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Slow and Incomplete Inactivations of Voltage-gated Channels Dominate
Encoding in Synthetic Neurons

Hsiaolan Hsu, Emily Huang, Xian-cheng Yang,* Andreas Karschin,* Cesar Labarca, Antonio Figl,’
Begonia Ho," Norman Davidson, and Henry A. Lester

Division af Biology 156-29 and $Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, California
91125 USA

ABSTRACT Electrically excitable channels were expressed in Chinese hamster ovary cells using a vaccinia virus vector
system. In cells expressing rat brain [IA Na* channels only, brief pulses (< 1 ms) of depolarizing current resulted in action
potentials with a prolonged (0.5-3 s) depolarizing plateau; this plateau was caused by slow and incomplete Na* channel
inactivation. In cells expressing both Na* and Drosophila Shaker H4 transient K* channels, there were neuron-like action
potentials. In cells with appropriate Na*/K* current ratios, maintaining stimulation produced repetitive firing over a 10-fold range
of frequencies but eventually led to “lockup” of the potential at a positive value after several seconds of stimulation. The latter
effect was due primarily to slow inactivation of the K* currents. Numerical simulations of modified Hodgkin-Huxley equations
describing these currents, using parameters from voltage-clamp kinetics studied in the same cells, accounted for most features
of the voltage trajectories. The present study shows that insights into the mechanisms for generating action potentials and trains
of action potentials in real excitable cells can be obtained from the analysis of synthetic excitable cells that express a controlled

repertoire of ion channels.

INTRODUCTION

The electrical and chemical excitability of neurons is con-
trolled by a large repertoire of membrane proteins, including
ion channels activated by changes in potential, channels ac-
tivated by extracellular and intracellular ligands, seven-helix
receptors coupled to G proteins, transporters, and ion pumps.
These excitability proteins generally allow neurons to gen-
erate series of nerve impulses whose temporal pattern reflects
various stimuli and modulatory influences. At present, sev-
eral major approaches are available to analyze the contri-
bution of a particular channel, receptor, or transporter to im-
pulse firing patterns: 1) pharmacological activation and
elimination, 2) antisense suppression of a particular protein,
and 3) numerical modeling based on channel gating kinetics.
We introduce an additional approach based on heterologous
expression of foreign excitability proteins, in this case
voltage-dependent channels. We contend that the new ap-
proach aids in hypothesis testing and enables the construction
of entirely new classes of excitable cells.

A minimum requirement for the generation of a neuron-
like action potential (Hodgkin and Huxley, 1952) would be
the presence of one Na* channel type and one K* channel
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type (a possible exception is provided by some nodes of
Ranvier, which lack K* channels) and a means to maintain
an appropriate resting potential. Vaccinia virus expression
systems are capable of expressing several channel types si-
multaneously at the required levels and were therefore em-
ployed (Leonard et al., 1989; Karschin et al., 1991a; Yang et
al., 1992).

All-or-none action potentials were indeed recorded in
these simple synthetic neurons. Interestingly, however, we
have found that the encoding properties of these cells are
more complex than would be expected simply on the basis
of voltage-clamp data on the expressed Na* and K* currents
on a millisecond time scale. Recent data emphasize that both
endogenous and heterologously expressed mammalian Na™
currents (Llinds, 1988; Krafte et al., 1988, 1990; Zhou et al.,
1991) and expressed Drosophila Shaker H4 currents (Iverson
and Rudy, 1990; Hoshi et al., 1991) display slow and in-
complete inactivation on a time scale of seconds. In an it-
erative series of experiments involving electrophysiological
measurements and numerical simulation, we found that these
slow properties help to determine the voltage trajectories in
the synthetic neurons. Slow inactivation of transient K* cur-
rents could play a role in the encoding properties of real
neurons as well.

MATERIALS AND METHODS
Viruses and plasmids

The vaccinia virus vTF7-3 encodes the bacteriophage T7 RNA polymerase
under the control of a vaccinia virus promoter (Elroy-Stein et al., 1989). Na*
and K™ channel cDNAs were inserted into the plasmid pTM1 (Moss et al.,
1990) downstream from the T7 promoter, T7 hairpin, and encephalomyo-
carditis virus 5'-untranslated region.

Construction and expression of the Na* channel plasmid, pTM1NallA,
has been described by Yang et al. (1992). The cDNA encoded Leu at position
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860. The Shaker H4 cDNA was furnished by M. Tanouye and mutated by
Klaiber et al. (1990) to provide an Ncol site at the initial ATG codon. The
Ncol/EcoRI fragment was excised from pBluescript (Stratagene Cloning
Systems, La Jolla, CA), transferred to pTM1, and named pTM1KH4. A
DNA-Lipofectin (GIBCO-BRL Life Technologies, Gaithersburg, MD)
complex was formed by mixing plasmid DNA with Lipofectin and incu-
bating for 20 min at room temperature.

