The Journal of Neuroscience, August 1993, 13(8): 3599-3611

Voltage-dependent lonic Conductances of Type | Spiral Ganglion
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Type | spiral ganglion cells provide the afferent innervation
to the inner hair cells of the mammalian organ of Corti and
project centrally to the cochlear nucleus. While single-unit
studies conducted over the past several decades have pro-
vided a wealth of information concerning the response char-
acteristics of these neurons and, to some extent, their re-
ceptor targets, little is known about the neuron’s intrinsic
electrical properties. These properties undeniably will con-
tribute to the firing patterns induced by acoustic stimuli. Type
| spiral ganglion cell somata from the guinea pig inner ear
were acutely isolated and the voitage-dependent conduc-
tances were analyzed with the whole-cell voltage clamp.
Under conditions that mimic the normal intra- and extracel-
lular ionic environments, type | spiral ganglion cells dem-
onstrate fast inward TTX-sensitive Na currents (whose cur-
rent density varied markedly among cells) and somewhat
more slowly developing outward K currents. Resting poten-
tials averaged —67.3 mV. Under current clamp, no sponta-
neous spike activity was noted, but short current injections
produced graded action potentials with after hyperpolariza-
tions lasting several milliseconds. The nondecaying outward
K current activated at potentials near rest and was char-
acterized by a pronounced rectification. The kinetics of the
Na and K currents were rapid. Maximum peak inward Na
currents occurred within 400 usec, between a voltage range
of —10 and 0 mV, and inactivated within 4 msec. Recovery
from inactivation was also rapid. At a holding potential of
—80 mV, the time constant for recovery from an inactivating
voltage step to —10 mV was 2.16 msec. Above —50 mV
outward K currents reach half-maximal amplitude within 1.5
msec. In addition to these currents, a slow noninactivating
TTX-sensitive inward current was observed that was block-
able with Cd2+ or Gd*+. Problems encountered with blocking
the tremendous outward K current hampered the character-
ization of this inward current. Similarities between the ki-
netics of ganglion cell currents and some of the rapid tem-
poral characteristics of eighth nerve single-unit activity
confirm the notion that intrinsic membrane properties help
shape auditory neuron responses to sound.
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A tremendous amount of information has been gathered on
eighth nerve single-fiber activity (for reviews, see Javel, 1986;
Ruggero, 1992), and this information has aided in understanding
much of what is known about mammalian inner ear function.
The afferent innervation pattern of the organ of Corti provides
an anatomical clue to the receptor dichotomy present in this
sensory organ (se¢ Dallos, 1988). Nearly all afferent fibers (up
to 95%) innervate the inner hair cells; these fibers arise from
type I spiral ganglion cells (Spoendlin, 1988). The remaining
type II fibers contact outer hair cells. Because of the small num-
ber and diameter of type II eighth nerve fibers, the preponder-
ance, if not all, of eighth nerve single-unit studies have neces-
sarily focused upon type I cells. Consequently, early studies on
type I units were often used to provide insights into the phys-
iology of the inner hair cell. Subsequent, direct intracellular
recordings from inner hair cells have corroborated some single-
unit findings; for example, inner hair cells are as finely tuned as
eighth nerve fibers (Russell and Sellick, 1978; Dallos et al.,
1982). Unfortunately, the interpretation of some single-unit data
is difficult because synaptic and neuronal influences are un-
characterized. Few recordings from inner hair cell afferent syn-
apses have been made (Palmer and Russell, 1986; Siegel and
Dallos, 1986; Siegel, 1992), and only preliminary information
concerning mammalian type I spiral ganglion cell voltage-de-
pendent ionic conductances is available (Santos-Sacchi, 1989a,
1990). I report here on some of the voltage-dependent ionic
conductances of type I spiral ganglion cells that may underlie
the generation of single-fiber activity.

Materials and Methods

General. Guinea pigs were anesthetized with halothane and killed by
cervical dislocation. The temporal bones were removed, and spiral gan-
glion cells were obtained nonenzymatically by crushing the cochlear
modiolus and bony spiral lamina, followed by trituration in nominally
calcium-free medium. The supernatant was transferred to a 700 ul per-
fusion chamber, and the cells allowed to settle onto a glass coverslip
bottom. A modified Leibovitz medium (NaCl, 142.2 mm; KCl, 5.37
mu; CaCl,, 1.25 mm; MgCl,, 1.48 mm; HEPES, 5.0 my; dextrose, 5.0
mum; pH 7.2) was used as the normal perfusate. Modifications to the
extracellular medium are noted in figure captions, with NaCl adjusted
to maintain osmolarity (300 mOsm). Extracellular solutions were changed
via two methods. A chamber perfusion system was used to exchange
fresh medium constantly (0.1-1 ml/min). A more rapid and direct pi-
pette perfusion system was used to perfuse selectively single cells under
voltage clamp during continuous exchange of bulk medium via chamber
perfusion (Santos-Sacchi, 1991a). All experiments were performed at
room temperature (~23°C). Cell diameter was determined for each cell
by averaging three measures at different axes. A Nikon Diaphot inverted
microscope with Hoffmann optics was used 1o observe the cells during
electrical recording, and all experiments were taped with a Panasonic
AG6300 video recorder.

Electrical recording. Type 1 spiral ganglion cell somata were whole-
cell voltage clamped with a Dagan patch-clamp amplifier typically at
holding potentials between —70 and —80 mV, unless otherwise noted.



