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Neurons of the ventral cochlear nucleus (VCN) perform di- 
verse information processing tasks on incoming activity from 
the auditory nerve. We have investigated the cellular basis 
for functional diversity in VCN cells by characterizing the 
outward membrane conductances of acutely isolated cells 
using whole-cell, tight-seal, current- and voltage-clamp 
techniques. The electrical responses of isolated cells fall 
into two broad categories. Type I cells respond to small 
depolarizations with a regular train of action potentials. Un- 
der voltage clamp, these cells exhibit a noninactivating out- 
ward current for voltage steps positive to -35 mV. Analysis 
of tail currents reveals two exponentially decaying compo- 
nents with slightly different voltage dependence. These cur- 
rents reverse at -73 mV, near the potassium equilibrium 
potential of -84 mV, and are blocked by tetraethylammon- 
ium (TEA). The major outward current in Type I cells thus 
appears to be mediated by potassium channels. In contrast 
to Type I cells, Type II cells respond to small depolarizations 
with only one to three short-latency action potentials and 
exhibit strong rectification around -70 mV. Under voltage 
clamp, these cells exhibit a noninactivattng outward current 
with a threshold near -70 mV. Analysis of tail currents re- 
veals two components with different voltage sensitivity and 
kinetics. A low-threshold current with slow kinetics is partly 
activated at rest. This current reverses at -77 mV and is 
blocked by 4-aminopyridine (4-AP) but is only partly affected 
by TEA. The other component is a high-threshold current 
activated by steps positive to -35 mV. This current is blocked 
by TEA, but not by 4-AP. A simple model based on the volt- 
age dependence and kinetics of the slow low-threshold out- 
ward current in Type II cells was developed. The model pro- 
duces current- and voltage-clamp responses that resemble 
those recorded experimentally. Our results indicate that the 
two major classes of acoustic response properties of VCN 
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neurons are in part attributable to the types of outward (po- 
tassium) conductances present in these cells. The low- 
threshold conductance in the Type II (bushy) cells probably 
plays a role in the preservation of information about the 
acoustic stimulus phase from the auditory nerve to central 
auditory nuclei involved in low-frequency sound localization. 

Neurons of the ventral cochlear nucleus (VCN) receive first- 
order input from the auditory nerve (Harrison and Irving, 1966; 
Feldman and Harrison, 1969; Osen, 1970; Brawer and Morest, 
1975; Lorente de No, 198 1; Fekete et al., 1984; Rouiller et al., 
1986). However, VCN neurons can be distinguished by their 
discharge patterns in response to acoustic stimuli, suggesting 
that different classes of cells perform distinct information pro- 
cessing functions on incoming acoustic information (Pfeiffer, 
1966a; Bourk, 1976; Young et al., 1988; Blackbum and Sachs, 
1989). Some of the different physiological response types are 
associated with cells of specific morphology (Rhode et al., 1983; 
Rouiller and Ryugo, 1984; Smith and Rhode, 1987, 1989). Thus, 
bushy cells, which receive a strong somatic innervation from 
large endings of auditory nerve fibers (Brawer and Mores& 1975; 
Fekete et al., 1984), exhibit responses quite similar to those of 
the auditory nerve. In contrast, stellate cells, which receive both 
somatic and dendritic innervation by small boutons from au- 
ditory nerve fibers (Cant, 198 1, 1982) respond to tones with a 
regular discharge pattern. 

The responses of VCN neurons are also shaped by their in- 
trinsic voltage-dependent conductances (Oertel, 1983; Wu and 
Oertel, 1984). Bushy cells have been shown to have highly rec- 
tifying current-voltage relationships and discharge only one or 
two action potentials in response to depolarizing current steps. 
Stellate cells have relatively linear subthreshold current-voltage 
relationships and discharge a regular train of action potentials 
in response to current steps. The specific conductances that are 
responsible for the different discharge characteristics of these 
two cell classes have not been identified. 

In this article, we present the results of voltage-clamp exper- 
iments on acutely isolated neurons of the VCN. We find, in 
agreement with Oertel (1983) that two classes of cells can be 
identified based on their electrophysiological properties. We then 
demonstrate that these two classes are distinguished by their 
different complements of outward currents. The outward cur- 
rents differ in their voltage dependence, kinetics, and pharma- 
cological sensitivity to potassium channel blockers. A model 
incorporating the properties of one of the currents in presump- 
tive bushy cells was developed to demonstrate its influence on 
subthreshold membrane phenomena. 

A preliminary report of these results has been presented pre- 
viously (Manis and Marx, 1989). 
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Materials and Methods 
Slice preparation and cell isolation. Tight-seal, whole-cell, voltage- and 
current-clamp recordings were made from neurons isolated from brain 
slices of adult guinea pig ventral cochlear nucleus. Slices were prepared 
following established techniques (Oertel, 1985; Manis, 1989). Pig- 
mented guinea pigs weighing 200-500 gm were deeply anesthetized with 
pentobarbital(35 mg/kg) and decapitated with a guillotine. The brain- 
stem was removed from the skull after transecting the eighth nerves. 
Slices 300-350 pm thick were cut either parasagittally or horizontally 
through the cochlear nucleus with an oscillating tissue slicer. Small 
pieces of the VCN were excised from the slices with Castrovieio scissors 
under a dissecting microscope (25-50 x). This ensured that isolated cells 
were obtained only from the VCN, and not from adjoining regions of 
the brainstem or the dorsal cochlear nucleus. The trimmed slices were 
incubated in a chamber containing approximately 12 ml of oxygenated 
dissociation media (see below) at -34°C. 

Mg-ATP. The pH was brought to 7.2 with KOH, and the final osmolarity 
was -270 mOsm. The resistance of these electrodes in the recording 
bath was 3-10 MfL Seals were obtained by abutting the electrode against 
the cell membrane and applying gentle suction. The seal resistance be- 
fore rupture of the cell membrane exceeded 1 Gti. Trains of action 
potentials could be observed in some cells before the patch was ruptured. 

Ampl&rs. Three different amplifiers were used for current- and volt- 
age-clamp recordings from the isolated cells. In the initial experiments, 
recordings were obtained with a switching amplifier (custom built by 
Department of Physiology, Centre Medical Universitaire, Geneva; de- 
sign of D. Bertrand). The relatively large conductance changes that 
occurred during activation of the outward currents caused the time 
constants of the cells to fall below 0.5 msec, close to the electrode time 
constants (- 100-500 psec). We were thus able to voltage clamp these 
neurons properly only over the voltage range where the conductance 
was low (see Finkel and Redman, 1985). The data from these experi- 
ments were used only to correlate the threshold voltage for activation 
of the currents with the properties of the cells as studied in current 
clamp and to examine the effects of potassium channel blockers on 
small inward and outward currents. 

Most of the quantitative voltage-clamp data reported in this article 
were obtained either with an Axoclamp-2 amplifier (Axon Instruments) 
operated in the continuous single-electrode voltage-clamp mode, or with 
an Axopatch 1 C amplifier. Voltage and current records were filtered at 
5-10 kHz and digitized at 10 kHz with a 12-bit A-D converter (Manis 
and Bertrand, 1989). Current records in voltage clamp are averages of 
four traces. The program DATAC (Bertrand and Bader, 1986) was used 
for data acquisition, analysis, curve fitting, and plotting. 

Series resistance correction. Correction for the voltage drop across the 
electrode series resistance was important in these experiments. The 
maximum total current recorded in isolated VCN cells under voltage 
clamp was in the range of 2-4 nA. A current of 4 nA (obtained by 
stepping the electrode to +40 mV) would produce a voltage drop (and 
hence error in the measured potential) of 40 mV across a 10 Mfl elec- 
trode. This voltage drop is substantial relative to the desired command 
voltage. We therefore estimated the series resistance and corrected the 
command voltage to obtain an estimate of the true membrane potential. 
The actual command voltage was estimated as V,’ = V, - Z,,,R,, where 
V, is the command voltage, Z, is the total current, and R, is the electrode 
resistance. All command voltages shown were corrected in this manner. 
Electrode resistance (R,) was measured during whole-cell recordings 
from either the peak current (measured in a bandwidth of 20 kHz) 
occurring in response to a voltage step (R, = AV/I,,,, where AV is the 
change in potential), or from the charge transferred during the capaci- 
tance-charging transient and an estimate of the time constant of the 
transient decay (R, = TAV/Q, where 7 is the decay time constant and Q 
is the integrated charge; see Marty and Neher, 1983). 

Reversal potentials. Reversal potentials were determined by analysis 
of tail currents. Outward currents were activated by a 100 msec step to 
approximately - 10 mV. Tail currents were measured during a subse- 
quent 40 msec step to levels between - 100 and -20 mV. The tail 
currents were fit to an exponential function with one or two time con- 
stants using a nonlinear (simplex) algorithm. The first 0.5-l .O msec of 
the trace, which contains the capacitative charging transient, was omit- 
ted from the fits. The instantaneous outward current at the start of the 
step was then determined by extrapolation of the exponential function 
to the origin. These data were also used to determine the voltage de- 
pendence of the rate constants. 