Expression

CHO cells were plated on 35-mm dishes. 16-20 h later, cells were rinsed
with phosphate-buffered saline containing 1 mM MgCl, and 0.1% bovine
serum albumin and were infected with vTF7-3 at a multiplicity of infec-
tion (MOI) of 10 for 30-35 min. Cells were then exposed to serum-free
culture medium plus 100 units/m] penicillin, 100 units/ml streptomycin, 2
mM glutamine, nonessential amino acids, and DNA-Lipofectin complex
and were incubated for 24 h. Amounts of pTM1NallA plasmid DNA,
pTM1KH4 plasmid DNA, and Lipofectin were 3.2, 0.4, and 9.6 g, re-
spectively. Cells were then maintained in culture medium plus 5% bovine
serum albumin.

Electrophysiology

Culture dishes containing infected/Lipofected cells were rinsed twice with
bath solution (145 mM NaCl, 5 mM K(l], 1.8 mM CaCl,, 1.2 mM MgCl,,
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH
7.4). For solutions with reduced external NaCl, tetracthylammonium chlo-
ride was substituted. Patch pipettes were pulled from thick-walled glass
tubing (Sutter Instrument Co., Novato, CA) on a Sutter P-80 puller and filled
with intracellular solution (120 mM KCl, 25 mM KCl, 5 mM NaCl, 1 mM
MgCl,, 10 mM HEPES, 5 mM EGTA, pH 7.2). Tip resistances were 2-5
MQ. Recordings were performed with an Axopatch-1D (Axon Instruments,
Foster City, CA) circuit under the control of pCLAMP software (Axon
Instruments) running on MS-DOS computers. Series resistance compensa-
tion was not employed. Tetrodotoxin (300 nM) was applied by pressure from
the tip of a pipette positioned ~5 pum from the cell. Records shown are
typical of at least five cells in each case.

Numerical simulations

Simulations were performed on UNIX workstations running the NEURON
program (Hines, 1989) for a single-compartment cell. We employed the
descriptions introduced by Hodgkin and Huxley (1952) with the following
extensions. The Na* conductance is usually described as gm>h, where g is
the maximal Na* conductance and m and % (the activation and inactivation
parameters, respectively) vary between 0 and 1. For the present work, we
modified the gm3h formalism to include two inactivation parameters h,
(fast) and h, (slow). The modified term is gm3[e + h;(1 - €)]h,. Other
formalisms, for instance a simple addition of terms in gmh, and gm’h,,
would also be acceptable for our Na* current data; the present formalism
was chosen because it served well for simulations of both the Na* and K*
conductances. In the following equations, / is membrane current, Cy is
membrane capacitance, V is potential, and E; is the Nernst potential for
conductance i (Na*, K*, or leak):

dv
I=Cy—+ 21
M dl 2 i
I,= gV — E)m]le; + h,(1 — &)Jhy;,

dm;  me; —m;

dt Twi
L
PR

i
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For each 1, we define

= 1/(a + B).

For the leakage conductances, we define

Mk = Peak =1, Ejeye =—10mV.,

The potentials are in millivolts and the times are in milliseconds. Cell areas
were calculated from cell capacitance, using the value of 0.01 pF/(pum)?. Cell
area ranged from 10 to 20 um? and averaged 12.3 pm?.

RESULTS

We employed cDNA clones for the rat brain [IANa* channel
(Auld et al., 1988, 1990) and for the Drosophila Shaker H4
transient K* channel (Kamb et al., 1987; Iverson et al.,
1988). To express the channels, cells were infected by a vac-
cinia virus expressing the bacteriophage T7 RNA polymerase
and were also transfected by plasmids containing the channel
cDNA downstream from the T7 promoter and the 5'-
untranslated region of the encephalomyocarditis virus
(Elroy-Stein et al., 1989). Control (“mock transfection™) ex-
periments utilized identical virus and plasmid vectors, but the
cDNA encoded B-galactosidase rather than a channel.

In voltage-clamp experiments, mock-transfected control
cells displayed little or no voltage-dependent currents (Fig.
1 A). Cells transfected with either the Na* or K* channel
plasmids displayed only Na* or K* currents, respectively
(Fig. 1, B and C), as expected from previous studies on ex-
pression using the highly efficient infection-transfection pro-
cedure (Yang et al., 1992) and related vaccinia expression
systems (Leonard et al, 1989; Karschin et al., 1991a,1991b).
Cells transfected with both the Na™ and K* channel plasmids
displayed both the inward and outward voltage-dependent
currents appropriate to both channel types (Fig. 1 D). The
peak current densities ranged from 100 to 450 pA/pF for Na*
(at -10 mV) and from 100 to 700 pA/pF for K* (+50 mV).
These values are likely to be underestimates, because we did
not employ series resistance compensation.

The present analysis concerns data obtained when these
cells were studied with current-clamp recording. This ar-
rangement models the situation in a real neuron as it responds
to synaptic stimuli from other cells.

Cells expressing Na* channels only

Fig. 2 A illustrates the voltage trajectory in a cell subjected
to a brief (0.5 ms) pulse of outward (depolarizing) current,
superimposed on a steady hyperpolarizing current to main-
tain the membrane potential at a level more negative than —-70
mV in order to eliminate Na* current inactivation. In nearly
all cells studied, the response began with a rapid depolar-
ization to a potential more positive than +50 mV.

