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In an attempt to categorize the various early transient K+ 
currents (A-type K+ currents) present in mature neurons, we 
have explored these currents in the identified neurons in the 
abdominal ganglion of the mollusk, Ap/ysia californica. Three 
distinct types of A-type K+ currents (I,,,, I,,,, and I,,,,,) 
were found. The activation and the steady-state inactivation 
properties of two of these currents, La, and I,,,,,, were sim- 
ilar to conventional A-type K+ currents. By contrast, those 
of the third current, I,,,,,, were shifted to more depolarized 
potentials. Whereas the decay time constants of g,, were 
voltage dependent, those of /,,,,, and I,,,,, were almost volt- 
age independent. The recovery from inactivation of I,,,, and 
I AS,orr was much faster than that of I,,,,,. In addition, I,,,.,, 
was more sensitive to 4-aminopyridine (4-AP) than other 
currents and was almost completely blocked by 1 mM 4-AP. 
All the currents were depressed by forskolin or 1 ,Q-dideoxy- 
forskolin, but not by CAMP analogs. None of these currents 
were blocked by external tetraethylammonium (50 mM). These 
results indicate that there are at least three subtypes of 
A-type K+ currents in the Ap/ysia CNS. Of these, two cur- 
rents, L,,,, and L,,,, are conventional A-type K+ currents, 
whereas the third current, /,,,,,, is a novel early transient K+ 
current. 

The early transient K+ channels (A-type K+ channels) are voltage 
dependent ion channels that are found in a variety of inverte- 
brate and vertebrate nerve and muscle cells (for review, see 
Rogawski, 1985; Rudy, 1988). Typically, A-type K+ channels 
are inactivated at the resting membrane potential but activate 
at subthreshold potentials following a hyperpolarization that 
removes the inactivation. As a result of these properties, the 
A-type K+ channels are thought to activate following a postspike 
hyperpolarization and to regulate spike frequency by delaying 
the next spike in a train (Connor and Stevens, 197 lb). However, 
in rat superior cervical ganglion cells, A-type K+ channels are 
not inactivated at the resting potential; here they also seem to 
help repolarize the action potential and contribute to its shape 
(Belluzzi et al., 1985). As a result, in certain neurons of Dro- 
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sophila and Aplysia, A-type K+ channels can influence trans- 
mitter release by altering the shape of action potential (Jan et 
al., 1977; Salkoff and Wyman, 1981; Tanouye et al., 1981; Shi- 
mahara, 1983). 

The existence of large variations in the properties of A-type 
K+ channels in different cells suggests that there must be several 
types ofA-type K+ channels (Rudy, 1988). Indeed, several cDNAs 
encoding kinetically different A-type K+ channels have been 
cloned from the Drosophila Shaker locus (Iverson et al., 1988; 
Timpe et al., 1988). Moreover, in Drosophila neurons there are 
additional A-type K+ channels that are not affected by mutations 
in the Shaker locus, indicating that still other genes encode for 
A-type K+ channels (Sole et al., 1987; Baker and Salkoff, 1990). 
These genetically different channels have different gating char- 
acteristics. The voltage-dependent gating of non-Shaker A-type 
K+ channels is similar to conventional A-type K+ channels in 
being inactivated near the resting level, whereas the voltage 
dependence of Shaker A-type K+ channels is shifted to more 
depolarized potentials (Sole et al., 1987; Baker and Salkoff, 1990). 
Despite the variety of A-type K+ channels, there are few sys- 
tematic studies relating specific kinetics of different A-type K+ 
channels to identifiably different cells (Premack et al., 1989; 
Serrano and Getting, 1989), a necessary prerequisite for studying 
the roles of A-type K+ channels in cellular function and in be- 
havior. 

As a first step to elucidate the specific physiological functions 
of the various A-type K+ channels in cell excitability and syn- 
aptic transmission, we have carried out in parallel a molecular 
cloning study of Aplysia K+ channels (Pfaffinger et al., 1991; 
Zhao and Kandel, 199 1) and a characterization of the early K+ 
currents in the identified neurons of Aplysia. We here distin- 
guished three types of early transient K+ current and describe 
their properties. Two of these are comparable to conventional 
A-type K+ currents. These two can be distinguished from one 
another by their different kinetic rates. A fast A-type K+ current 
is found in some cells [e.g., the left upper quadrant (LUQ) cells], 
and a slow A-type K+ current is found in other cells [e.g., the 
right upper quadrant (RUQ) cells]. In still other neurons (e.g., 
R2 and R15), a third type of transient K+ current is found to 
coexist with conventional A-type K+ currents. This third current 
shows several novel features that distinguish it from conven- 
tional A-type K+ currents. 

Materials and Methods 
Aplysiu culijbrnicu (l-20 gm or 40-l 50 gm) were anesthetized by the 
injection of isotonic MgCl,. The ganglia were then dissected out of the 
animal and treated with 1% protease (Sigma, type IX) for up to 90 min 
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Figure I. Membrane currents of LUQ 
(A) and RUQ (B) cells in ASW. Al and 
BI, The currents of axotomized LUQ 
(AI) and RUQ cells @I) in response to 
depolarizing steps from - 35 mV to - 5 
mV in 10 mV increments following a 
500 msec prepulse to - 100 mV. A2 and 
B2, The currents of axotomized LUQ 
(A2) and RUQ (B2) in response to the 
same depolarizing steps following a brief 
(2 msec) hyperpolarization to - 100 mV. 
Upper traces in AI and A2 show pulse 
protocols. The holding potential was 
- 50 mV, the duration of the command 
pulse was 100 msec. Command pulses 
were applied every 10 sec. 

Al 

-5 mV 

Bl 

RUQ 

F 

to loosen the connective tissue. The connective capsule covering the 
ganglion was then removed using fine forceps and microscissors. The 
ganglion was usually incubated in L- 15 medium (Flow Laboratories, 
McLean. VA) for 24-48 hr at 18°C before the exneriment. The salt 
content of the L 15 medium was adjusted to the osmolarity of marine 
invertebrates. There was no difference in the results between the cultured 
preparation and the acutely dissected preparation. Unless otherwise 
noted, the results are expressed as mean f  SD. All experiments were 
carried out at room temperature (24-27°C). 