In initial experiments, reversal potentials were recorded in solutions 
made with glass-distilled water. These were found to be approximately 
5 mV positive to those determined from recordings in water purified 
by ion-exchange columns although all other features ofthe currents were 
similar. Ion-selective electrode measurements indicated potassium and 
calcium ion concentrations in the glass-distilled water of less than 10 
PM, so it is unlikely that salt contaminants were responsible for this 
difference. However, reversal potential results are reported only from 
experiments performed with water purified by ion-exchange methods. 

All results are expressed as mean f  standard deviation, unless oth- 
erwise noted. 

Results 
The results reported in this article are based on observations 
made in a total of 123 isolated VCN cells in 77 experiments. 
Thirty-nine cells were studied only with current clamp. Forty- 

The cell isolation procedure was similar to that used for neocortical 
and brainstem structures (Gray and Johnston, 1985; Kay and Wong, 
1986; Numann et al., 1987; Akaike et al., 1988). The slices were treated 
with a solution that contained, in addition to the basic components 
listed below. 0.125-0.33 ma/ml Pronase E (Tvne XXV. Siama Chemical 
Co.) and 0.b4-0.08 mg&? collagenase (CI?? III, Worthington). The 
slices were treated at 31°C for 1 hr. During the enzymatic treatment, 
the slices rested on a nylon net and were slightly agitated by bubbling 
the solution with 100% 0,. Enzyme activity was terminated by trans- 
ferring the slices to a solution containing 0.25 mg/ml soybean trypsin 
inhibitor (Sigma) and 0.25 mg/ml BSA (Sigma) for 5 min at room 
temperature. The solution was then changed to one without enzymes, 
but with added trypsin inhibitor (0.25 mg/ml) and continuously gassed 
with 100% 0, at 22°C. 

Dispersed cells were obtained by gently triturating each slice through 
a series of three or four fire-polished Pasteur pipettes with gradually 
decreasing diameters (2-0.5 mm). The dispersed cells were plated onto 
pressed (BB Form, Mecanex SA, Geneva, Switzerland) 35 x lo-mm 
Petri dishes coated with 10 &ml poly-D-lysine (GIBCO Laboratories) 
to promote adherence (Yavin and Yavin, 1974). After waiting 10-l 5 
min for the cells to attach to the bottom of the dish, a continuous flow 
(-0.5 ml/min) was established to clear floating debris and allow sub- 
stitution of different extracellular solutions. Slices were viable for at 
least 10 hr, and recordings could be obtained frsm cells for 2 or more 
hr after a selected slice had been triturated. 

Solutions. A HEPES-buffered, low-calcium solution was used during 
slice preparation. This solution contained (in mM) 138 NaCl, 5 KC< 
1.25 KI-LPO,. 10 alucose. 10 HEPES (free acid). 0.2 CaCl,. and 4 MaSO.. 
The pH was&o&t to 7.35 with 1 M NaOH,‘and the &al osmorarny 
of the solution was approximately 300 mOsm. The solution was used 
at room temperature (-22°C) and oxygenated with 100% 0,. 

The solution used for cell dissociation and recording contained (in 
mM) 150 NaCl, 5 KCl, 10 glucose, 10 HEPES (free acid), 1.5 CaCl,, 1.5 
MgCl,, and 1 sodium pyruvate. The pH was brought to 7.38-7.4 with 
1 M NaOH, and the final osmolarity was 3 17 mOsm. This solution was 
continuously bubbled with 100% 0,. In some experiments, the recording 
solution was changed in order to separate components of the whole-cell 
currents. In such experiments, the osmolarity was maintained at ap- 
proximately 3 15 mOsm by reducing the NaCl concentration. For anal- 
ysis of tail reversal potentials, extracellular solutions with two different 
K+ concentrations were used: The control solution contained (in mM) 
130 NaCl. 20 choline chloride. 5 KCl. 10 alucose. 10 HEPES. 1.5 CaCl,. 
1.5 MgCl;, and 1 sodium pyr&ate; pH 7:38-7.4: The high-K+ solutioi 
contained 5 mM choline chloride and 20 mM KCl, with all other ingre- 
dients the same as the control solution. Potassium currents were blocked 
with either 4 mM 4-aminopyridine (4-AP) or 20 mM tetraethylammon- 
ium chloride (TEA) substituted in equimolar amounts for NaCl. In some 
experiments, inward sodium currents were blocked by l-10 PM TTX 
or complete replacement of sodium chloride with choline chloride. Co- 
balt (2 mM) was also used occasionally to block calcium currents. All 
salts and pharmacologic agents used in these solutions were purchased 
from Aldrich or Sigma. 

Whole-cell recordings. The isolated neurons were viewed through an 
inverted microscope equipped with Hoffman modulation contrast op- 
tics. Recordings were made using the tight-seal, whole-cell recording 
method (Hamill et al., 198 1) in both current- and voltage-clamp modes. 
Potash soda-lead glass electrodes (SA- 16, Dagan Corp.) were filled with 
(in mM) 140 KCl, 0.1 CaCl,, 1.1 EGTA, 10 HEPES (free acid), and 2 
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Figure 1. A and B, Cells isolated from the guinea pig ventral cochlear nucleus. Cells could be round, ovoid, or polygonal in shape with zero to 
three short processes. Cells that exhibited smooth membranes and no internal granularity had the best physiologic characteristics (cells indicated 
by arrowheads). Hoffman modulation-contrast optics, 40 x , 0.65 NA. Scale bar, 25 pm. 

four cells were studied under both current and voltage clamp 
with the switching-type amplifier, but for the reasons outlined 
in Materials and Methods, the voltage-clamp data from these 
cells were unsuitable for quantitative analysis. Forty cells were 
voltage clamped with the nonswitching amplifiers and had data 
amenable to quantitative analysis. 

Isolated cells from the VCN 
Figure 1 shows two isolated cells from the VCN. Cells with good 
appearance, including smooth membranes and a lack of appar- 
ent surface roughness or “pits,” were found to produce the best 
recordings. Relatively few such cells were isolated from each 
slice. Some cells had short processes less than 100 Mm in length; 
most had fewer than three processes less than 50 pm in length. 
However, we were unable to determine whether the isolated 
cells were stellate or bushy cells based on the number of pro- 
cesses or the shape of the cell body. We were also unsuccessful 
in using morphological criteria to predict the electrical prop- 
erties of the cells. The only cells that we could identify clearly 
were granule cells from the lateral margins of the VCN. We 
excluded granule cells by recording only from cells larger than 
about 15 pm in diameter, such as those shown in Figure 1. 

Properties of isolated VCN cells in current clamp 
One hundred and sixteen isolated cells were characterized under 
current clamp to determine whether the physiological charac- 
teristics of VCN neurons described in the brain slice (Oertel, 
1983) were retained by the isolated cells. Cells were studied that 
exhibited action potentials of at least 45 mV when depolarized 
from -60 mV and that could be held for at least 5 min. We 
found two qualitatively distinguishable physiological groups, as 
shown in Figure 2. One group of cells (46 of 116 cells) fired 
regular trains of large action potentials (which could overshoot 
to + 40 mV) in response to small depolarizing current injections 
(Fig. 2A). The action potentials often showed significant height 
accommodation within a train when large (> 100 PA) current 
steps were used. These cells had relatively high input resistances 

(determined from the slope of the current-voltage relationship 
between -60 and -80 mV) of 0.447 + 0.265 GB (N = 10 cells) 
and exhibited relatively linear current-voltage relationships be- 
tween -60 and -90 mV (dashed line in Fig. 2B). The time 
constant, measured at rest, was 6.5 * 5.7 msec. The physiology 
of this group of cells corresponds well with that of Type I cells 
(stellate cells) as described in mouse brain slice by Oertel(l983; 
Wu and Oertel, 1984). Therefore, we will refer to cells with these 
properties as Type I. 

A second population of cells (59 of 116 cells; the remaining 
11 cells could not be classified for various reasons) fired only 
one to three short-latency action potentials at the onset of a 
depolarizing current pulse (Fig. 2C). The first of these spikes 
frequently could reach +40 mV, but the remaining spike(s) was 
usually smaller in amplitude. During the remainder of the cur- 
rent pulse, the membrane potential stayed constant at a voltage 
less than 20 mV positive to the resting level. After the pulse, 
the membrane potential often showed a slight undershoot before 
returning to the resting level. In response to hyperpolarizing 
current steps, the membrane potential declined rapidly for the 
first few milliseconds, and for sufficiently large pulses, hyper- 
polarized slowly for the remainder of the step (Fig. 2C). In some 
cases, anomalous rectification was also present during the larger 
hyperpolarizing steps. After the step, the membrane potential 
slightly overshot the resting level, resulting in some cases in an 
anodal break spike (see Fig. 2C). The input resistance of these 
cells (0.225 + 0.160 GP, N = 12) was significantly lower than 
that of the Type I cells (p < 0.02 by a two-tailed t test). In 
addition, these cells had a short time constant for small current 
pulses (20-50 PA) of 1.69 f 0.63 msec (N = 12; p < 0.02 
compared to the time constant of Type I cells by two-tailed t 
test). For larger current steps, the membrane potential decayed 
with additional nonexponential components. Type II cells had 
nonlinear current-voltage relationships in the region around 
rest, with outward rectification becoming evident between -60 
and -70 mV (Fig. 20; dashed line indicates linear region be- 
tween -70 and -90 mV). The estimated input resistance of 
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Figure 2. Physiological cell types observed in current clamp. A and B, Type I cells are characterized by regular discharge of action potentials in 
response to small depolarizations and exponential decay of membrane potential in response to hyperpolarization. B, The steady-state current- 
voltage relationship of Type I cells, measured n&r the end of the current pulse, is linear below the spike threshold. The dashed line is regression 
to points between -60 and -90 mV. Anomalous rectification is evident for potentials hyperpolarized to -90 mV. C and D, Type II cells are 
characterized by a phasic discharge of one to three action potentials at all depolarizations and a nonexponential decay of membrane potential to 
hyperpolarization. A time-dependent anomalous rectification was frequently evident for large hyperpolarizations (not shown). D, The steady-state 
current-voltage relationship for Type II cells, measured near the end of the current pulse, was nonlinear with conductance in the depolarizing 
direction approximately one-fourth that in the hyperpolarizing direction. The dashed line is a linear regression to the points between - 70 and - 90 
mV. The rectification begins near -70 mV. 