The subsequent voltage trajectory resembled cardiac
rather than a neuronal action potential. A few milliseconds
after reaching its peak, the membrane potential became less
positive, then repolarized much more slowly for a variable
period of several hundred milliseconds to several seconds
(Fig. 2 A, traces 1 through 5). In experiments with timed
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FIGURE 1 Voltage-clamp records on a millisecond time scale. Records
from four different cells, illustrating the expression combinations used in
these experiments. Each cell was infected with vIF7-3 and transfected with
various plasmids based on pTM1. (A) Control cell. Transfection with
pTM1lac, encoding $-galactosidase. There are no voltage-dependent cur-
rents. (B) Transfection with pTM1NallA, encoding the Na* channel. (C)
Transfection with pTM1KH4, encoding the K* channel. (D) Transfection
with both pTM1NallA and pTM1KH4. In all panels, leakage currents have
been subtracted offline. In A, C, and D records were obtained with a holding
potential of =70 mV and test potentials in 10-mV increments between —60
and +60 mV; vertical calibration, 500 pA. In B conditions were chosen to
give large Na* channel currents and to reveal the small noninactivating
component of Na* current, as follows. 1) Holding potential was —100 mV,
to eliminate partial inactivation. 2) A cell with higher than average currents
(>10 nA peak) was chosen. These large currents vitiated high-fidelity
voltage-clamp feedback and saturated the recording equipment. 3) Passive
and capacitive components were subtracted online in a P/4 procedure. 4) A
further offline correction of 0.3 nS was required to produce zero current near
the reversal potential, and this was subtracted from all the records. Test
potentials in B are at 10-mV increments between =20 and +80 mV; vertical
calibration is 5 nA.

puffs of tetrodotoxin, we showed that these plateaus depend
directly on Na* channels rather than on any possible small
endogenous voltage-dependent properties that might have
been overlooked in previous studies (Fig. 2 A, traces 6 and
7). There was a noticeable effect of expression level on the
duration of the plateau: for cells with average peak Na*
currents of 2 nA, the plateau lasted <1 s; for currents near
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FIGURE 2 Analysis of the action potentials in a cell expressing only Na™
channels and an unusually prolonged plateau. (A) Voltage recordings during
a current-clamp experiment. The trial comprised seven episodes, at intervals
of 10 s. In each case, the action potential was evoked by a depolarizing pulse
at time zero (0.5 ms, 0.7 nA, superimposed on a -20-pA steady current).
During episode 6, TTX (300 nM) was applied from a puffer pipette for the
period indicated by the bar. TTX application began 24 ms after the depo-
larizing pulse; therefore the early peak currents were not affected, but the
prolonged, small currents were blocked. The TTX pulse shortened the pla-
teau, indicating that it is produced by the Na* channels. The Na* channels
remained blocked during episode 7 but recovered over the next minute as
the TTX diffused away (not shown). (B) Simulated plateau; gn, = 47.5
pSApm), gk = 0, fieax = 0.15 pS/(um)>

10 nA, the plateau lasted >3 s. The variations among trials
on the same cell (Fig. 2 A) were probably caused by both (a)
fluctuations in the seal resistance and (b) spontaneous fluc-
tuations in the relatively small numbers of Na* channels
open during the plateau.

Action potential waveforms with prolonged plateaus are
typical of cardiac cells, such as Purkinje fibers and ventric-
ular myocytes, and are rarely observed in neurons. However,
similar plateaus have been observed in previous experiments
where (a) only Na* channels were stimulated, (b) voltage-
dependent K* channels were eliminated, and (c) resting con-
ductances were very low (Chandler and Meves, 1970d). The
most likely reason for the plateau is that Na™ channels do not
inactivate completely. One source of incomplete Na* chan-
nel inactivation would be the “window” of overlap between
steady-state activation and steady-state inactivation. For the
IIANa™ channel expressed in CHO cells, this window occurs
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at —40 to -20 mV (Yang et al., 1992). Later in this paper, we
show that “window currents” are important for repetitive
firing properties in cells expressing both Na*™ and K™ cur-
rents. However, in the cells described here, which expressed
only Na* currents, the average recorded plateau began at
+21 mV and ended at —19 mV; simulations showed window
current does not account for these plateaus.

We therefore sought and found an additional slowly in-
activating component of Na* current. Because our experi-
ments were conducted in normal extracellular Na*, it was
possible to resolve small components not studied systemat-
ically in the experiments of Yang et al. (1992), which were
conducted with only 10 mM external Na*. In Fig. 1 B, for
instance, roughly 1% of the peak Na* currents remain at the
end of the 20-ms depolarizing pulses. Because apparent in-
complete Na* inactivation could conceivably arise from in-
correctly subtracted leakage currents, we used several dif-
ferent protocols to confirm and measure the slowly
inactivating component (described more fully by Hsu, 1993).
This component of Na™ current was observed whether leak
currents were subtracted by using appropriately scaled hy-
perpolarizing pulses (each of seven cells) or by tetrodotoxin
application (one cell). To confirm that the residual currents
do not reflect other voltage-dependent conductances, we in-
verted the Na* concentration gradient by using 120 mM
internal and 40 mM external Na™. In each of five experi-
ments, the slow relaxations were now outward at potentials
between 0 and +40 mV. The slowly inactivating currents
were not large; at 100 ms, they averaged 1 to 3% of the peak
value.

