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Evidence for Voltage-activated
Outward Currents in the Neuropilar
Membrane of Locust Nonspiking Local Interneurons
Gilles Laurenta
Department of Zoology, University of Cambridge, CB2 3EJ Cambridge, England and California Institute of Technology,
Computation and Neural Systems Program, Biology Division, 139-74, Pasadena, CA 91125

Outward currents activated by depolarization
were studied
in the neuropilar membrane of locust nonspiking
local interneurons, using the single-electrode
voltage-clamp
technique in situ. Preliminary observation
of these currents in
272 neurons revealed two families. The first and most commonly observed (85% of recordings)
showed a large transient current followed by a slowly decaying/late
current. The
second (15% of recordings) showed an additional outward
current with a slow rate of activation, a peak within 100-l 50
msec, and a slow rate of inactivation.
Only neurons of the
first type were studied further. The transient current was
activated by depolarization
around -60 mV, with a time to
peak of = 11 msec at -50 mV and less than 3 msec at -20
mV. This current decayed exponentially,
with a time constant
of 8.1 + 1.6 msec (n = 8 interneurons)
at -30 mV. This time
constant of inactivation
did not appear to depend strongly
on membrane voltage, in the range in which it was studied.
A second and longer time constant of inactivation of 50-400
msec could not be assigned to either of the transient and
late components
of the outward current. The ratio of transient-to-late current varied between 1.6 and 5.4, with a mean
of about 2.5. The reversal potential for the transient current
could, on average, be shifted by 14 mV by a threefold increase in the bath K+ concentration,
indicating that K+ is a
charge carrier for the current. The transient current became
inactivated with maintained depolarization
and appeared halfinactivated at about -60 mV (slope factor & = 8 mV). This
current was thus not fully inactivated
at “resting”
potential
(average, -58 mV). Recovery from inactivation
followed a
single exponential time course, with a time constant of = 100
msec at -80 mV. The time course of recovery from inactivation of the transient current was well correlated with that
of the recovery of transient outward rectification,
as measured in current-clamp
recording. Tetraethylammonium,
at
a bath concentration
of 10 mM reduced the transient current
by 70% and the delayed current by 60%. 4-Aminopyridine,
at a bath concentration
of 5 mM, had a significant effect in
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only two of five interneurons,
reducing the transient current
by -85% and the late current by = 15%. Quinidine at a bath
concentration
of 100 PM was ineffective.
Although these
blockers did not allow a clear pharmacological
separation
of the currents, they were effective in reducing the outward
rectification
observed in current clamp during step depolarization. Their presence never unmasked regenerative events
such as action potentials in the nonspiking
local interneurons. Cobalt chloride (25 mM) had no effect on either current.
These results suggest that the outward currents activated
by depolarization
are similar to the “A-” and “delayed-rectifer” currents, originally described in other invertebrate neurons.

Recent work carried out principally on Drosophila neurons and
muscle has led to a wealth of data on the genetics and biophysics
of voltage-activated channels (Kamb et al., 1987; Papazian et
al., 1987; Sole et al., 1987; Iverson et al., 1988; Timpe et al.,
1988; O’Dowd et al., 1989; Singh and Wu, 1989; Sole and
Aldrich, 1990; Wei et al., 1990; Zagotta and Aldrich, 1990). It
is now suspected, for example, that most of the voltage-activated
potassium channels in Drosophila, whether fast/transient or slow/
noninactivating, originate from an extended gene family (Shaker, Shal, Shab, and Shaw; Wei et al., 1990) in addition to resulting from alternative splicing of single genes within this family (e.g., Shaker gene: Kamb et al., 1988; Pongs et al., 1988;
Schwartz et al., 1988). In these studies, however, Drosophila
neurons were unidentified and, as a consequence, were treated
as homogeneous and interchangeable. The brain ofa fly (Musca),
however, contains some 3.38 x lo5 neurons (~2.57 x lo5 outside of the optic lobes; Strausfeld, 1976), distributed in many
discrete populations. If, as is likely, Drosophila neurons show
the same physiological and anatomical variability as those that
have been identified and described in the nervous system of
other insects (e.g., fly: Hausen, 1982; locust: Siegler and Burrows, 1979; Robertson and Pearson, 1985; Watkins et al., 1985;
Laurent, 1987; cricket: Schildberger, 1984; tobacco horn moth:
Christensen and Hildebrand, 1987), we might expect that the
various membrane currents found in the neurons of these populations be somewhat “suited” to the integrative role that they
play in well-defined circuits (see,e.g., Hardie, 1989; Hardie and
Weckstrdm, 1990; Hardie et al., 199 1 for the role of outward conductances in lamina monopolar interneurons in the lly
retina). The study undertaken here is thus designed in part to
try to study the membrane properties of well-characterized insect neurons and to relate these membrane properties to their
integrative function in already well-defined sensory-motor circuits.
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Local interneurons in the thoracic ganglia of the locust are of
two main types. The first uses action potentials as the mode
of intercellular communication (“spiking local intemeurons”;
Burrows and Siegler, 1982), and the second uses graded signals
only (“nonspiking local interneurons”; Pearson and Fourtner,
1975; Burrows and Siegler, 1976). These two types of intemeurons are found in the same circuits, and both process signals of
mechanosensory origin (Burrows and Laurent, 1989). The originally plausible hypothesis that nonspiking integration should
occur in local circuits because “short-range” intra- and interckllular communication does not require action potentials was
thus proved insufficient by the discovery of local intemeurons
that use action potentials. Serial reconstruction of the neurites
of both types of local intemeurons using the electron microscope
revealed another fundamental difference between them. Whereas spiking local intemeurons have essentially segregated fields
ofinput and output synapses (Watson and Burrows, 1985), nonspiking intemeurons, on the contrary, show intermingled input
and output synapses on their neurites and thus a lack of functional polarization (Watson and Burrows, 1988). These and other recent physiological results on the integrative properties of
nonspiking intemeurons suggest that single nonspiking interneurons might carry out local dendritic computations and thereby become more than single integrative units (Laurent and Burrows, 1989b).
In a previous paper, I described the voltage-dependent nonlinearities of the membrane of nonspiking intemeurons, revealed using the discontinuous current-clamp technique and
neuropilar intracellular recording (Laurent, 1990). One main
result of this investigation was that the neuropilar membrane
of nonspiking intemeurons shows a conspicuous outward rectification upon depolarization. Consequently, the temporal features of synaptic potentials and their integration by the nonspiking membrane appeared to depend greatly not only on the
membrane polarization, but also on the dynamic characteristics

of the membrane polarization (Laurent, 1990). In the present
study, I used the single-electrode voltage-clamp technique to try
to characterize

the neuropilar

outward

currents activated

by

depolarization, which are presumably responsible for the voltage-dependent

integrative

properties

of nonspiking

local inter-

neurons.

