
Abstract We used two conditioning voltage protocols to
assess inactivation of voltage-gated Na+ current in retinal
ganglion cells. The first protocol tested the possibility,
raised by published activation and steady-state inactiva-
tion curves, that Na+ ions carry a “window” current in
these cells. The second protocol was used, because these
cells spike repetitively in situ, to measure the Na+ current
available for activation following spikes. Na+ current ac-
tivated at test potentials more positive than –65 mV. At
test potentials more positive than –55 mV, Na+ current
peaked and then declined along a time course that could
be fit by the sum of a large, rapidly decaying component,
a small, slowly decaying component and a non-decaying
component. Both step- and spike-shaped conditioning de-
polarizations reduced the amount of current available for
subsequent activation, sparing the non-decaying “persis-
tent” component. Most of the Na+ current recovered from
this inactivation along a rapid exponential time course
(τ=3 ms). The remaining recovery was complete within at
least 4 s (at –70 mV). Our use of step depolarizations has
identified a current component not anticipated from pre-
vious measurements of steady-state inactivation in retinal
ganglion cells. Our use of spike-shaped depolarizations
shows that Na+ current density at 1 ms after a single spike
is roughly 25% of that activated by the conditioning
spike, and that recovery from inactivation is 50–90%
complete within 10 ms thereafter. Na+ current amplitude
declines during spikes repeated at relatively low frequen-
cies, consistent with a slow component of full recovery
from inactivation.
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Introduction

The ability of neurons to produce trains of action poten-
tials requires that a net inward current can be activated
momentarily and repeatedly. Although this current is car-
ried in many cells by Na+ ions, spikes depolarize cells to
membrane potentials that increase inactivation of volt-
age-gated Na+ current [27]. The capacity to spike repeti-
tively can be guarded by various means. Delayed out-
ward currents commonly hasten repolarization between
spikes to membrane potentials that relieve Na+ current,
at least partially, from inactivation. Amounts of Na+ cur-
rent available for repetitive spiking could also be en-
hanced. For example, Na+ current that inactivates com-
pletely at depolarized membrane potentials could be in-
creased around threshold by adjusting the overlap of ac-
tivation and steady-state inactivation curves [3, 16]. A
different means of augmenting Na+ current would be to
reduce its susceptibility to steady-state inactivation. Na+

currents that are activated, but not altogether inactivated,
by depolarization were first recognized in axons [8, 12,
18, 23] and subsequently found in neuronal somata [37,
48, 49], dendrites [29, 39, 46], cardiac muscle [40, 44],
skeletal muscle [11, 41], and neuroblastoma cells [42].

Particularly in sensory systems, stimulus properties
that trigger and modulate repetitive spiking have been
studied more widely than its mechanisms. Because they
encode easily controlled and behaviorally important stim-
uli, retinal ganglion cells have long been prime subjects of
these and related investigations (see [43]). However, sev-
eral properties of the voltage-gated ion conductances that
enable these cells to spike repetitively and at different fre-
quencies are not fully understood. More than a dozen con-
ductances have recently been identified in voltage-
clamped retinal ganglion cells [31], and two pertinent
properties of Na+ currents have been measured. First, Na+

current activation threshold has generally been found to be
around –45 mV, although reported values range from –50
to –31 mV [5, 30, 33]. Secondly, Na+ currents have been
found to inactivate completely around –20 mV [5, 35, 38].
Because these results suggest that retinal ganglion cells
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can generate a “window” type of Na+ current [3], we have
measured Na+ currents that are activated and inactivated
by step-wise depolarizations. Because retinal ganglion
cells can spike repetitively without repolarizing to the
resting potential or more negative membrane potentials
between spikes, we have also measured the Na+ current
that is inactivated by depolarizations shaped like spikes
recorded from these cells under current clamp. Some of
these results have appeared in a meeting abstract [25].

Materials and methods

The action potentials and voltage-clamp currents described below
were measured from single, neurite-free retinal ganglion cell som-
ata isolated from common goldfish (Carassius auratus; 9–16 cm
body length). Recordings were made from these somata in vitro for
four reasons: (1) to minimize persistent current attributable to inho-
mogeneous space clamp [56]; (2) to facilitate both the control of
cytoplasmic Na+ ion concentrations and the reduction of contami-
nating outward currents [30, 31]; (3) to test predictions based on
previous measurements of somatic Na+ current voltage-sensitivity
(see Introduction); and (4) because fish retinal ganglion cell somata
display Na+ channel-like immunoreactivity in situ (Yoshikawa,
Sakaguchi, Anderson, Flannery, FitzGerald, and Ishida; unpub-
lished results). Retinal dissociation, cell identification, bath super-
fusion with control solution, application of test solutions by micro-
perfusion, and liquid junction potential correction were performed
as described elsewhere [9, 30, 51]. Whole-cell patch-clamp record-
ings were performed in either perforated-patch or ruptured-patch
mode [45], using a standard amplifier (L/M-EPC 7, List Electronic,
Darmstadt Germany; or Axopatch-1D, Axon Instruments, Foster
City, Calif., USA) at room temperature (approx. 23°C) within 10 h
of each retinal dissociation. The voltage dependence of steady-state
inactivation was stable for 20–60 min in perforated-patch mode,
whereas the voltage of 50% steady-state inactivation (V1/2) (see Re-
sults) drifted negatively by 10–20 mV after around 10 min in rup-
tured-patch mode. Before this drift developed, similar values of ac-
tivation threshold, decay kinetics, and steady-state inactivation
were obtained with these two recording methods, and are therefore
pooled in the Results. Recovery from inactivation was measured
only in perforated-patch mode.