We found it most reliable to analyze the time course of
slow inactivation by measuring Na* channel availability,
that is the fraction of channels that can open because they are
not inactivated, during prolonged depolarizations (Hsu,
1993). After inactivation for a variable period at a given
inactivation potential, fast inactivation was removed with
brief hyperpolarizing prepulses to -100 mV; and Na™ cur-
rents were then measured during a 2.4-ms test pulse to —10
mV. When such data were fit to a single exponential, the time
constants for decay were in the range 0.5 to 3 s roughly
appropriate to account for the duration of the plateau. We also
found an intermediate component of inactivation with time
constants on the order of several hundred ms; this component
was not studied systematically.

Our experiments included numerical simulations of the
voltage trajectories, as described in Materials and Methods.
We followed the usual practice of simulating the voltage
trajectory for several exemplar cells (for instance, Fig. 2, A
and B) that yielded complete data; the parameters were then
verified with data from the entire set of recorded cells. For
the present work, the Hodgkin-Huxley equations were mod-
ified to include two inactivation parameters, k, (fast) and A,
(slow), in the term gm>[e + k(1 + €)]h,. Because h, decays
essentially to zero over a few milliseconds at voltages more
positive than —30 mV, the term in brackets above rapidly
approaches the parameter € (less than 5% in our experiments)
which corresponds to the small fraction of current that in-
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activates with the slow time constant, 7, y,. A possible
molecular interpretation of € might be the fraction of time
that channels spend in a noninactivating state. For Na*
activation,

1
M Na T T exp(V + 28.7)/—7)°
~ 100
*m 710 + exp(—(V — 7)/8)°
— 001 V+ 50
B, = 0.01 exp 10
For Na* inactivation,
€, = 0.01,
h =h = !
feNa TN T+ exp((V + 40)/6)
= 0.0044 - v+30
QN2 = Y €Xp 95 ’

96 -1
=12+ ,
Bir [ 1 + 0.087 exp((V + 61)/5.7)]
1%
To,Na = 800 + Ty na 0 €XP| — 60/ T2, Na,0 = 2000.

Parameters for ey, and 7, v, were determined from voltage-
clamp experiments described more fully by Hsu (1993). De-
SCTiptions of M, Nas T, Na» A1 A1eo, Na = P, Na WeTeE taken
from the work of Yang et al. (1992) and were verified with
kinetic analysis of at least five cells under our experimental
conditions.

The parameters given above yielded an adequate simula-
tion of the measured plateaus. We summarized the charac-
teristics of 12 plateaus (mean * SD) in five cells expressing
only Na* currents, as follows. V, and V.4 were the po-
tentials at which the slope changed by S-fold. V., equaled
+21.7 = 7.8 mV (range +37 to +12 mV); the simulated
parameter is +21 mV. V.4 equaled —19.2 = 9.2 mV (range,
-34 to +3 mV); the simulated value is -21 mV. V,,. and
duration were then defined over the interval between Vi,
and Veng. Vaye €qualed +3.7 *+ 9.5 mV (range, -10 to +21
mV); the simulated value is -2 mV. The duration of the pla-
teau equaled 1.92 *+ 0.91 s (range, 0.54 to 3.1 s); the sim-
ulated value is 1.9 s.

Cells expressing K* channels

In cells that were infected with the vaccinia virus vIF7-3 and
transfected with the K* channel plasmid only (Fig. 1 B),
there were transient outward currents that strongly resembled
those for Shaker H4 channels expressed in oocytes (Iverson
et al., 1988; Timpe et al., 1988) and in mammalian cells
infected with a recombinant vaccinia virus encoding H4 di-
rectly (Leonard et al., 1989; Karschin et al.,, 1991a). In
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FIGURE 3 Voltage-clamp protocols and data for measuring slow K*
channel inactivation. (A) Jumps to various test potentials at intervals of 25
mYV from a holding potential of —100 mV; episodes at intervals of 10 s. The
large early peaks of outward current (several nanoamps) are off-scale and
have been cut off. (B) Data from a different cell, showing protocol and data
from a trial with multiple episodes. There was a variable period at the
inactivating potential (~10 mV in this example) followed by a test pulse to
+50 mV to assess K* channel availability. Holding potential, ~100 mV. The
inactivation time constant is 1.78 s. (C) Voltage dependence of the time
constants for the cell of B; smooth line shows an e-fold change for 15.5 mV.