Materials and Methods
Experiments were performed on adult locusts, Schistocerca gregaria
(Forskal; in Cambridge, UK) and Schistocerca americana (in Pasadena,
CA), of either sex, from crowded lab colonies. The results presented
here were gathered from 272 intracellular recordings of nonspiking intemeurons in 123 animals. All the experiments presented were performed 4-36 times. No significant difference was found between the
two species. The average resting potential of the interneurons in the
isolated preparation was, for example, -58 _t 6 mV (n = 85) in S.
gregaria and -56.5 + 6.6 mV (n = 45) in S. americana.
Preparation. All experimentswere performed in an isolated preparation described in detail in a previous paper (Laurent, 1990). Briefly,
the meso- and metathoracicganglia were removed from the thorax of
the animal, with the surrounding tracheal supply and air sacs undisturbed, and were pinned down in a lo-mm-diameter chamber lined
with Sylgard 184 (Dow Coming Co., Midland, MI). The preparation
was superfused with oxygenated locust saline (NaCl, 140 mM; KCl, 10
mM; CaCl,, 4 mM; NaHCO,, 4 mM; NaCl,PO,, 6 mM) supplemented
with 3.4% (w/v) sucrose. The tracheae were teased open at the surface
of the saline. The temperature of the preparation was constantly monitored and varied, in different experiments, between 20°C and 29°C.
The dorsal surface of the metathoracic ganglion was treated with 1%
(w/v) protease (Sigma, type XIV) for 30 set, after which the saline was
thoroughly washed. Desheathing of the metathoracic ganglion was only

donein thoseexperimentsthat required penetration of superfused pharmacological agents and changes in extracellular ionic concentrations.
Desheathing was not done routinely because it was detrimental to recording stability.
Recording. Intracellular recordings were made exclusively from the
neuropilar processes of nonspiking local interneurons, identified on established criteria (Burrows and Siealer. 1978: Laurent., 1990).
, Thickwalled microelectrbdes (Clark Medical Instruments, Reading, UK) were
coated with Sylgard down to = 100-200 pm from their tip, to decrease
the capacitive coupling to the bath, and then filled with 3 M K-acetate.
The DC resistance of the electrodes was typically between 50 and 90
Mn. Switched current- and voltage-clamp recordings were made using
an Axoclamp-2A (Axon Instruments Inc.) amplifier. After optimal capacity compensation and reduction of electrode and stray capacitance
(see Wilson and Goldner, 1975; Merickel, 1980; Finkell and Redman,
1984), switching rates of 4-6.5 kHz were routinely obtained, allowing
nearly complete electrode voltage decay before sampling (duty cycle,
30%). The headstage voltage was always monitored on a separate oscilloscope, to ensure complete settling during each switching cycle. Under these conditions *3 nA of current could be injected directly into
the bath in current-clamp mode with no more than +2-mV voltage
drop across the microelectrode. Only electrodes that passed this test
were kept for intracellular recording. Clamp gain was between 1.5 and
8 nA/mV, and data were usually filtered at 1 or 3 kHz. Data were
recorded on a store-7-DS Racal FM tape recorder (frequency response
flat to 5 kHz) or an 8-channel digital audiotape recorder (Sony/Biologic)
and analyzed off line on an AT-compatible microcomputer, after digitization at 5-l 5 kHz with a CED- 140 1 (Cambridge Electronic Design
Ltd., Cambridge, UK) AD/DA interface. Stimulating pulse regimes and
ramps for voltage-clamp experiments were generated by a stimulator
or by the computer. Leak current subtraction was done digitally, using
averaged templates obtained with each interneuron from corresponding
hyperpolarizing voltage steps. No inward rectification (Katz, 1949) was
ever seen in these interneurons (Laurent, 1990). Single- and doubleexponential curve fittings were accomplished wiih the microcomputer,
using a sum of the squares error calculation. Most chemicals, including
4-aminopyridine (4-AP), tetraethylammonium (TEA), and quinidine
sulfate were obtained from Sigma Chemical Co. CoCl, was obtained
from Mallinckrodt Inc.
Space clamp in discontinuous-clamp recording configuration. Charging transients evoked in the neuropilar membrane of the nonspiking
local interneurons by low current injection could only be fit with the
sum of at least two exponentials (Laurent, 1990). The existence of one
(at least) equalizing time constant is often interpreted as an indication
of charge redistribution on nonisopotential regions of the membrane
(Rall, 1969, 1989). The nonspiking intemeurons were thus unlikely to
be isopotential, and satisfactory space clamp might be inadequate. The
value of the electrotonic length of the sealed cylinder most equivalent
to the neurons (Rall, 1969, 1977) calculated from the experimental
values of the membrane and equalizing time constants was relatively
low, however, at l-l .5 (Laurent, 1990). To evaluate the quality of the
space clamp, the time course of the capacitive currents during small
voltage steps was observed. During single-electrode voltage clamp, the
settling of the capacitive current (Z,) at the onset of small voltage steps
(in regions of potentials too negative to activate voltage-gated conductances) was not simultaneous to the settling of the membrane voltage
(Fig. IA, dotted line). The time course of this current was always fit by
one or two exponentials with a longer time constant of 2-20 msec. Only
recordings with a single, short (< 3 msecfor + 10-mV steps) exponential
decay of Z, were kept for quantitative analysis. Only 36 out of 253
interneurons met this criterion. The currents observed in the remainder
of the intemeurons were, however, qualitatively similar to those characterized in the neurons kept for analysis. An example is shown in Figure
lB, where Z, decays with a time constant of 2.7 msec. Positive and
negative voltage steps usually generated symmetrical currents, as shown
in Figure lA, so that the sum and signal average of corresponding
positive and negative current traces was generally flat after l-2 msec
(Fig. lA, traceZ). All quantification ofvoltage-activatedcurrentsevoked
at a given voltage was carried out after addition of the currents evoked
by the corresponding symmetrical voltage step. This led to current traces
devoid of large capacitative-current artifacts (e.g., Fig. 3A) and to leak
subtraction. Quantitative results are to be considered only as indicative,
however, because of the inherent limitations of point clamping with
this single-electrode discontinuous-clamp method (Johnston and Brown,
1983). During largevoltagestepsevoking largecurrents,voltagecontrol
was slow as a result of the properties of the single-electrode clamp, and
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Figure I.

