. The spinal cord of larval and young adult
lampreys (Petromyzon marinus) was dissociated in Leibovitz’s
L-15 culture medium (Sigma) supplemented with penicillin-
streptomycin (2 mlyml; Sigma); the osmolarity was adjusted to
270 mOsm (18). Before dissociation, motoneurons (MNs) were
retrogradely labeled by applying fluorescein-coupled dextran
amine to the remaining muscle tissue along the entire length of
the preparation. All dorsal roots were cut to allow the transport
of the dye only through the ventral roots to label MNs. Crossed
caudally projecting interneurons (CCINs) were labeled by in-
jecting fluorescein-coupled dextran amine on one side of the
spinal cord and dissociating the contralateral side of the spinal
cord rostral to the injection site. After 24 h of incubation to allow
transport of the dye, the spinal cord was treated with collagenase
(1 mgyml, 30 min; Sigma) and then protease (2 mgyml, 45 min;
Sigma). The tissue was subsequently washed with the culture
medium and triturated through a sterilized pipette. The disso-
ciated cells were distributed in Petri dishes and incubated at
10–12°C for 1–4 days.

Electrophysiology. Whole-cell recordings were made of identified
MNs and CCINs and unidentified neurons with an Axopatch
200A patch-clamp amplifier (Axon Instruments, Foster City,
CA). The unidentified neurons included in this study were either
monopolar or multipolar and had a small diameter correspond-
ing mainly to MNs and interneurons (18). The mechanosensory
dorsal cells could easily be identified by their round and large cell
bodies (18). Because these neurons are not part of the locomotor
network they were not included in this study. The recordings had

Abbreviations: CCINs, crossed caudally projecting interneurons; fAHP, fast afterhyperpo-
larization; 4-AP, 4-aminopyridine; MN, motoneuron.

*To whom reprint requests should be addressed. E-mail: abdel.elmanira@neuro.ki.se.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

5276–5281 u PNAS u April 24, 2001 u vol. 98 u no. 9 www.pnas.orgycgiydoiy10.1073ypnas.091096198



a series resistance ranging from 4 to 10 MV that was compen-
sated for electronically by 75–85%. Linear leak and residual
capacity currents were subtracted on-line with the use of a Py4
subtraction protocol. Neurons were clamped at a holding po-
tential of 280 mV or 2120 mV, and currents were evoked by 30-
to 100-ms depolarizing voltage steps applied at 10-s intervals. To
isolate K1 currents, Na1 and Ca21 channels were blocked. The
cells were perfused through a gravity-driven six-barrel microper-
fusion system with the nozzle positioned close to the recorded
cell. The control solution contained 124 mM NaCl, 2 mM KCl,
1.2 mM MgCl2, 5 mM CaCl2, 10 mM glucose, and 10 mM Hepes,
with the pH adjusted to 7.6. For whole-cell recordings, the
pipettes were filled with a solution containing 102 mM
KCH3SO3, 1.2 mM MgCl2, 1 mM CaCl2, 10 mM EGTA, 10 mM
glucose, and 10 mM Hepes, with the pH adjusted to 7.6 with
KOH. The liquid junction potential ranged between 3 mV and
5 mV and was not corrected for. Membrane currents and
voltages were controlled and recorded with a personal computer
and PCLAMP software (Axon Instruments). Current and voltage
signals were sampled at 10 kHz or 100 kHz, and the analysis was
performed with the use of PCLAMP8 or ORIGIN (Microcal Soft-
ware, Northampton, MA).

Extracellular measurements of ventral root activity were per-
formed on spinal cordynotochord preparations of adult Lam-
petra fluviatilis. Intracellular recordings were made from the
isolated spinal cord preparation (5). The preparation was
mounted in a cooled (8–12°C) Sylgard-lined chamber, which was
continuously perfused with a solution of the following compo-
sition: 138 mM NaCl, 2.1 mM KCl, 1.8 mM CaCl2, 1.2 mM
MgCl2, 4 mM glucose, 2 mM Hepes, and 0.5 mM L-glutamine.
The solution was bubbled with O2 and the pH was adjusted to 7.4.
Fictive locomotion was induced by a bath application of N-
methyl-D-aspartate (100 mM). Intracellular recordings were
made of gray matter neurons with thin-walled microelectrodes
filled with K-acetate (4 M). Current injections were made in
discontinuous current-clamp mode with an Axoclamp 2B
amplifier.