current-clamp mode with zero injected current, however, we
noticed an additional phenomenon: the resting potentials
were substantially more negative than for cells not express-
ing K* channels. In cells with peak K* currents greater than
1 nA at +50 mV, the average resting potential was -26.8 *
12 mV (mean * SD, n = 20), in contrast to values of -6.1
* 6.4 mV (n = 34) for mock-transfected cells, -5.5 = 5.3
mV (n = 11) for cells transfected with Na™ channels only,
and similar values measured for noninfected cells. These
more negative resting potentials can be explained by the pres-
ence of a steady K™ conductance in the window of overlap
between activation and inactivation. In a cell with an input
resistance of 3 G( (a typical value in our mock-transfected
cells), the steady conductance would correspond to an ad-
ditional 0.1 nS, or a small fraction of the average 70-nS peak
K* conductance at +50 mV, and could not decisively be
distinguished from fluctuations in seal resistance. Thus in-
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FIGURE 4 Neuron-like action potentials in current-clamp recordings
from cells expressing both Na* and K* channels. (4) Records during a
series of 105-ms pulses (40, +80, +120, and +160 pA from a holding
current of —230 pA). The hyperpolarizing pulses produced only passive
responses; the depolarizing pulses produced action potentials. (B) 1.5-ms
pulses ranging in amplitude from 500 to 1500 pA from a holding value of
-320 pA.

complete inactivation of voltage-gated K™ channels directly
contributes to the maintenance of the resting potential.

Additional slow and incomplete inactivation of the Shaker
H4 K* channel has also been observed by Iverson and Rudy
(1990) and termed “C”-type inactivation in a detailed study
(Hoshi et al., 1991). To provide the experimental data for
quantitative simulations of the voltage trajectories described
below, we studied the inactivation of the K* currents over
a wide time range. Fig. 3 A shows a protocol used for these
studies. When the voltage is jumped from a hyperpolarized
holding potential of ~100 mV, there is a rapid decay from the
peak outward current >10 nA; the behavior of the subse-
quent slowly inactivating component is shown. These slowly
inactivating K* components were larger than the slowly in-
activating Na™ currents described above, ranging between 10
and 20% of the peak K* current. However, the crucial range
for this study is =50 mV to —20 mV, which accounts for most
of the voltage trajectory in a repetitively firing cell (see Fig.
5 B below). A protocol that measured K* channel availability
during prolonged depolarizations was suitable for most of
this voltage range (Fig. 3, B and C).

Cells expressing both Na* and K* channels

In current-clamp experiments on cells that expressed both
channel types (Fig. 4 A), both hyperpolarizing current pulses
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FIGURE 5 Recorded (solid traces) and simulated (dashed traces) volt-
age trajectories from a single exemplar cell. (A) A single action potential.
The cell was stimulated with a 1-nA current for 1 ms, superimposed on a
steady current of -0.2 nA. (B) Trains of action potentials. The holding
current was -30 pA, and the depolarizing currents were applied for 1.9 s at
the indicated amplitudes. The peaks of the recorded spikes appear variable,
because they were not recorded faithfully at the 1-kHz digitizing rate. For
the simulations, parameters are given in the text; also gn, = 70 pS/(um)?,
gx = 40 pS/(pm)?, Gieax = 0.1 pS/(um)>.
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and small depolarizing pulses from holding potentials be-
tween —70 and -120 mV produced mostly passive voltage
deflections with a time constant determined by the membrane
resistance (3.3 = 0.48 G(), mean *+ SE for 43 cells; range,
0.3 to 13.6 G£1,) and capacitance (12.3 * 1.33 pF; range, 10
to 20 pF). For depolarizations to a threshold value that ranged
from -15 to -50 mV (average value was —24.5 mV for 80
cells), the response was an all-or-none action potential with
a classical waveform including a peak at +65 to +75 mV
and, during maintained depolarizing currents, a brief hyper-
polarizing undershoot. (Figs. 4, 5 B, and 6). The traces of Fig.
4 B, in which action potentials are elicited by a brief current
pulse, demonstrate true regenerative behavior: the action po-
tential does not require continued applied current once
threshold is reached.

Previous results suggest that repetitive firing would be
present in cells possessing transient voltage-dependent con-
ductances for Na™ and for K*, if the Na* conductance is
sufficiently large (Connor and Stevens, 1971a, 1971b, 1971c;
H. Hsu, unpublished calculations). Of the 80 cells that pro-
duced action potentials in our study, ~20% displayed peak
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FIGURE 6 An example of lockup. (A) Recorded (solid traces) and sim-
ulated (dashed traces) voltage trajectories from the exemplar cell during the
same series as Fig. 5. (B) Superposition of all the action potential waveforms
from A. Note the progressive slowing of the hyperpolarizing undershoot. (C)
Superposition of the simulated action potentials, again showing the pro-
gressive slowing of the undershoot.
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Na* to K™ current ratios of 2 or greater; and eight of these
cells yielded complete current- and voltage-clamp experi-
ments. Each of these cells showed repetitive firing at stable
frequencies for at least eight impulses or 2 s (whichever came
first) in response to maintained depolarizing currents (Fig. 5).
For these cells, the average ratio of peak Na* to K* currents
was 2.01, and the spike threshold averaged —-40 mV, versus
0.64 and -21 mV for cells that did not fire repetitively. Firing
frequencies f were in the range 0.5-15 Hz in most cells (Fig.
5 B is an example) and increased in a roughly linear fashion
with stimulus current amplitude 7 (this is illustrated in Fig.
5 B; Fig. 7 A shows a plot of f versus  for the exemplar cell).
The average slope of this relationship f// was 0.43 = 0.14
Hz/pA (mean =+ SE). For the cells that fired repetitively, the
slope f/I did not depend strongly on the amplitudes of the
Na* or K* conductances or on their ratios; we did however
find that this parameter decreased with increasing cell
capacitance.