Decay of capacitive currents and control of membrane voltage during single electrode voltage clamp. A, The membrane of this interneuron,
clamped at -90 mV, is stepped to -80 and - 100 mV. The capacitive current generated by the imposed change in voltage outlasts
the stabilization of membrane voltage (vertical dottedline). The steady-state current, representing the leak conductance, is reached within 6 msec.
The signal average of the six traces (Z) is flat after 2 msec. I, current; k’, voltage. Temperature, 23°C; sampling rate (SR), 5.2 kHz; resting potential
(RP), -57 mV. B, Semilogarithmic plot of the capacitive current decay for a different interneuron during a IO-mV voltage step from -83 mV.
The time constant of decay deduced from the plot is used to fit the original averaged data (inset). Temperature, 21°C; RP, -63 mV, SR, 6.8 kHz
(average of 16 traces). C, Voltage-clamp steps from a holding potential of -80 mV, showing that reasonably good control of membrane voltage is
accomplished from about 3 msec after the onset of the voltage steps. Note the two outward currents (transient and late). Each trace is an average
of four. Temperature, 23°C; SR, 6.6 kHz; RP, -65 mV.

the instantaneous membrane potential used for quantification was always the true recordedpotential rather than the command voltage. An
example of voltage-clamp steps is shown in Figure 1C, where the membrane was taken from a holding potential of -80 mV up to - 10 mV
in successive IO-mV steps. Good apparent control of the membrane
voltage was accomplished from ~3 msec after the onset of the voltage
step. Exponential relaxation fits were therefore only performed with
current traces once the membrane voltage had been stabilized, that is,
generally at least 3-5 msec after the onset of the voltage steps.

Results
Two types of responses
Figure 2 illustrates the two broad categories of responses observed in nonspiking interneurons during depolarizing steps imposed under voltage clamp and in normal saline. The interneu-

ron in Figure 2A was stepped to a constant command voltage
of -33 mV from conditioning voltages of -93 to -38 mV.
Depolarizing pulses evoked the activation of a large early and
rapidly inactivating (transient) outward current (ItranSiEnt;
Fig. 2A)
and that of a smaller and sustained or slowly decaying outward

current (I,,,,). This pattern of response was observed in 85% of
recordings. The second and least frequent type of response is
shown in Figure 2B. Under the same regime of stimulation from
conditioning voltages of -75 to -35 mV to a constant command voltage of -30 mV, this interneuron expressed, in addition to the transient and late currents seen in all neurons, a
third outward current. This current activated

slowly, reaching

a peak 100-150 msec after the onset of the voltage step, and
decayed slowly to reach steady state within 300-500 msec (Fig.
2B, I,). Intemeurons with this response profile in voltage clamp
were also studied in current clamp. An example is shown in
Figure 2C. During

small (+ 1-nA) depolarizing

current pulses

from a resting potential of - 55 mV, the membrane depolarized
in two phases, due to successive transient and late outward
rectifications (Fig. 2Ci), as described previously for other nonspiking local intemeurons (Laurent, 1990). With larger currents,
the two successive depolarizing phases were followed by membrane-potential oscillations of 5-8 mV peak-to-peak amplitude