3600 Santos-Sacchi » Spiral Ganglion Cell Conductances

Pipette solutions were composed of 140 mm KCl or CsCl, 5 or 10 mm
EGTA or BAPTA, 2 mMm MgCl,, and 5 mm HEPES buffered to pH 7.2.
Cell somata are normally myelinated, but over the course of the in vitro
incubation the myelin is shed. The type I spiral ganglion cell outnumbers
the type II cell by about 20:1, and type I spiral ganglion cells are about
20 um in diameter while type II cells are about 15 um. The average cell
size in this study was about 19 um (see Results). Given these facts and
the fact that most recorded cells had residual myelin figures associated
with the cell somata (only type I are myelinated), it is concluded that
most, if not all, of the cells studied were type 1.

Gigohm seals were made on the neuronal plasmalemma and elec-
trode capacitance was compensated prior to whole-cell recording. Volt-
age-step studies were performed with an Axolab 1100 A/D and D/A
board (Axon Instruments, Foster City, CA) with associated software
(pcLamp). The software was modified to provide a continuous display
of clamp time constant (7), cell capacitance (C,,), and resistance (R,,),
and series resistance (R,) between data collections. Leakage subtraction
was performed with the P/—4 technique at holding potentials noted in
figure captions. Currents were filtered with an 8-pole Bessel filter at 7
kHz.

Series resistance and cell capacitance were determined from capacitive
transients induced by small voltage steps. The membrane resistance
(200-800 MQ) of spiral ganglion cells is not great enough to permit the
use of a simple method (Marty and Neher, 1983) of determining series
resistance and membrane capacitance under whole-cell voltage clamp.
This problem of estimating series resistance was encountered by Ya-
maguchi and Ohmori (1990) while studying chick cochlear ganglion
cells. The method employed here for these determinations is robust
despite filter settings, and accurately takes into account the effects of
series resistance on capacitance measures. It is based on the simple
circuit model of the voltage-clamped cell, that is, an access resistance
(R,) in series with a paraliel combination of a membrane capacitance
(C,) and resistance (R,,).

For the model, the steady state (/,.) and instantaneous ([;) current
responses to a voltage step are defined as

V.
FTRAR »
=% 6
with the exponentially decaying capacitive current given as
Ie, =, — Lo)e™, 3)
where
r=R,C,, 4)
R,=R,R/R,, ®)
and
R,=R,+ R, ©)

the input resistance readily obtained at steady state.
The charge moved is then obtained by integration
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and utilizing Equations 4 and 8, we obtain
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The time constant () of the exponentially decaying current, and the
charge moved (Q) are little affected by filter settings as low as 2 kHz
(8-pole Bessel). Equation 8 had been identified and used by Mathias et
al. (1981) to evaluate alternative explanations of nonlinear gating charge
movement, and it is, in fact, the proper evaluation of cell capacitance
for the cell model when the ratio of R, and R,, does not approach zero.
In this article, series resistance was compensated electronically, and
voltages were corrected for residual series resistance effects.

Steady state inactivation of Na currents was fit with a Boltzmann

function,

T = [ Loas ~ Ini (10)
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where V is the potential of an inactivating prepulse, V, is voltage at
half-maximal inactivation, e is electron charge, k is Boltzmann’s con-
stant, 7" is absolute temperature, z is the valence, I, is maximum Na
current induced by a fixed depolarization step, and I, is minimum
current.

Results

Type I spiral ganglion cells, including cell somata, are normally
enveloped by a myelin sheath. Immediately after isolation by
trituration, cell somata remain myelinated; however, over the
course of tens of minutes many cells shed this coating (Fig. 1),
making the neuronal plasmalemma accessible to patch pipettes.
After whole-cell configuration is attained, and following a few
minutes to allow equilibration of the normal KCl-containing
pipette solution into the cells, resting potentials averaged —67.3
+ 5.7 mV (mean = SD; n = 11). The capacitance of the cells
averaged 10.14 + 1.68 pF (n = 32) and agreed well with cor-
responding estimates (11.3 pF) based on surface area calculated
from the average cell diameter of 19.01 £ 1.66 um (n = 59).

Under conditions that mimic the normal intra- and extra-
cellular environments, type I spiral ganglion cells demonstrate
fast inward Na currents and more slowly developing outward
K currents. Figure 24 illustrates the whole-cell currents under
these conditions. Under current clamp, no spontaneous activity
was noted, and brief current injections only produced graded
spikes (Fig. 2B). Afterhyperpolarizations lasting several milli-
seconds followed the current induced depolarizations. Longer
current injections did not produce repetitive spiking.

The magnitude of the fast inward Na currents varied greatly
across cells, some cells demonstrating none. Figure 3 illustrates
outward K currents in a cell in which no inward Na currents
were evoked from the holding potential of —70 mV (a few cells
were found that required holding potentials more negative than
—80 mV to reveal Na currents), The outward K currents in
spiral ganglion somata are blockable by extracellular tetraeth-
ylammonium (TEA), or Gd**, or intracellular Cs (but see beiow)
and display fairly rapid onset kinetics, with little or no inacti-
vation. Raising extracellular K levels above 100 mM reverses
the current polarity. Figure 4 illustrates responses from another
KCl-loaded cell in which the fast inward Na currents were blocked
with TTX. Outward rectification is pronounced and initiates
near the resting potential. At —43 mV activation ensues within
360 usec after step onset (Fig. 4D). The voltage dependence of
current onset kinetics was estimated by measuring the time
required to reach half-maximal current amplitude (Fig. 4C).
Above —50 mV outward currents reach half-maximal ampli-
tude within 1.5 msec.