We call attention to two interesting features of the impulse
trains. 1) There was a wide frequency range. Firing rates
covered at least a 10-fold range in each cell. 2) For large
depolarizing currents, the hyperpolarizing undershoot be-
came slower during successive interspike intervals, as shown
most clearly in Fig. 6 A. Eventually the potential “locked up”
at a value near 0 mV and no further impulses were obtained
(Fig 6 A). Lockup occurred at lower frequencies for cells
with lower K* conductance.

These voltage trajectories were studied quantitatively
with numerical simulation, as described below. However,
we first present a qualitative overview of the features that
seem to account for the lockup. A voltage-activated K*
conductance, such as the Shaker H4 expressed in these
cells, terminates the action potential by repolarizing the
cell. The gradually slower repolarization during succes-
sive interspike intervals and eventual lockup after several
seconds (Fig. 5, A and B) would then result from the
declining availability of these K* channels, due to slow
inactivation.

Simulation of repetitive firing

We simulated the voltage trajectories for five cells that
yielded our most complete data. Figs. 5 through 7 present
recorded and simulated data from a single exemplar cell; only
minor changes in the parameters accounted for the other four
cells studied in detail. The formal model for the K*
conductance was identical to that for the Na™ currents,
with two inactivation parameters h; (fast) and h, (slow):
gk =gxm>[€ +hy(1 ~ €)]h,. This formalism was chosen be-
cause (a) fast inactivation does not completely shut the chan-
nels but (b) that fraction of channels which have undergone
slow inactivation do not reopen during subsequent depolar-
izations. The values for the parameters were based on ex-
periments during this series and on previous data (Leonard
et al., 1989). To the equations for Na™ activation and inac-
tivation, given above, we added these equations for K*
activation,
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M=K T 1+ exp(—(V + 27)/10)°

FmK T T+ exp[(V+49)2] " ~COP\ 725/ |

— 36|14+ V + 66
Bmk = 3. exp 0 ,

and for K™ inactivation,

e = 0.11,
1
Moy = hax = )
. = 1+ expl(V + 29)/3.5]
V+170
a; ¢ = 0.018 exp| — T )

B 385 4 -l
B=|1+ exp[(V + 34)/4] ’

s V+40
ag =375 X107 exp| — ,

15

vV
= 0.002 — ).
B.x = 0.0025 exp(19>

Subscripts of 1 and 2 refer to the parameters governing 4,
and h,, respectively.

In the simulated voltage trajectories of the exemplar cell
(Figs. 5-7) and four other cells, we were able to reproduce
the wide range of firing rates and the relation between firing
rate and applied current. The slope f/I (Fig. 7A) depends only
weakly on Na* or K* current but shows a roughly inverse
dependence on cell size; this agrees with the experimental
finding that the slope decreased with larger capacitance (data
not shown). The simulations also reproduced the experimen-
tally measured relationship between latency to the first spike
and spike train frequency (Fig. 7 B). In the simulations, cells
with K* channel density lower than ~1 nA/pF (+50 mV)
locked up at lower firing frequencies than did cells with
densities greater than 1 nA/pF, as found experimentally.
The simulations reproduced the experimental finding that
lockup occurs more quickly as the firing frequency in-
creases (Fig. 7 C).

The following points also emerged from the simulations.
1) Between spikes, K conductance remains activated. At 7
Hz, K* current is as large as +15 pA (outward), while the
algebraic sum of all currents is less than 1 pA and inward.
Deactivation (decrease in m with hyperpolarization) and in-
activation (decrease in h; and h, with depolarization and
time) of K* conductance from -40 mV to —60 mV play a
dominant role in determining the firing rate. 2) On the other
hand, at frequencies below 2 Hz, the membrane potential is
repolarized to Ex, and the remaining K* current is negligible
(less than 0.5 pA). The precise kinetics of K* conductance
no longer influence the firing rate. The important parameters
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FIGURE 7 Analysis of voltage trajectories in the exemplar cell. (A) Fir-
ing frequency as a function of stimulus amplitude for recorded data (sym-
bols) and simulated data (/ines). (B) Time to first impulse as a function of
firing frequency for recorded data (symbols) and simulated data (solid line).
(C) Analysis of lockup. Ordinate, time to lockup. Abscissa, firing frequency.
Symbols, recorded data; solid line, simulated data.