Type II cells for depolarizing pulses was 0.053 + 0.037 Gfi (N 
= 12) or approximately one-fourth of the resistance measured 
in the hyperpolarizing direction. Cells of this population were 
similar in their characteristics to the Type II cells in brain slices 
described by Oertel(1983) and were identified as bushy cells by 
HRP injection (Wu and Oertel, 1984). We therefore refer to 
these as Type II cells. 

The presence of these two types of physiology in our isolated 
cells suggests that the cells retain many of their physiological 
characteristics after the enzymatic treatment and mechanical 
dispersion. The major differences are the higher input resis- 
tances and larger action potentials seen in the isolated cells. The 
isolated cell preparation is thus suitable for the study of somatic 
membrane conductances under more controlled conditions than 
are attainable in the slice. In the remainder of this article, we 
present the results of voltage-clamp experiments on the outward 
currents that are the most prominent physiological feature dis- 
tinguishing these two cell types. Since we were unable to deter- 
mine cell types from morphology, we initially used the current- 
clamp responses to classify the cells as Type I or II. In later 
experiments we were able to determine the cell type from volt- 
age-clamp data alone. 

Characteristics of VCN cells under voltage clamp 
Both Type I and Type II cells exhibited inward and outward 
currents when examined under voltage clamp (see Figs. 3, 6). 
In normal solutions, a large depolarizing step resulted in an 
early fast inward current (see insets in Figs. 3A and 6A) followed 
by a strong sustained outward current (see traces beneath squares 
in Figs. 3A and 6A). The early inward current could be blocked 
by application of l-10 I.LM TTX or replacement of the extra- 
cellular sodium by choline (not shown), suggesting that it rep- 
resented a rapidly inactivating sodium conductance. The inward 
current was not adequately clamped under the conditions of our 
experiments.’ However, since we needed to characterize the cells 

’ As we did not use series resistance compensation for our relatively high- 
resistance electrodes during the experiment, the clamp time constant was slow 
and varied between 0.1 and 0.5 msec in different experiments (Type I: 3 16 k 75 
psec, N = 15; Type II: 238 f 20 Msec, N = 19; values expressed as mean -t SEM). 
Failure to clamp the inward current led to a voltage overshoot at the cell membrane 
that in turn appeared to activate a fast transient outward current. The outward 
fast transient appeared to be an artifact for three reasons. First, it did not show 
sensitivity to 4-AP or prior holding voltage as would be expected of a transient 
outward current similar to the A-current (Connor and Stevens, 1971). Second, 
the transient was reduced when TTX or choline was added to block the early 
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by their discharge patterns under current clamp before exam- 
ining currents under voltage clamp, we could not routinely use 
TTX or choline to block the inward currents. 

Type I cells 
Type I cells generated a strong outward current that did not 
show significant inactivation during a 100 msec voltage step 
(traces beneath square in Fig. 3A). This outward current exhib- 
ited a voltage-dependent activation, first appearing for steps in 
the range of -40 to -20 mV (Fig. 3B). Steps to near 0 mV 
(estimated after correction for the series resistance drop across 
the electrode) generated outward currents of 2-5 nA. The out- 
ward current-voltage relationship was steep (Fig. 3B). In order 
to quantify the steady-state conductance, the current-voltage 
relationship was transformed into conductance using the equa- 
tion 

‘!dv> = 4v4v - 0, (1) 

where g( I’) is the conductance (nS), Z is the membrane current 
(PA) at the command voltage, V is the command voltage (mV) 
after series resistance correction, and V, is the reversal potential 
for the current. The steady-state conductance relationship could 
be fit to a Boltzmann function: 

g(v) = G,,,/( 1 + e-(Y- ~o.sWRT), (2) 

where G,,, is the maximal conductance (nS), z is the equivalent 
number of gating charges (see Ehrenstein et al., 1974; Hille, 
1984) V,,, is the half-activation voltage (mV), and eIRT = 0.040 
mV-l at 22°C. This function was fit to the data assuming V, = 
-73 mV as measured in tail reversal experiments (see below). 
Fits to the whole-cell conductances in Type I cells resulted in a 
half-activation voltage of - 8.5 + 10.4 mV, an equivalent gating 
valence of 2.94 ~fr 1.39, and a maximal conductance of 39.1 f 
23.7 nS (means f SD; N= 18 cells). Because the current-voltage 
relationships and conductance plots failed to show saturation 
in the voltage range studied, the maximal conductance estimate 
represents a lower bound. The half-activation voltage estimate 
is probably also slightly negative to the actual value; however, 
because of the steepness of the function the error should be 
small. Better estimates of the parameters were obtained from 
the instantaneous current-voltage relationships as described be- 
low. The threshold of current activation was estimated from the 
Boltzmann fit as the voltage at which the conductance was 10% 
activated: 

V,,, = V,, - 2.917RTlze. (3) 

For the Type I cells, V,., was -30.4 f 7.6 mV (N = 18). 
Type I cell input resistances (&) determined from the steady- 

state, current-voltage relationship under voltage clamp in the 
range -60 to -90 mV were 0.459 f 0.372 GQ (N = 18; range, 
0.109-1.3 12 GQ. The cell capacitance (C,), determined from 
the current required to charge the cell membrane during small 
hyperpolarizing voltage steps, was 35.0 + 25.2 pF (N = 15). 
The time constant (7, = Ri,. Cm) was 11.3 f 9.4 msec (N = 15); 
when one cell with a time constant of 4 1.4 msec was excluded 
from this calculation, 7, was 9.1 f 4.5 msec (N = 14). These 

inward current. Third, a similar transient outward current is generated following 
the fast inward current when an appropriate series resistance is inserted into a 
computational model based on Hodgkin-Huxley kinetics (1952). However, tran- 
sient currents with slower kinetics could Lx activated when the cell membrane 
was first hyperpolarized to -60 mV, and these were sensitive to 4-AP (Manis et 
al., 1991). 

50 100 150 200 
msec 

Iv4 1 

0 

-11 , 
-100 -80 -60 -40 -20 0 

mV 

Figure 3. Voltage-dependent currents in Type I cells; traces corrected 
for leakage conductance (measured between -65 and -80 mv) and 
electrode series resistance. A, Time course of currents. Currents shown 
in top truces, outward or positive current up; command voltages cor- 
rected for electrode series resistance drop are shown in lower truces. 
Depolarization to -45 mV produces a rapidly activating and inacti- 
vating inward current (marked by bar). This current is shown on an 
expanded time scale in the inset. Steps positive to -35 mV also produce 
a noninactivating outward current (below square). A fast transient cur- 
rent (triangle) follows the inward current. B, Current-voltage relation- 
ships for transient outward current (triangles) and steady-state outward 
current (squares) measured near the end of the command step. The 
steady-state outward current becomes strongly activated above -35 
mV. 

values are not significantly different from those obtained from 
the current-clamp data. 