Reduction of extracellular Ca had profound effects upon the
neural membrane; an extreme example, where Ca-free extra-
cellular medium containing 2 mM EGTA was perfused onto the
cell, is illustrated in Figure 54. Removal of Ca caused a re-
versible reduction of the K currents, a depolarizing shift in the
zero current potential (opposite in sign to a potential charge
screening effect), and an increase in the leakage conductance.
[Armstrong and Miller (1990) showed that voltage-dependent
K channels are adversely affected by removal of extracellular
Ca, causing the cell to become leaky and the channels to become
nonselective. However, they determined that in the presence of
1 mm extracellular K, this effect was absent. In the present



experiments, 5 mM K was present in the extracellular medium,
and the type of effect noted by Armstrong and Miller probably
does not occur. Indeed, outward rectification is still robust.]
Gd?** (50 um) substantially blocked outward currents in ganglion
cells (Fig. 5B,C).

Fast inward Na currents were readily isolated when outward
currents were blocked, and the Na currents could be totally
blocked with TTX (100-300 nm). Figure 6 illustrates the cur-
rent—voltage relation for a spiral ganglion cell before and during
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Figure 1. A, Spiral ganglion cell im-
mediately after isolation. Myelin sheath
can be observed enveloping the somata
(arrowheads). B, Spiral ganglion cell that
has lost its myelin sheath after incu-
bation and whose neuronal plasmalem-
ma is accessible to patch pipettes. Scale
bar, 7 pm.

TTX perfusion. In addition, the fast inward current was abol-
ished by replacement of extracellular Na by Tris or TEA. Max-
imum peak inward Na currents occurred within 400 usec, be-
tween a voltage range of — 10 and 0 mV, and inactivated within
4 msec. Single exponential fits to the decaying Na currents in-
dicate a voltage-dependent inactivation (Fig. 74). Averaged in-
activation time constants for a group of spiral ganglion cells
ranged from 0.8 msec at —23 mV to 0.3 msec at +25 mV. The
time required for Na currents to reach half-peak levels was also

Figure 2. A, Isolated spiral ganglion
cell under whole-cell voltage clamp. Pi-
pette solution was normal KCI solu-
tion. Extracellular solution was modi-
fied Leibovitz. Cell was held at —80 mV
and nominally stepped in 10 mV in-
crements from —100 mV to —10 mV.
Note fast inward Na currents followed
by outward K+ currents. Leakage sub-
tracted. Clamp 7, 69 usec; series resis-
tance, 6.1 MQ; holding current, —62 pA.
B, Same cell under current clamp. Cur-
rent pulse injection (i; 0.8 msec at 0.5,
1, 2.5, and 4 nA) initiated a depolar-
ization (v) from the resting potential that
was graded with step size. Respective
times to peak depolarization were 0.72,
0.72, 0.56, and 0.40 msec. Note the in-
creasingly rapid repolarization and af-
terhyperpolarization as a function of
spike amplitude due to the inactivation
of Na conductance and activation of K

conductance. Membrane potential re-
turned to baseline within about 18 msec.
Voltage drop across electrode, based on
the instantaneous step in voltage, was
subtracted during pulse width. Resting

potential was —64.4 mV.
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Figure 3. Isolated spiral ganglion cell
under whole-cell voltage clamp. Cell was
held at —70 mV and nominally stepped
in 5 mV increments through the voltage
range of —115 to —25 mV. Plotted out-
ward K+ currents were determined from
the final 10 msec average of each trace
(inset, upper left). KCl pipette, Leibo- 120
vitz medium. Na currents were absent

in this cell and may have been due part- L

ly to steady state inactivation at this
holding potential (see Results). No
leakage subtraction. Corrected for an
uncompensated series resistance of 8
MQ. Holding current, 37 pA.

voltage dependent (Fig. 74), decreasing from 0.43 msec at —23
mV to 0.26 msec at +25 mV. The recovery of Na channels
from inactivation due to a fixed depolarization was evaluated
with the two-step protocol (Fig. 7B). At a holding potential of
-80 mV, the time constant for recovery from an inactivating
voltage step to —10 mV was 2.16 msec.

Figure 8 exemplifies the effects of holding potential on the Na
current-voltage relation. Changing the holding potential from
—80 to —60 mV inactivates nearly all Na channels. As men-
tioned, the maximum peak Na currents varied markedly among
cells, and this variation conceivably may be related to differing
degrees of steady state inactivation at the holding potential of
the cells. For example, actual holding potentials may vary from
the imposed voltage, depending upon series resistance values.
This possibility was examined in cells that were particularly well
voltage clamped (Fig. 94). Despite fine voltage control, Na cur-
rent densities show great variability. In addition, Figure 9B
illustrates that voltage-dependent inactivation curves (h,,) are
similar for cells possessing large and small Na current densities.
It is likely that current density differences arise from differing
Na channel densities.

Another voltage-dependent inward current with slower onset
kinetics was observed in CsCl-loaded spiral ganglion cells per-
fused with Leibovitz solutions, either with or without 10 mm
TEA. The current had an activation time constant of several
milliseconds, activated at potentials near —70 mV, did not in-
activate during sustained depolarizations, and, surprisingly, re-
versed near —20 mV (Fig. 10). The reversal potential indicates
that it is carried by multiple ionic species. Nearly identical I-V
curves were obtained with cells perfused with Na-free Tris/10
mmM TEA solutions or in CsF-loaded cells. It seems likely that
the tremendous outward K current was not completely blocked
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under these conditions (see Discussion). This sustained inward
current and associated tail current are shown in Figure 11 to be
somewhat reduced in magnitude by 50 um Cd*+ and totally
blocked by 50 um Gd3*+. Cobalt (2 mM) in the absence of ex-
tracellular Ca?* also abolishes this current. These data provide
evidence for a component calcium conductance that is activated
near the resting potential. Interestingly, an increased intracel-
lular Ca concentration prolongs the decay of the associated tail
currents (which are TEA blockable) and reduced extracellular
Ca speeds the decay, possibly indicating that K(Ca) channels
may be involved in generating the tail currents.