The preparation was pinned to the bottom of an experimental cham- 
ber with a volume of about 3 ml. The preparation was continuously 
perfused with the artificial seawater (ASW) or Tris artificial seawater 
(Tris-ASW). The composition of ASW was as follows (in mM): 460 
NaCl, 10 KCl, 55 MgCl,, 11 CaCl,, 10 HEPES (PH was titrated to 7.6 
with NaOH). The Tris-ASW was an Na+- and C&+-free solution of the 
following composition (in mM): 460 tris(hydroxymethyl)aminomethane 
(Tris), 10 KCl, 66 MgCl,, 10 HEPES (pH was titrated to 7.6 with HCl). 
In some experiments the K+ concentration ofthe Tris-ASW was changed 
by replacing Tris with KCl. Most recordings were carried out in Tris- 
ASW to block Na+ and Ca*+ currents, which also reduced the non- 
clamped axonal currents. Some experiments were made in ASW using 
the axotomized preparation to confirm that the present results were not 
due to the use of the Tris-ASW. The axotomy was done by an undercut 
using microscissors. 

The cells were voltage clamped by a conventional two-microelectrode 
method as described previously (Pfaffinger et al., 1991). All the data 
were acquired and analyzed using an IBM PC-AT-compatible computer 
and the BASIC-FASTLAB system (Indec Systems, Inc., Sunnyvale, CA). 
Permanent records were produced using a X-Y plotter (model 7470A, 
Hewlett Packard, San Diego, CA). 

The following drugs were used: 4-aminopyridine (4-AP), tetraethyl- 
ammonium bromide (TEA), forskolin, li%dideoxy-forskolin, 8-(4- 
chloronhenvlthio)-adenosine 3’S’-cvclic mononhosnhate 18(4CPT)- 
cAMPj. 1,9&dedxy-forskolin was ob$ined from-Calbfiochem. All other 
drugs were obtained from Sigma. Forskolin and 1,9-dideoxy-forskolin 
were dissolved in ethanol or dimethyl sulfoxide (DMSO) as 10 mM or 
100 mM stock solutions, and diluted in the Tris-ASW immediately 
before use. Other drugs were dissolved in the Tris-ASW just before each 
experiment. The drugs were usually applied by bath perfusion. 1,9- 
Dideoxy-forskolin dissolved either in ethanol or in DMSO precipitated 
easily when it was mixed with the Tris-ASW. Because of this difficulty, 
we introduced a small aliquot of 100 mM 1,9-dideoxy-forskolin dis- 
solved in DMSO directly to the recording chamber (the final concen- 
tration of DMSO was less than II, which had no effect on currents). 
Because of the precipitation, the exact concentration of the drug was 
not known. 

A2 
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Results 
Two distinct transient outward currents in the LUQ and the 
R UQ cells 
When the membrane potential of an axotomized LUQ cell was 
stepped to potentials more positive than -50 mV, after a hy- 
perpolarizing prep&e to - 100 mV, a prominent fast transient 
outward current was seen following a brief inward current (Fig. 
1AZ). The fast transient outward current rose rapidly to a peak 
and then decayed within l&20 msec. After a slight delay, other 
outward currents also activated during the command pulse. The 
late outward currents are probably composed of both voltage- 
dependent delayed K+ currents and Ca2+-activated K+ currents. 
The fast transient outward current was not seen when the de- 
polarizing pulse was applied directly from the holding potential 
of -50 mV or following a hyperpolarizing step of only a few 
milliseconds in duration (Fig. lA2). 

The same pulse protocol illustrated in Figure 1Al produced 
quite different currents in the axotomized RUQ cells (Fig. 1BI). 
The fast transient outward current seen in LUQ cells was not 
found in RUQ cells. Rather, following the inward current, a 
slower transient current was seen that overlapped with the ac- 
tivation of other delayed outward currents. This slow transient 
outward current was also not seen unless a hyperpolarizing pre- 
pulse of a sufficient duration was applied (Fig. lB2). From these 
results, it would seem that the LUQ and RUQ cells possess 
kinetically different A-type K+ currents. We abbreviate the faster 
transient outward current as ZAfas, and the slower one as ZAslow. 

Isolation of I,,,, and IAslow. and their ionic mechanisms 

Because both ZAfas, and ZAslow inactivate completely at the holding 
potential of -50 mV, it was possible to isolate these currents 
by subtracting the currents obtained without a hyperpolarizing 
prepulse. To eliminate interfering Na+ and Ca*+ currents, the 
measurements were carried out in Tris-ASW (see Materials and 
Methods). Figure 2, Al and BI, shows the families of membrane 
currents in LUQ and RUQ cells recorded in Tris-ASW. ZAfast 
and Low can now be seen clearly because the Ca*+-activated K+ 
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current as well as Na+ and Ca2+ currents are blocked. These 
results also suggest that both transient currents do not depend 
on Caz+ influx. Both Z AraEt and Low disappeared completely if 
the hyperpolarizing prepulse was omitted (Fig. 2A2JI2). The 
remaining currents in LUQ and RUQ cells appear different due 
to the presence of another transient component, which also does 
not inactivate at the holding potential of - 50 mV in LUQ cells 
(see the current at -5 mV in Fig. 2A2). This other transient 
current will be described separately below. ZAe, and ZAslow were 
isolated by subtracting the currents obtained without the pre- 
pulse from the ones obtained with the prepulse (Fig. 2,43,B3). 
Both Z,trast and ZAslow activated in a voltage-dependent manner 
with a threshold of around - 50 mV. ZAraJt reached its peak within 
2-6 msec depending on the voltage, whereas ZAslow took 5-20 
msec to reach its peak. 