Tail currents. Tail currents at -60 mV were evident after the 
activation of the outward current (Fig. 3A, arrowhead; see also 
Fig. 4A) when recordings were made in water purified by ion 
exchange. Tail currents decayed exponentially, with two distinct 
time constants evident in four of five cells. The presence of two 
time constants is illustrated in the inset to Figure 4A, where the 
tail currents following steps to two different voltages have been 
plotted on a semilogarithmic scale. The slow time constant was 
12.9 + 5.5 msec (N = 5; but see Discussion), whereas the fast 
time constant was 1.14 f 0.37 msec (N = 4; the fast component 
was obscured by a slow capacitance charging transient in the 
fifth cell) at -60 mV. The existence of two components in the 
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Figure 4. Tail currents in Type I cells. A, Tail currents at - 60 mV following 100 msec duration steps to different levels. Inset shows tail currents 
on logarithmic scale. Two decay time constants are present both near half-activation threshold (- 16 mV) and near maximal activation (- 5 mv). 
The arrowhead points to a fast component of tail current; dashed line is straight line fit to slow component. Z$ Instantaneous current-voltage 
relationship estimated from data in A by extrapolating to time 0 the amplitudes of the fast (I,, +) and slow (I,, 0) components that best fit the data 
in A. Both components activate with similar voltage dependence in this cell. Lines through points are Boltzmann function fits to the data. For the 
fast component, 7 = 1.2 msec, Voz5. = - 17.7 mV, and z = 7.58. For the slow component, ‘T = 7.8 msec, V,,S = - 14.0 mV, and z = 5.0. C, Reversal 
of tail currents with voltage. Following a 100 msec step to - 10 mV, the membrane potential was stepped to voltages between - 100 and -40 mV. 
The currents reverse sign between - 75 and - 70 mV. The deactivation rate of the current is faster at more negative voltages. D, Steady-state current 
(I,, 0) and instantaneous amplitude of slow component (I,, 0). The intersection ofthe curves (see also Fig. 70) indicates the reversal potential of 
-73 mV. The instantaneous conductance of the slow component is nonlinear with voltage. 

tail currents may indicate that two kinetically distinct outward 
conductances have been activated during the previous voltage 
step or that a single conductance with multiple open or closed 
states was activated. The present data do not distinguish these 
possibilities. The instantaneous current-voltage relationship was 
determined by extrapolating the amplitude of each tail current 
component to the instant of the voltage step as described in 
Materials and Methods. The resulting activation profile for both 
the fast and slow currents is similar to that of the steady-state 
relationship (Fig. 4B), in that the currents activate near -30 
mV and exhibit a steep activation with voltage. A modified 
Boltzmann equation was fit to the instantaneous currents: 

Z(v) = Zmaxl( 1 + e-(+VoJ)==‘RT) + I,, (4) 

where Z(v) is the current at V, I,,, is the estimated maximal 
current, Z, is a steady offset current (to account for the fact that 
the current at the holding potential might not be 0), and the 
other parameters have the same meaning as in Equation 2. Fits 
of this equation to the instantaneous fast currents resulted in 
estimates of - 12.6 -t 8.1 mV for I’,,, and 5.5 f 2.5 for z (N = 

4). The parameters for the slow currents were I’,,, = -24.2 f  
4.3 mV and z = 4.6 f 1.2 (N= 4). The 10% activation thresholds 
for the two currents were -25.8 and -40.1 mV, respectively. 
These estimates are probably more reliable than those obtained 
from the steady-state current-voltage functions because the in- 
stantaneous relationships exhibited some saturation of the cur- 
rent. 

The reversal potential of the tail currents was measured in 
three Type I cells following depolarization to approximately 
- 10 mV (an example is shown in Fig. 4C). Reversal potentials 
were determined from the intersection of the instantaneous and 
steady-state current-voltage relationships (determined at the end 
of the second step, or just prior to the 40 msec time point in 
Fig. 4C). As shown in Figure 40, the slow outward current 
reversed at -73 mV. Similar results were obtained in two other 
cells (V, = - 73 f 4 mV, N = 3). The fast outward tail current 
appeared to reverse near the same potential but could not be 
quantitatively determined because of contamination by the ca- 
pacitance-charging transient. The reversal potential for both tail 
decay components is near the theoretical equilibrium potential 
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for potassium of - 84 mV calculated from the pipette and bath 
potassium concentrations. The equilibrium potential for chlo- 
ride in our recording solutions is -3.5 mV, whereas that for 
sodium is not well defined due to the lack of added internal 
sodium but should be positive to +40 mV according to the 
amplitude of the action potentials. When the extracellular po- 
tassium was changed to 20 mM, shifting E, to -36 mV, the tail 
currents of two cells reversed at -41 and -42 mV. The shift 
toward the new E, suggests that most of the current is carried 
by potassium ions. From this analysis, we conclude that the 
major outward current in Type I cells is mediated by one or 
two potassium-selective conductances. 

Pharmacology of outward currents in Type I cells. As the 
outward current in Type I cells appeared to be carried by po- 
tassium ions, we tested the ability of the potassium channel 
blockers TEA and 4-AP (Stanfield, 1983; Kolb, 1990) to block 
the currents. Relatively high concentrations of these agents (20 
mM for TEA, 4 mM for 4-AP) were used in the present exper- 
iments in an attempt to produce a complete block of the currents 
(see also Bader et al., 1985). 

In Type I cells, application of 20 mM TEA almost completely 
blocked the steady-state outward current for voltages below 0 
mV (Fig. 54) and left only a small (< 1 nA) current at positive 
voltages. To quantify the pharmacologic effects, slope conduc- 
tances were calculated from the mean slope of the current- 
voltage relationship over selected voltage ranges. TEA produced 
a 9 1% + 19% (N = 6) reduction of slope conductance over the 
voltage range between -40 and -20 mV. In a separate popu- 
lation of cells (Fig. 5B), the application of 4 mM 4-AP alone 
produced a 34% + 46% (N = 5) reduction ofthe outward current. 
The combination of 4 mM 4-AP and 20 mM TEA resulted in a 
nearly complete block of the outward currentb (98% f 9%; N 
= 6) leaving only a small residual current at positive voltages 
(Fig. 5A,B). The effects of TEA and 4-AP on the steady-state 
currents were reversible. These data suggest that the outward 
current in the Type I cells is primarily carried by a TEA-sensitive 
conductance similar to the delayed rectifier of other cells. Some 
component of the conductance is partially and variably reduced 
by 4 mM 4-AP (4-AP especially slowed the activation kinetics 
of the outward current in Type I cells). The pharmacologic 
experiments were carried out with the cells held at -68 mV in 
solutions made with glass-distilled water. Under these condi- 
tions, tail currents were small, so we were unable to determine 
the relative pharmacological sensitivity of the fast and slow tail 
current components. In the presence of 4-AP and TEA, a sus- 
tained inward current was frequently seen between -60 and 
- 20 mV (arrow in Fig. 5B). This current was not characterized 
in detail but was blocked by replacement of extracellular sodium 
with choline (see Manis et al., 199 1). 

Type II cells 
Type II cells exhibit an early inward current (inset, Fig. 6A) 
similar to that in Type I cells, and a noninactivating outward 
current for depolarizing voltage steps (at time marked by square 
above traces in Fig. 6A). However, in contrast to the Type I 
cells, the Type II steady-state current-voltage relationship re- 
veals outward current that activates between - 65 and - 50 mV 
(Fig. 6B). The outward current exhibits a relatively shallow slope 
until potentials positive to -40 mV are reached. Fits of the 
Boltzmann equation to the whole-cell, steady-state conductance 
function (derived from Eq. 1, as for Type I cells, but assuming 
I’, = - 77 mV, see below) for 18 Type II cells produced estimates 
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Figure 5. Pharmacology of outward current in Type I cells. Plots show 
steady-state current-voltage relationships as measured in Figure 3B. A, 
Application of 20 mM TEA to the cell reduces most of the outward 
current, leaving a small component activating near -20 mV. The ad- 
dition of 4 mM 4-AP to the TEA solution results in a further reduction 
of the outward current. B, Data from a different cell in which the order 
of drug application was reversed. 4 mM 4-AP produces a small reduction 
in the outward current. Subsequent addition of TEA blocks most of the 
outward current. A small, steady inward current is revealed between 
-60 and 0 mV (arrow). 

of 2.07 f 0.77 for z, -18.9 f 15.2 mV for T/0.s, and 31.4 + 
15.2nSforG,,,. The 10% activation voltage (I’,,) for the whole- 
cell conductance was -48.0 f 12.6 mV. The values for z, VO,s, 
and V,., are significantly different from those for Type I cells at 
the p = 0.02 level (two-tailed t test). Again, the early inward 
current in Type II cells was sensitive to TTX or replacement of 
extracellular sodium by choline. These manipulations, however, 
did not significantly affect the steady-state outward currents. 

The Type II cells also exhibited a small inward transient 
current in response to hyperpolarizing command steps to po- 
tentials below the potassium equilibrium potential (see Fig. 9). 
Such inward current transients were not present in Type I cells. 
The transient arose directly out of the capacitative charging 
current and decayed with a voltage-dependent time constant of 
5-10 msec. In addition, at the end of a hyperpolarizing step 
(returning to -60 mV), there was a slow inward current that 
relaxed with a time constant of lo-20 msec (e.g., Fig. 7A). 
Evidence presented below suggests that these current transients 
are associated with a potassium current in Type II cells. 

The input resistance of the Type II cells, estimated from Z,, 
(steady-state current) between -70 and -90 mV was 0.162 ? 
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1.6 1 + 0.27 msec (N = 4 of 6 cells; in one cell the fast component 
was not evident, and in the other, it was obscured by the ca- 
pacitative-charging transient), and that of the slow component 
was 13.0 f 1.09 msec (N = 6). Second, as mentioned above, 
there is a slow inward current that also relaxes exponentially 
after hyperpolarizing steps (Fig. 7A, lowest traces). 