(Fig. 2Cii). These oscillations could be observed reliably, but
only within a narrow range of voltages (< 1O-l 5 mV). With still
larger currents and only in some recordings, slow regenerative
potentials of about 20-mV amplitude could sometimes be
evoked, whose frequency increased with increasing currents, but
to no more than = 8 Hz (Fig. 2Ciii). Such regenerative potentials
were observed in only 5 of the 272 recordings. The remainder
of this paper will deal exclusively with the characterization of
the outward currents in the first and most commonly recorded
type.
Outward potassium currents
Voltage steps of 150-msec duration were delivered from holding
potentials of -90 to -70 mV every 1.5 sec. After signal averaging of 4-16 traces and leak current subtraction, the net
outward currents could be characterized and their activation
studied (Fig. 3A). The total current was activated around -60
mV, and the transient current, measured at its peak, increased
steeply to about 23 nA at -30 mV. Given a corresponding
reversal potential of about -75 mV (see below), this conductance was about 500 nS at -30 mV. Such large conductance
generally precluded an accurate control of the membrane potential with the single-electrode clamp circuit at voltages more
positive than -20 mV. Near-maximum conductance was thus
only rarely obtained. The ratio of transient to late current in
the 36 recordings studied in detail varied greatly, between = 1.6
(n = 12 interneurons) and 5.5 (n = 1; Fig. 3C). Half of the
recordings, however, yielded ratios of 1.5-2.5 (Fig. 3C). The
steady-state inactivation characteristics of the transient and late
currents (Fig. 2A) appeared similar to those of the transient
A-current (IA; Hagiwara et al., 196 1; Connor and Stevens, 197 1;
Neher, 197 1) and of the delayed-rectifier current (ZKv;Hodgkin
and Huxley, 1952). Experiments were thus carried out to investigate the ionic basis of the transient conductance.
Nonspiking local intemeurons were held at voltages between
-75 and -90 mV and depolarized by 50 mV in 4-msec-long
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Figure 2. Outward currents in voltage-clamped nonspiking interneurons.
A, This intemeuron is stepped to -33
mV after 1-set-long conditioning prepulses at -93 to -38 mV. Two outward currents can be distinguished: a
transient and rapidly inactivating current (I,,,,,,) and a late or slowly-inactivating one (I,“,,). Temuerature, 27°C:
SR, 5.8 kHz;‘RP (I’,), -53 mV. B, A
second interneuron is stepped to -30
mV after I-set-long conditioning prepulses at -75 to -35 mV. In addition
to the transient and late currents, a third,
slowly activating and slowly inactivating current can be seen (I,). Note that
the time scales are different in A and B.
Temnerature. 23.7”C: SR. 5.7 kHz: RP.
- 55 mV. C, Current&lamp recordings
of an interneuron showing outward currents such as in interneuron in B. i, + 1
nA pulses; ii, i-2 nA pulses (note the
membrane-potential oscillations during the late part of the depolarizing
pulses); iii, +3 and +4 nA. Note the
slow regenerative potentials. Temperature, 24°C; SR, 5.2 kHz; RP, -57 mV.
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pulses. The membrane was then repolarized to potentials from
- 35 to - 120 mV, and the tail current recorded at each potential
was measured as the difference between the peak current and
that at the end ofthe pulse (45 msec later). In 10 mM extracellular
K+, the instantaneous tail current was outward at potentials from
- 10 mV to about -80 mV, where it reversed (Fig. 4A). In 30
mM K+ (bath concentration), the tail current reversed between
-55 and -60 mV (Fig. 4B). Shifts in reversal potential could
not be established with individual interneurons, because the
time needed for the extracellular ionic concentrations to change
in the neuropil was greater than the time for which a good
penetration could be maintained. Experiments at each bath K+
concentration were thus performed with different interneurons,
but in the same animals. Furthermore, though the bath K+
concentration was known, the concentration reached in the neuropil after l-2 hr of the lo- or 30-mM K+ saline perfusion was
unknown, and possibly much less (Schofield, 1990). The instantaneous current-voltage relations corresponding to the intemeurons in Figure 4, A and B, are shown in Figure 4C, indicating a difference of about 20 mV in reversal potential, with
a threefold increase in K+ concentration. The average value of
the shift in reversal potential was 14 mV, with average values
of reversal potentials of -75 + 7 mV (n = 13 interneurons) in
10 mM extracellular K+ and -6 1 + 8 mV (n = 6 interneurons)
in 30 mM K+. Although this shift is only 55% of that expected
from the Nemst equation (27 mV), it indicates nevertheless that
K+ is a charge carrier for this current. The decay of the tail
current at -35 mV in 10 mM extracellular K+ followed a single
exponential, with a time constant of about 7-8 msec (Fig. 40).

4OOmsec
250msec

Separation of the transient and late currents
Preliminary experiments using the known pharmacological
blockers of K+ currents 4-AP, TEA, and quinidine did not appear selective enough (see below) and were thus abandoned as
a means to separate the two current families. Rather, differences
in their respective steady-state inactivation characteristics were
used. Currents evoked by depolarizing steps to a given potential
from a conditioning voltage of - 50 or -40 mV were subtracted
from those evoked by steps to the same potential from -90
mV. An example is shown in Figure 5, where the nonspiking
intemeuron was depolarized in IO-mV steps up to - 10 mV
from successive holding voltages of - 90 mV and - 50 mV. The
currents evoked from -90 mV contained both the transient and
the late components (Fig. 5A), whereas those evoked from -50
mV seemed to arise mainly from the putative delayed-rectifier
conductance, with a very small contribution of the transient
conductance (Fig. 5B). The total current at the end of the pulse
from a holding voltage of - 50 mV, however, was less than that
evoked from -90 mV. As seen in Figure SC, the subtracted
currents were not 0 at the end of the 150-msec pulse. This
suggestseither that the transient current has a slow inactivating
component also, or that the late current shows a certain degree
of voltage- and time-dependent inactivation. Four-set-long
depolarizing pulses, for example, showed that the total outward
current reached a steady state only after about 1 set (seeLaurent,
1990). It is not possible, at this stage, to assign this slowly
decaying component to either of the transient or late outward
currents.
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Figure 3. Activation of the outward currents. A, Voltage-activated currents after leak subtraction in a nonspiking local interneuron held at -87
mV. Each trace is an average of eight traces. Temperature, 23°C; SR, 6.2 kHz; RP, -57 mV. Activation curves of the transient (Z,,O,,,,) and late
(Z,O,,)currents measured, respectively, at the peak and at the end of the 150-msec-long pulse in A. The data points at potentials more negative than
-85 mV are assumed. C, Frequency distributions of the ratio (r) of transient to late current in 33 interneurons. The measurements were made
with currents generated by voltage steps of +50 mV, from a holding potential of -90 to -80 mV. The real values have been pooled in bins of
0.5. Data are mean + SD (n of intemeuron/recordings).