It was observed that not only did TTX block fast inward Na
cutrents but 1t reduced the magnitude of the slow inward cur-
rents in a reversible manner as well (Fig. 124,5). The reduction
was not due to a decrease in a noninactivating Na current, since
replacement of extracellular Na by Tris abolished the fast inward

Na current, but did not affect the sustained inward currents (Fig.
12¢).

Discussion

Firing patterns and firing rates are considered important aspects
of auditory frequency and intensity coding (Ruggero, 1992). The
mammalian auditory nerve encodes very high-frequency infor-
mation. Auditory sensitivity of the guinea pig extends above 40
kHz, and that of the bat above 100 kHz. Indeed, Javel (1986)
has commented that within a few milliseconds after the initi-
ation of an acoustic stimulus firing rates can approach 2000
spikes/sec in the cat, Average steady rates have been measured
up to about 400 spikes/sec. Necessarily, eighth-nerve fibers must
detect and process inner hair cell activity at a tremendous pace
to faithfully transmit receptor potential information centrally.
In this study, it is demonstrated that type I spiral ganglion cells
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Figure 4. Isolated spiral ganglion cell under whole-cell voltage clamp. Cell was held at —80 mV and nominally stepped in 10 mV increments
through the voltage range of —110 to —10 mV. I-V curve (4) is corrected for series resistance effects, and plotted outward K+ currents were
determined from the final 10 msec average of each trace (B). The times to reach half-maximal K current levels (C, plotted against corrected steady
state voltage) were obtained from the traces in Figures 3-5 (symbols with thin fitted line). Marked voltage dependence is evident. The thick line
represents data obtained from Yamaguchi and Ohmori (1990, their Fig. 3). Data collection at a higher sampling rate (D) illustrates delay in onset

of outward currents. KCl pipette, Leibovitz medium with 100 nm TTX. Leakage subtraction. Corrected for an uncompensated series resistance of
7 MQ. Clamp 7, 62 usec; holding current, 40 pA.
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Figure 5. A, Isolated spiral ganglion cell under whole-cell voltage clamp. I-V plots of outward K+ currents were determined before (open circles)
and after (triangles) removal of extracellular Ca (solid circles; no added Ca and 2 mM EGTA), at a holding potential of —70 mV. Plotted outward
K currents were determined from the final 10 msec average of each 100 msec trace. Note reversible drop in zero current potential and input
resistance. No leakage subtraction. Corrected for an uncompensated series resistance of 6.8 MQ. B and C, Traces depicting outward K currents in
another ganglion cell after recovery from (B) and during (C) perfusion of normal extracellular medium supplemented with 50 um Gd*+. Holding
potential was —70 mV, and steps were from —100 to —30 mV (nominal). Holding current: B, —81.7 pA; C, —66.4 pA.
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Figure 6. Fast Na currents from a spi-
ral ganglion cell whose outward cur-
rents had been blocked. Intracellular
solution contained 140 mm CsCl, sup-
plemented with 5 mm NaCl. Extracel-
lular solution contained 20 mMm TEA,
20 mm CsCl, 2 CoCl,, with no added
Ca and NaCl appropriately adjusted.
Peak inward currents occurred near 0
mV. Leakage subtracted. Corrected for
an uncompensated series resistance of
4.98 MQ; voltage corrections were made
based on nonleakage subtracted peak
current magnitudes. Holding current
was —43 pA; clamp r was 29 usec. In-
sets: a, Na currents prior to block; b,
block of Na currents by 300 nm TTX. b .

Traces were digitally filtered for pre-
sentation at 3.2 kHz.

possess the required conductances and kinetics to account for
such high-frequency phenomena.

Resting potential of spiral ganglion cells

Type I spiral ganglion cell somata have resting potentials near
—70 mV when loaded with 140 mm KCl. Palmer and Russell
(1986) measured membrane potentials in type I afferent ter-
minals in the guinea pig, which ranged from —40 to —60 mV.
The activation of K currents near these potentials and the ob-
servation that removal of extracellular Ca shifts zero current
levels suggest that the resting potential may be maintained partly
by a Ca-activated K conductance. The likelihood of the exis-
tence of a Ca-activated K conductance is strengthened by the
observation of prolongation of TEA-blockable tail currents as-
sociated with increased levels of intracellular Ca. Single-channel
Ca-activated K currents have been measured in cultured goldfish
auditory ganglia (Davis et al., 1989). The effect of calcium re-
moval on the ganglion cell is in marked contrast to the effects
of extracellular calcium removal on outer hair cell outward K
currents and zero current levels, where little or no effect is seen
(Santos-Sacchi, 1989c). However, the block of ganglion cell
outward K currents by Gd*+* is similar to the trivalent cation’s
effects on outer hair cells and Deiters cells from the organ of
Corti (Santos-Sacchi, 1991a).