The instantaneous amplitude of the fast and slow current 
components was estimated by extrapolating exponential fits of 
the tail currents back to the instant of the voltage step. The 
instantaneous current is plotted in Figure 7B and reveals that 
the fast component is activated positive to -30 mV, whereas 
the slow component exhibits voltage-dependent activation be- 
tween - 80 and -20 mV. The activation function for both cur- 
rents could be well fit by Equation 4. The slow current had a 
half-activation voltage of -53.0 f 6.3 mV (N = 6) and an 
equivalent gating valence of 2.38 f 0.90. The total conductance 
was 14.7 * 5.0 nS. The fast current activated with a half-activa- 
tion voltage of - 15.3 + 7.8 mV, an equivalent gating valence 

0 50 100 150 200 of 4.05 f 0.67, and a total conductance of 7.5 f 1.7 nS (N = 
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Figure 6. Voltage-dependent currents in Type II cells. Conventions 
are the same as in Figure 3. A, Time course of currents. Depolarization 
produces a rapidly activating and inactivating inward current (above 
bar). The inactivating inward current is shown on an expanded time 
scale in the inset. Steps positive to -60 mV also produce a noninac- 
tivating outward current (e.g., below square). B, Current-voltage rela- 
tionship for the outward current. The outward current activates near 
-70 mV. 

0.119 GQ (N = 19), while the capacitance of these cells was 32.9 
f 14.5 pF. The membrane time constant for - 10 mV steps 
from -60 mV was 4.5 + 3.2 msec; when one cell with a time 
constant of 16 msec (greater than 2 SDS from the mean) was 
excluded the time constant was 3.8 f 1.6 msec (N = 18). The 
Type II cells thus exhibited significantly lower input resistances 
and shorter time constants (p < 0.05, two-tailed t test) than 
Type I cells but had similar whole-cell capacitances. 

Tail currents. Tail currents during steps to a series of different 
voltages after a step to near 0 mV are shown in Figure 7A for 
one Type II cell. Two characteristics of these currents are note- 
worthy. First, for small depolarizations, the currents decay with 
a monoexponential time course (semilogarithmic plot in inset, 
Fig. 7A, -52 mv), but for steps to voltages greater than about 
-30 mV, the decay is best represented by the sum of two ex- 
ponentials (inset, Fig. 7A, 0 mv). The presence of two time 
constants for steps positive to -30 mV but only one time con- 
stant for smaller steps suggests activation of two distinct cur- 
rents. The time constant of the fast component at - 60 mV was 

4). Thus, as opposed to the two tail components in Type I cells, 
which had different kinetics but similar voltage dependence, the 
two tail components in Type II cells had both different kinetics 
and widely different voltage activation ranges. 

Tail currents following a step to approximately - 10 mV were 
also studied (Fig. 7C’). The intersection of the instantaneous and 
steady-state (measured near the end of the pulse in Fig. 7c) 
current-voltage relationships indicated a reversal potential for 
the slow current in three cells of -77.0 f 1.7 mV (Fig. 70). As 
in Type I cells, the amplitude of the fast component could not 
be reliably determined, but it appeared to reverse near the same 
potential as the slower current. We also measured the instan- 
taneous amplitude of the slow inward current that occurred 
following hyperpolarizing steps from -60 mV, since at this 
potential the conductance appeared to be persistently activated. 
The mean reversal potential determined in this way was -78 
f 5 mV (N = 5 cells), consistent with the results obtained from 
the slow component at higher potentials. The mean reversal 
potential determined by both methods is -77 mV. Again, this 
reversal potential is far from either the chloride (-3.5 mV) or 
sodium (> +40 mV) equilibrium potentials but is close to the 
potassium equilibrium potential (- 84 mV), suggesting that this 
current is mediated by a potassium-selective conductance. 

Pharmacology of outward current in Type II cells. As the 
outward currents in Type II cells appeared to be carried by 
potassium channels, we again tested TEA and 4-AP for their 
ability to block currents through these channels. In Type II cells, 
20 mM TEA had a relatively modest effect on the steady-state 
outward current (Fig. 8A), reducing the slope conductance mea- 
sured in the range between - 60 and - 40 mV by approximately 
33% (-+29%; N = 5 cells). When 4 mM 4-AP was applied alone 
(Fig. 8B), the outward conductance in the range between -60 
and - 40 mV was reduced by 89% (+ 25%; N = 6 cells), leaving 
a significant current that activates near - 30 mV. However, the 
combination of 4 mM 4-AP and 20 mM TEA (Fig. 8A,B) resulted 
in a nearly complete block of the steady outward current in the 
voltage range -40 to - 20 mV (88% + 34%; N = 7 cells), leaving 
only a small residual component activated at positive mem- 
brane potentials. Because tail currents were small under the 
conditions used for these experiments, pharmacologic separa- 
tion of the tail current components could not be performed. 

The dual time course of the tail currents (Fig. 7A) and the 
pharmacologic profile of the steady-state currents (Fig. 8) suggest 
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Figure 7. Tail currents in Type II cells. A, Tail currents at -60 mV following 100 msec duration steps to different levels. Inset shows tail currents 
on logarithmic scale. Two decay time constants are present near maximal activation (0 mV), but only one is discernable at more negative voltages 
(- 52 mV). The arrowhead points to fast component of tail current; the dashed line is straight line fit to slow component. i?, Instantaneous current- 
voltage relationship estimated from data in A by extrapolating the amplitudes of the fast (4 +) and slow (I,, 0) components that best fit the data 
in A. The two components activate with different voltage dependence. Lines through points are Boltzmann function fits to the data (with an additional 
offset term). For the fast component, T = 1.2 msec, VO.* = -17.7 mV, and z = 7.58. For the slow component, ‘T = 13.1 msec, V,, = -53.0 mV, 
and z = 2.04. C, Reversal of tail currents with voltage. Following a 100 msec step to - 10 mV, the membrane potential was stepped to voltages 
between - 100 and -40 mV. The currents reverse sign between -75 and -80 mV. The deactivation rate of the current is faster at more negative 
voltages. D, Steady-state (I,, 0) current and instantaneous amplitude of slow component (I,, 0). The intersection ofthe curves indicates the reversal 
potential of -76 mV. The instantaneous conductance of the slow component is linear with voltage. 

that Type II cells possess two different kinds of noninactivating 
outward potassium conductances. One is a low-threshold (ac- 
tivation negative to - 60 mV), noninactivating conductance that 
is most sensitive to 4-AP and less sensitive to TEA. This con- 
ductance has relatively slow kinetics (- 13 msec at -60 mV, 
22°C). The other conductance has a high threshold (-40 to - 30 
mV), is noninactivating, is more sensitive to TEA than 4-AP, 
and has faster kinetics. This conductance appears similar to the 
rapidly deactivating conductance seen in the Type I cells. 

In order to characterize further the low-threshold conduc- 
tance, Boltzmann functions were fit to steady-state conductance 
curves (assuming V, = -77 mV) as recorded in the presence of 
20 mM TEA to block the high-threshold conductance. The fits 
resulted in estimates for z of 1.47 f 0.44 (N = 5) V,., = -28.0 
f 11.9 mV, and G,,, = 19.2 f 10.4 nS. The 10% activation 
level was computed to be -67.9 f 4.6 mV. These data indicate 
that this conductance is significantly activated at the resting 
potential of the cells (i.e., - 60 mv). These values are somewhat 
different from the values measured for the slow conductance by 
tail current analysis in the absence of TEA (V,,, = -53.0 mV, 
z = 2.38, G,,, = 14.7 nS; see above). The differences may be 
due to a direct effect of TEA on the low-threshold conductance. 

The estimates of maximum conductance suggest that the TEA- 
sensitive portion of the conductance only represents 30% of the 
total conductance (i.e., about 10 nS) for membrane depolari- 
zations to near 0 mV, consistent with the results from the tail 
current separation. 

The inward transient current observed in response to hyper- 
polarizing current steps was also examined for its sensitivity to 
TEA and 4-AP in five cells. In all five cells, this current was 
abolished with 4 mM 4-AP, whereas it was little affected by 20 
mM TEA (Fig. 9A). The pharmacological profile of this inward 
transient is thus similar to that of the noninactivating low- 
threshold current. It is interesting to note that the changes in 
the transient inward current and the steady-state outward cur- 
rent with voltage appear to be continuous across the reversal 
potential (Fig. 9B; the recordings in this experiment were made 
with glass-distilled water, and the reversal potential was close 
to the holding potential of - 68 mV). This observation suggests 
that the two currents might be manifestations of the same con- 
ductance. 

Since the low-threshold conductance does not appear to show 
inactivation and is activated at a membrane potential below 
-60 mV, cells clamped at -60 mV will have a steady&ate 
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Figure 8. Pharmacology of outward currents in Type II cells. Plots 
show steady-state current-voltage relationships as measured in Figure 
6B. A, Application of 20 mM TEA to the cell has little effect on the 
outward current. The addition of 4 mM 4-AP to the TEA solution results 
in a partial block of the outward current. B, Data from a different cell 
in which the order of drug application was reversed; 4 mM 4-AP pro- 
duces a significant reduction in the outward current for voltage between 
-70 and -40 mV but leaves a current that activates positive to -40 
mV. Subsequent addition of TEA blocks most of the remaining outward 
current. 

current due to conductance through these channels. Hyperpo- 
larizing voltage steps will cause the current to deactivate. When 
hyperpolarizing steps are made to a membrane potential below 
the reversal potential ofthe current, an inward current relaxation 
occurs. Following return to the holding potential from a hyper- 
polarized potential, the current slowly reactivates, resulting in 
the transient inward current seen in the tail current analysis (Fig. 
7). 