The fast decaying phase of the transient current could always
be fit by a single exponential with an apparent time constant,
7, of 8.1 f 1.6 msec (n = 8) at -30 mV (Fig. 5D). This time
constant did not show a strong voltage dependence in the range
in which it was measured, though it increased slightly with less
depolarization (Fig. 5D). The short value of this time constant
suggested that maximum or at least significant currents would
only be evoked during fast depolarizing events. Such consideration might be unimportant in some neurons, such as sympathetic neurons in the rat, where activation of an A-current
can occur during the rising phase of an action potential (Beluzzi
et al., 1985). In most locust nonspiking neurons, however, such
rapid depolarizing events do not appear to exist, and activation
of the transient current would presumably occur mainly during
the rising or relaxation phase of slower synaptic events, due to
spike-mediated or nonspiking synaptic transmission. The dependence of the transient outward current on the rate of depolarization was therefore studied during voltage-clamp ramps.
Figure 6A shows four depolarizing ramps delivered from a holding potential of - 80 mV to final potentials of - 60 to - 30 mV.
The time from the onset to the end of the rising phase of each
ramp was 30 msec. The four ramps in Figure 6.4 thus differed

both in their rate of depolarization and in their final voltage.
During the initial portion of each ramp, the net current was
outward, being the sum of the leak and capacitive components.
Above a certain potential, the voltage-activated currents were
activated, but only from an apparent threshold voltage of about
-45 mV (Fig. 6A), that is, 15 mV more depolarized than the
value determined from voltage steps (see Fig. 3). In Figure 6B,
six ramps to -30 mV were delivered, at depolarizing rates
varying from 0.83 to 5 mV/msec. For each rate of depolarization, the transient current (measured as the difference between
total currents at the peak and at the end of the pulse) was
normalized to the maximum current obtained during a voltage
step (not shown). As the rate of depolarization decreased from
5 to 0.83 mV/msec, the maximum transient current was reduced
by more than 50% (Fig. 6B,c). The current recorded at the end
of the 150-msec-long pulses, however, remained constant. The
rate of depolarization thus seems to be critical for the transient
current activation but not for the late one.
The activation time constant of the transient current was
approximated by studying the time to peak during voltage steps
from a holding potential of -80 mV (Fig. 7, inset). This time
to peak decreased from = 11 msec at -50 mV to less than 3
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Figure 4. Reversal potential of the transient outward current. A, Results in 10 mM K.,., (extracellular K) saline. The transient current was generated
by a 4-msec step from -80 to -30 mV. The membrane was then stepped back to voltages from -40 to - 100 mV. The tail current reversed
around -80 mV (arrow). B, Results in 30 mM K.,., saline, with sameregimeof stimulation as in A, but from a holding potential of -75 mV. The
reversal potential of the tail current is between-55 and -65 mV (arrow).Eachtraceis an averageof four traces.C, Tail-current-voltage relationship
for the two interneurons in A and B. The shift of =20 mV is less than that expected from the Nemst equation [-58 log(1/3) = 27 mV]. D, The
tail current evoked at -40 mV is fit by a single exponential with a time constant of decay of 7.5 msec (same intemeuron as in A). Temperature,
23°C; SR, 6 kHz; RP, -60 mV.

msec at -20 mV (Fig. 7). Note, however, that the accuracy of
this measurement is limited by the single-electrode voltage clamp
(see Materials and Methods).

possible underestimate of the maximum transient current, it is
emphasized that this curve represents only the apparent steadystate inactivation.

Steady-stateinactivation of the transient outward current

Time dependenceof removal of inactivation

Nonspiking interneurons clamped at resting potential were
stepped in a test pulse to - 30 or - 10 mV to evoke the transient
outward current, after 1-set-long conditioning prepulses at potentials between - 100 and -20 mV, as shown in Figure 8A.
For each trace, the late current was subtracted from the peak
current, and the resulting value for the transient outward current
was normalized as a fraction of the maximum current and plotted as a function of voltage (Fig. 8B). The data points obtained
with four intemeurons could be fit with a curve derived from
the Boltzmann distribution:

Nonspiking intemeur,ons were clamped at V,,, - 20 mV and
depolarized by 50 mV for 100-300 msec. After each such prepulse, a test pulse of 50-msec duration was imposed, with interpulse delays varying between 5 and 300 msec. Pairs of such
pulses were separated from each other by 2 sec. An example is
shown in Figure 9A, where the prepulse delivered from a holding
potential of -80 mV lasted 100 msec, and total recovery from
inactivation was achieved within 200 msec. The ratio of peak
to maximum current (III,,,,,) was plotted for each test pulse
against the corresponding interpulse delay (Fig. 9B). These points
were well fit with a single exponential function of the form

I/I,,, = { 1 + exd( V - K,Yk,l~ -I,

(1)

where Z is the current evoked by a step from the conditioning
voltage V, X,>is the potential at which Z/Z,,,,,= 0.5 (half-inactivation), and k,,,isa voltage-independent slope factor describing
the steepness of the sigmoid curve. The mean values were V,
= -62 mV and k,,?= 7.5 mV-(n = 4 interneurons). Given the

I/I,,, = 1 - e-‘/r,

(2)

where Z was measured as the difference between transient and
late currents (the latter being measured at the end of a 300msec-long pulse to the same command voltage). T represents
the time constant of removal of inactivation. This analysis re-
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B

50msec
Figure 5. Separation of the transient and late currents. A, Outward currents evoked by depolarizing steps from a holding potential of -90 mV
to -50, -40, -30, -20, and - 10 mV. Leak currents not subtracted. Temperature, 23°C; SR, 5.6 kHz; RP, -57 mV (averages of four traces). B,
Same interneuron as in A. Outward currents evoked by depolarizing steps from a holding potential of -50 mV to the same test voltages as in A
(leak not subtracted). C, Net currents, as obtained by subtracting corresponding traces of B from those in A. D, Single exponential decay of the
transient current at -40 to -20 mV. Curve fitting is only performed with current traces from 6 msec after onset of the voltage step. Temperature,
22°C;SR, 6.6 kHz; RP, -65 mV.