are the passive resistance and capacitance of the cell. 3) Fig.
8 shows simulated trains of impulses that eventually locked
up (top panels) and the calculated time course of the inac-
tivation parameters h; and h, (bottom panels). These plots
show that slow inactivation of K* conductance accounts for
the lockup phenomenon at firing rates below 7 Hz (Fig. 8 A).
With each impulse, 4, decrements by 3-5%, leading to a
cumulative inactivation over several impulses. When insuf-
ficient K* conductance remains to repolarize the cell, the
membrane potential attains a value determined by the in-
jected depolarizing current and by the residual noninacti-
vated Na™ conductance. Finally, when the interspike interval
is long enough to allow recovery even from slow inactiva-
tion, the cell in theory will fire indefinitely. Some cells did
fire spikes at low frequencies for periods up to 5 min; but
these trains were highly variable, presumably because of
slow drifts in seal resistance, and were therefore not studied
systematically. 4) At firing rates above 7 Hz, fast inactivation
of K* conductance (controlled by k), accounts for the
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lockup (Fig. 8 B). With each action potential, #; decrements
by 50-55%, then recovers with time constants ranging from
80 ms at ~30 mV (as recorded by Leonard et al., 1989) to a
peak value of 120 ms at —-60 mV. This long recovery time
limits the maximum frequency to 15 Hz in most cells. 5)
Repetitive firing frequencies did not depend strongly on the
detailed kinetics of Na* activation and inactivation (T, Na»
Th,,Na> Th,,Na) DUt did require the noninactivating window
currents that occur between —20 and —40 mV at the overlap
between steady-state activation and inactivation (M., Na,
hlw, Na>s h2°°, Na)'

There remains one untested point in our numerical sim-
ulations. The initial hyperpolarizing phases of voltage tra-
jectories during the interspike interval were most accurately
simulated by time constants for Na™* activation/deactivation,
Tm,Na» that increased significantly at potentials more negative
than —50 mV. This formulation suggests that Na* “tail cur-
rents” should be relatively long (up to 20 ms) at such po-
tentials. An alternative formulation would assign time con-
stants on this order to an intermediate phase of inactivation.
As noted above, we have some evidence for such a phase but
have not yet studied it systematically.

There also remain a few discrepancies in our numerical
simulations. 1) The voltage trajectories are best simulated
with a Na* current density for each cell twice that recorded
in the voltage-clamp experiments. We believe that this dis-
crepancy arises from artifactually low Na™ currents meas-
urements, due to lack of series-resistance compensation.
2) The simulated peaks are also 20-30 mV less positive
than the recorded peaks; this discrepancy may arise from
underdamping in the patch-clamp circuit used in the
current-clamp mode (R. Lobdill, Axon Instruments, per-
sonal communication).

DISCUSSION

The synthetic neurons display moderately complex encoding
properties. When cells express only Na* channels, the action
potentials have long plateaus that resemble cardiac action
potentials (Fig. 2). With only two channel types, a Na* and
a K™ channel, the experiments provide the unusual oppor-
tunity to study encoding properties of cells lacking the clas-
sical “delayed rectifier” found in nearly all excitable cells.
Even so, the trajectories include such interesting features as
a wide dynamic range of firing frequencies (Fig. 7), time-
dependent changes of the action-potential waveform (Fig. 6
B) and lockup after several seconds of stimulation (Fig. 6 A).
The broad dynamic range of firing frequencies resembles that
of many real neurons.

Some of these properties might have been predicted on the
basis of the original voltage-clamp records from the cloned
and expressed Na* IIA and Shaker H4 channels; but we
lacked the insight to make the right predictions before the
measurements and were led instead to several cycles of ex-
periment and simulation. The constraints on our simulations
were much more stringent than for real neurons: we could
invoke no additional conductances. We conclude that inter-
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active experiments and simulations on synthetic neurons pro-
vide a decisive strategy for focusing on the important prop-
erties of the individual excitable channel populations that
account for the voltage trajectories in a cell.

In general, we acknowledge that our equations and pa-
rameters, based on the Hodgkin-Huxley (1952) formalism,
may represent only one of several possible formal descrip-
tions that would adequately simulate the voltage trajectories.
However, we devoted considerable effort to simulations that
omitted slowly inactivating Na™ and K* conductances; such
models could not account for the plateau and lockup. We
therefore have confidence in the conclusion that slow chan-
nel kinetics do underlie these slow components of the voltage
trajectories. Furthermore, the noninactivating Na* window
currents were essential for explaining the long interspike in-
tervals we observed; and the noninactivating K* window
currents explained the negative resting potentials.

Role of transient K* currents in repetitive firing

It has long been thought that transient K* channels (“A”
channels) play an important role in determining repetitive
firing activity of neurons by broadening the range of input
currents over which repetitive firing occurs (Connor and
Stevens, 1971a, 1971b, 1971c). Our study confirms this con-
cept; for instance, our synthetic neurons fire repetitively over
a wider frequency range than does the standard Hodgkin-
Huxley axon whose only K* conductance is a maintained
one (Huxley, 1959). Shaker H4 channels activate at a con-
siderably more positive voltage than do most A channels in
neurons (Rudy, 1988); nonetheless, once they are activated
by an action potential, they appear to deactivate so slowly
that they do contribute to the next interspike interval. It

would be instructive to repeat the present experiments with
a transient K* channel that activates at more negative po-
tentials. It is also thought that, for larger depolarizations, the
transient K* channels inactivate and no longer control the
voltage trajectory during the interspike interval (Connor and
Stevens, 1971a, 1971b, 1971c). Our neurons lock up when
the K* conductance inactivates. We predict that expression
of an additional maintained K* conductance (“delayed rec-
tifier”’) which would decrease the tendency to lock up and
would allow higher firing frequencies. Experiments in
progress are aimed at introducing such a conductance.