Patch electrodes were pulled from borosilicate glass capillaries
to tip resistances of 2.5–3.5 MΩ. Ruptured-patch pipette solution
consisted of (in mM): 110 tris(hydroxymethyl) aminomethane (or
100 CsOH plus 10 CsCl), 4 NaCl, 30 tetraethylammonium chloride
(TEA-Cl), 10 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraace-
tic acid (BAPTA), 0.5 CaCl2, 2 MgCl2, 5 Mg-ATP, 0.8 Na2GTP, 10
HEPES. The pH of this solution was adjusted to 7.5 with methane-
sulfonic acid (MSA), and osmolality was adjusted to 310–320 mos-
mol/kg with sucrose. TEA+ and Cs+ were included in this solution
to block outward K+ currents. The calculated free Ca2+ concentra-
tion was approximately 3 nM. Transient and persistent Na+ currents
similar to those described here were also recorded with pipette so-
lutions containing free Ca2+ levels calculated to be 100 nM, and to-
tal Cl– levels of 150 mM.

Perforated-patch pipette tips were filled with (in mM): 110
CsOH, 30 TEA-Cl, 4 NaCl, 0.5 CaCl2, 2 MgCl2, 10 BAPTA, 10
HEPES; pH and osmolality were adjusted to 7.5 with MSA, and
300–310 mosmol/kg with sucrose, respectively. The shank of
these pipettes was filled with this solution after addition at 1:125
of a solution containing 2 mg Amphotericin B (Sigma; St. Louis,
Mo., USA) plus 3 mg Pluronic F-127 (Molecular Probes; Eugene,
Ore., USA) in 60 µl DMSO (Sigma). Perforation was achieved
within 4–30 min after cell-attached mode formation.

Control external (“bath”) solution consisted of (in mM): 110
NaCl, 5 CsCl, 30 TEA-Cl, 3 4-aminopyridine, 0.1 or 0.3 CaCl2,
2.4 CoCl2, 10 D-glucose, and 10 HEPES; pH and osmolality were
adjusted to 7.5 with CsOH, and 320–330 mosmol/kg with sucrose,
respectively. Co2+, TEA+, 4-aminopyridine, and Cs+ were included
in this solution to block voltage-gated Ca2+, K+, and mixed-cation

(Ih) currents, respectively [9, 30, 51]. To facilitate measurement of
the persistent Na+ current in some experiments, bath Na+ was in-
creased to 150 mM (by adding 40 mM NaCl to the above solution,
while reducing TEA to 10 mM). Test solutions were made by ad-
dition of TTX to control bath solution, by equimolar substitution
of LiCl for NaCl, or by either partial or total isosmotic substitution
of NMG-HCl for NaCl (e.g., in Figs. 2 and 3). TTX (no. 584411,
Calbiochem-Novabiochem; La Jolla, Calif., USA) was dissolved
in water to a stock concentration of 1 mM, and diluted in control
bath solution to the concentrations used. Mean Na+ current ampli-
tudes under various conditions are pooled from the indicated num-
bers of cells, and reported together with ±1 SEM. Each Na+ cur-
rent density reported here (in pA/pF) was calculated by dividing
current amplitude (at the peak or non-decaying phase) by the mem-
brane capacitance of the cell from which the recording was made
(as gauged by capacitive current cancellation; range: 13–35 pF).

Voltage protocols, P/4 linear leak subtraction (when command
voltage changes were all step-wise), and off-line analysis were per-
formed with the pCLAMP system (v. 6.0.2, Axon Instruments). The
current monitor output of the patch-clamp amplifier was analog-fil-
tered with a Bessel filter [either that built-in to the Axopatch 1D, or
Model 902 (Frequency Devices; Haverhill, Mass., USA) in series
with the List EPC-7; corner frequency=1 or 2 kHz] and digitally
sampled at twice the filter frequency (or faster). Na+ current decay
was fit with sums of exponential time functions (see Eq. 1 and Fig.
4) by the Simplex fitting algorithm of pCLAMP. Rates of recovery
from inactivation (e.g. Fig. 7C) were evaluated by fitting kinetic
functions to test current peak amplitudes by least-squares regression
(Table Curve 2D, Jandel Scientific, San Rafael, Calif., USA).

Series resistances typically measured less than 15 MΩ (range
of values measured at beginning of current measurements from in-
dividual cells: 7–14 MΩ during perforated-patch recordings; 3.5–9
MΩ in ruptured-patch recordings). During measurement of decay
kinetics, amplitude ratios of persistent to transient Na+ current,
and various current-voltage curves, series resistance compensation
was employed at between 40 and 80%. Membrane potentials are
reported without further correction for series resistance.