Drugs. Cathecol, tetrodotoxin, tetraethylammonium, and 4-
aminopyridine (4-AP) were purchased from Sigma. Dendrotoxin-I
and a-dendrotoxin) were obtained from the Peptides Institute
(Barnet, U.K.), and N-methyl-D-aspartate was from Tocris Cook-
son (Bristol, U.K.).

Analysis. To obtain the K1 current activation and inactivation
curves, values of the chord conductance (G) were calculated
from the respective peak currents assuming ohmic behavior. The
K1 equilibrium potential was determined by using the Nernst
equation. Spike peak corresponds to the maximum potential
reached by the action potential. Spike width was measured at half
the spike amplitude. Time to peak was measured as the time
between the onset of the stimulus and the peak of the action
potential or current. The fast afterhyperpolarization (fAHP) was
measured as the voltage minimum directly following the action
potential. Experiments with fictive locomotion were analyzed
with the use of the DATAPAC analysis program (Run Technolo-
gies, Laguna Hill, CA). The cycle duration was calculated as the
time interval between midpoints of two successive bursts in a
single ventral root and averaged over 600–1,000 cycles. The burst
proportion was defined as the ratio of burst duration and cycle
duration. Unless otherwise stated the results are expressed as
means 6 SD. Means were compared with the use of Student’s t
test or one-way ANOVA (GRAPHPAD).

Results
Pharmacological Characterization of the IA Current. Whole-cell
patch-clamp recordings were made of dissociated lamprey spinal
cord neurons. The membrane potential of the neurons was held

at 2120 mV, and depolarizing voltage steps to 130 mV were
applied to activate voltage-gated K1 channels, whereas Na1 and
Ca21 channels were blocked by tetrodotoxin (150 nM) and
cadmium (100 mM), respectively. All neurons studied (n 5 65),
including identified MNs (n 5 11) and CCINs (n 5 5), displayed
an outward K1 current that consisted of a transient and a
sustained component (Fig. 1A). Catechol (100 mM) reversibly
blocked the transient current (Fig. 1 A). Fig. 1B shows the fast
transient current that was blocked by catechol (100 mM; catechol
response subtracted from control). This current had an ampli-
tude of 7.6 nA 6 2.5 nA (n 5 65), reached the peak amplitude
within 1.0 ms 6 0.2 ms, and inactivated rapidly with a time
constant t 5 2.0 ms 6 0.9 ms (Fig. 1B). The effect of catechol
on the transient current was dose-dependent (Fig. 1C). Catechol
(10–100 mM) specifically blocked the transient current by 59%
6 13% (n 5 12) but had no effect on the sustained current (Fig.
1C). Catechol (500 mM) further reduced the amplitude of the
transient current by 72% 6 11% but also decreased the sustained
current by 15% 6 14% (n 5 8; Fig. 1C). The block of the
transient current by catechol was not voltage-dependent, as there
was no significant difference in the amount of inhibition that
occurred at the different test potentials (not shown; n 5 15). The
fraction of the transient to sustained K1 current was compared
between the different types of neurons studied (Fig. 1D). In MNs
this fraction was 0.78 6 0.14 (n 5 11) and was not significantly
different from that of CCINs (0.83 6 0.17; n 5 5) or that of all
neurons examined (0.84 6 0.20; n 5 65).

The transient current was also blocked by 4-AP (0.5–2 mM;
n 5 21), which always in addition affected the sustained current
(not shown). The effect of 4-AP was poorly reversible after
washout. Neither the transient nor the sustained current was
affected by a-dendrotoxin or dendrotoxin-I (500 nM; n 5 5; not
shown). These results show that lamprey spinal cord neurons
possess a fast activating and inactivating K1 current correspond-
ing to an IA current that is specifically blocked by catechol at
100 mM.