Na channels in spiral ganglion cell somata

The bipolar spiral ganglion somata have input resistances around
500 MQ, and capacitances around 10 pF, giving a membrane

L —2000

time constant of about 5 msec near —80 mV. This is similar to
that observed in chick cochlear ganglion cells (Yamaguchi and
Ohmori, 1990). This time constant is fairly slow, and might
interfere with spike transmission through ganglion cell somata.
Means must exist to permit the unobstructed transmission of
spike activity containing timing information across the 20 um
somata of the eighth-nerve fiber, as temporal coding is impor-
tant for many aspects of auditory function, including sound
localization. If resting potentials are more depolarized than —70
mV in vivo (see above), then the activation of the K conductance
will dramatically reduce the membrane time constant and in-
crease timing resolution. More notably, Na conductances are
present in cell somata, indicating that the somata are excitable.
Thus, while Na channels are usually restricted to neuronal nodal
regions (Waxman and Ritchie, 1985; Black et al., 1990; Gilley
etal., 1990), it is possible that Na channels are normally present
in spiral ganglion cell somata and are required for fast through-
put with little attenuation. Fast Na currents are also observed
in chick cochlear ganglion cells (Yamaguchi and Ohmori, 1990)
and acutely isolated cells of the cochlear nucleus (Manis and
Marx, 1991).

It cannot be ruled out, however, that cell somata actually have
few Na channels, and during isolation cellular processes are
retracted into the somata with differing amounts of nodal mem-
brane. The variability of Na channel density in cell somata is
great, and differing degrees of nodal resorption may account for
it. Another possibility is that Na channels destined for remote
sites are incorporated into somata plasmalemma during isola-
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Figure 7. A, Averages and standard
deviations (# = 6) of Na current inac-
tivation (single exponential fit to de-
caying phase; filled circles) and time to
half-peak inward Na current (circles)
versus nominal step voltage. Intracel-
lular solution contained 140 mm CsCl.
Extracellular solution contained 20 mm
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TEA, 20 mMm CsCl, 2 CoCl,, with no
added Ca and NaCl appropriately ad-
justed. Clamp 7 was 0.033 + 0.006
msec. Holding potential was —80 mV.
B, Recovery of Na currents from in-
activation. An initial 3.5 msec voltage
step to —10 mV was followed at in-
creasing time intervals by the same
stimulus. Peak inward current magni-
tude evoked by the second pulse is plot-
ted relative to the first response. Rest
periods of 4 sec were given between each
trail. Average and standard deviations
are plotted (n = 4). Time constant of

238e,239%
240e,241¢

0.0 L ! I
10 15

Time (ms)

tion. Variation in Na channel density may reflect differing de-
grees of Na channel production in the course of normal turnover,
since spiral ganglion cells vary markedly in length.

Is the spiral ganglion cell soma simply another internode?

Because the type I cell soma of the guinea pig spiral ganglion is
enveloped by a myelin sheath, one may conceive of it as an
internode inserted along the course of the myelinated eighth-
nerve fiber. The myelin sheath of the spiral ganglion cell is not
characteristic of all mammalian species. For example, in the
human there is typically no sheath (Ota and Kimura, 1980) and
in the monkey it is very poorly developed (Kimuraet al., 1987).
In fact, the number of lamellae in those species having sheaths
is considerably lower than that surrounding adjacent internodes
(Kellerhals et al.,, 1967; Spoendlin, 1971; Robertson, 1976).
These are not trivial observations. That is, since the number of
lamellae is inversely proportional to internode capacity and
directly proportional to internode resistance, it is not known
how a partially myelinated soma (~20 um in diameter) affects
conduction in auditory nerve fibers. Nevertheless, the concept
that type I somata function as internodes should be considered

20

recovery was 2.16 msec. Holding po-
tential was —80 mV. Solutions were as
in Figure 74. Inset, Example of current
traces; six trials are superimposed.

25

in understanding the ability of the fiber to transmit impulse
trains across a potential somal filter. The distribution of ionic
channels within mammalian myelinated fibers is not random—
specific ionic conductances are restricted to distinct neurolem-
mal domains (Waxman and Ritchie, 1985). Whereas in mam-
mals nodal regions possess only Na channels, myelinated in-
ternodal regions possess voltage-dependent K and possibly Na
channels (Chiu and Schwartz, 1987). What effects might the
voltage and kinetic characteristics of the spiral ganglion soma
conductances have on somal impulse throughput? Indeed, if the
conductances are representative of other internodal regions along
the eighth-nerve fiber, what general consequences might their
characteristics have for auditory neural transmission?

It has been speculated that the K conductance in the inter-
nodal region of the mammalian nerve fiber maintains the in-
ternodal and nodal resting membrane potential, especially if the
conductance is active near rest (Chiu and Ritchie, 1984). The
activation potential (near —70 mV) of the spiral ganglion cell
K conductance is consistent with this scheme. A consequence
of K channel activation near rest is a reduced membrane time
constant, that is, a reduction of the filtering capacity of the
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Figure 8. The effect of holding poten-
tial on Na current magnitude. Reducing
holding potential from —80 mV to —60
mV inactivates nearly all Na channels
in spiral ganglion cells. Voltage depen-
dence remains constant. Holding cur-
rent at —80 mV was —124.5 pA. Cor-
rected for an uncompensated series
resistance of 4.79 MQ. Clamp r was
0.031 msec. Inset, Current traces digi-
tally filtered at 3.2 kHz for presentation.

internode. However, this resting conductance will also limit
electrotonic spread between nodes, which is requisite for sal-
tatory conduction.