Results

We describe here the voltage-gated Na+ current activated
in single retinal ganglion cell somata by depolarizations
for as long as 300 ms, from holding potentials between
–100 and –15 mV, to test potentials between –75 and
+80 mV. This current was measured in the presence of
pharmacological agents that block voltage-gated Ca2+

currents, K+ currents, and Ih (see Materials and meth-
ods). We have previously shown that the peak of current
activated by brief (2–5 ms) depolarizations under these
conditions reverses at membrane potentials near the Na+

equilibrium potential, and that no appreciable inward
current is carried by Tris+ or by N-methyl-D-glucamine
(NMG) [30]. As described below, Na+ current activated
by longer voltage steps appears to consist of at least two
kinetic components. One reaches maximal amplitudes as
large as 8 nA (4019±388 pA, 185±28 pA/pF, n=10), and
decays along a rapid, exponential time course. The other
is relatively small and most apparent as a non-decaying
current (29±3 pA, 1.3±0.2 pA/pF, n=10) in whole-cell
records at times later than 35 ms after the onset of depo-
larizations to test potentials between –45 and +40 mV
(Figs. 1, 2). Currents exhibiting these kinetic profiles
will be referred to below as “transient” and “persistent”
Na+ currents, respectively, without implying whether
these currents arise from separate channel populations or
not. Because these components differ in activation
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threshold and resistance to steady-state inactivation, we
initially assessed their TTX sensitivity, ion selectivity,
and voltage sensitivity, using step-wise voltage jumps.
We then measured the amplitude of Na+ current activated
and inactivated by spike-shaped changes in membrane
potential.

Tetrodotoxin

TTX (0.3–1 µM) blocked both the decaying and non-de-
caying currents that activated regeneratively at test po-
tentials between –65 mV and +20 mV (Figs. 1, 2). As in
cardiac myocytes [44], moderate concentrations of TTX
(10–20 nM) reduced the amplitude of persistent Na+ cur-
rent to immeasurably small levels, while leaving sizeable
peak currents (Fig. 1B). However, the sensitivities of
peak and persistent Na+ current to TTX were not com-
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Fig 1A–C Tetrodotoxin (TTX). Na+ current activated by depolar-
ization from –90 mV to –20 mV before and after application of 20
nM TTX (traces marked control and TTX, respectively, in A, B).
Note reduction of transient Na+ current in A, and reduction of per-
sistent Na+ current at higher gain in B. Trace marked “–70” is cur-
rent during voltage jump from –90 mV to –70 mV in the presence
of TTX, included to show zero-current level. Calibration for all
traces in A is positioned near the peak of transient current. B Cur-
rents truncated at –500 pA, and calibrated by mark at lower right.
C Amplitude of Na+ current activated in the presence of 1–300
nM TTX. Holding potential: –90 mV; test potential either –20 mV
or –10 mV. Filled circles plot mean amplitude recorded from at
least 3 cells at each TTX concentration, normalized to amplitude
of current recorded before TTX application from each cell. The
SEM at each TTX concentration is smaller than these circles. Line
superimposed over measured values plots relative amplitude re-
ductions calculated from the Hill equation, assuming a Hill num-
ber of 1.0 and a dissociation constant of 5.5 nM. Data included on-
ly if TTX block was reversible by wash, and only if the test depo-
larization elicited no outward current after a final application of
0.3–1 µM TTX (i.e., only if the leak conductance subtracted lin-
early at the test potential used). Two or three different TTX con-
centrations applied to each cell

Fig. 2A–E Li+ and N-methyl-D-glucamine (NMG+). Current re-
cords in A–C activated by depolarizations of one ganglion cell in
control Na+-based bath solution, after replacement of bath Na+ by
Li+, and after addition of 1 µM TTX to the Li+ superfusate (traces
labeled Na, Li, and TTX, respectively). The persistent current am-
plitudes in A and B are 20–40 pA. D, E Current records recorded
from another ganglion cell in control saline and after replacement
of bath Na+ by NMG+. No detectable outward current in E at the
test potentials used. In all panels, holding potential is –90 mV; test
potentials are –70, -50, -40, and –30 mV. Calibration marks for
A–C and for D, E are positioned above B and E, respectively



pared in detail, because the control amplitude of persis-
tent Na+ current was typically two or more orders of
magnitude smaller than that of transient Na+ current, and
was therefore difficult to measure after reduction by
TTX. Peak Na+ current amplitudes in the presence of
various TTX concentrations are plotted in Fig. 1C. Peak
Na+ current amplitude falls to 50% of control levels at a
TTX concentration of 5.5 nM. The linear regression
slope of a Hill plot constructed from these measurements
is 1.0 (nHill, r2=0.998).

In some cells, 1 µM TTX produced a slightly greater
block of peak Na+ current than did 300 nM TTX. How-
ever, we did not observe peak or persistent Na+ current
that resisted block by 1 µM TTX. This implies that the
persistent inward current activated by depolarization un-
der our recording conditions is not attributable to leak
current subtraction errors, and that the Na+ current we
report here differs from TTX-resistant Na+ currents
found in various cells (e.g. [34]). Persistent inward Na+

current was detectable in all cells, provided that activa-
tion of delayed outward currents did not result in current
direction reversal during individual step depolarizations.

Selectivity

Li+ could substitute for Na+ as an inward current carrier.
Li+ currents (recorded after complete replacement of
bath Na+ by Li+) were activated by depolarizations to
test potentials between –60 and +20 mV; exhibited rapid-
ly decaying, slowly decaying, and non-decaying compo-
nents; and were suppressed by 300 nM TTX (Fig. 2).
These currents were not markedly different in amplitude
from Na+ currents in the same cells (Figs. 2A,B), consis-
tent with the relative permeabilities of Li+ and Na+

through Na+ channels in other preparations [26]. Inward
current was abolished by total, isosmotic replacement of

Na+ by NMG (Fig. 2E), consistent with the inability of
methylated cations to carry detectable current through
Na+ channels in general [26].