Biophysical Characterization of the IA Current. Taking advantage of
its sensitivity to catechol, we isolated the IA current and deter-
mined the activation, inactivation, and recovery kinetics (Fig. 2).

Fig. 1. Pharmacology of the IA current. (A) Recordings from a MN in which
catechol (100 mM) reversibly blocked the transient IA current without affecting
the sustained current. (B) The subtracted current blocked by catechol. (C)
Dose–response curves showing the effect of catechol on the IA and sustained
currents. (D) Ratio of the transient to sustained current in MNs, CCINs, and all
of the neurons studied.
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Depolarizing steps between 260 and 130 mV with 110-mV
increments were applied from a holding potential of 2120 mV
in control and in catechol (100 mM). Subtraction of the current
evoked in catechol from that evoked in control isolated a rapidly
inactivating IA current (Fig. 2 A). The activation curve was fitted
with a single Boltzmann function with a half-activation potential

of 21.0 mV 6 1.0 mV and a slope factor of 10.6 mV 6 0.9 mV
(Fig. 2B). The steady-state inactivation was studied by applying
conditioning steps (80 ms) to membrane potentials between 260
and 130 mV before a test step to 130 mV in control and in
catechol (100 mM). The steady-state inactivation curve was
obtained by plotting the mean normalized conductance as a
function of conditioning potential (n 5 15; Fig. 2B). The data
could be fitted with a single Boltzmann function with a half-
inactivation potential of 29.3 6 1.04 mV and a slope factor of
211.7 6 1.05 mV (Fig. 2B).

The recovery from inactivation was studied according to a
double-pulse protocol. The IA current was inactivated by the first
pulse, and a second pulse was applied at increasing intervals to
determine the time necessary for the current to recover from
inactivation (Fig. 2C). The recovery from inactivation was
determined by plotting the mean normalized current amplitude
as a function of the interpulse duration and was approximated by
a single exponential with a time constant t 5 1.4 ms 6 0.07 ms
(mean 6 SEM; n 5 15; Fig. 2D). The IA current displays a fast
recovery from inactivation, and it is available for reactivation
within 4 ms after the end of the pulse.

The IA Current Is Important for Repetitive Firing in Neurons. The
specificity of catechol in blocking the IA current enabled us to
analyze the importance of these channels in neuronal firing
properties. Whole-cell recordings were made under current
clamp conditions to measure changes in the firing; spike onset,
amplitude, and duration; and the amplitude of the fAHP. In
these experiments Ca21 channels (and, indirectly, Ca21-
dependent K1 channels) were blocked by cadmium (100 mM). In
the control an application of depolarizing current pulses acti-
vated multiple action potentials, and catechol (100 mM) revers-
ibly reduced the number of action potentials elicited by the same
stimulus to one (n 5 11 of 15) or two (n 5 4 of 15; Fig. 3A) spikes.
To determine whether catechol affects the repetitive firing of
neurons at different current strengths, the relationship between
the current injected and the number of spikes evoked was
examined in the control and in catechol (Fig. 3B). In catechol
(100 mM), the neurons fired only one or two spikes at each
current strength (Fig. 3B; n 5 7). These changes were accom-
panied by a significant increase in the peak amplitude of the first

Fig. 2. Activation, inactivation, and recovery from inactivation of IA current.
(A) A double test voltage step was applied in the control and in catechol (100
mM), the first to Vt between 260 and 130 mV and the second to 130 mV. IA
current was isolated by subtracting the current evoked in catechol from that
evoked in control. (B) The activation curve (■) was fitted with the best-fitting
Boltzmann equation: GyGmax 5 (1 1 e(V 2 V1y2)yk)21. The steady-state inactiva-
tion curve (E) was determined by plotting the mean normalized conductance
as a function of the membrane potential. (C) A two-voltage-step protocol to
130 mV applied at increasing intervals was used to determine the recovery
from inactivation of the IA current. The traces shown correspond to the current
blocked by catechol. (D) The recovery from the inactivation curve corresponds
to the mean normalized IA current amplitude as a function of the interpulse
duration.