The inactivation of ZArast was virtually complete with a few 
tens of milliseconds (Fig. 2A3). There remained, however, some 
currents that did not inactivate even when the longer command 

Figure 2. Membrane currents of LUQ 
(A) and RUQ (B) cells in Tris-ASWI 
The holdina ootential was - 50 mV: the 
duration of%e command pulse was’100 
msec. Command pulses were applied 
every 10 sec. The currents in response 
tostepsfrom-35mVto-5mVinlO 
mV increments are shown. AI and Bl, 
The currents elicited by the command 
pulses following a 500 msec prepulse to 
-100 mV. A2 and B2, The currents 
obtained by the command pulses fol- 
lowing 2 msec hyperpolarization to 
- 100 mV. A3 and B3, The difference 
currents obtained by subtracting the 
currents in A2 (or g2). from those in 
AI for BI). C. The activation and the 
steady-state inactivation of IATaa, 
(squares, circles) and IA- (triangles, di- 
amonds). The methods for obtaining 
these curves are described in Results. 
The smooth lines are the Boltzmann 
functions of the form Z = 1 /( 1 + exp(( V,,, 
- VJlk)). The midpoints (V,) and the 
slope factors (k) are, respectively, as fol- 
lows (in mv): -22.5 and -8.0 (squares), 
-27.7 and -8.4 (triangles), -68.4 and 
5.1 (circles), -72.0 and 5.3 (diamonds). 

pulse (up to 1 set) was used (not shown). Although we cannot 
exclude the possibility that some components of ZAfast do not 
inactivate completely, we believe that most of the remaining 
current is probably due to the incomplete subtraction of another 
current that partially inactivates at - 50 mV. Several arguments 
favor this idea. (1) The decay of the current at - 10 or - 5 mV 
frequently showed an abrupt transition between the fast and 
slowly decaying components. (2) The ratio of the slowly decaying 
component to the fast one was variable from cell to cell; at - 10 
mV it ranged from 0.05 to 0.40. (3) Externally applied forskolin 
(see below) selectively depressed the fast component without 
affecting the slow component. Because the inactivation of ZAslow 
was slow compared to that of ZAfas,, the current continued to 
decrease throughout the 100 msec command pulse (Fig. 2B3). 
However, when a sufficiently long pulse (e.g., 1 set) was used, 
complete inactivation of ZAslow was obtained. 

The reversal potentials of ZArast and ZAslow in the Tris-ASW, 
obtained by measurement of the tail current reversal, were - 89.0 
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A2 

Figure 3. Time-dependent inactiva- 
tion of IAfas, and I-w. AI, IAfaS, in re- 
sponse to the indicated steps following 
a 500 msec prepulse to - 100 mV. Im- 
posed lines are exponential functions of 
the form I(t) = a,exp(-t/r,) + a,exp(--tl 
73 + c. The time constants (T, or 7, and 
7J are as follows (in msec): 17.3 (-35 
mv); 10.8 (-25 mv); 5.8 and 153.0 
(- 15 mv). A2, The relationship he- 
tween 7, and membrane potential. Cir- 
cles are mean values and bars indicate 
SD of the mean (n = 10). BI, I,,, in 
response to the indicated steps follow- 
ing a 1 set prepulse to - 100 mV. Im- 
posed lines are single exponentials. The 
time constants are as follows (in msec): 
65.4 (-35 mv); 50.8 (-25 mv); 49.0 
(15 mv). B2, The relationship between 
the time constant and the membrane 
potential. Circles are mean values and 
bars indicate SD of the mean (n = 6). 
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-15mV 
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Bl 
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-15 mV 

-25 mV 

-35 mV 

+ 7.6 mV (n = 4) and -96.7 f 2.3 mV (n = 6), respectively. 
When the external K+ concentration was increased lo-fold, the 
reversal potentials of ZAran and Z,,, became - 32.8 + 4.5 mV 
(n = 3) and -40.0 1 3.5 mV (n = 3), respectively. These changes 
of the reversal potentials are almost exactly those predicted from 
the K+ Nemst equation. Although we have not yet tested the 
permeability ratio of Na+ to K+, it would be safe to say that 
both ZArart and ZASloW are K+ currents. 

The activation and the steady-state inactivation of I,,,, and 
I ASlOW 
The activation of both ZAfast and ZASloW were examined by con- 
structing peak conductance versus voltage curves (Fig. 2C). The 
peak conductance was calculated by dividing the peak current, 
measured at each potential, with the driving force (mean reversal 
potentials described above were used to calculate the driving 
force). The relation between the resulting conductances (G,) and 
the voltages (V,,,) was fit to a Boltzmann function of the form 
G, = G,,,/(l + exp((T/, - K&k)), to estimate the maximum 
conductance (G,,,,). The midpoint of the curve (u,J is the po- 
tential where G, becomes half of G,,, and the slope factor of 
the curve is k. The estimated G,,,, was used to normalize the 
conductances, and the normalized values were then plotted 
against the voltages as shown in Figure 2C. The midpoint and 
the slope of the Boltzmann function for ZAfast in the LUQ cells 
were -23.6 + 2.0 mVand -8.2 + 0.7 mV(n = 1 l), respectively, 
for Low in the RUQ cells they were -27.8 f 2.1 mV and -8.4 
f 0.4 mV (n = 8), respectively. 

To examine the steady-state inactivation of Z,,, and ZASloW, 
the peak current was measured at -20 mV after varying a 500 
msec prepulse (or a 1 set prepulse in the case of RUQ cells) in 
10 mV increments from - 110 to - 30 mV. The measured cur- 
rents were normalized to the value obtained with a prepulse to 

01 
-40 -30 -20 -10 

Membrane Potential (mV) 

82 

-40 -30 -20 -10 

Membrane Potential (mV) 

- 110 mV and then plotted against the prepulse voltages (Fig. 
2C). The resulting steady-state inactivation curve could be ap- 
proximated by a Boltzmann function. The midpoint and the 
slope were, respectively, -69.7 +- 4.1 mV and 5.7 + 0.8 mV 
for Last in the LUQ cells (n = 15) and -73.2 f 2.2 mV and 
4.7 f 0.4 mV for ZASloW in the RUQ cells (n = 7). 

Time-dependent inactivation of I,,,, and I,,,,, 

The decay of both ZAfaa and ZASloW were fit with exponential func- 
tions. Figure 3, AI and BI, shows families of ZAfaast and Zh,OW with 
superimposed exponentials. For both ZAraS, and Z,,,,, the time- 
dependent inactivation could be well fit with a single exponential 
function except for ZAfes, at potentials more positive than -20 
mV, where a second exponential was needed to fit the slower 
decay rate. The time constants obtained by this fitting are plotted 
against the voltages in Figure 3, A2 and B2. Because the slow 
component of ZAfaSt may be a contaminant as described above, 
the slower time constants are not included in this article. The 
time constant for the decay of ZAfaS, was voltage dependent, rang- 
ing from about 20 msec at - 35 mV to 5 msec at - 15 mV. On 
the contrary, the time constant for the decay of ZnSIW was es- 
sentially voltage independent, having the value of 50-60 msec. 