The amplitude of the maximum (peak) current elicited
at various test potentials and that of non-decaying current
immediately before termination of each test depolariza-
tion (Fig. 3A) are plotted against test potential in Fig. 3B.
Both of these current-voltage curves cross the abscissa
between +65 and +70 mV, near the Na+ equilibrium po-
tential (+69 mV) estimated from the bath and pipette Na+

concentrations used in this set of measurements (90 and 
6 mM, respectively). These measurements (plus the ef-
fects of TTX, Li+, and NMG described above) suggest
that Na+-permeable ion channels activated at all times
during the test depolarizations used. Cahalan and Korn
[10] have shown that an inward flux of Na+ through de-
layed-rectifier K+ channels can give rise to a persistent
current during prolonged depolarizations. That type of
Na+ current is TTX resistant, carried poorly by Li+, and
blocked by patch-pipette solutions containing high con-
centrations of Cs+. In all of these respects, that type of
Na+ current differs from the persistent Na+ current we 
report here.

Decay kinetics

Having demonstrated that Na+ current can be measured
without substantial contamination by other voltage-gated
currents, we next assessed its voltage sensitivity in terms
of activation threshold, decay during sustained depolar-
izations, and steady-state inactivation. We first measured
the decay of Na+ currents activated by depolarizations to
test potentials between –40 mV and +40 mV, from a
holding potential of –90 mV. During step depolarizations
lasting 45–300 ms, the decline of current from its peak
value could be fit by the sum of a large, rapidly decaying
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Fig. 3A, B Peak and plateau
current-voltage plot. Na+ cur-
rents in lower part of A activat-
ed by step depolarization from
–90 mV to test potentials indi-
cated next to each current trace
(see schematic above traces).
Open and filled circles in B plot
amplitude of the current peak,
and of the current at the end of
each current trace (measured
38 ms after the beginning of
each depolarizing step, and mul-
tiplied 20-fold for clarity), re-
spectively, at each test potential.
Current-voltage curves drawn
through data by eye, cross ab-
scissa near +67 mV



exponential, a small, gradually decaying component, and
a non-decaying component. Figure 4 shows current acti-
vated by a 50-ms depolarization, and a fit by the follow-
ing equation:

INa = Afastexp(–t/τfast) + Aslowexp(–t/τslow) + C (1)

where the peak amplitude and time constant of the fast
and slow components are given by Afast and τfast, and by
Aslow and τslow, respectively, and C is the non-decaying
(persistent) level. The faster exponential alone, and the
sum of the slower exponential and constant terms are
also overlaid over the current trace.

The more rapidly decaying exponential (τfast) fits the
current trace for the first 2 ms after the current peak at
–20 mV (Fig. 4A). This fit extends from the current peak
to a point in time at which current has decayed to 1/3 of
its peak amplitude. The current thereafter is larger than
that plotted by the fast exponential. Most of this later
current, from 7 ms after onset of the test depolarization
to its end, is fit by the sum of the more slowly decaying
and constant components (labeled τslow + C). Moreover,
the sum of these three components superimposes over
the entire current trace. Sums of these three components
yielded better fits than sums of two exponential func-
tions or the sum of one exponentially decaying compo-
nent plus a non-inactivating component.

The fast and slow time constants from the best fits of
Eq. 1 to current traces from five cells are plotted in Fig.
4B. Both τfast and τslow decline substantially between –40
and 0 mV, and only slightly between 0 and +30 mV. A
similar voltage sensitivity has been reported for τfast of
cat and rat retinal ganglion cell Na+ currents [5, 47]. Par-
ticularly at test potentials that activate the largest-ampli-
tude Na+ currents, the absolute values of τfast and τslow
reported here are subject to distortion by uncompensated
amounts of series resistance (see Materials and meth-
ods). However, the persistent Na+ current we report here

would not be attributable to series resistance or space
clamp artifact (given the round shape of the somata we
record from), nor would series resistance account for the
tendency of the decay time constants to speed up with
voltage (particularly when comparing equi-amplitude
currents at different test potentials). In the remainder of
this study, we compare the inactivation and activation of
only the peak and persistent Na+ currents.

Steady-state inactivation

Because currents like those fit in Fig. 4 by the constant
term in Eq. 1 did not vanish during depolarizations as
long as 300 ms, we used a double-pulse depolarization
protocol to measure the amplitude of Na+ current that re-
sisted steady-state inactivation. Relatively long condi-
tioning and test depolarizations (50–300 ms) were used,
to facilitate collection of test currents after the rapidly
decaying current faded, and to examine kinetics of the
test current. The effect of conditioning depolarizations to
membrane potentials between –95 and –15 mV are illus-
trated in Fig. 5. After the prepulse step to –65 mV, the
test jump to –35 mV activated a rapidly decaying current
that is roughly 50% smaller in amplitude than that acti-
vated from the holding potential (–95 mV; Fig. 5A). Af-
ter the prepulse step to –15 mV, the current recorded dur-
ing the jump to –35 mV was striking in two respects.
First, it exhibited no substantial decay (Fig. 5A). Sec-
ondly, this current was identical in amplitude to that per-
sisting at –35 mV after the conditioning step to –35 mV
(Fig. 5A). The effects of conditioning membrane poten-
tial on the peak and sustained level of current activated
at –35 mV are plotted in Fig. 5C. The plot shows that as
the membrane potential during the conditioning voltage
step is made more positive, the peak amplitude of the
test current (at –35 mV) declines. However, the test cur-
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Fig. 4A, B Non-exponential
current decay. Na+ current (bold
trace, lower part of A) activat-
ed by step depolarization from
–90 mV to –20 mV (see sche-
matic at top of figure). Wide,
light line superimposed over
current trace plots current calcu-
lated from Eq. 1 (see Results;
beginning of fit can be seen
near peak of inward current).
Thin line marked “τfast” plots
Afastexp(–t/τfast), using τfast val-
ue determined by fitting algo-
rithm (see Materials and meth-
ods); Afast set by eye to maxi-
mize fit to rapidly decaying
Na+ current. Thin line marked
“τslow+C” plots values of
Aslowexp(–t/τslow) + C. B τfast
and τslow at test potential be-
tween –50 mV and +30 mV;
means plotted by open and filled
circles, respectively; vertical
bars show ±1 SEM (n=5)