Fig. 3. Role of IA current in repetitive firing in neurons in culture. (A) Application of a depolarizing current to isolated neurons in culture elicited repetitive
firing of action potentials. Catechol blocked the repetitive firing. The membrane potential of the neuron was held at 280 mV. (B) Relationship between the
current injected and the number of spikes evoked in the control and catechol (100 mM). (C) Catechol reversibly increased the amplitude of the first action potential
and decreased that of the second action potential when it occurred. (D) The time to peak of the first action potentials was unaffected by catechol, whereas it
was reversibly delayed for the second action potential. (E) The width of action potentials was reversibly increased by catechol. (F) The amplitude of the fAHP
was reversibly reduced by catechol.
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spike from 166 6 3.6 mV in the control to 1 77 6 11.2 mV in
catechol (P , 0.05; n 5 8; Fig. 3C, black bars) and a decrease in
the peak of the second spike, when evoked, from 161 6 4.2 mV
to 133 6 18.6 mV (P , 0.05; n 5 4; Fig. 3C, white bars). When
a second spike occurred in catechol, its time to peak was always
delayed, from 4 6 1.6 ms to 7 6 1.1 ms (75% increase; P , 0.05;
n 5 4; Fig. 3D, white bars), whereas neither the threshold (Fig.
3A) nor the time to peak of the first spike was affected (Fig. 3D,
black bars). A blockade of the IA current also induced changes
in the spike width and in the amplitude of the fAHP. In the
control, the first spike width was 0.54 6 0.11 ms, and it was
increased to 1.12 6 0.25 ms by catechol (105% increase; P ,
0.001; n 5 8; Fig. 3E). The fAHP following the first spike reached
a membrane potential of 275 6 8.7 mV in the control, and in
catechol it reached 250 6 4.3 mV (P , 0.001; n 5 8; Fig. 3F).
All of the measured parameters recovered to control values after
washout of catechol. In addition, catechol had no effect on the
membrane potential or input resistance of the recorded neurons.
The IA current thus plays an important role in repetitive firing
and spike repolarization.

To determine whether similar changes in firing properties
occur in neurons in situ, intracellular recordings with sharp
electrodes were carried out in the intact spinal cord in vitro. In
these experiments Ca21 channels were not blocked. Repetitive
firing was elicited by a depolarizing current injection in control
(Fig. 4A). Application of catechol (100 mM) reduced the average
number of spikes per stimulus (60 ms), calculated from all of the
neurons tested (n 5 6), from 6.7 6 1.63 in the control to 2.7 6
1.63 in catechol (P , 0.001; Fig. 4B). The time to peak of the
second spike was increased from 6.7 6 1.2 ms to 21.3 6 14.1 ms
(P , 0.02; n 5 6; Fig. 4C), and the width of the first spike was
increased from 1.1 6 0.27 ms to 2.5 6 0.95 ms (P , 0.01; n 5
6; Fig. 4D). The peak fAHP following the first spike was 268 6
5.8 mV in the control, and it was reduced to 259 6 8.0 mV in
catechol (P , 0.02; n 5 6; Fig. 4E). Catechol thus had similar
effects on spike width, the fAHP, and time to peak of the second
spike in neurons in situ as compared with neurons in culture.

The IA Current Maintains Repetitive Firing by Promoting Recovery of
Na1 Channel Inactivation. The experiments reported above show
that the IA current is important for sustained repetitive firing.