The onset of and the recovery from the inactivation of I,,,, and 
I AdOW 
The time course for the onset of the inactivation at more neg- 
ative potentials was examined using a double-pulse protocol. 
Figure 4 shows an example of one such experiment for Z,,, in 
an LUQ cell. To measure the onset of inactivation, the test 
pulses to -20 mV were applied following progressively longer 
depolarized conditioning pulses to -50 mV (see the inset of 
Fig. 4AI). The longer the duration of the conditioning pulse, 
the smaller ZAfaSt became (Fig. 4AZ). The peak currents during 
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Figure 4. The onset of and the recovery from the inactivation of IA&,. Al, IAr, elicited by a 20 msec test pulse to -20 mV following conditioning 
pulses to -50 mV of variable duration (from 0 msec to 90 msec in 10 msec increments). The inset shows the pulse protocol. Before the conditioning 
pulse, the membrane potential was held at - 110 mV for 500 msec to remove the inactivation of IAT-,. A2, The onset of the inactivation at -50 
mV. Circles are the peak I,,, normalized to the value obtained without the conditioning pulse (I.,), plotted against the duration of the pulse. The 
smooth line is a single exponential of the form Z,, = St + (1 - St)exp(-t/r). The time constant (7) is 28.7 m&c, and the steady-state value (St) is 
0.066. Bl. I,,.. elicited bv a 20 msec test nulse to -20 mV followina conditionina nulses to - 130 mV of variable duration (from 0 msec to 78 I.._n. 
msec in 6 msec incremenis). The inset shows the pulse protocol. Before the pulse To- - 130 mV, the membrane potential was held at - 50 mV to 
inactivate I,,,. B2, The recovery from inactivation at - 130 mV. Circles are the peak ZArS, normalized to the value obtained following a conditioning 
pulse of 500 msec duration (In*), plotted against the duration of the pulse. The smooth line is a single exponential of the form Zmz = St (1 - exp(-(t 
- d/r)). r is 19.0 msec, St is 1.0, and a delay (d) is 1.8 msec. 

the test pulse were normalized to the peak current obtained 
without a conditioning pulse, and plotted against the duration 
of the pulse (Fig. 4A2). The time course of the onset of inacti- 
vation converged to a steady-state inactivation along a single 
exponential function. 

The recovery from inactivation was obtained using a similar 
pulse protocol except the cell was held at -50 mV, a potential 
at which both ZAfast and ZAsloW inactivate completely, and pro- 
gressively longer hyperpolarizing conditioning pulses were ap- 
plied to remove inactivation. Figure 4B1 shows the progressive 
recovery of ZAfas, by increasing the duration of a conditioning 
pulse to - 130 mV. The currents were normalized to the one 
obtained after a 500 msec conditioning pulse to - 130 mV and 
then plotted against the duration of the pulse (Fig. 4B2). The 
time course of the recovery was also approximated by a single 
exponential function, but a delay was required to better fit the 
early phase of the recovery. The delay was voltage dependent 
and became longer with more depolarized conditioning pulses. 
In the case of ZAlast, the delay was 0.8-4 msec for conditioning 
voltages ranging from - 130 to -70 mV. The delay was 1.5- 
25 msec in ZAsloW, in the same voltage range. 

Figure 5 illustrates the time constants for onset and recovery 
from inactivation obtained by the double-pulse experiments as 
well as the steady-state values of inactivation plotted as a func- 
tion of the conditioning voltages. In both ZAfas, and IAlloW, the 
time constants were voltage dependent with the largest values 

around -70 mV. At -70 mV, it was possible to obtain both 
the onset of and the recovery from inactivation. In the case of 
Z As,oW, both time constants obtained at -70 mV were similar 
(Fig. 5BI). However, in the case of ZAfas,, the time constant 
obtained from the onset of the inactivation was much faster 
than that obtained from the recovery (Fig. 5AZ). The smooth 
lines in Figure 5, A2 and B2, are the Boltzmann functions using 
the midpoints and the slope factors obtained by the measure- 
ments shown in Figure 2. The steady-state inactivation of ZAsloW 
measured in these experiments coincided well with the Boltz- 
mann function measured previously (Fig. 5B2), while the values 
for Las, deviated slightly from the Boltzmann function except 
at the most hyperpolarized voltages (Fig. 5A2). 

A novel transient K+ current activates at more positive voltages 
In neuron R2, a shoulder was observed during the decaying 
phase of Last when depolarizing command pulses following a 
prepulse to - 100 mV were applied with a relatively long in- 
terpulse interval (> 10 set) from a hyperpolarized holding po- 
tential such as -80 mV (Fig. 6AI). This result suggests the 
existence of another transient outward current. This current 
seems to require a relatively long hyperpolarization to remove 
inactivation of the current. Because ZAfast is completely inacti- 
vated by a prepulse to -50 mV as described above, the effect 
of a 1 set prepulse to -50 mV was examined. As shown in 
Figure 6A2, using such pulse protocol a transient outward cur- 
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Figure 5. Voltage dependence of the inactivation of ZAfa., 
inactivation of ZAfast, 

(A) and ZA.,Ov (B). Al, The time constants (7) for the onset of and the recovery from the 
plotted against membrane potential. Circles, mean 7 obtained from the onset of the inactivation; squares, mean 7 obtained 

from the recovery from inactivation. Bars indicate SD of the mean; n = 8 for each point, except for -80 mV, where the n = 6. A2, The estimated 
steady-state inactivation of Z-, obtained by the fitting shown in Figure 4, plotted against membrane potential. The smooth line is the Boltzmann 
function having a midpoint of -69.7 mV and a slope factor of 5.7 mV. The data are means obtained from the experiments in Figure 2. Circles, 
mean steady-state inactivation obtained from the onset of inactivation; squares, mean steady-state inactivation obtained from the recovery from 
inactivation. Bars indicate SD of the mean. BI, 7 for the onset of and the recovery from inactivation of ZAslow, plotted against membrane potential. 
The symbols are the same as in Al. Circles, n = 7; squares, II = 6. B2, The estimated steady-state inactivation of ZAs,, obtained by the fitting (as 
described above for IAh,) plotted against membrane potential. The smooth line is the Boltzmann function having a midpoint of -73.2 mV and a 
slope factor of 4.7 mV. The data are means obtained from the experiments as shown in Figure 2. The symbols are the same as in A2. 

rent having different activation and inactivation rates from those 
of Last and L,w became clearly evident. We call this transient 
outward current ZAdcpo, because it displays A-type K+ current 
gating at more depolarized voltages. 