rent amplitude did not decline to zero at any of the con-
ditioning voltages used. The Na+ current that resisted in-
activation (as in Fig. 5A) typically measured around 30
pA in maximum amplitude, i.e., 0.8±0.1% (n=10) of the
maximum amplitude of the transient Na+ current. Simi-
larly small (or even smaller) fractions of the total TTX-
sensitive Na+ current are non-inactivating in a variety of
cells [2, 12, 18, 22, 40, 42].

Activation

The most negative test potential that consistently activat-
ed measurable Na+ current was –65 mV. Currents record-
ed at the end of long step depolarizations to –65 mV
were similar in amplitude to those measured after hyper-
polarizations to –65 mV from relatively positive condi-
tioning potentials (Fig. 6A). The ratio of current ampli-
tudes measured at a test potential of –65 mV, before and

after conditioning depolarizations to –35 mV (as in 
Fig. 6A), was 1.0±0.1 (n=5). The currents at –65 mV
(and also at –55 mV) are small enough that, at amplifier
gains lowered to record peak Na+ currents, activation
may be noticed only at more positive membrane poten-
tials (see open circles in Fig. 3B, and activation thresh-
olds previously reported for retinal ganglion cell Na+

currents [31]).
Because holding potentials between –90 and –60 mV

did not markedly affect persistent Na+ current amplitudes
at test potentials between –70 and –35 mV (Figs. 5, 6),
persistent Na+ current showed no marked facilitation at
these holding potentials. The activation range of persis-
tent Na+ current was measured under conditions that in-
activated the transient Na+ current. The Na+ current at
test potentials between –85 and –5 mV after 200-ms de-
polarizations to –35 mV are shown in Fig. 6B. Mean cur-
rent amplitudes measured in several cells (n=5) are plot-
ted against test potential in Fig. 6C. The most negative
test potential that consistently activated measurable Na+

current in this plot agrees with that measured with step
depolarizations (Fig. 3).

Repeated depolarizations

Retinal ganglion cells can spike after dwelling at mem-
brane potentials near spike threshold for several tens of
milliseconds (see Fig. 8 in [4], and Fig. 3 in [47]), and
after repolarizing to membrane potentials ranging be-
tween –50 mV and –25 mV between successive spikes
(Fig. 7; see also [6, 53]). Because these membrane po-
tentials are near (or more positive than) the midpoint of
steady-state inactivation curves for transient voltage-gat-
ed Na+ currents, Na+ currents activated during spike
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Fig. 5A–C Steady-state inactivation. Na+ currents recorded at test
potential of –35 mV, with and without 300-ms conditioning depo-
larizations to –65, -35, and –15 mV (see schematic at top of A).
Traces in lower part of A are high-gain display of currents in B; in-
ward currents exceeding –100 pA are truncated in A. C Current
amplitude after termination of conditioning depolarization, at test
potential of –35 mV, plotted against conditioning potential. Ampli-
tudes measured at current peak and just prior to repolarization to
holding potential (–95 mV), normalized to maximum value of the
peak and non-decaying components respectively, and plotted by
open and filled circles (labeled “peak” and “persistent”), respec-
tively. Boltzmann distribution of values is plotted over the open
circles; for pre-pulse potentials more positive than –35 mV, mea-
sured current amplitudes exceed calculated values. The condition-
ing membrane potential that reduced peak current amplitude at –35
mV to 50% of the control amplitude (V1/2) was –59±2 mV (n=3) as
in [5]. At a test potential of –10 mV, V1/2 measured –47±4 mV
(n=3) as in [33, 35, 47]



trains are unlikely to be as large as those activated by step
depolarizations from more negative holding potentials.
This can be shown by calculations of Na+ current ampli-
tudes using Hodgkin-Huxley equations and spike-shaped
depolarizing test potentials [15, 16], using the voltage
sensitivities of activation and inactivation of the transient
Na+ current measured here (unpublished observations).

To more directly test this possibility, Na+ currents
were measured after spike- and ramp-shaped changes in
membrane potential designed to mimic action potentials.
As illustrated schematically in Fig. 7B, each of these po-
tential changes consisted of a ramp-shaped “pre-poten-
tial” depolarization from membrane potentials V1 to V2,
and a “spike” depolarization consisting of a fast depolar-
izing ramp from V2 to V3, and a repolarizing ramp from
V3 to V4. V1, V2, V3, and V4 were set to the following
values: V1, –70 mV, near published values of resting po-
tential [6, 14, 30]; V2, –45 mV, because the rate of depo-
larization typically increased sharply at this membrane
potential in current-clamp measurements of spikes (Fig.
7; see also [6, 17, 21]); V3, +15 mV, where spikes
peaked during recorded trains (Fig. 7; see also [4, 21]);
V4, –55 mV, because ganglion cells repolarize to mem-
brane potentials as negative as –55 mV between succes-
sive spikes [6]. Rates of depolarization were set as fol-
lows: the pre-potential ramps were similar in duration to
pre-potentials recorded under current-clamp mode (Fig.
7A). Spike rate of rise (40 V/s) was set to mimic rates of
rise recorded from various retinal ganglion cell prepara-
tions (Fig. 7; see also [6, 14, 17, 36]).