How does the activation of IA current contribute to repetitive
firing? The fAHP mediated by the IA current could facilitate the
recovery of Na1 channels from inactivation, and when this
current is blocked, Na1 channels remain inactivated for a much
longer time after the first spike and repetitive firing cannot be
sustained. To test for this possibility, experiments were per-
formed on dissociated neurons in culture, where a test depolar-
izing pulse was preceded by a conditioning pulse with decreasing
time intervals (Fig. 5A). In these experiments Ca21 channels
were blocked by cadmium (100 mM). In the control, there was no
change in the firing properties of neurons with a decreasing
interval between the conditioning and the test pulse (Fig. 5A) or
in the spike amplitude (Fig. 5B, open circles), time to peak (Fig.
5C, open circles), or fAHP. Catechol (100 mM) significantly
decreased the amplitude of spikes elicited by the test pulse when
it was delivered #4.5 ms after the conditioning pulse (P , 0.01;
one-way ANOVA; n 5 9; Fig. 5 A and B, filled circles). In
neurons that fired two spikes in catechol, a decrease in the
interval between the conditioning and test pulses resulted in a
significant delay of the time to peak of the first spike, whereas
the second spike was not elicited when the interval was #4.5 ms
(P , 0.01; one-way ANOVA; n 5 9; Fig. 5C, filled circles). There
was no significant difference in the membrane potential mea-
sured just before the onset of the test pulse in the control and in
catechol (Fig. 5D). This lack of a difference in the potential
indicates that the changes in spike amplitude and time to peak
induced by catechol cannot be accounted for by a depolarization
of the membrane potential, when the two pulses occurred close
together.

The spike broadening produced by blocking KA channels with

Fig. 4. Role of IA current in repetitive firing in neurons in the isolated spinal
cord. (A) Application of a depolarizing current to neurons recorded in the
intact spinal cord elicited repetitive firing of action potentials. Catechol
reduced the repetitive firing. The neuron had a resting membrane potential
of 275 mV. (B) Catechol reduced the number of action potentials elicited by
current injection and increased the time to peak of the second action potential
(C) and the width of action potentials (D). (E) The amplitude of the fAHP was
reduced by catechol.

Fig. 5. IA current facilitates Na1 channel recovery from inactivation. (A)
Action potentials were elicited in a neuron in culture by a conditioning pulse
followed by a test pulse with decreasing time intervals. Catechol decreased
the repetitive firing induced by both the conditioning and test pulse. The
membrane potential of the neuron was held at 280 mV. (B) In the control, the
amplitude of action potentials induced by the test pulse was unaffected by
decreasing the interval between the conditioning and test pulse. Catechol
significantly decreased the amplitude of action potentials when the test pulse
was delivered at #4.5 ms after the conditioned pulse. (C) Catechol significantly
increased the time to peak when the interval between the conditioning and
test pulse was #4.5. (D) The membrane potential at the start of the test pulse
was not significantly changed by a decrease in the interval between the two
pulses in the control and catechol.

Hess and El Manira PNAS u April 24, 2001 u vol. 98 u no. 9 u 5279

N
EU

RO
BI

O
LO

G
Y



catechol will result in more Na1 channels being inactivated
during the action potential. Moreover, because of a blockade of
the fAHP, the rate of recovery of Na1 channel inactivation
following the action potential will be slower, resulting in a
significant decrease in the amount of recovery during the
interspike interval. Thus, fewer Na1 channels will be available to
depolarize the neuron in the period leading up to the next spike.

Blocking the IA Current Modulates the Activity of the Locomotor
Pattern Generator. To examine the role of the IA current in
network operation, catechol (100 mM) was applied during
locomotor activity in the intact spinal cord. Fictive locomotion
was induced by N-methyl-D-aspartate (100 mM) (19), and rhyth-
mic activity was recorded simultaneously in ventral roots and
motoneurons in the intact spinal cord in vitro (n 5 7). Under
control conditions, the swimming motor pattern consisted of
ventral root burst activity that alternated between the left and
right sides with a cycle duration of 0.71 s 6 0.43 s (n 5 7),
whereas MNs received synaptic locomotor drive input and fired
action potentials. After the IA current was blocked by catechol
(100 mM), the cycle duration decreased to 0.43 6 0.15 s (P ,
0.0001, n 5 7; Fig. 6 A and B), and MNs fired only one or two
action potentials per cycle (Fig. 6 A and E). Although an
alternating pattern still occurred, the cycle duration was less
regular, with missing ventral root bursts (Fig. 6A). The ventral
root burst proportion of the locomotor cycle decreased signifi-
cantly from 0.30 6 0.09 in the control to 0.22 6 0.10 in catechol
(P , 0.0001, n 5 7; Fig. 6C). The alternation phase relationship
between left and right ventral roots was unchanged, however
(Fig. 6D). In all MNs recorded, the number of action potentials
per cycle decreased from 2.5 6 1.49 in the control to 1.1 6 0.75
in catechol (P , 0.0001, n 5 7; Fig. 6E). Thus, the IA current
plays a critical role in coordinated locomotor activity.