Because TEA blocks several types of K+ currents, including 
delayed K+ currents in Aplysia neurons (Hermann and Gor- 
man, 198 l), we tested whether TEA could separate ZAdepo, from 
delayed outward currents. ZAfa., was inactivated by using a pre- 
pulse to -50 mV. Without TEA, a prominent ZAdeP, was seen 
as well as delayed outward currents in R2 (Fig. 6BZ); in R15 
Z AdeP, was less prominent because of the relatively large delayed 
outward currents (Fig. 6B2). In both neurons total outward 
current was greatly reduced by 50 mM TEA, especially at the 
end of pulses, but ZAdepo, was not much reduced in either R2 or 
in R15. The resulting TEA-insensitive currents in R15 were 
very similar to those in R2 and showed apparent inactivation. 
Time-dependent inactivation observed in the presence of TEA 
is not due to the time-dependent block by TEA. At voltages less 
positive than 0 mV, where delayed outward currents were not 
well developed, 50 mM TEA had little effect on membrane cur- 
rents. Also, TEA-insensitive transient currents as shown in Fig- 
ure 6B were never observed. in other cells that do not have an 
early transient component superimposed on the delayed out- 
ward currents. However, we could not rule out a subtle modi- 
fication of the inactivation kinetics by TEA. Nevertheless, these 
results suggest that ZAaepo, is relatively insensitive to external TEA 

and that R15 also possesses ZAdepo,, although it is not clearly 
evident in the absence of TEA. Following TEA treatment, a 
sizable ZAdepo, was also revealed in the LUQ cells (not shown). 

In the Tris-ASW containing 50 mM TEA and 10 mM K+, the 
tail current of ZAdepo, measured from the peak of activation was 
reversed at -55.5 f 2.8 mV in R2 (n = 6), or at -52.9 + 6.4 
mV in R15 (n = 5). When [K’],,, was increased 10 times, the 
reversal potential was shifted to -25.5 + 3.9 mV in R2 (n = 
3) and -26.1 f 7.1 mV in R15 (n = 4). These results suggest 
that Ldwl is mainly but not exclusively carried by K+; however, 
the apparent reduced selectivity to K+ of ZAdew,, compared to 
ZArast and Low, may be due to incomplete isolation of ZAdew, from 
other currents. 

Isolation of IAdePO, from currents insensitive to 50 m,u TEA 

As evident in Figure 6B, there are still noninactivating com- 
ponents of membrane current in R2 and R15, even in the pres- 
ence of 50 mM TEA. Such components could be separated from 
Z Adqm, as shown in Figure 7. In the Tris-ASW containing 50 mM 
TEA, Lepo, as well as the remaining outward currents were 
obtained in response to command pulses following a 1 set pre- 
pulse to -50 mV (Fig. 7AZ). ZAdcpo, could be inactivated com- 
pletely by a 2 set prepulse to -20 mV (Fig. 7A2). Figure 7A3 
shows difference currents obtained by subtraction of the currents 
in Figure 7A2 from those in Figure 7AZ, indicating that this 
subtraction method works quite well to isolate IA+,,. ZAdeP, iso- 
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lated by this method showed voltage-dependent activation, 
reaching its peak within 4-20 msec, depending on the voltage. 
In contrast, the time-dependent inactivation of ZAdeW, was almost 
independent of membrane potential (see below). 

Activation and Znactivation of IAdew, 

Figure 7B illustrates activation and inactivation of IAd+,, in R2. 
Peak conductances were calculated using a mean reversal po- 
tential of - 5 5.5 mV. The peak conductancevoltage curve could 
be well fit to the Boltzmann equation (Fig. 7B3, squares). V, 
and k were, respectively, - 15.6 + 2.6 mV and -6.4 + 0.4 mV 
in R2 (n = 7) and -12.0 + 3.4 mV and -7.5 Ifr 0.7 mV in 
R15 (n = 8). 

The steady-state inactivation of IAd+,, was measured using a 
two-pulse method. Inactivation of Z,,,,, was rather complex 
and dependent on the duration of conditioning pulse. To obtain 
a quasi steady-state inactivation curve, we empirically set the 
duration of conditioning pulse to 2 set, because this duration 
was enough to inactivate ZAdcW, completely at -20 mV. Figure 

Figure 6. A, Outward currents of R2 
recorded in Tris-ASW. Holding poten- 
tial was -80 mV. Command pulses of 
200 msec duration, from -35 mV to 
-5 mV in 5 mV increments, were ap- 
plied every 20 see following a 1 set pre- 
pulse to - 100 mV (AI) or -50 mV 
(AZ). B, Effect of 50 mM TEA on out- 
ward currents in R2 (III) and R 15 (B2). 
Depolarizing steps to indicated volt- 
ages were applied every 20 set follow- 
ing a 1 set prepulse to -50 mV. Hold- 
ing potential was -80 mV. 

7B2 shows ZAdeW, at - 10 mV following conditioning pulses to 
several voltages (20 msec gap was inserted between conditioning 
pulse and test pulse). Normalized ZAdcpo, was plotted against con- 
ditioning voltage and fitted to the Boltzmann equation (Fig. 7B3, 
circles). V;, and k were, respectively, -38.1 + 1.6 mV and 3.2 
+ 0.3 mV in R2 (n = 7) and -30.9 + 3.9 mV and 4.1 + 0.3 
mV in R15 (n = 7). Although slope factors for both activation 
and inactivation were similar between R2 and R15, K, for ac- 
tivation and inactivation curves of ZAdep, in R 15 were consis- 
tently more depolarized than those in R2. 