The availability of Na+ current for activation after
spike-shaped depolarizations was measured in two
ways. First, spike-shaped depolarizations were used as
conditioning potentials, repeated once per 4–6 s. Each
spike was followed by a ramp from V4 to V5 (from 
–55 mV to –45 mV, to mimic the shape of spikes like
those in Fig. 7A) and then a single step-wise test depo-
larization (from V5 to 0 mV). Test depolarizations were
presented as soon as 1 ms after the end of the condi-
tioning depolarization, and the time between condition-
ing and test potentials was increased in 1- to 5-ms in-
crements (e.g., the two voltage-change episodes super-
imposed in Fig. 7B). Varying this time from 1 to 60 ms
enabled us to gauge the loss of Na+ current available
for activation after the first of several spikes firing in
trains at frequencies between 16 and 250 Hz (calculated
from the moments the test potential reached V2 and V5,
and given that 3 ms elapsed between V2 and V4). Sec-
ondly, spike-shaped depolarizations were repeated at
low frequencies to examine accumulation of inactiva-
tion during spike trains [13, 20, 32]. The Na+ currents
activated during all of the protocols used below were
measured by digital subtraction of current recorded in
the presence and absence of 1 µM TTX (without P/N
leak subtraction).

Four properties of these Na+ currents are illustrated
by the current traces in Fig. 7C:

1. The TTX-sensitive current recorded throughout the
course of these spike- and ramp-shaped depolarizations
was inward, as expected because the test membrane po-
tential was more negative than the Na+ equilibrium poten-
tial at all times.
2. Na+ current was inactivated in all cells (n=4) by the
spike-shaped conditioning portion of the voltage change
in Fig. 7B. At 1 ms after the end of these spikes, the test
depolarization activated Na+ currents that measured
951±377 pA in peak amplitude, 59±23 pA/pF in density,
and 25±2% of the current amplitude activated by the
conditioning spike. These test currents increased in am-
plitude as longer times separated the conditioning and
test depolarizations. By 10 ms after the end of the condi-
tioning spikes, the test Na+ currents measured 1884±715
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Fig. 6A–C Activation range. A Na+ current at a test potential of
–65 mV without (left) and with (right) 200-ms conditioning depo-
larization to –35 mV (see schematic above traces). Dashed hori-
zontal line drawn across this pair of records to show similarity in
current amplitude at –65 mV. B Na+ current recorded at indicated
test potentials after conditioning depolarization to –35 mV. Traces
displaced vertically by arbitrary amounts; dashed horizontal lines
position at zero-current level for each current trace. C Dots plot
mean amplitude of currents recorded from 5 cells, at test potentials
between –75 and +5 mV, after conditioning protocol shown above
currents in B. Vertical bars plot ±1 SEM (if larger than dot). Cur-
rent amplitudes normalized to maximum current amplitude record-
ed from each cell



pA in peak amplitude, 118±21 pA/pF in density, and
51±3% of the current activated by the conditioning
spike. Between 1 and 60 ms after the end of the condi-
tioning spikes, these increases in test current followed
an exponential time course. This phase of recovery from
inactivation is illustrated by the 15 current records su-

perimposed in Fig. 7C. The open circles plot values cal-
culated from the equation:

INa = A + B[1– exp(–t/τ)] (2)

where A and B are constants, and t is the time elapsed af-
ter the end of the conditioning depolarization. This fit
yields a time constant (τ) of 2.6 ms (r2=0.993). Similar
results were obtained in all cells tested (τ=3.0±0.5 ms;
n=4), even though these cells ranged in membrane ca-
pacitance from 9 to 22 pF.

The initial recovery of Na+ current from inactivation
was also quick, exponential, and partial when the condi-
tioning spike and test depolarization in Fig. 7B were re-
placed by 10-ms steps to –5 mV (and the first test cur-
rents were collected 1.5–2 ms after the end of the condi-
tioning pulses). Similar time constants were obtained by
fitting Eq. 2 to current amplitudes when (1) the mem-
brane potential after termination of the conditioning de-
polarization, and until the beginning of the test depolar-
ization, was fixed at –70 mV (τ=5.5±0.4 ms; n=9); (2)
when this membrane potential and the holding potential
were fixed at –100 mV (τ=4.7±0.3 ms; n=4); or (3) when
the conditioning depolarizations were repeated once per
12 s (τ=4.9±0.3 ms; n=3). At 50 ms after the end of these
10-ms conditioning pulses, in cells held at –70 mV, test
currents recovered to 82±3% (range: 64–90%) of the am-
plitude activated by the conditioning depolarization
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Fig. 7A–C Spikes and spike-shaped conditioning potentials. A
Action potentials elicited by constant current injection through
ruptured-patch recording pipette (99 pA). Bath solution consists of
(in mM): 145 NaCl, 5 KCl, 2.5 CaCl2, 10 D-glucose, 10 HEPES;
pH 7.5. Pipette solution consists of (in mM): 145 KCl, 4 NaCl, 0.5
CaCl2, 2 MgCl2, 10 BAPTA, 10 HEPES; pH 7.5. B Two of the 15
command potential episodes used in C to measure Na+ current re-
covery from inactivation by single action potentials. Each episode
consists of a conditioning spike followed by a step-wise test depo-
larization (see text). Test currents measured as a function of time
following spike. C Recovery of Na+ current from inactivation by
conditioning spike. Superimposed records of current activated in a
single cell by 15 pairs of a spike and a 7.5-ms test depolarization.
Spikes and test pulses are separated by between 1 and 15 ms in 
1-ms increments (see text and B). Each trace is the difference be-
tween currents recorded before and after application of 1 µM
TTX. Circles plot peak amplitudes calculated by Eq. 2, showing
that Na+ current recovers partially from inactivation along a quick,
exponential time course (τ=2.6 ms). Currents activated by spikes
show no change in amplitude or kinetics, indicating full recovery
from rapid inactivation within time elapsed between successive
conditioning pulses (4 s). Different cell than in A; Cs+-based, per-
forated-patch pipette solution (see Materials and methods)