Discussion
This study provides insights into the contribution of a high-
voltage-activated IA current to the control of single neuron firing
properties and to the operation of the neural circuit underlying
rhythmic locomotor activity.

Similarities Between the Lamprey IA Current and Cloned Mammalian
K1 Channels. Our results show that lamprey spinal cord neurons
possess a fast activating and inactivating A-type K1 current that
activates at a relatively high voltage range and is blocked
selectively by catechol at 100 mM. The IA current in lamprey
spinal cord neurons activates rapidly, reaching the peak current
within 1 ms after the onset of the stimulus. It has a half-activation
potential of about 21 mV and inactivates rapidly, with a time
constant of 2.0 ms and a half-inactivation potential around 210
mV. This current is blocked specifically by catechol and is
sensitive to 4-AP but not to dendrotoxin. 4-AP also affected the
sustained current. Catechol has been shown to block low-
voltage-activated IA current (20–23) but has no effect on Na1 or
Ca21 currents (data not shown; see ref. 20) or on Ca21-
dependent K1 currents (24).

Among the cloned mammalian A-type channels only those
belonging to the Kv3 gene family show a high voltage range for
activation (13, 25). This observation suggests that the lamprey
native channels might correspond to one of the members of the
Kv3 gene family. Four Kv3 channels (3.1, 3.2, 3.3, 3.4) have been
identified, two of which (Kv3.1 and Kv3.2) correspond to the
delayed-rectifier-type current in expression systems, whereas the
other two (Kv3.3 and Kv3.4) express an A-type current. The
latter channels show different rates of inactivation, with Kv3.4
being inactivated an order of magnitude faster (t ' 10 ms) than
Kv3.3 (t ' 240 ms). Kv3.4 is blocked by 4-AP with an IC50 of
0.5–0.6 mM but is not affected by dendrotoxin (see ref. 13).
Because the lamprey native A-type channels display a rapid
inactivation and are sensitive to 4-AP but not to dendrotoxin,
they are more similar to Kv3.4 rather than to Kv3.3.

The IA Current Supports Sustained Repetitive Firing by Facilitating Na1

Channel Recovery from Inactivation. The specificity of the block of
this current by catechol allowed us to determine its role in
controlling the firing properties of neurons and the pattern
generation in the locomotor network. Blockade of the IA current
by catechol had no effect on the spike onset and threshold;
however, it severely affected the sustained firing of neurons.
When the IA current was available, neurons fired several action
potentials in response to a depolarizing current pulse, but fired
only one or two action potentials after a blockade of the IA