Time-dependent inactivation of IAdCp, 

Time-dependent inactivation of Z,,,,, observed in response to 
a depolarizing step was well fit to double exponentials, except 
at membrane potentials less than 0 mV, at which a single ex- 
ponential was usually enough to describe the current decay. 
Figure 8A shows ZAdepo, in R 15 with imposed exponentials, and 
fast and slow time constants of exponentials (7r.St and T~,~,J are 
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Figure 7. Isolation of I,,,,, (A) and its 
activation and inactivation (B). Al, 
Outward currents recorded in the Tris- 
ASW containing 50 mM TEA. Com- 
mand pulses weie applied every 20 set 
following a 1 set prepulse to -50 mV. 
Holding potential was -80 mV. The 
pulse protocol is illustrated in the lower 
lef and the membrane currents ob- 
tained between the urrows are shown. 
A2, Outward currents recorded in the 
Tris-ASW containing 50 mM TEA by 
the pulse protocol as shown in the lower 
right. The membrane currents obtained 
between the arrows are shown. A$ Dif- 
ference currents obtained by subtract- 
ing currents in A2 from currents in Al. 
Bl, L, isolated by the method shown 
in A. B2, I,,,, at - 10 mV following a 
2 set prepulse to indicated voltages. No 
subtraction was performed. B3, Acti- 
vation (squares) and quasi steady-state 
inactivation (circles) of 1-. Each point 
and imposed curves were obtained as 
described in Results. V, and k for ac- 
tivation and inactivation are indicated 
near each curve. Cells: R15 (AI-A3), 
R2 (BLB3). 
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plotted against membrane potential in Figure 8B. Beyond 0 mV 
(i.e., near or at full activation), 7r,1 was fairly constant (about 
20 msec), with a slight tendency to become longer at more 
depolarized potential (Fig. 8B, circles). In contrast, 7s,0W was at 
a minimum at 20 mV and became longer at both more depo- 
larized and more hyperpolarized potentials (Fig. 8B, squares). 
Although the ratio of the fast component to the slow one became 
smaller with membrane depolarization, more than 80% of Z,,,,, 
inactivated with rfaa, in the voltage range from -20 to 50 mV. 
Similar results were obtained for ZAdeP, in R2, although inacti- 
vation of ZAdW, in R2 was slightly faster than that in RI5 (rfar, 
and 7slow of Lwl in R2 were 5-10 msec and 100-150 msec 
shorter, respectively). T~,,~ may reflect the slow inactivation of 
Z Adep, (see ~10~)~ or L,, isolated by our method may be still 
contaminated by other currents. A peculiar voltage dependency 
of ~SIOW could bc easily explained if ZAdeP, is contaminated es- 
pecially at depolarized potentials. 

looIIi2wnA 
-60 - 40 - 20 0 20 

Recovery from inactivation of IAdepd 

Recovery from inactivation was examined by separating two 
200 msec pulses to 0 mV by a variable interpulse interval at 
- 50 mV. The holding potential was also set to - 50 mV in this 
experiment. The peak ZAdepo, in response to a second pulse was 
normalized to the one in response to a first pulse, and the nor- 
malized current was plotted against the interpulse interval (Fig. 
8C). Recovery time course at - 50 mV was well described by a 
double exponential function. The two time constants were, re- 
spectively, 0.65 + 0.16 set and 20.1 + 3.9 set in R15 (n = 3) 
and 1.02 + 0.2 set and 20.4 f 2.1 set in R2 (n = 3). Most of 
the Z *,+, (about 80%) recovered within 2-3 set, but full recovery 
required more than 1 min. To ensure full recovery, every in- 
dividual trial was separated by more than 2 min. Owing to slow 
recovery as well as the existence of IAfar,, the recovery at other 
potentials was not examined. 
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Eflects of 4-AP and forskolin on the three A-type K+ currents 
To obtain a pharmacological characterization of the three A-type 
K+ currents, we examined the effects of 4-AP and forskolin. 
4-AP at 5 mM depressed about 40-60% of the peak ZAfaS, and 
Z AS,o,,, (n = 2). The depression produced by 4-AP in Z,,, and 
Z Ar,ouv was increased when the membrane was kept hyperpolar- 
ized for a long period of time before applying the test pulse. 
The faster component of the decay of ZAraS, became slightly more 
rapid, and the time to peak was also slightly decreased (Fig. 
9AI). In the presence of 4-AP, ZASlow decayed more slowly (Fig. 
9A2), and in some cases the current at the end of the pulse was 
increased. By contrast, ZAdcpo, was almost completely blocked by 
1 mM 4-AP (Fig. 9A3; n = 6). At this concentration, either ZAraJ, 
or Low was not depressed at all. 

Forskolin is a well known activator of adenylate cyclase, but 
there are reports that externally applied forskolin can depress 
A-type K+ currents independent of an increase in intracellular 

40 

Figure 8. Inactivation of I,,,,,. A, 
I Adepo, of R 15 in response to depolariz- 
ing steps to indicated voltages. I,,,, 
was isolated as described in Figure 7. 
Smooth lines imposed on each current 
trace are double exponentials. The time 
constants (Tag%, and T,,~,J are, respective- 
ly, as follows (in msec): 30.2 and 21032 
(-10 mv); 27.3 and 179.8 (10 mv); 
30.3 and 250.5 (30 mv); 32.7 and 305.8 
(50 mv). B, 7yp,t (circles) and rsloW 
(squares) plotted against membrane po- 
tential. Each point is a mean of four to 
six experiments, and bars indicate SD. 
7s,ow at - 10 mV is not shown because 
at this potential current decay was well 
described by a sinele exnonential in most 
experiments. At L-20 mV, current de- 
cay was always fit adequately by a single 
exponential. C, Recoverv from inacti- 
vation. Two tandem pulses of 200 msec 
to 0 mV were applied with variable in- 
terpulse intervals. Holding potential was 
-50 mV. Every trial was separated at 
least 2 min. No subtraction was per- 
formed in this experiment. Thus, the 
current level in response to a second 
pulse with the shortest interval (1 msec) 
was assigned to 0 to measure ZAdcpol: 
I Adm, at a second nulse was normalized 
to L4deQo, at a firsi nulse, and the nor- 
malized current was plotted against the 
interpulse interval. The smooth line is 
a double exponential having two time 
constants of 0.523 and 22.3 sec. The 
inset shows the actual currents obtained 
with intervals as indicated. Cell, R15. 