(205±26 pA/pF). None of the above data were fit better
by kinetic equations that incorporated a second exponen-
tial term.

3. As the amplitude of the peak Na+ current increased
after the termination of conditioning depolarizations,
the amplitude of the persistent Na+ current remained
constant. In the traces of current activated by the test
depolarizations in Fig. 7C, for example, portions of
inactivation-resistant test current overlap neatly at an
amplitude of roughly –125 pA (between roughly 23 ms
and 41 ms in the superimposed records).
4. When repeated once per 4–12 s, depolarizations by
the conditioning spikes and pulses activated Na+ currents
of constant amplitude (Fig. 7C). These currents thus ap-
peared to recover completely from inactivation induced
by brief conditioning depolarizations, within the shortest
times that these conditioning depolarizations were re-
peated. We did not attempt to fit kinetic functions to the
entire time course of this recovery, because we could not
resolve contributions of slow inactivation at the holding
potentials we used (see [28]).

Because Na+ current appeared to recover completely
from the inactivation induced by brief depolarizations
within 4 s, but not within 50 ms, inactivation is expected
to accumulate during conditioning depolarizations re-
peated at frequencies faster than those used in Fig. 7C.
This was checked by depolarizing cells (n=5) with the
spike waveform shown in Fig. 8A, with the holding po-
tential set to –55 mV to mimic V4 in Fig. 7B. As illus-
trated in Fig. 8B, the currents activated by repetition of
these spikes at 9 Hz declined in peak amplitude over a

period of 200–300 ms. By the third spike after these 
9-Hz “spike trains” commenced, the Na+ current ampli-
tudes measured 82±2% of those activated by the first
spikes. Kinetic equations were not fit to these changes in
current amplitude, because the intervals between test de-
polarizations were long. However, the decline in Na+

current amplitude in Fig. 8B is roughly similar to the de-
cline in spike amplitude in Fig. 7A.

Discussion

Our results demonstrate that voltage-gated Na+ current is
partially inactivated by both step-wise and spike-shaped
depolarizations. Two conclusions are supported by our
results. One is that the inactivation-resistant component
of Na+ current is not a “window” current in the cells we
recorded from, because large depolarizations failed to
fully inactivate it. This component of Na+ current in reti-
nal ganglion cells has not previously been described, and
it would not have been predicted by previously reported
activation and steady-state inactivation curves (see be-
low). Secondly, at the interspike voltages we examined
(V4 and V5 in Fig. 7), neither steady-state inactivation
nor the initial phase of recovery from inactivation by
brief depolarizations should preclude spike firing at fre-
quencies as fast as several tens of Hz.

Non-exponential decay

Ensembles of Na+ channels are expected to pass current
persistently at membrane potentials where their activa-
tion and steady-state inactivation curves overlap. At
more positive membrane potentials, homogeneous Na+

channel populations that activate rapidly and have a
single mean open-channel lifetime are expected to gen-
erate exponentially decaying ensemble Na+ currents
[1]. The whole-cell Na+ current we recorded did not de-
cay exponentially, and included a non-inactivating
component at all membrane potentials more positive
than activation threshold. This persistent Na+ current
does not seem due to space clamp inhomogeneity, or to
excess subtraction of an inwardly rectifying leak cur-
rent for three reasons: (1) the currents reported here
were recorded from isolated somata, (2) the leak cur-
rent subtracted linearly at the test membrane potentials
used to study current activated by step-wise depolariza-
tions, and (3) the current activated by protocols that
included spike-shaped depolarizations were measured
by subtraction of currents recorded in the presence and
absence of TTX. The kinetics we have observed could
have arisen from populations of rapidly inactivating
Na+ channels and physically distinct non-inactivating
Na+ channels [7, 23, 44, 55], or because a fraction of
the inactivating Na+ channel population failed to inac-
tivate due to voltage-induced changes in gating kinetics
[40].
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Fig. 8A, B Multiple spikes. A Five of the 11 identical spike-shaped
depolarizations that activated the Na+ currents in B (displayed in the
order collected). In both A and B, each panel is 50 ms in duration,
and a 60-ms interval separates the end of each panel from the begin-
ning of the next panel (signified by each dotted line). Current traces
are the difference between currents recorded before and after appli-
cation of 300 nM TTX. Holding potential: –55 mV



Generality

The current density, decay time constant, and TTX sensi-
tivity of the rapidly inactivating component of the total
Na+ current we report here do not differ markedly from
those of previously described retinal ganglion cell
whole-cell Na+ currents [4, 5, 47]. However, the decay
kinetics of Na+ current activated by prolonged step depo-
larizations, and the extent of steady-state inactivation of
the total Na+ current we have measured differ from those
reported previously for Na+ current of amphibian, reptil-
ian, and mammalian retinal ganglion cells. These previ-
ous studies report that Na+ current decays exponentially
during step depolarizations [5, 36, 47], and that activa-
tion and steady-state inactivation curves overlap by as
much as 25 mV [33, 35, 38, 47]. These results predict
that Na+ current should fully decay at membrane poten-
tials more positive than this 25-mV “window”.