A more important issue raised by Chiu and Ritchie (1984) is
the contribution of internodal K conductances to the repolariza-
tion of nodal membrane. Following an action potential, the
nodal membrane must repolarize to permit recovery from Na
channel inactivation and restoration of excitability. These au-
thors convincingly argue that electrotonic spread of depolariza-
tion from nodal to internodal membrane can activate voltage-
dependent internodal K conductances that effectively repolarize
nodal membrane. The characteristics of this conductance may
help limit the duration of action potentials and reduce the pos-
sibility of repetitive afterspiking (Baker et al., 1987; Black et al.,
1990). Currently, it is thought that discharge of capacitive cur-
rent through leakage pathways between the myelin sheath and
axonal membrane promotes an afterdepolarization following
the action potential (Barrett and Barrett, 1982; Baker et al.,
1987). This afterdepolarization is believed to promote repetitive
spiking, as it will lower spike threshold. In fact, Black et al.
(1990) have demonstrated that blockade of internodal K con-
ductances elicits repetitive afterspiking, and David et al. (1992)
have shown that action potentials can activate internodal K
conductances. By evaluating the myelinated axon model of Bar-
rett and Barrett (1982) it is clear that an increased conductance
of internodal axonal membrane will limit the duration of this
afterdepolarization. In fact, the more rapidly the conductances
are activated, the more quickly the afterdepolarization is dis-
sipated. For fibers that conduct information in the precise timing
of action potentials, it is reasonable that K conductances should
possess rapid activation kinetics, or else slow repolarization will
distort the timing of later signals. In the eighth nerve, fibers are
known to phase lock to acoustic frequencies as high as 4 kHz,
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indicating that the temporal resolution must be great. Phase
locking is known to be important for one mechanism of fre-
quency discrimination (see Javel, 1986). The kinetics of spiral
ganglion cell K conductances are faster than those of internodal
membrane of rabbit myelinated sciatic nerve fibers, whose firing
rates do not approach that of eighth-nerve fibers [e.g., at —25
mV, time to half-peak K current is about 5 msec in the sciatic
nerve (Chiu and Ritchie, 1984), whereas at —43 mV the value
is 1 msec for the spiral ganglion cell; temperatures are compa-
rable]. The fast recovery of Na channel inactivation in the spiral
ganglion cell also indicates that the effects of rapid K channel
activation will be registered quickly. It appears, then, that even
with the spiral ganglion cell soma viewed as an internode among
other internodes, the voltage dependence and kinetics of the
intrinsic membrane conductances contribute to the temporal
characteristics of auditory nerve performance.

Comparison of spiral ganglion cell kinetics with those of other
DPrimary sensory neurons

The kinetics of ionic channels are temperature dependent
(Hodgkin and Huxley, 1952; Frankenhaeuser and Moore, 1963).
Thus, the results presented in the present report at room tem-
perature (~23°C) should be interpreted accordingly. The tem-
perature dependence of channel kinetics typically has a tem-
perature coefficient (Q,,) of about 3 (Frankenhaeuser and Moore,
1963; Huguenard et al., 1991). Measures at higher, in vivo, tem-
peratures will be faster by a factor of 3 for each 10°C increase.
Keeping temperature effects in mind, it is illuminating to com-
pare the kinetics of Na and K conductances of the guinea pig
spiral ganglion cell to comparable results obtained from other
mammalian primary sensory systems. In addition, a compari-
son is made to data obtained from a nonmammalian cochlear
ganglion cell, that of the chick (Yamaguchi and Ohmori, 1990).
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Figure 9. A, Variability of Na current magnitudes: averages and stan-
dard deviations of Na current densities versus voltage, for a group of
cells (n = 6) that were particularly well voltage clamped. Intracellular
solution contained 140 mm CsCl. Extracellular solution was modified
Leibovitz with 10 mMm TEA. Corrected for an uncompensated series
resistance of 3.69 + 1.75 MQ; clamp 7, 38.73 + 25 usec; C,, 11.8 +
1.6 pF; R,,, 480 £ 100 MQ. Voltage variations are within the symbol
widths. Holding potential was —80 mV; holding current was —38 + 31
pA. Inset, Current traces in response to —10 mV steps, and outlines of
associated cell somata, Scale is 2 nA or 15 um,. B, Steady state inacti-
vation of Na currents. Two cells of high and low current densities are
compared. Cells were held at —100 mV and prepulsed to various po-
tentials (nominal) for 200 msec prior to step to —10 mV. Fits were
made to a Boltzmann function. Inactivation characteristics are similar
for both cells. Open circles: z, —4.55; V,, —62.9 mV; clamp 7, 24 usec;
R,, 6.76 MQ. Solid circles: z, — 4.34; V,, —66 mV, clamp 7, 24 usec;
R,, 3.26 M%Q. Intracellular solution contained 140 CsCl. Extracellular
was modified Leibovitz with 10 mm TEA and 0.1 mMm CdACL Inset,
Current traces for each cell.
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Figure 10. Simultaneous measurement of slow inward current (circles)
and fast inward Na current (friangles) of spiral ganglion cell loaded with
140 mm CsCl, and perfused with 10 mm TEA Leibovitz solution. The
slow inward current activates at a potential more negative than the Na
current. Note the unusual reversal potential of the slow current (—20
mYV), indicative of charge being carried by multiple ionic species. Also
note the tail currents activated during return to the holding potential.
Holding potential was —80 mV for each trace, and the cell was stepped
to the potential noted on the left of the traces. Corrected for an uncom-
pensated series resistance of 3.3 MQ.

In rat retinal ganglion cells at ~23°C, peak Na currents reach
half-maximal magnitude in about 500 usec, and the inactivation
time constant at —20 mV, for example, is 1.3 msec (Barres et
al., 1989). These values are somewhat slower than those of the
spiral ganglion cell (see Fig. 74). Interestingly, these authors
found that the kinetics of glial cells were considerably slower
than retinal ganglion cells. While the K currents of spiral gan-
glion cells reach half-peak amplitude in 1 msec at —43 mV at
room temperature, the whole-cell K currents in cat retinal gan-
glion cells required about 1.5 msec to reach half-peak values at
—20 mV at 33°C (Lipton and Tauck, 1987). The time constant
of recovery of Na currents from voltage-induced inactivation
differs depending upon specific type of rat retinal ganglion cell,
being less than or equal to ! sec for X-cells and greater than 1
sec for W-cells (Kaneda and Kaneko, 1990). The average time
constant of recovery for spiral ganglion cells is 2.16 msec.

