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Abstract

A minimal biophysical description of the contributions of a delayed rectifier, Shab
(Kv2), and two A-type channels, Shaker (Kv1) and Shal (Kv4), to the response prop-
erties of neurons is presented. Channel kinetics are based on biophysical data from
invertebrate and vertebrate preparations. The model was validated by comparing
numerical simulations with experimental data. The model demonstrates the mech-
anisms by which changes in the relative densities of these three channels produce
a wide range of response properties. Kv1 channels promote resonating properties
by affecting the range in which inputs cause repetitive firing; the voltage range for
Kv1 channel inactivation underlies these properties. In contrast, delayed spiking is
explained as a function of the inactivation of Kv4 channels, occuring at membrane
potentials smaller than, or close to, the resting potential. Small changes in the ratio
of Kv1 to Kv4 channels result in qualitatively different electrophysiological profiles
produced by both accumulating input and resonating with it; properties typically re-
garded as mutually exclusive.
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1. Motivation

Figure 1: Different profiles of neuronal dynamics in response to pulses of
current from neurons of the same type.

Equations

dv

dt
= (I − INa − IK − IL) /Cm,

dw

dt
= (w∞(v)− w) /τw(v) (1)

where Cm is the membrane capacitance. The time constant and steady state of the
potassium delayed rectifier are

τw(v) =
{
2rw cosh

[ qzw
2kT

(v − vw)
]}−1

, w∞(v) =
{
1 + exp

[qzw
kT

(v − vw)
]}−1

(2)

The whole membrane currents have the generic functional form (Endresen et al.
2000)

Ix = Ax sinh
[ qzx
2kT

(v − vx)
]
. (3)

x ∈ {Na,K,L}, q=1.60217733 x 10−19 C, k=1.38065812 x 10−20 mJ/K, T = 273.5+22
oK. The current amplitudes are

ANa = aNap̃
3
Na(v)(1− pb), AK = Shab+ Shal + Shaker = abp̃b + alp̃lql + ahp̃hqh, (4)

Main difference between Shaker (Kv1) and Shal(Kv4): vl = -70 mV, vh=-45 mV.

Control ratios for bifurcation analysis
Maximal amplitude of K current relative to Na rKNa = (ab + ah + al)/aNa
Persistent K+ current relative to total K+ current rbK = ab/(ab + ah + al),
Proportion of Shaker relative the total A-current rhA = ah/(ah + al).

2. Data vs basic model

Figure 2: Neuronal dynamics in response to pulses of current. A and C.
Membrane potential recorded from an adult motor neuron, MN5, and simulations
using model Eqs. (1) with no A-type currents. B and D. The time-dependent rate
of change in membrane potential for the recordings shown in A and C. Pulses of
current lasting 200 ms were delivered at 50 ms.

3. ”A-type Channel ”Knock in”

3.1 Shaker (Kv1) Knock in→ neuron near AH bifurcation

Figure 3: Adding Shaker A-type K+ channels (no Shal) decreases range for
current-triggered spiking. The proportion of A-type to all K+ channels was in-
creased, adding only Shaker channels. The gray traces represent the results for the
reference model with no A-type currents. A-C. Voltage traces in response to three
different stimulus amplitudes. D. Steady state current I − I∞. The steady state
curves shown here are all monotonic. As a consequence, repetitive spiking results
from an AH bifurcation of the steady state. The neuron integrates in resonant mode.

3.2 Shal (Kv4) Knock in→ neuron near SN bifurcation

Figure 4: Adding Shal A-type K+ channels (no Shaker) introduces delayed
spiking and the neuron shifts to accumulation mode. The ratio of K+ to Na+

channels was fixed (rKNa = 5), and the proportion of A-type to all K+-channels was
increased, adding only Shal channels. A-C. Voltage traces in response to three
different stimulus amplitudes, respectively, 0.25, 0.5, and 0.75 nA. D. Steady state
current showing the bifurcation of the steady state. The reference model operates in
resonator mode. I−I∞(v) becomes non-monotonic when Shal channels are added.
Repetitive spiking results from a decrease in the number of fixed points. The model
with Shal is thus near an SN bifurcation of the steady state.

4. Double ”Knock in” experiment with two types of A-type channel

Recall, the steady state half inactivation potentials of Shaker and Shal channels
are, respectively, vh=-45 mV and vl=-70 mV.

Figure 5: Combined Shal and Shaker A-type currents allow accumulation
and resonance. The ratio of K+ to Na+ channels was fixed (rK,Na = 5), and the pro-
portion of A-type to all K+-channels was increased, adding both Shal and Shaker
channels. The ratio of maximal A-type K+ currents to the total K+ current, rAK was
set to 0.15 (rbK = 0.85), which can be thought of as 15% of the K+ channels are
A-type. Panels A-C, and D as in Figs. 3 and 4.

5. Bifurcation analysis

Figure 6: Neurons func-
tion as accumulators or res-
onators depending on the rela-
tive abundance of K+ channels
in their membranes. Regions
where the neuron is near a SN
bifurcation (accumulates input) or
near an AH bifurcation (resonant)
are shown in light gray and dark
gray, respectively. The different
regions were found by the mono-
tonicity of the I − I∞ curves from
the model (1). See Fig. 7

6. Different levels of K+ channel expression, different predictable behaviors

Figure 7: Transitions between rest and spiking depend on the different ratios
of K+ channels in the membrane. The different panels are obtained by choosing
rbK and rhA, according Fig. 6A-L.

Figure 8: Membrane potential responses of the larval RP2 wild type and
Shal-mRNAi neurons (courtesy of Jennifer E. Schaefer and Rick Levine, 2010).
B1. Wild-type RP2. B2. Shal knock down RP2

7. Summary

•Shal draws membranes near SN bifurcations ( accumulation).
•Shaker enables resonant properties.

CNS 2010