CAMP (Coombs and Thompson, 1987; Harris-Warrick, 1989; 
Baxter and Byrne, 1990). Forskolin reversibly depressed the 
peak of ZAfaSt by about 25% (Fig. 9B1; n = 3). The slowly decaying 
current at the end of the pulse was not affected by forskolin, 
suggesting that this current is different from ZAra,. Forskolin 
decreased the peak ZASlow by about 359/o and made the decay of 
the current double exponential (Fig. 9B2; n = 3). The decay 
time constant of ZASlow at -15 mV was 77.1 + 21.5 msec in 
control, while ZASlow decayed with fast and slow time constants 
of 10.4 f 1.4 and 386 + 102.1 msec, respectively, in the pres- 
ence of forskolin. Forskolin changed the decay time constants 
to the extent that the current late in the pulse was increased 
rather than decreased. Forskolin depressed about 60% of the 
peak of L,, and made the initial decay of the current faster 
(n = 2). In the experiment shown in Figure 9B3, TV,,, in control 
and in forskolin were 21.4 msec and 9.8 msec, respectively. 
Thus, the effect of forskolin on ZAdepo, was somewhat similar to 
the effect on ZAslow. 
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Figure 9. Effect of 4-AP (A) and forskolin (B) on IAfar,, I,,,,, and Z,,,,,. The currents were isolated as described in Figures 2 and 7. Al, Z,,, 
elicited by a 100 msec step to - 15 mV following a 500 msec prepulse to - 100 mV, in the absence or the presence of 5 mM 4-AP. Imposed lines 
are double exponentials. Two time constants in control and in 5 mM 4-AP are 9 and 16 1 msec and 7.2 and 285 msec, respectively. A2, ZM, elicited 
by a 200 msec step to - 15 mV from the holding potential of -90 mV in the absence or the presence of 5 mM 4-AP. Imposed lines are single 
exponentials. The time constants in control and in 5 mM 4-AP are 58.8 msec and 89.4 msec, respectively. A3, ZAdcpo, elicited by a 200 msec step 
to 5 mV in the absence or presence of 1 mM 4-AP. Cell, R2. BI, ZAfps, elicited by a 100 msec step to - 15 mV following a 500 msec prepulse to - 100 
mV, in the absence or the presence of 100 PM forskolin. Imposed lines are double exponentials. Two time constants for inactivation in control and 
in 100 PM forskolin are 5.3 and 225.3 msec and 4.9 and 347.1 msec, respectively. B2, Z,,.,, elicited by a 200 msec step to - 15 mV following a 1 
set prepulse to - 100 mV, in the absence or the presence of 100 PM forskolin. Imposed Iines are single (Control) and double (fhskolin) exponentials. 
The time constant for inactivation in control is 51.7 msec, while the two time constants in 100 PM forskolin are 11.2 and 282.5 msec. B.?, IAm, 
elicited by a 200 msec step to 10 mV in the absence or the presence of 100 PM forskolin. Cell, R15. 

The action of forskolin is not mediated by CAMP. Application 
of membrane-permeable CAMP analog 8(4CPT)-CAMP did not 
reproduce the effect of forskolin on any of these currents even 
at the concentration of 1 mM. Further, 1,9-dideoxy-forskolin, a 
forskolin analog that does not activate adenylate cyclase (Sea- 
mon and Daly, 1986), reproduced the effect of forskolin. 

As described above, TEA did not block IAaew,. Also, IAras, and 
Z As,ow were not blocked by 50 mM TEA. 

A-type K+ currents in other identijiable neurons 
We also examined A-type K+ currents in other identifiable giant 
neurons in Aplysia ganglia, including the metacerebral cells 
(MCCs), R 14, L7, Ll 1, and L 14 (for nomenclature, see Frazier 
et al., 1967; Weiss and Kupfermann, 1976). The A-type K+ 
current in R14 is identical to ZAslow, while A-type K+ currents in 
other neurons were kinetically similar to IAfaS,. The A-type K+ 
current in L14 has previously been examined (Byrne, 1980a,b), 
and its physiological importance in the cell has been described. 
Using our present experimental protocol, we found the kinetic 
properties of the A-type K+ current in L14 to be similar to IAfaSt. 
The presence of IAdeP, in neurons other than R2, R15, and LUQ 
cells has not yet been established with certainty because the 
identification of Indew, is more difficult in the presence of large 
overlapping delayed outward currents. Recently, a transient 
component of delayed outward currents has been reported to 
be sensitive to low concentrations of 4-AP in the sensory neu- 
rons of Apfysia (Baxter and Byrne, 1989). This 4-AP-sensitive 

transient current (Baxter and Byrne, 1989, their Fig. 3) appar- 
ently resembles ZAdepo,. However, this current in the sensory neu- 
rons differs from IAdeP, in being also blocked by 50 mM TEA 
(Baxter and Byrne, 1989). 

Discussion 
We have found three types of A-type K+ currents, IAfaS,, IAJIOw, 

and ZAdepolT in different identifiable cells in the Aplysia ab- 
dominal ganglion. Although the three currents differ in their 
kinetic properties, two of them, IAfaJ, and ZAolow, are conventional 
A-type K+ currents by the following criteria: (1) They are tran- 
sient K+ currents showing a marked inactivation in response to 
a depolarizing step of moderate duration (Connor and Stevens, 
1971a; Neher, 1971). (2) they are inactivated at -50 mV, and 
the midpoints of the steady-state inactivation are around -70 
mV. These values are quite similar to those of other neuronal 
A-type K+ currents (see Rudy, 1988, his Table 3). (3) The thresh- 
old for their activation is around -50 mV, which is also com- 
parable to other A-type K+ currents (Rudy, 1988). (4) They are 
more sensitive to 4-AP than TEA (Thompson, 1977). In contrast 
to these two currents, the third current, IAdew,, is a novel current 
that differs from conventional A-type K+ currents because of 
its more depolarized activation and inactivation gating. We first 
discuss the properties of IAfart and IASIOw and then compare them 
with the characteristics of IAdew,. 

The time constant for the inactivation of IASIOw obtained from 
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the rate of current decay was about SO-60 msec. In the voltage 
range examined (from - 35 to - 15 mV) it was relatively voltage 
independent. These features as well as the midpoint of the steady- 
state inactivation curve are similar to previously reported A-type 
K+ currents in some molluscan nerve cells (Connor and Stevens, 
197 la; Thompson, 1977), the leech Retzius cell (Johansen and 
Kleinhaus, 1986), and Drosophila neurons (Sole et al., 1987). 

By contrast, the decaying time constant of ZAfas, was voltage 
dependent, and much faster (20-5 msec). A-type K+ currents 
with voltage-dependent decaying time constants have been re- 
ported in Helix neurons (Neher, 197 l), rat dorsal root ganglion 
neurons (Kostyuk et al., 1981), rat sympathetic neurons (Bel- 
luzzi et al., 1985), and rat cerebellar granule neurons (Cull- 
Candy et al., 1989). 