Lynch and Barry (1991a) found in rat olfactory neurons that
the major outward K conductance is a transient type that reaches
half-maximal peak values within about 4 msec at +20 mV
(~21°C). These same authors also found a smaller, more slowly
activating K current (Lynch and Barry, 1991b). In a study by
Trombley and Westbrook (1991), however, only a noninacti-
vating K current was found that reached half-peak amplitude
at 3.75 msec at a step potential of +40 mV (room temperature).
These same authors measured fast inward Na currents that
reached half-maximal peak magnitude at about 160 usec. This
is extremely fast and may indicate that the scale in their figure
was mislabeled. In fact, the value is between 400 and 500 usec
(P. Trombley, personal communication).

To my knowledge, there are no published voltage-clamp data
on the conductances of mammalian taste cell primary afferents.
However, in rat taste cells, some of which possess fast Na cur-
rents, half-maximal peak Na current is reached in about 450
usec (room temperature; S. M. Herness, personal communica-
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Figure 11. Reduction of slow inward currents by inorganic ions. Tri-

angles and associated trace depict voltage dependence of sustained in-
ward currents. Following perfusion with an additional 50 um Cd>+ (solid
circles) the current magnitudes were decreased and the peak current
shifted in the depolarizing direction. Treatment with Gd3+ (50 um; open
circles) totally abolishes the inward currents. Cell was perfused with
normal Leibovitz medium; note that reversal potential is near —30 mV,
and does not change with Cd treatment. Inset, Traces depict current
responses to voltage steps at —50 mV (nominal). Corrected for an un-
compensated series resistance of 7 MQ. Holding potential —80 mV.
CsCl pipette.

tion). Interestingly, recovery of Na currents from voltage in-
activation is quite slow, having a time constant of about 56
msec. Delayed-rectifier outward K currents reach half-maximal
levels at 12.5 msec at 0 mV.

It is clear from comparisons with spiral ganglion cell data that
the channel kinetics of the cells from the mammalian visual,
olfactory, and taste systems are comparatively slow. Kinetic
differences probably relate to the type of stimulus each sensory
system is required to detect, and the molecular method of de-
tection (see Hille, 1992).

Yamaguchi and Ohmori (1990) studied the conductances of
chick cochlear ganglion cells and observed outward K currents
whose voltage dependence (if voltage corrections for series re-
sistance are made for their data) is somewhat similar to the K
conductance of the guinea pig. However, at temperatures com-
parable to that used in the present study, the onset kinetics of
the chick’s K currents are appreciably slower (see Fig. 4C). For
example, voltage steps to levels above —50 mV require about
twice as long to reach half-maximal current levels in the chick
as compared to the guinea pig. While the extent of frequency
sensitivity differs markedly in the guinea pig and the chick, the
observed differences in the kinetics of outward K currents be-
tween mammalian and nonmammalian species may further re-
flect differences in maturity of the cells. Yamaguchi and Ohmori
obtained ganglion cells from chicks between embryonic days 15
and 19, and it is possible that conductances may not exhibit
adult characteristics. For example, Fuchs and Sokolowski (1990)
have shown that chick cochlear hair cells do not acquire a Ca-
activated K conductance until after embryonic day 19. Thus,
beyond species differences, it may be difficult to make direct
comparisons between potentially immature cells of the chick
and acutely dissociated adult cells of the guinea pig. Neverthe-
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Figure 12. Effect of TTX and Na removal on fast and slow inward
currents of a spiral ganglion cell. Cell was held at —80 mV and stepped
to —40 mV (nominal). Trace a shows response during perfusion of 10
mMm TEA Leibovitz supplemented with 200 nm TTX. Trace b shows
response with 10 mMm TEA Leibovitz. Trace ¢ shows response when Tris
replaced all external Na. Digitally filtered at 0.1 msec. Note changes in
magnitudes of tail currents. R, 2.26 MQ.

less, some characteristics of the studied currents appear similar,
including voltage dependence of Na and K conductances and
kinetics of the Na conductance. For example, Yamaguchi and
Ohmori found that the time to half-peak Na current ranged
from 0.57 to 0.26 msec within the voltage range of —23 to +13
mV, and the present data ranged from 0.43 to 0.26 msec.

Relevance of spiral ganglion cell conductances to
eighth-nerve activity

The electrical properties of auditory neurons help shape their
response characteristics (Manis and Marx, 1991; Oertel, 1991).
Indeed, the voltage dependence and kinetics of spiral ganglion
cells conductances are probably highly influential. The rapidly
activating K conductances of guinea pig spiral ganglion cells,
occurring near the resting potential, will limit the duration of
action potentials, and promote the rapid recovery of Na chan-
nels from inactivation, thereby potentially permitting higher
average rates, and precise timing--traits that are requisite for
auditory coding mechanisms such as phase locking.

Siegel (1992) has recorded spontaneous activity from guinea
pig afferent terminals at the base of inner hair cells and spec-
ulated that possible relative refractory effects due to rapidly
activated K conductances might account for the reduced EPSP
size immediately following prior neural activity. [No sponta-
neous activity was found in isolated ganglion cells. Although
spontaneous activity in eighth-nerve fibers can approach 140



spikes/sec in the absence of sound, it is likely that this activity
1s transmitter activated, since damage to inner hair cells or
treatments designed to reduce receptor current decrease or abol-
ish spontaneous activity (Kiang et al., 1976; Sewell, 1984).]
Indeed, Siegel found that spike initiation and amplitude were
also reduced. Under current clamp, in the present study, the
occurrence of graded depolarizing spikes with increasing current
pulse magnitude reflects the rapid onset and tremendous mag-
nitude of the outward K currents generated in guinea pig spiral
ganglion cells—the effect of Na conductance activation is rapidly
curtailed, and afterhyperpolarizations lasting several millisec-
onds ensue. Clearly, such rapid activation of K conductances is
congruent with Siegel’s findings.