Kinetics of low-threshold conductance in Type II cells 

The kinetics of low-threshold current activation and deactiva- 
tion were investigated in Type II cells. In order to minimize the 
contributions from other conductances, kinetic measurements 
were made from cells recorded in the presence of TTX, or in 
medium with sodium replaced by choline to block sodium cur- 
rents, or from the slow component of the tail currents following 
steps to - 10 mV. In two cells, activation kinetics were deter- 
mined from recordings in choline plus TEA for steps up to - 20 
mV. In the presence of TTX or choline, activation of the current 
was adequately fit by a single exponential function for voltage 
steps from -60 to -30 mV and showed no delay (not shown). 
Deactivation of the current was determined from two different 
protocols. First, the time constant of the slow exponential decay 
that followed steps to - 10 mV was analyzed as a function of 
voltage, using the protocol in Figure 7C. Second, the rate of 
deactivation of the inward current seen with large hyperpolar- 
izing steps from - 60 or - 68 mV (as in Fig. 9.4) was measured. 
The equations used to model the conductance are described in 
the Appendix. 

The experimentally determined time constants T~( v) (Eq. A5) 
are shown in Figure 10A for voltages between - 100 and -20 
mV. The time constants are voltage dependent with a maximum 
near -60 mV and slightly faster values at more positive and 
more negative voltages. The steady-state activation function 
B,+, (Eq. A6) was approximated using the Boltzmann descrip- 
tion from the instantaneous tail currents (with V,,, = -53.3 mV, 
gating charge of 2.38; data from analysis as in Fig. 7) and was 

Figure 9. Pharmacology of inward re- 
laxation in Type II cells. A, Inward cur- 
rent tails in different solutions following 
a step to - 100 mV from holding po- 
tential of -68 mV. The tail is present 
in normal and TEA-containing solu- 
tions but is blocked when 4-AP is added 
to the TEA solution. Arrowheads in- 
dicate the times used for analysis of 
transient current and steady-state cur- 
rent amplitudes in B and C. B, Tran- 
sient current measured at the time in- 
dicated by arrowhead B in A as a 
function of command step voltage from 
a holding potential of -68 mV. TEA 
(triangles) has little effect on the cur- 
rent; the addition of 4-AP (+) blocks 
the current leaving only a linear leak 
component. C, Steady-state currents 
measured at the time indicated by ar- 
rowhead Cin A for steps to various volt- 
ages. TEA (triangles) has little effect on 
the outward current that activates near 
-65 mV, whereas 4-AP (+) blocks the 
outward current. 
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substituted for B B(ca)( V) in Equations A7 and A8. The resulting 
rates alB( v) and p,(V) are plotted as squares and triangles, re- 
spectively, in Figure 10B. The separated rate estimates were 
then fit using a nonlinear simplex algorithm to exponential func- 
tions of voltage for cyB and flB (Eqs. A3, A4). During the fitting 
process, it was found that the value of V, was not well deter- 
mined, so it was fixed at -53.3 mV, the half-activation voltage 
determined from the Boltzmann description of the activation 
profile. The resulting rate constants and slope factors are (~~(0) 
= 0.030 msecl, KCX = 0.069 mV-I, p,(O) = 0.042 msec’, and 
Kfi = 0.032 mV1. These values are clearly approximate because 
of the scatter in the data. The resulting fitted descriptions of (Y 
and 6 are shown in Figure 10B with dashed lines. The inset 
shows that the equivalent steady-state activation function BBCmj 
(from Eq. A6) is similar to the Boltzmann function describing 
the experimental data, although the voltage dependence was 
shifted slightly in the positive direction. The difference between 
the curves represents errors in the parameter estimates accu- 
mulated during the fitting procedure. Thus, the rate functions 
CY~ and p,, along with Equation 4, appear to describe adequately 
the voltage- and time-dependent behavior of the low-threshold 
conductance. 

The behavior of a simple model cell containing only the low- 
threshold conductance, with leak and capacity currents, was 
investigated. The current through the cell was described as 

dV 
I, = Cmz + GBman WV - 6) + G,(V - v,) (5) 

where C, is the membrane capacitance (32.9 pF), GBman is the 
maximal conductance of the low-threshold conductance (20 nS), 
G, is the leak conductance (2.5 nS), V, is the reversal potential 
for the low-threshold conductance (-77 mV), and V, is the 
reversal potential for the leak conductance (assumed to be - 10 
mv). These parameters predict a cell with a resting potential of 
-57.7 mV, an input resistance at rest of 0.059 GO, and a time 
constant 7, of 1.94 msec. Except for the low input resistance of 
the model cell (measured from the tangent to the current-voltage 
relationship at rest; the input resistance is higher when measured 
between -60 and -70 mV), these values are similar to the 
values measured in the isolated cells under current clamp. 

Time domain responses were obtained by integrating Equa- 
tion 5 using a fourth-order Runge-Kutta algorithm with 20 
psec steps. The response of the model cell to voltage steps in 
voltage clamp is shown in Figure 11.4 (after subtraction of leak 
currents). The model predicts the transient inward current (solid 
arrowhead) and the slow return of the current to the resting level 
following hyperpolarizations (open arrowhead). The model also 
has kinetics similar to those seen in the isolated Type II cells. 
The instantaneous current-voltage relationship computed from 
the model tail currents is shown in Figure 11B. The activation 
range of the low-threshold conductance is similar to the exper- 
imental range (compare with Fig. 8B). The dashed line through 
the points is a Boltzmann equation fit to the model; values of 
-49.5 for V,,, and 2.5 for z were obtained from the fit, similar 
to the observed values. These results verify that the kinetic 
model adequately describes the low-threshold conductance in 
the Type II cells. 

The model was then computed in current clamp (Fig. 1lC). 
The model cell shows strong rectification around rest (equal but 
opposite current steps produce quite unequal voltage excur- 
sions). Time-dependent changes in the voltage due to the low- 
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Figure 10. Kinetics of low-threshold outward current in Type II cells. 
A, Time constants of activation and deactivation of current as a function 
of voltage (circles); pooled measurements from five cells. Line through 
points is fit of data to Equation A5 (see Appendix). B, Activation [a( P’), 
squares] and deactivation [p(v), triangles] rate constants as a function 
of voltage. Dashed lines through points are fits to Equations A3 and A4 
in Appendix. Inset, Comparison of Boltzmann activation function de- 
termined from instantaneous activation curves (solid line) and steady- 
state activation function Bb determined from Equation A6 (dashed line). 

threshold conductance are visible. Depolarizations produce a 
hump followed by a sag to a steady level. The sag results from 
activation of the low-threshold conductance. At the offset of the 
depolarizing step, the cell shows a rapid return toward the resting 
potential with a slight undershoot. For hyperpolarizing steps, 
shape of the response depends on the magnitude of the injected 
current. For small currents, there is a slight sag back toward the 
resting potential after an early peak, reflecting the deactivation 
of the low-threshold conductance and movement toward the 
leak reversal potential. For larger steps, the potential decay is 
nonexponential with fast and slow components. The slow com- 
ponent reflects the further deactivation of the low-threshold 
conductance, whereas the fast component is governed by the 
cell time constant at rest (before the conductance changes sig- 
nificantly). At the offset of the hyperpolarizing pulse, there is a 
brief overshoot before the cell settles back to the resting poten- 
tial. The overshoot occurs because the low-threshold conduc- 
tance has deactivated during the hyperpolarization and takes 
some tens of milliseconds to reactivate fully. The overshoots 
and undershoots in the voltage response are frequently visible 
in the responses of Type II cells both in isolated cells (Fig. 2) 
and in the slice (see Oertel, 1983). It appears that these features 
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Figure II. Model of low-threshold outward current in Type II cells. A, Currents calculated from model in voltage clamp using Equation 5. 
Transient inward current (solid arrowhead) and low-threshold activation characteristics of the current in Type II cells are evident. The slow tail 
currents following both hyperpolarizing and depolarizing commands are also evident (open arrowhead). B, Instantaneous current-voltage relationship 
(circles) determined from model data in A, using same methods as in Figures 4 and 7. The dashed line is fit of Boltzmann function to points (see 
Eq. 4). C, Model responses to current steps in current clamp. The time-dependent nonlinearities caused by the low-threshold conductance are evident, 
including an early hump (h) during depolarizing steps, and overshoots (0) and undershoots (u) following the end of the current step. D, Steady- 
state current-voltage relationship from current-clamp data in C, measured just before the end of the current step. Rectification in the relationship 
due to activation of the low-threshold conductance begins near -70 mV. Similar rectification is evident in experimental data (i.e., Fig. 20). 

of the response can be adequately explained by the behavior of 
the low-threshold potassium current. 