The presence of non-inactivating Na+ current might
explain two observations in studies of other retinal gan-
glion cell preparations. First, TTX has been found to hy-
perpolarize resting salamander and rat optic nerves [50,
52]. Secondly, although the Na+ current of post-natal and
adult retinal ganglion cell somata decays fully during
step depolarizations [5, 35], one published inactivation
(h∞) curve suggests that some Na+ current resists inacti-
vation in embryonic cells (Fig. 11 in [47]). Thus, persis-
tent Na+ current may not be unique to fish retinal gangli-
on cells or to somata of retinal ganglion cells. The extent
to which persistent Na+ current accounts for the 20-mV
spread in activation thresholds in various species [31],
and whether similar fractions of Na+ current resist inacti-
vation in different structural compartments of retinal
ganglion cells, remain to be assessed.

Recovery from inactivation

Our results show that Na+ current recovery from inacti-
vation is rapid, exponential, and partial over the first 
50 ms following a brief conditioning depolarization.
This pattern of recovery quantitatively and qualitatively
resembles that of Na+ current in other preparations [8,
20, 28]. In all of the cells we recorded from, this early
phase of recovery was fit by a time constant (3 ms) that
is remarkably similar to the most rapid of two fast time
constants fitted to Na+ current recovery after inactiva-
tion by 10-ms depolarizations of cat retinal ganglion
cells [33]. In this respect, our results most closely re-
semble those obtained from a cell identified as having
projected to cat lateral geniculate nucleus (Fig. 8A in
[33]). None of our recovery measurements was fit bet-
ter by a sum of two rapid exponentials, or solely by a
significantly slower exponential, and thus differ from
all other cat retinal ganglion cells described [33]. Our
use of brief conditioning potentials (to mimic spikes)
precludes comparison with the predominantly or exclu-
sively slow recovery kinetics observed after long con-
ditioning depolarizations [33, 54].

The current available for activation during spike
trains will depend, in part, on the current density avail-
able in resting cells, the fraction of current that recovers
from inactivation after single conditioning depolariza-
tions, and steady-state inactivation at the voltages corre-
sponding to V4 and V5 in Fig. 7B. At holding potentials
set to typical values of resting potential (–70 mV), the
Na+ current densities we measured (205 pA/pF) exceed
the amounts needed (in the absence of shunts) to depo-
larize cells at the maximum rates of rise we find during
the first spike of trains recorded under current clamp
(86±10 mV/ms, n=10 cells), and even at the fastest rates
of rise recorded from retinal ganglion cells [6, 19]. Like-
wise, the Na+ current in the cells we have studied should
support several spikes at frequencies as fast as 100 Hz,
because Na+ currents return to 80% of control levels as
rapidly as 10 ms after conditioning depolarizations, and
because steady-state inactivation is roughly 50% be-
tween –45 and –55 mV.

Excitability

Our measurements of voltage sensitivity and current
density suggest that transient and persistent Na+ currents
are geared to subserve at least two different functions.
First, the amounts of Na+ current available to be activat-
ed after single spikes are large enough to depolarize
cells at rates observed in spikes recorded in various spe-
cies (see above). The decline in Na+ current amplitude
during repeated spike-shaped depolarizations (Fig. 8)
may contribute to the decline in spike amplitude seen in
spike trains [13, 20, 32]. Secondly, the currents collect-
ed with step-wise voltage changes show that a fraction
of the total Na+ current activates at sub-threshold mem-
brane potentials, and resists inactivation. Both of these
properties are suitable for a variety of functions (espe-
cially triggering spike volleys, augmenting excitability,
and amplifying small voltage changes; see [11, 23, 37,
46, 49]). For that matter, prior to the present study, Ih
and T-type Ca2+ current were the only voltage-gated ion
currents known to activate in retinal ganglion cells at
membrane potentials between –100 mV and –50 mV [9,
31, 51]. Because Ih deactivates fully at membrane po-
tentials more positive than –75 mV [51], and low-
threshold Ca2+ current inactivates at membrane poten-
tials more positive than –70 mV [9], Na+ current is the
only known voltage-activated ion current expected to
flow persistently in retinal ganglion cells at membrane
potentials between –65 mV and –45 mV.

Until the density and distribution of persistent Na+

current in intact retinal ganglion cells is resolved, we re-
frain from speculation about the contribution of this
component to spike output of retinal ganglion cells.
However, we have recently found that the decay kinetics
of Na+ current are slowed by serotonin and by conditions
that augment cytoplasmic levels of cyclic adenosine
3’,5’-monophosphate [24]. The functional role of persis-
tent Na+ current in retinal ganglion cells may therefore
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be synaptically or parasynaptically modulated, and con-
spicuous under conditions different from those used in
the present study.
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