Fig. 6. Blockade of IA current affected the locomotor pattern. (A) Intracellular recording was made from a MN (trough potential 5 270 mV), and alternating
ventral root bursts were recorded in ipsilateral (i-vr) and contralateral (c-vr) ventral roots. Catechol increased the frequency of the locomotor rhythm, which
became irregular. (B) Catechol decreased the cycle duration and the burst proportion (C). (D) The left–right phase relationship was unchanged in catechol. (E)
The number of action potentials fired by MNs during each locomotor cycle was reduced by catechol.
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current. In contrast, low-voltage-activated IA currents have a
different role (11, 12, 26). They activate below the threshold for
action potentials and are inactivated at the resting membrane
potential. When activated, they tend to oppose the depolarizing
drive and thus delay the onset of the action potential. During
repetitive firing the low-voltage-activating IA currents slow down
the frequency of repetitive discharges by decreasing the rate of
decay of the AHP following the action potential (14). In lamprey
spinal cord neurons, the high-voltage-activated IA current is
instead responsible for the action potential repolarization and
the fAHP. Blockade of this current broadens the action poten-
tials and decreases the amplitude of the fAHP. Because these
channels have a fast activation and recovery from inactivation,
they are sufficiently activated by the brief action potential and
will thus determine the rate of repolarization. Furthermore, the
duration of the fast hyperpolarization is sufficient for the IA
current to recover from inactivation and become available
during the next action potential. This current thus has specific
biophysical properties, including its high-voltage activation and
fast recovery from inactivation, that will allow it to support
sustained firing in neurons. How can these properties account
for the role of the IA current in maintaining sustained firing? The
fact that this current activates above the threshold for action
potentials may allow it to facilitate Na1 channel recovery from
inactivation by rapidly repolarizing the membrane potential and
thus shortening the duration of the action potential. After a
blockade of the IA current, the action potentials become broader,
resulting in a greater Na1 channel inactivation during the action
potential. Furthermore, the rate of recovery from inactivation of
Na1 channels following the spike is slowed down because of the
blockade of the fAHP. These effects would result in a significant
decrease in the amount of recovery from inactivation during the
interspike interval, and thus fewer Na1 channels would be
available to generate the next spike. The results of experiments
in which a test current pulse was preceded by a conditioning
pulse support this interpretation. This study thus presents ex-
perimental evidence suggesting that the high-threshold-
activated, Kv3.4-like IA current can maintain sustained repetitive
firing by facilitating Na1 channel recovery from inactivation.

In hippocampal basket interneurons, blockade of Kv3.1, Kv3.2
channels, underlying the high-voltage-activated delayed rectifier
K1 current, converted the fast spiking phenotype into a slower
spiking pattern (27). Auditory neurons also possess high-
voltage-activated delayed rectifier K1 channels with physiolog-
ical and pharmacological properties similar to those of Kv3.1
(28). Blockade of these channels altered the ability of these

neurons to follow stimulus frequencies greater than 200 Hz, but
not at lower frequencies (28). In fast spiking neocortical inter-
neurons, blockade of Kv3.1, Kv3.2 currents affects sustained, but
not transient, early high-frequency firing (29). In contrast to
these studies, our results show that the high-voltage-activated IA
current is necessary for the occurrence of the high-frequency
firing in the early part of the spike train as well as sustained firing.

Role of the IA Current in Network Function. The role of two types of
distinct K1 currents in neural circuit function has been examined
in Xenopus embryos (6). The two currents could be separated by
their kinetics and pharmacology: a fast activating current
blocked by catechol and a slow current sensitive to dendrotoxin.
The slow activating current has been suggested to play a critical
role in controlling the excitability of neurons and the generation
of locomotor activity. In this preparation a small IA current was
present in some neurons, and its role in pattern generation was
not examined.

The present study demonstrates that a high-voltage-activated
IA current is present in lamprey locomotor network neurons and
that its blockade by catechol significantly alters the locomotor
network activity. The cycle duration was decreased, as was the
ventral root burst proportion and the number of action potentials
fired by motoneurons during each locomotor cycle. A decrease
in firing of neurons on one side will allow neurons on the
contralateral side to become activated earlier as the midcycle
inhibition is reduced, resulting in a faster alternation between
left and right ventral roots and thereby increasing the locomotor
burst frequency. Others factors, brought into action by a block-
ade of the IA current, could also contribute to the change in the
frequency of the locomotor rhythm.

In conclusion, we have characterized a high-voltage-activated
IA current with biophysical properties allowing it to regulate the
repetitive firing in single neurons and thus to contribute to the
generation of a coordinated motor pattern in the lamprey spinal
cord.
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