Relevance of synthetic neurons

The data and simulations suggest that slow inactivation
(termed C-type inactivation by Hoshi et al. (1991)) of tran-
sient K* currents is not an epiphenomenon but could play a
role in encoding properties of real neurons. For a typical
sustained depolarization, many times more charge flows
through these channels during the long, slow phase than dur-
ing the larger but much briefer early peak. On the other hand,
inactivation of transient K* currents has previously been
invoked to explain spike broadening by depolarization (Bel-
luzzi et al., 1985). Such broadening may have functional
consequences, because it increases the amount of transmitter
released from presynaptic terminals (Klein et al., 1982;
Augustine, 1990; Kaang et al., 1992).

C-type inactivation also occurs for K* channels, such as
Kv3, that are maintained for several tens of milliseconds
(Marom et al., 1992). In the case of Kv3, C-type inactivation
can be modulated (Marom et al., 1992), raising the possibility
that external influences could control the effects of such in-
activation on voltage trajectories.
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The role of high impedance

The CHO cells used in the present studies have few or no
endogenous channels. If only Na* channels are expressed,
membrane potentials are sensitive to even the small com-
ponent of slowly inactivating Na™ current. Our simulations
show how the plateau results. While this low background
conductance contributes to the interesting encoding mech-
anisms we have observed, is it relevant to real excitable cells?
The literature suggests that it is. As a first example, Hille
(1991, pp. 128-129 and 193-197) argues that the low density
of background conductance 1) allows cardiac muscle to
spend a high percentage of time depolarized with only a
moderate metabolic load and 2) allows modulation of small
currents to influence encoding properties. Some experiments
in the literature suggest that the plateau phase of the cardiac
action potential is governed by incomplete Na* channel in-
activation as well as by the slow Ca®?* conductance (Grant
and Starmer, 1987; Liu et al., 1992). The experiment of Fig.
2 is relevant to this point, because we know that Na* chan-
nels are the only ones open during the plateau. As a second
example of the relevance of low background conductance,
recent patch-clamp recordings in brain slices reveal much
lower background conductances than previously suspected
(Blanton et al., 1989; Edwards et al., 1989; Andersen et al.,
1990). Thus our experiments may provide a model for neu-
rons as well as cardiac cells. Incomplete Na* channel in-
activation has often been observed with both native and ex-
pressed Na* channels (Chandler and Meves, 1970a, 1970b,
1970c, 1970d; Rudy, 1978; Matteson and Armstrong, 1982;
Patlak and Ortiz, 1985, 1986; Llinas, 1988; Moorman et al.,
1990; Zhou et al., 1991). As a third example of the relevance
of low background conductance, we note that the small frac-
tion of voltage-gated K* channels open at -27 mV was
enough to set the membrane potential to this value in our
synthetic neurons and that similar phenomena have been de-
scribed for T-lymphocytes (Leonard et al., 1992).

Between impulses, a neuron’s membrane potential is typ-
ically between —40 and -60 mV. Our simulations demon-
strate that kinetics of channel conductance at these potentials
directly determine the firing rate. A small change in these
kinetics can dramatically alter dynamic properties. Many
voltage-dependent channels have window currents that do
not inactivate. In cells with low impedance, these sustained
currents are negligible compared to the background current.
In the synthetic neurons, the high impedance unmasks these
small, slowly changing currents. They contribute signifi-
cantly to the shape of the interspike waveform and the firing
rate. The high impedance enables the cell to integrate cur-
rents just a few picoamps in amplitude.

Limitations and possibilities of the synthetic
neuron system

Real neurons have many more channel types than the syn-
thetic neurons reported here (Llinds, 1988). The vaccinia
system has also been used to introduce serotonin SHT 4 re-
ceptors into mammalian cardiac cells, where they couple via
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endogenous G proteins to a class of endogenous K* channels
important in regulating impulse frequency (Karschin et al.,
1991b). Thus it also seems possible to employ vaccinia or
other mammalian cell expression systems to investigate the
control of encoding properties by neurotransmitters in cells
that are already endowed with a set of endogenous channels,
receptors, Or transporters.

The major limitation of the vaccinia expression system is
the wide variability of expression levels among cells in the
population. Only 20% of the cells in our experiments ex-
pressed Na™ and K* channels in the range of ratios that gave
repetitive firing. The percentage of satisfactory expression
would presumably decrease even further if three or more
channel types were employed. We suspect that the most ap-
propriate system will be one in which 1) a cell line is con-
structed that stably expresses a basic set of channels—for
instance, the two studied here—and 2) additional channels
are added using a flexible and rapid transient expression sys-
tem such as vaccinia virus.
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