vealed that, in all cases, the recovery followed a single exponential time course, but that the time constant of recovery
depended on the duration of the prepulse. Whereas a 1OO-mseclong prepulse led to a time constant of recovery of 50 msec at
- 80 mV (probably reflecting an only partial inactivation by the
short prepulse), a 300-msec-long prepulse led to a time constant
twice as long (Fig. 9B). Longer prepulses did not lead to longer
time constants of recovery. Recovery from inactivation of the
transient outward current was well correlated with recovery from

inactivation of the transient outward rectification observed in
current-clamp recording. The nonspiking intemeuron in Figure
10 was held at a resting potential of about -60 mV and depolarized in paired current pulses, following a regime similar to
that used in the above voltage-clamp experiments. Transient
outward rectification was absent from the onset of the second
pulse (test pulse) when the delay between conditioning pulse
and test pulse was only 5 msec (Fig. lOA). It reappeared gradually as the delay between prepulse and test pulse was increased
(Fig. 1O&D).
Effects of K+ chapel blockers and cobalt ions
TEA at a bath concentration of 10 mM led to a reduction of
both transient and late outward currents. In the intemeuron

shown in Figure 1lA, the maximum slope conductance of the
transient outward current decreased by 70% 15 min after the
application of TEA, whereas that of the late current decreased
by 60% (Fig. 11B). In none of the experiments in which TEA
was applied (at either 5 or 10 mM) could penetration and stable
recording be maintained long enough to test the reversibility of
this effect. In no case could the late current be partially blocked
without also affecting the transient current. 4-AP at a bath concentration of 1 mM had no effect on either current. At 5 mM,
4-AP blocked the transient outward current most effectively in
two intemeurons out of five tested, but not without also affecting
the late current, though to a lesser extent (Fig. 11C). It is possible
that the late component of the blocked outward current represents a slowly inactivating component of the transient current.
In the intemeuron in Figure 11C, the maximum slope conductance of the transient current was reduced by 85%, and that of
the late current, by 14.5% (Fig. 11D). Here, too, the reversibility
of the effect could not be tested. In the other three intemeurons,
no significant effect was observed. Quinidine at a bath concentration of 100 PM was found ineffective on either current (not
shown). The blocking effects of TEA and 4-AP on the outward
currents were supported by current-clamp experiments in which
TEA and 4-AP were shown to reduce the outward rectification.
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mV. Leak and capacitive componentsare seenduring the ramps.B, Ramp depolarizationsfrom -80 to -30 mV at the following rates:1, 5 mV/
msec;2, 2.5 mV/msec;3, 1.65mV/msec;4, 1.25mVlmsec; 5, 1 mV/msec;6, 0.83 mV/msec.Note the decreasein transient current as the rate of
depolarization decreasesand the constant steady state at the end of the pulse (same intemeuron as in A; averages of eight traces). Note the good
control of membranevoltage. C, Plot of the ratio of transient to maximum current asa function of rate of depolarization (datain B). Temperature,
24°C;SR, 6.2 kHz; RP, -60 mV.

The interneuron in Figure 12 was depolarized from a “resting”
potential of -65 mV by injection of an 8-nA current pulse.
During the control pulse in normal saline, the outward rectification led to a rapid plateauing of potential, only 10 mV more
positive than “resting” potential. This was accompanied by an
increase in input conductance, leading to a decreasein the membrane time constant and a “shunting” of the tonic IPSPs (Fig.
12i, control). Fifteen minutes after perfusion of 10 mM TEA
and 2 mM 4-AP, the same current pulse evoked a large depolarization of about 30 mV at steady state, during which the size
of the tonic IPSPs was increased, as would be expected from
the increased driving force.The time constant of decay of the
IPSPs then was not greatly shortened (Fig. 12ii). These effects
are well explained by the reduction of the outward currents due
to TEA and 4-AP, leading to a reduction of the conductance
increase caused by the depolarizing step.
Finally, the dependency of the outward currents on extracellular Ca*+was studied by using extracellular Co*+, a known Ca*+
conductance blocker, at a bath concentration of 25 mM. Neither
of the two outward currents seemed to be affected by Co*+ ions

(not shown). The effect of Ca*+ removal was not studied because
a significant decrease in the neuropilar extracellular CaZ+concentration would have required a time longer than that for which
intracellular penetration could be maintained (see Discussion).
Discussion
The present results demonstrate that voltage-activated membrane currents of well-characterized insect interneurons can be
studied in situ, in an intact nervous system, and from neuropilar
recordings. This is significant becausethe soma membrane, from
which most voltage-clamp studies have so far been carried out,
plays no integrative role in invertebrate central neurons. One
clear indication that soma and neuropilar membranes differ is
the fact that no active spikes can be recorded from the cell body
of nearly all known locust spiking neurons. To understand the
integrative function of voltage-gated membrane conductances,
it is therefore important to focus on those regions of the neuron
membrane that process synaptic information. The single-electrode voltage-clamp technique applied to intact neurons, however, suffers from several limitations. First, “adequate” space
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clamp was obtained in only 13% (36 of 272) of the recordings.
This is not surprising, given the size and complex branching
patterns of locust nonspiking interneurons (Siegler and Burrows,
1979; Watkins et al., 1985). It is possible that acceptable recording conditions occurred when the electrode tip was inside
a relatively small and unbranched process, separated from the
rest of the neuron by a high-axial-resistance pathway such as a
narrow constriction (for electron microscopy, see Watson and
Burrows, 1988). Even in such conditions, however, the settling
of the capacitive current was never simultaneous to the stabilization of the membrane potential in the vicinity of the electrode. Second, the limited speed and gain of the single-electrode

Figure 7. Time to peak of transient
outward current for pulses delivered
from a holding potential of -80 mV.
Traces in the inset are leak subtracted
and are averages of four traces. Temperature, 26.6”C, SR, 6.2 kHz; RP, -60
mV. The measurements of time to peak
at - 30 to - 10 mV are subject to error,
due to the speed limitations of the single-electrode voltage clamp.