Investigations of acoustically evoked eighth-nerve adaptation
also reveal temporal processes that may directly relate to some
of the intrinsic refractory properties of spiral ganglion cells (Wes-
terman and Smith, 1984; Yates et al., 1985; Lutkenhoner and
Smith, 1986). Peristimulus time histograms (PSTHs) of eighth-
nerve activity typically show a very high probability of spiking
within the first few hundred microseconds following the onset
of an acoustic stimulus. This is followed by a very short period
of inactivity, probably reflecting the nerve’s absolute refractory
period. Interspike intervals in auditory nerve fibers can be as
short as 0.7 msec (Kiang et al., 1965). In the gerbil, Westerman
and Smith (1984) found two additional temporal components
of activity decline during sustained acoustic stimulation. The
rapid component had a time constant of 1-10 msec that was
level dependent (decreasing with intensity), and the slower com-
ponent, which was not level dependent, had a time constant of
60 msec. Similarly, Yates et al. (1985) found two temporal
processes in the guinea pig, one ranging from about 2-25 msec
that was sound-level dependent and another that had a time
course greater than 100 msec. The fast form of adaptation may
correspond to relative refractory periods of the spiral ganglion
cell, that 1s, the kinetics of voltage-dependent inactivation and
recovery of the Na conductance and K conductance-induced
afterhyperpolarization. Another auditory neural phenomenon,
forward masking, a paradigm where the response to a second
tone is diminished by a prior tone, may also reflect the temporal
characteristics of spiral ganglion cell ionic channel activation
and inactivation. Harris and Dallos (1979) have shown that for
short masking tones (2 msec) complete recovery of firing rate
occurs within 20 msec. This process is also level dependent.
While it is tempting to make comparisons between these fast
level-dependent processes and the voltage-dependent charac-
teristics of Na and K conductances in ganglion cells, the more
slowly developing decline in fiber rate probably reflects synaptic
events (transmitter rundown, hair cell calcium current kinetics)
or discharge history effects (Smith and Brachman, 1982; Lut-
kenhoner and Smith, 1986; Kidd and Weiss, 1990). For ex-
ample, it is conceivable that prior neural activity may increase
extracellular K, thereby inactivating Na channels through de-
polarizing effects. Perhaps some of the longer adaptation time
constants reflect the time constants of ionic recovery mecha-
nisms, for example, pump activities and K sinking through sup-
porting cells (Santos-Sacchi, 1991b).

Slow inward currents

The slow inward current observed in Cs-loaded cells may par-
tially consist of a Ca component, since Cd>+, Gd*+, and Co?*
in the absence of Ca>*+ are blockers. Gd**+ has been shown to
block both sustained and transient Ca currents in cerebellar
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granule cells (Slesinger and Lansman, 1991) but only transient
Ca currents in NG108-15 cells (Docherty, 1988). Nonetheless,
the sustained inward current displays many puzzling features,
including its voltage dependence and reversal potential. One
difficulty encountered in this study was the incomplete block of
outward currents by Cs loading, even with the addition of 10
mM TEA extracellularly. While it is known that Cs can permeate
Ca channels (Fenwick et al., 1982), and while this may be oc-
curring to some extent in spiral ganglion cells, it appears that
the use of Cs does not lead to complete isolation of Ca currents,
as it does in some cell types (e.g., Kinnamon et al., 1989; Fuchs
et al., 1990). Indeed, Dryer et al. (1991) have documented that
Ca currents are not adequately isolated in chick ciliary ganglion
cells when using intracellular Cs and extracellular K channel
blockers. Ca conductances in the spiral ganglion cell of the guin-
ea pig require further in-depth characterization, utilizing more
aggressive current isolation techniques.

Itisinteresting to note that Wilson et al. (1991) have described
a TTX-blockable voltage-dependent inward current in bag cell
neurons of Aplysia that is activated by venom from Conus tex-
tile. 1t is carried mainly by Na, activates near —60 mV, and
reverses near zero potential. This current appears to have some
similarities with other Ca-activated nonspecific cation currents
(Partridge and Swandulla, 1988). Despite the observation that
the slow inward current in spiral ganglion cells is not Na de-
pendent, it is noteworthy that it shares some of the character-
istics of the bag cell neuron current; namely, it shares a similar
TTX sensitivity, activation potential, and reversal potential,
which indicates permeation by multiple ionic species.

Summary

It is becoming increasingly clear that the ability of the auditory
system to process high-frequency acoustic events reflects the
underlying rapid kinetics of the system’s constituent cells. With-
in the sensory epithelium, mechanical events are remarkable.
The mechanical transduction mechanism in hair cells utilizes
one of the fastest gating processes known (Corey and Hudspeth,
1983), and outer hair cell voltage-dependent mechanical re-
sponses are measurable in the kilohertz range (Santos-Sacchi,
1992). The K conductance in inner hair cells is appropriately
very rapid in onset (Santos-Sacchi, 1989b; Kros and Crawford,
1990), as are those in cells of the cochlear nucleus (Manis and
Marx, 1991). It is no wonder that the observed membrane prop-
erties of the spiral ganglion cells that join peripheral receptors
to central targets are also fast.
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