Figure 11D shows the steady-state current-voltage relation- 
ship measured at 100 msec from the traces in Figure 11 C. Sig- 
nificant rectification of the current-voltage relationship is evi- 
dent. The rectification begins at a potential below rest 
(approximately - 70 mV), consistent with observations in iso- 
lated cells (Fig. 2) and in the slice (Oertel, 1983). 

Discussion 
These experiments demonstrate that Type I and Type II cells 
in the VCN possess different complements of outward currents. 
The Type I cells possess noninactivating outward currents that 
activate at membrane potentials between -40 and -30 mV 
and can be blocked by TEA, but not by 4-AP. The Type II cells 
possess two different noninactivating outward conductances. One 
activates near -70 mV and is nearly completely blocked by 4 
mM 4-AP but is only partially blocked by 20 mM TEA. This 
conductance has slow activation and deactivation kinetics. The 
other conductance in Type II cells is blocked by TEA and is 
similar to the rapidly deactivating conductance of Type I cells. 
The pharmacological results and the reversal potential data sug- 
gest that these outward currents are carried primarily through 
potassium-selective channels. 

Identzjication of cell types 
Our recordings indicate the presence of two types of intrinsic 
responses in VCN neurons, in agreement with Oertel (1983). 
Neurons of the VCN can be divided into two broad populations 
based on morphology: the stellate cells and the bushy cells (Brawer 
et al., 1974; Cant and Mores& 1979; Lorente de No, 1981; 
Tolbert and Morest, 1982; Willard and Ryugo, 1983; Hackney 
et al., 1990). The stellate cells receive auditory nerve inputs and 
other inputs on their somas and proximal dendrites in the form 
of bouton endings (small endings). The density of somatic input 
has been found to be correlated with physiologically defined 
subclasses and projection sites (Cant, 198 1, 1982; Tolbert and 
Morest, 1982; Smith and Rhode, 1989). Intracellular recording 
and HRP marking experiments have identified stellate cells as 
neurons that generate highly regular spike trains in response to 
acoustic stimuli (Rhode et al., 1983; Rouiller and Ryugo, 1984; 
Smith and Rhode, 1989). 

Although we did not directly identify the Type I cells that we 
recorded as belonging to a specific morphological population, 
indirect reasoning suggests that they are VCN stellate cells. In 
slices, cells identified by HRP injection as stellate cells were 
found to have the regular discharge properties associated with 
Type I cells (Wu and Oertel, 1984). Therefore, it is likely that 
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the Type I cells in the present study were also stellate cells. A 
more direct proof of the origin of the Type I cell population 
would be desirable, however. 

The other major class of VCN neuron is the bushy cell. Bushy 
cells have only a few thick dendrites that branch profusely a 
short distance from the cell body (Brawer et al., 1974; Cant and 
Morest, 1979; Lorente de No, 198 1; Tolbert and Morest, 1982; 
Hackney et al., 1990). Much (but not all) of the synaptic input 
to these cells appears to be directed at the cell body. These cells 
receive their auditory nerve input via large calycoidal synapses 
(found on the somas of the spherical bushy cells in the anterior 
VCN) or via large end bulbs of Held (found on the somas of 
the globular bushy cells located in and around the nerve root). 
Bushy cells labeled with intracellular injections of HRP have 
been found to generate primary-like responses to acoustic stim- 
uli (Rhode et al., 1983; Rouiller and Ryugo, 1984; Smith and 
Rhode, 1987). It is thought that the bushy cells have primary- 
like responses because the large auditory nerve endings provide 
a strong synaptic input close to the site of action potential gen- 
eration, leaving little room for dendritic integration. 

Intracellular recordings from HRP-labeled bushy cells in the 
mouse slice (Wu and Oertel, 1984) have revealed that these cells 
respond to depolarizing current pulses with a phasic discharge 
of one to three action potentials. Following this initial discharge, 
the cell enters a high conductance state until the applied current 
is terminated. These properties are very similar to the Type II 
cells in the present study. Thus, it is likely that our Type II cells 
were derived from the VCN bushy cell populations. 

Type I cells 
The main outward current of Type I cells appears to be carried 
through potassium channels with a relatively high activation 
threshold. The current deactivates with two time constants, one 
fast (1.5 msec) and one slow (6-l 8 msec). The presence of these 
two decay time constants may indicate the presence of two 
different kinds of channels with different kinetics or may rep- 
resent the presence of only one channel species with multiple 
open states or multiple closure pathways with different rates. In 
two of the four cells in which the distinct rates could be deter- 
mined, the fast and slow components had a different voltage 
dependence, with the slow component activating 12-25 mV 
negative to the fast component, suggesting the presence of two 
kinds of channels. In the remaining two cells, the two compo- 
nents activated at about the same potential. 

The presence of two kinetically distinct outward conductances 
may be significant in the control of cell firing rates. The rapidly 
deactivating conductance should contribute primarily to the 
downstroke of each action potential, thereby controlling action 
potential width. The slowly deactivating conductance will be 
important in determining the duration of the spike afterhyper- 
polarization and therefore will affect interspike interval timing. 
Although the number of cells is small, we observed two group- 
ings in the time constants of the slow conductances. Two cells 
had faster deactivation time constants at -60 mV (6.2 and 7.8 
msec), whereas three cells had slower time constants (15.4, 17.2, 
and 18.0 msec). It might be predicted that cells with different 
deactivation rates would exhibit different afterhyperpolarization 
duration and therefore differerit maximal driven rates for a given 
depolarization. The heterogeneity of Type I cell conductances 
is not surprising in light of the diverse interspike interval dis- 
tribution and regularity functions reported for the chopper-stel- 
late cell populations in vivo (Bourk, 1976; Young et al., 1988; 

Blackburn and Sachs, 1989). Compound afterhyperpolariza- 
tions have been described for a small population of VCN Type 
I cells in the slice (Oertel et al., 1990). Such afterhyperpolariza- 
tions could be produced by the activation of two kinetically 
distinct outward currents. 

The membrane conductance of Type I cells is relatively linear 
in the subthreshold voltage range, making these cells suited to 
perform a linear summation of numerous weak synaptic cur- 
rents. However, two additional voltage-dependent conduc- 
tances are evident in this voltage range and in the suprathreshold 
range that may influence the cell’s discharge patterns. First, in 
many isolated Type I cells, there appeared to be a small noninac- 
tivating inward current in the voltage range between -60 and 
0 mV; this current was particularly evident in the presence of 
TEA and 4-AP (i.e., Fig. 5). This current could be due to a 
noninactivating fraction of the rapidly inactivating sodium con- 
ductance that produces the action potential (Steinberg, 1988; 
see also Manis et al., 1991). It is also possible that this current 
is a consequence of the cell isolation procedure, as it is known 
that pronase, one of the enzymes used to isolate the cells, can 
remove sodium inactivation when applied to the interior of the 
cell (Armstrong et al., 1973). It seems unlikely that a significant 
amount of pronase entered the cells during our dissociation, 
since the trituration step took place in the presence of trypsin 
inhibitor and after the pronase was washed from the slice. Also, 
the noninactivating inward current was not seen in Type II cells 
prepared from the same tissue in the same manner. A second 
conductance seen in some Type I cells was a transient outward 
current (preliminary results are reported in Manis and Marx, 
1989; Manis et al., 199 1) similar to the A-current (Connor and 
Stevens, 197 1). 

Type II cells 
Our observations strongly support the hypothesis that VCN 
Type II cells possess two distinct outward conductances. One 
conductance has a high threshold (- 30 mV) and is relatively 
resistant to 4 mM 4-AP but can be blocked by 20 mM TEA. A 
rapidly deactivating tail current (time constant, 1.6 msec) is 
present that has a similar voltage dependence. Although we do 
not have information on the pharmacologic profile of the tail 
current, the similar voltage dependence of the steady-state, TEA- 
sensitive current and the fast tail current suggests that they 
represent the same conductance. This high-threshold conduc- 
tance is similar to the rapidly deactivating high-threshold con- 
ductance of the Type I cells. 

The second conductance has a low threshold (-70 mV) and 
is blocked by 4-AP but only partially by TEA. The slow tail 
current has a similar voltage dependence, and we suggest that 
these are manifestations of the same conductance. In addition, 
hyperpolarizations from rest to below the reversal potential pro- 
duce an inward current in these cells that is also sensitive to 
4-AP but not TEA, suggesting that a portion of the slow con- 
ductance is active at a holding potential of -60 mV. The volt- 
age-dependent features of the isolated Type II cells (both under 
current and voltage clamp) in this voltage regime can be repro- 
duced in a model that presumes the existence of a single po- 
tassium conductance with first-order kinetics and a voltage de- 
pendence corresponding to that of the instantaneous tail currents. 
Thus, we suggest that this low-threshold, noninactivating con- 
ductance is primarily responsible for the highly rectifying cur- 
rent-voltage relationship of Type II cells. 