clamp added to the spatial considerations prevented any attempt
to control the membrane potential during fast regenerative events
such as action potentials in spiking neurons (G. Laurent, unpublished observations). For the same reasons, the activation
characteristics of rapidly developing currents, such as the transient outward

current described here, could only be approxi-

mated, and all quantitative results are thus as yet only indicative.
Third, because of the tight structure of the insect neuropil and
surrounding blood-brain barrier, penetration of pharmacological agents or control of extracellular ionic concentrations were
limited and uncertain. The results presented here therefore constitute an initial and mainly qualitative attempt to characterize
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Figure 8. Steady-state inactivation of the transient outward current. A, The membrane is conditioned to voltages of - 100 to -35 mV during
1-set-long prepulses before being stepped to -30 mV for 150 msec. IPSC, inhibitory postsynaptic current, probably generated by inputs from
tonically active presynaptic spiking local’ interneurons. Temperature, 20.9”C, SR, 6 kHz; RP, -60 mV (leak subtracted). B, Inactivation of two
intemeurons (different from that in A) in-S. greguria (open squares) and S. americana (solid squares), fit by a curve derived from the Boltzmann
distribution. K,,, voltage of half-inactivation; kjh, slope factor. The activation curve for the interneuron whose inactivation is plotted with open
squares is represented (open triangles) to show the overlap of the activation and inactivation curves around - 50 mV.
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and followed, after a varying delay, by a second and shorter pulse to the same potential. Total recovery occurs within 200 msec. Temperature,
24°C; SR, 6.2 kHz; RP, -50 mV (leak not subtracted). B, Plot of Ill,,,,, of interneuron in A against the duration of the interpulse delay. Open
squares, lOO-msec prepulse; ogen triangles, 300-msec prepulse. Recovery in each case is well fit by a single exponential time course (see Results).

membrane currents in nonspiking interneurons, before further
work on dissociatedcellsin culture can be undertaken and the
results from such investigations given any functional interpretation.

A
I

Figure IO. Recovery from inactivation of transient outward rectification.
Double pulse depolarizations (+5 nA)
are delivered to a nonspiking intemeuron from a resting potential of - 57 mV.
Interpulse delay increases from A to D.
Transient outward rectification is absent in the second pulse in A but reappears gradually as the delay increases.
Each pair of pulses is separated from
the next by 2 sec. Note the dramatic
shunting of IPSPs and the decrease in
their time constant of decay during the
current pulses, due to outward rectification and increase in input conductance. Temperature, 23°C; SR, 5.4 kHz.
The dotted line indicates the voltage
from which the slow depolarization occurs.
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Functional considerations
Nonspiking local intemeurons appear to be an essentialcomponent of the sensory-motorpathwaysin locust thoracic ganglia
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Figure 11. Effects of 10 mM TEA (Aii, B) and 5 mM 4-AP (Cii, D) on transient (ZDcak)
and late (I,,,, measured at the end of each 150-msec-long
pulse) currents. Currents in A&ii, and Ci,ii are leak subtracted. The currents measured in A and C are plotted against membrane voltage in B and
D. respectively. Traces are averages of eight traces in A and C. A, Temperature, 2618°C;SR, 6.1 kHz; RP, -60 mV. C, Temperature, 26.3”c, SR,
6.j kBz; RP, -50 mV.
(Burrows and Laurent, 1989). On them converge inputs from

mechanosensory afferents (Burrows et al., 1988; Laurent and
Burrows, 1988) spiking and nonspiking local interneurons (Burrows, 1979, 1987), and intersegmental interneurons (Laurent
and Burrows, 1989a,b). The graded signals they process and
then transmit to motor neurons (Burrows and Siegler, 1978) are
shaped by the cell membrane capacitance, the branching geometry, the relative distribution of input and output synapses,
and the nature of the synaptic and voltage-activated conductances borne by the membrane. It is thus important to relate
the function of these various parameters to the computations
that these neurons perform. It will be important, for example,
to determine if, like in the retinal nonspiking neurons of ver-

tebrates and invertebrates (Kaneko and Tashibana, 1985; Hardie and Weckstrom, 1990; Hardie et al., 1991), voltage-gated
currents serve to enhance or suppress certain desirable or undesirable temporal frequencies of the input. Becausenonspiking
local interneurons receive both spike-mediated and graded/tonic synaptic inputs, such differential filtering could occur. In particular, one would like to know if the variability in the ratio of
transient to late current reflects a difference between individual
interneurons, or rather between recording sites within the
branches of these interneurons. In the latter case, heterogeneity
in the K+ channel distribution might become crucial in local
dendritic computations.
Are the outward currentsresponsibleforthe nonexcitableprop-
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the samecurrent pulsewasdelivered. Note the reduction of the outward
rectification and the increasein amplitude of the IPSPsduring the pulse.
Temperature,26.3”C;SR, 6.6 kHz; RP, -65 mV.
Figure 12.

ertiesof the interneurons?In the dendrite of the crab “T’‘-fiber,
a nonspiking sensory receptor found in the legs of crustaceans
(Ripley et al., 1968), a fast outward current may account for the
nonexcitability of the membrane, by shunting a relatively small
inward current, carried by a low density of Na+ channels (Mirolli, 198 1, 1983). The existence of a fast Na+ current in the membrane of locust nonspiking intemeurons is unlikely, however,
because large depolarizations to about - 30 mV in the presence
of extracellular TEA and 4-AP failed to reveal any fast regenerative properties during current-clamp recording, even after a
prolonged hyperpolarization. Although voltage clamp of fast
Na+ spikes would have not been possible, large depolarizing
steps would have nevertheless revealed unclamped spikes generated remotely, as was always observed when recording from
spiking neurons (Laurent, unpublished observations). Such events
were never revealed.
Are the outward-currentactivation and inactivation properties
within the operating range of the interneurons?Current-clamp
data showed that nonspiking intemeurons rectify during depolarization, and that the outward rectification starts from potentials 1O-20-mV more negative than “resting” potential (Laurent, 1990). Below about -75 mV, the current-voltage
relationship is ohmic. The activation curves of the total currents
presented here show that the outward currents activate from
about -60 mV, that is, only slightly more negative than rest.
There thus seems to be a slight mismatch between the currentclamp and voltage-clamp data, the reason for which is not yet
understood. At potentials more positive than about -65 mV,
however, the conductance increase due to the voltage-gated currents can account for the drop in neuron input resistance and
membrane time constant observed in current clamp (Laurent,
1990). Despite the lack of data on the activity of nonspiking
intemeurons during locomotion, it seemsnevertheless that they
normally operate between potentials of -60 and - 35 mV, judg-

ing from the range of membrane potentials sampled in intact
animals (Pearson and Fourtner, 1975; Burrows and Siegler, 1978).
Nonspiking local intemeurons in the crab ventilatory system
also operate in a comparable range of potentials, between -53
and - 3 1 mV (DiCaprio, 1989). The fact that the transient outward current in locust nonspiking intemeurons appears only
half-inactivated at -60 mV indicates that this current could be
activated from resting potential. This is important, becausenonspiking intemeurons cannot, by definition, rely on the afterhyperpolarization following an action potential, for example, to
remove the transient current from inactivation, as in most other
neurons where an A-current has been found (Rogawski, 1985).
Whether the membrane potential of nonspiking intemeurons
ever reaches values negative enough to remove inactivation
totally, however, is unknown. Recording from nonspiking intemeurons in walking animals will hopefully help to resolve this
issue.