The time constant for the inactivation of ZAslow obtained from 
the double-pulse protocol is a bell-shaped function of voltage, 
having its peak value around -70 mV (Fig. 5BZ). Both the 
onset of the inactivation and the recovery have similar time 
constants at -70 mV, a potential close to the midpoint of the 
steady-state inactivation curve. Further, the steady-state inac- 
tivation estimate from these experiments coincided well with 
the one measured directly by the conventional method (Fig. 
5B2). These results are similar to those of some A-type K+ 
currents described previously (Neher, 1971; Hagiwara et al., 
198 1; Belluzzi et al., 1985) and resemble inactivation of Na+ 
channels of the squid giant axons described by Hodgkin and 
Huxley (1952). 

In the case of ZAras,, the time constants at -70 mV obtained 
by the onset ofthe inactivation were less than halfthose obtained 
by the recovery from the inactivation. The values of the steady- 
state inactivation estimated by the fitting of the recovery data 
were smaller than the measured one, while the values estimated 
from the onset data were larger (Fig. 5A2). These results may 
be explained if I,,, has an additional slower component of 
inactivation that can be attained during a sufficiently long de- 
polarization. Such a component may be missed in our mea- 
surement of the onset of the inactivation because of the limited 
length of the conditioning pulse (usually less than 200 msec), 
resulting in an underestimate of the steady-state inactivation. 
On the contrary, such slow inactivation should affect the re- 
covery from inactivation because by holding the membrane 
potential at -50 mV the channels would be recovering from 
the slower inactivated state. This would result in an overesti- 
mate of the steady-state inactivation, compared to experiments 
using inactivating prepulses of a limited duration. Such slow 
inactivation of Z,,,, may contribute partly to a slowly decaying 
current seen in Figure 2A3, although we think it is more likely 
that this slowly decaying current is another independent current 
as discussed above in Results. The existence of a slower inac- 
tivation has been demonstrated for Na+ channels in nerve (Rudy, 
1978) and atria1 myocytes (Follmer et al., 1987), and for T-type 
Ca2+ channels in cardiac Purkinje cells (Hirano et al., 1989). In 
spite of these differences, the steady-state gating properties of 
Z Arast and IAslow were quite similar (Fig. 2C, cf. Serrano and Get- 
ting, 1989). 

Z Adep, characterized in R2 and R15 also is an early transient 
K+ current, but it has more depolarized activation and inacti- 
vation gating than conventional A-type K+ currents. Thus, Zndepo, 
could be separated clearly from JAras, by using a prepulse to - 50 
mV to inactivate ZATas,. The decay of ZAdcpo,, in response to a 
depolarizing step, can be adequately described by double ex- 
ponential. Most of ZAdepo, (> 80%) inactivates with the faster time 

constant, which is almost voltage independent, being more com- 
parable to the result in ZAslow than in ZAfas,. The slow-decaying 
component of ZAdepo, may relate to the slower recovery from 
inactivation observed in the two-pulse experiments (Fig. 8C), 
although the slow component of IAd+, especially at depolarized 
potentials, may be contaminated as mentioned in Results. 

Another feature of ZAdepo, that is different from ZAfast and Z,,,,, 
is its very slow recovery from inactivation. At -50 mV, ZAdepo, 
inactivated by a 200 msec pulse to 0 mV was not fully recovered 
until the pulse interval was lengthened to more than 1 min. As 
described in Results, ZAdepo, could be observed reliably only if 
hyperpolarized holding potentials (-80 mV) were used with 
long pulse intervals (20 set). On the contrary, a 500 msec pre- 
pulse to - 100 mV was quite enough to remove the complete 
inactivation of both ZAfa., and ZAslow obtained at the holding po- 
tential of -50 mV. The reason ZAdepo, was not previously de- 
scribed may be largely due to this slow recovery from inacti- 
vation and its overlap with delayed outward currents. 

The actions of two well known K+ channel blockers, TEA and 
4-AP, on Last, Low, and L,, were similar to those previously 
described for other A-type K+ currents: the currents were more 
sensitive to 4-AP than to TEA (Thompson, 1982). Although 10 
mM or greater 4-AP was required to block either IAfar, or ZArlow 
completely, Ldewl was almost completely blocked by 1 mM 4-AP. 
Actually, Ldewl appears to be the membrane current in Aplysia 
neurons most sensitive to 4-AP. 

Forskolin depressed ZAfas, without changing the wave form of 
the current, suggesting that forskolin reduces the number of 
available channels. In the case of ZAdow, the current activated 
normally until a point and then decayed more quickly in the 
presence of forskolin, implying an open-channel block by for- 
skolin. In addition to this, forskolin induced another much slower 
decay, causing a crossover of the current traces (see Fig. 9B2). 
One possible explanation for this effect is that forskolin must 
leave the open channel before it can inactivate. Similar results 
have been reported in other A-type K+ currents that have kinetic 
and voltage-dependent properties similar to ZAslow (Coombs and 
Thompson, 1987; Harris-War-rick, 1989). Thus, forskolin may 
become a tool to discriminate this class of A-type K+ channels. 
The effect of forskolin on ZAdepo, was more similar to its action 
on ZAslow, although the resulting change of ZAdep, decay was less 
striking. The effects of forskolin on ZAfast, ZAslou, and ZAdep, were 
not reproduced by 8(4CPT)-CAMP, suggesting that forskolin 
acts directly on these K+ channels (Coombs and Thompson, 
1987; Watanabe and Gola, 1987; Hoshi et al., 1988; Harris- 
Warrick, 1989; Baxter and Byrne, 1990). 

The present results suggest the existence of three subtypes of 
A-type K+ channels in the Aplysiu CNS. To obtain further in- 
formation concerning structural and functional differences among 
these three A-type K+ channels, we are carrying out molecular 
cloning of K+ channels and are studying their expression in the 
adult nervous system of Aplysia. A cDNA encoding a Shaker 
homolog of Aplysiu (AKOla) has recently been cloned, and a 
transient K+ current (ZAKOla ) has been observed following the 
injection of the synthesized cRNA in Xenopus oocytes (Pfaffin- 
ger et al., 199 1). The native Aplysiu K+ current most similar to 
Z AKOLa is Lewl (Pfaffinger et al., 1991). Moreover, the injection 
of the plasmid DNA containing the AK0 1 a sequence into Aply- 
sia neurons produced a transient K+ current that was very sim- 
ilar to Z,,,,, (Kaang et al., in press). Thus, by extending these 
several strategies, it may become possible to elucidate molecular 
relationships among transient K+ channels and determine the 
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differential physiological roles of these K+ channels in the Aply- 
sia nervous system. 
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