In both the slice and the isolated cells, this conductance is 
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partially activated at rest but turns on with sustained depolar- 
ization just slowly enough to permit a few action potentials to 
be generated. The cell membrane potential is then determined 
by an equilibrium between the injected current, the voltage- 
dependent characteristics of the conductance, and the linear 
leak conductance. This equilibrium potential is depolarized to 
that needed for deinactivation of the sodium conductance as 
well as below the action potential generation threshold, and thus 
the cell does not fire. This conductance also generates under- 
shoots and overshoots in the cell membrane potential following 
perturbations from rest. The overshoots that follow hyperpo- 
larization sometimes result in anodal break action potentials 
(see Fig. 2C and Oertel, 1983). 

The low-threshold conductance in the Type II VCN cells 
exhibits characteristics similar to some other potassium con- 
ductances in neuronal cells. One such conductance is the so- 
called “M-current” (Adams et al., 1982) of sympathetic ganglion 
cells. The similarities between the low-threshold conductance 
and the M-current extend to the voltage range over which they 
are active, their noninactivating characteristics, and their influ- 
ence on the membrane potential after perturbation in current- 
clamp experiments (i.e., anodal rebound responses and post- 
depolarization undershoots). However, the activation and 
deactivation kinetics of the Type II cell current are an order of 
magnitude faster than those described for M-currents in either 
frog or rat sympathetic neurons (Adams et al., 1982; Galvan 
and Sedlmeir, 1984; Selyanko et al., 1990) or rat hippocampal 
pyramidal cells (Halliwell and Adams, 1985). The effective gat- 
ing valence of the M-current was estimated to be 2.5, which 
compares closely to a value of 2.4 for the low-threshold con- 
ductance in Type II cells. However, the half-activation voltage 
for the M-current is -35 mV (Adams et al., 1982) which is 
quite depolarized to the half-activation voltage of -53 mV 
determined for Type II cells. The half-activation voltage for the 
M-current in Rana pipiens was - 52 mV, although the effective 
gating valence was -3.6 (Selyanko et al., 1990). 

Another comparable conductance, the Shaw gene product, 
has been identified in Drosophila (Wei et al., 1990). This po- 
tassium channel produces a noninactivating current that first 
becomes visible near -70 mV and that is blocked more effec- 
tively by 4-AP (l-2 mM) than TEA (10 mM) (Wei et al., 1990). 
The resultant conductance is remarkably similar to the low- 
threshold current in Type II cells. 

One of the two potassium conductances characterized in guin- 
ea pig cochlear inner hair cells (IHCs) (Kros and Crawford, 1989) 
also is similar to the conductance in the Type II cells. The slow 
conductance in IHCs has a similar operating range and is more 
sensitive to block by 4-AP than TEA. However, two differences 
between the conductances are evident. First, the IHC conduc- 
tance was best blocked by relatively high concentrations (15 
mM) of 4-AP inside the cell, whereas the Type II cell conductance 
was blocked by more moderate concentrations (4 mM) of 4-AP 
outside the cell. Second, the slopes determined from Boltzmann 
fits to the two conductances are somewhat different (-3.3 for 
IHCs vs. 2.4 for Type II cells). 

Functional significance of the low-threshold conductance in 
Type II cells. Bushy cells of the VCN preserve at their output 
the precise temporal patterns of activity of auditory nerve fibers 
(Goldberg and Brownell, 1973; Bourk, 1976; Sullivan and Koni- 
shi, 1984; Rhode and Smith, 1986). The bushy cells appear to 
have three mechanisms that are important for the retention of 
this information: low afferent convergence ratios (Lorente de 

No, 198 1; Ryugo and Fekete, 1982); strong, brief synaptic inputs 
(e.g., Oertel, 1983); and rapid electrical characteristics. 

One of the major effects of the low-threshold conductance is 
to reduce the cell time constant, thereby contributing to rapid 
electrical characteristics and keeping synaptic events brief. Since 
this conductance is larger than any other in the voltage range 
near rest, it is of primary importance in determining the cell’s 
time constant. Although a short resting time constant will permit 
the cell to be depolarized rapidly by synaptic conductances, such 
conductances must be large in order to generate sufficient mem- 
brane potential change against the low input resistance of the 
cell to initiate an action potential. Full activation of the con- 
ductance can reduce the time constant by a factor of 4-10, or 
from -2 msec to perhaps as short as 0.2 msec. Such a change 
may occur quickly after activation of the conductance. 

Our kinetic measurements were made at 22°C where the 
activation time constant of the low-threshold conductance is 13 
msec at -60 mV. However, if we assume a Q,, of 3 for the 
kinetics of the conductance (Hodgkin and Huxley, 1952; Hille, 
1984) the activation time constant is expected to be 2.5 msec 
at 37°C and - 60 mV. The activation time constant will become 
shorter when the cell is depolarized (Fig. 1 OA). Thus, during an 
EPSP and a possible subsequent action potential, rapid and 
significant additional activation of the low-threshold conduc- 
tance will occur, further increasing the membrane conductance 
and decreasing the time constant. The EPSP should then decay 
with a time course approaching that of the underlying synaptic 
conductance change. The duration of auditory nerve EPSPs in 
VCN bushy cells has indeed been noted to be very short (= 1 
msec; Oertel, 1983). It is also likely that a rapidly desensitizing 
receptor (see, e.g., Tang et al., 1989; Trussell and Fischbach, 
1989) could contribute to brief EPSPs. After an EPSP or action 
potential, the membrane conductance will take a few millisec- 
onds to return to its resting state, so subsequent EPSPs will be 
reduced in amplitude. 

One consequence of the brief synaptic conductance and short 
time constant is that the time window for successive EPSPs to 
sum is limited to less than 1 msec, as has been noted in in vivo 
recordings from some VCN cells (Romand, 1978; Smith and 
Rhode, 1987), as well as in vitro (Oertel, 1983, 1985). If we 
assume that each synaptic potential is large enough to bring the 
cell to threshold for an action potential, these cells should gen- 
erate spike trains that are closely allied with the pattern of in- 
coming afferent activity (Pfeiffer, 1966b). One important con- 
sequence of this is that the output of the cell will preserve the 
precise temporal properties of the input (such as information 
about the acoustic phase). On the other hand, if the synaptic 
potentials are subthreshold (as may be the case in globular bushy 
cells; see Smith and Rhode, 1987), then close temporal coin- 
cidence of EPSPs from at least two fibers would be necessary 
to produce an output. 

We would predict that other cells in the auditory system that 
receive relatively large synaptic inputs and that may need to 
preserve afferent timing information, such as the principal cells 
of the medial nucleus of the trapezoid body (MNTB) (Mores& 
1968) or neurons in the ventral nucleus of the lateral lemniscus 
(Adams, 1978; Willard and Ryugo, 1983; Vater and Feng, 1990) 
may also have this conductance. An outward rectification under 
current clamp that could be caused by a low-threshold conduc- 
tance has been reported by Wu and Kelly (199 1) and Banks and 
Smith (1990) for neurons of the MNTB in brain slices. This 
conductance might be present in other neurons where temporal 
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coincidence of afferent inputs is important. One such site in the 
auditory system is the medial superior olive (or the avian nu- 
cleus laminaris), where the spatial location of low-frequency 
sounds is thought to be determined by neurons that detect bin- 
aural phase coincidence (Jeffress, 1948; Goldberg and Brown, 
1969; Young and Rubel, 1973; Yin and Chan, 1988; Carr and 
Konishi, 1990). 

Appendix 
This appendix describes the equations used in the model for the low- 
threshold conductance in Type II cells. Following the formulation of 
Hodgkin and Huxley (1952) we can describe the conductance as follows: 

where gB( I’) is the conductance as a function of voltage (the subscript 
B is used to denote the low-threshold potassium conductance in pre- 
sumptive bushy (Type II) cells), B,( lj) is the instantaneous activation 
state of the conductance (0 being fully off and 1 being fully activated), 
and G,,, is the total conductance attributed to these channels. The 
conductance appeared to follow first-order kinetics. Assuming that the 
conductance has only one closed and one open state, the instantaneous 
activation state at a given voltage can be computed from 

dB 
x = 41 - B) - PA 

where c+ is the activation (opening) rate constant and flB is the deacti- 
vation (closing) rate constant, both of which are functions of voltage. 
According to standard rate theory, the voltage dependence of the rate 
constants can be described as an exponential function: 

a,(v) = a,(0)e-‘v- va)Ka, (A3) 
ps( VJ = ,6e(0)ecv-v~‘K~, (A4) 

where V, is the half-activation (or deactivation) voltage, Ka and Kfi 
control the slopes of the rate functions, and a,(O) and p,(O) control the 
amplitudes of the rate constants. Solving Equation A2 yields an expo- 
nential function with a single relaxation time constant: 

‘TB = (a, + P,)-‘. (A5) 
The steady-state value of BJ I”), determined from Equation A2 when 
dBldt = 0, is 

B B(m) = %4% + Pd. (‘46) 
The macroscopic time constant 78 and the steady-state activation pa- 
rameter B,,,( I”) are measurable parameters. Then, from Equations A5 
and A6, we can derive the rate constants LYE and pB in terms of these 
parameters as follows: 

4 r3 = &md WrA V3, (A7) 
PAV = (1 - &cm,(VY~z4V. (A@ 

The time constants T~( P) are plotted in Figure 1OA. The rate functions 
of Equations A7 and A8 are plotted as squares and triangles in Figure 
10B. 
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