Identification of the outward currents
The transient outward current was carried at least partly by
potassium ions, activated by depolarization from about -60
mV, and half-inactivated at about -60 mV. The activation and
inactivation curves thus overlap above -60 mV. Current inactivation was rapid and followed at least one exponential time
course with a shorter time constant of = 10 msec, which appeared independent of voltage in the range tested. Recovery
from inactivation followed a single exponential time course,
with a time constant of = 100 msec. Finally, this current was,
in certain cases, sensitive to extracellular application of 4-AP
at millimolar concentration. The reason why 4-AP was only
effective in a few neurons may be that 4-AP acts best when it
has accessto the intracellular side of the membrane (Hermann
and Gorman, 198 1; Kros and Crawford, 1990). Such a condition
could have occurred only in those cases where the membrane
was injured or when 4-AP, which is partially membrane permeant, had good access to the membrane of the interneurons.
These features are reminiscent of the A-current, first described
in invertebrate neurons (Hagiwara et al., 1961; Connor and
Stevens, 1971; Neher, 197 1) and now known in amphibian,
avian, and mammalian neurons also (see Bader et al., 1985;
Rudy, 1988; Florio et al., 1990). A-currents in insects have been
well characterized in Drosophila nervous system and muscle.
There, the two subtypes A, and A,, characterized in muscle and
in embryonic neurons, respectively, show different activation
and inactivation properties and single-channel conductances
(Sole et a;l., 1987; Sole and Aldrich, 1988; Zagotta et al., 1988).
The transient outward current in locust nonspiking local interneurons resembles most the Drosophila neuronal A, subtype,
which is activated by depolarization around -60 to -55 mV,
and has a comparably short time constant of inactivation. Its
steady-state inactivation curve, however, appears shifted to more
positive values in locust nonspiking interneurons. This feature
is functionally relevant because nonspiking neurons are generally less polarized at .rest than spiking neurons (Burrows and
Siegler, 1978; Laurent, 1990). The presence of a slowly inactivating phase following the fast relaxation of the transient current
could not be assigned to either of the transient or late components. IA2in Drosophila, for example, decays in two exponential
phases, the slower of which has a time constant of 60-300 msec
(Sole and Aldrich, 1988), commensurate with the present observation in the locust.
The results of Byerly and Leung (1988) indicate that part of

The Journal of Neuroscience, June 1991, 17(6) 1725

the total voltage-dependent currents activated by depolarization
in Drosophila neurons depend on extracellular Ca2+.They suggest, however, that only the sustained component is Ca2+ dependent. This is consistent with the observation that the A,
channels do not seem to be affected by external Cd2+, Co2+, or
0-mM Ca*+ (Sole and Aldrich, 1988). In Drosophila muscle,
however, both the transient and the sustained voltage-activated
K+ currents appear to have corresponding fast and slow Ca2+dependent components (Salkoff, 1983; Singh and Wu, 1989).
The dependence on extracellular Ca2+of the transient outward
current described here in locust nonspiking interneurons is not
well known. Studying neurotransmission at a central locust synapse, Burrows et al. (1989) found that only after 50 min of 0-mM
Ca2+saline perfusion could a 50% reduction of a postsynaptic
potential amplitude be observed. This very slow effect illustrates
the efficacy of the locust blood-brain barrier and prevented any
attempt to test the effect of extracellular Ca*+ removal on the
outward currents, while maintaining stable neuropilar penetration of nonspiking interneurons. The absence of effect of Co*+
ions, however, tends to suggest that the two outward currents
do not depend strongly on extracellular Caz+.
The existence in 15% of the interneurons of an additional
slowly developing and inactivating outward current (see Fig.
2B) adds to the complexity of nonspiking neuron membrane
properties. Preliminary experiments with these interneurons
suggest that the second peak outward current evoked by depolarization is preceded by a moderately slow inward current,
whose charge carrier is as yet unidentified (Laurent, unpublished
observations). It is possible that these two currents are a Ca2+
current and a Ca2+-dependent K+ current, and that they are
responsible for the membrane-potential oscillations or the slow
regenerative potentials sometimes observed in current clamp.
The possibility that these oscillations are due to feedback through
synaptic interactions with connected neurons exists, but appears
remote, because all known output connections made by locust
nonspiking interneurons are nonreciprocal.
The late outward current could be maintained for several
seconds (up to 4 set tested) without showing any decline after
the end of the first l-l.5 set of a depolarizing pulse. This is
consistent with the finding that the membrane of nonspiking
interneurons is not in a passive state at resting potential (Laurent, 1990). This current was partially blocked by TEA applied
extracellularly at concentrations of 5- 10 mM. Its apparent sensitivity to 4-AP was possibly artifactual, because the current
reduction measured at the end of 150-msec-long pulses may in
fact only have represented the slowly inactivating component
of the transient current (see above). On the other hand, K+
channels sensitive to both TEA and 4-AP have been described
in mammalian cells (Ypey and Clapham, 1984; Hoshi and Aldrich, 1988). The late component of the outward current thus
appears similar to the delayed-rectifier current (Hodgkin and
Huxley, 1952), named Z, or ZKDin Drosophila neuron or muscle
(Sole and Aldrich, 1988; Singh and Wu, 1989). It is thus proposed that both A-type and delayed-rectifier potassium channels
are present in the neuropilar membrane of nonspiking local
interneurons.
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