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SUMMARY

Tetrodotoxin (TTX)-sensitive sodium channels carry
large transient currents during action potentials and
also ‘‘persistent’’ sodium current, a noninactivating
TTX-sensitive current present at subthreshold volt-
ages. We examined gating of subthreshold sodium
current in dissociated cerebellar Purkinje neurons
and hippocampal CA1 neurons, studied at 37�C
with near-physiological ionic conditions. Unexpect-
edly, in both cell types small voltage steps at
subthreshold voltages activated a substantial com-
ponent of transient sodium current as well as persis-
tent current. Subthreshold EPSP-like waveforms
also activated a large component of transient sodium
current, but IPSP-like waveforms engaged primarily
persistent sodium currentwith only a small additional
transient component. Activation of transient as well
as persistent sodium current at subthreshold volt-
ages produces amplification of EPSPs that is sensi-
tive to the rate of depolarization and can help
account for the dependence of spike threshold on
depolarization rate, as previously observed in vivo.

INTRODUCTION

Most neurons express a high density of tetrodotoxin (TTX)-

sensitive voltage-gated sodium channels, whose main function

is to generate action potentials by carrying a large rapidly acti-

vating and rapidly inactivating ‘‘transient’’ sodium current, acti-

vated when membrane voltage is depolarized above threshold

(typically near �55mV to �50mV). In addition, however, many

neurons also express a much smaller TTX-sensitive sodium

current that flows at subthreshold voltages. This has generally

been characterized as a current that is activated by depolariza-

tion but shows little or no inactivation, thus constituting a

steady-state or ‘‘persistent’’ sodium current at subthreshold

voltages. When recorded in cells in brain slices (reviewed by

Crill, 1996), the persistent sodium current is typically first evident

at voltages depolarized to about �70mV and is steeply voltage

dependent.

Although subthreshold sodium current is very small compared

to the transient sodium current during an action potential, it

greatly influences the frequency and pattern of firing of many
Neu
neurons by producing a regenerative depolarizing current in

the voltage range between the resting potential and spike

threshold, where other ionic currents are small. Subthreshold

sodium current can drive pacemaking (e.g., Bevan and Wilson,

1999; Del Negro et al., 2002), promote bursting (Azouz et al.,

1996; Williams and Stuart, 1999), generate and amplify

subthreshold electrical resonance (Gutfreund et al., 1995;

D’Angelo et al., 1998), and promote theta-frequency oscillations

(White et al., 1998; Hu et al., 2002). In addition, subthreshold

sodium current amplifies excitatory postsynaptic potentials

(EPSPs) by activating in response to the depolarization of the

EPSP (Deisz et al., 1991; Stuart and Sakmann, 1995; Schwindt

and Crill, 1995) and can also amplify inhibitory postsynaptic

potentials (IPSPs) (Stuart, 1999; Hardie and Pearce, 2006).

Subthreshold sodium current has generally been assumed to

correspond exclusively to noninactivating persistent sodium

current. However, voltage-clamp characterization has typically

been done using slow voltage ramp commands, which define

the voltage dependence of steady-state persistent current but

do not give information about kinetics of activation and would

not detect the presence of an inactivating transient component

if one existed. Also, characterization of persistent sodium current

has typically been done using altered ionic conditions to inhibit

potassium and calcium currents. We set out to explore the

kinetics and voltage dependence of subthreshold sodium

current with physiological ionic conditions and temperature

using acutely dissociated central neurons, in which subthreshold

persistent sodium current is present (e.g., French et al., 1990;

Raman and Bean, 1997; Kay et al., 1998) and in which rapid,

high-resolution voltage clamp is possible. We find that under

physiological conditions subthreshold sodium current activates

at surprisingly negative voltages, that activation and deactivation

kinetics are rapid, and that small voltage steps or EPSP-like

voltage changes can activate transient as well as steady-state

sodium current. The properties of subthreshold sodium current

suggest that it can influence the kinetics and amplitude of small

EPSPs near typical resting potentials, a prediction that is

confirmed using two-photon glutamate uncaging to probe the

contribution of sodium currents to single synapse responses.
RESULTS

Steady-State and Transient Subthreshold Sodium
Current
To examine the voltage dependence and gating kinetics of

subthreshold sodium current with good voltage control and
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Figure 1. Transient and Steady-State Sodium

Current at Subthreshold Voltages in a Purkinje

Neuron

(A) TTX-sensitive sodium current in a cerebellar Purkinje

neuron evoked by a slow (10mV/s) ramp from �98mV to

�48mV (black trace) and by a staircase series of 500 ms

5mV steps at the same overall rate of depolarization (red

traces).

(B) Initial segments of staircase-evoked sodium currents

shown on a faster time base, illustrating a component of

transient current.

(C) Voltage dependence of steady-state sodium conduc-

tance calculated from the ramp current in (A) (black), fit

with a Boltzmann function (red).

(D) Collected results, comparing the change in steady-

state sodium current (blue) with the transient component

of current (red) for 5mV depolarizing steps to various

voltages in the subthreshold range. Bars indicate mean ±

SEM for measurements in ten Purkinje neurons.
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high time resolution, we used acutely dissociated neurons. To

approximate physiological conditions as nearly as possible,

we made recordings at 37�C and used the same potassium

methanesulfonate-based internal solution as in previous

current-clamp recordings from the neurons (Carter and Bean,

2009, 2011). Using these conditions to record from mouse

cerebellar Purkinje neurons, depolarization by a slow (10mV/s)

ramp evoked TTX-sensitive current that was first evident

near �80mV and increased steeply with voltage to reach

a maximum near �50mV (black trace, Figure 1A). The TTX-

sensitive current evoked by this slow ramp was similar to

steady-state ‘‘persistent’’ sodium current previously recorded

in Purkinje neurons but activated at considerably more negative

voltages than in recordings with less physiological conditions

(Raman and Bean, 1997; Kay et al., 1998). In recordings from
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26 cells, the TTX-sensitive steady-state current was �16 ± 2 pA

at�80mV,�81 ± 16 pA at�70mV, and�254 ± 23 pA at �60mV

and reached a maximum of �393 ± 31 pA at �48mV ± 1mV.

When converted to a conductance, the voltage dependence of

steady-state current could be fit well by a Boltzmann function

(Figure 1C) with average midpoint of �62mV ± 1mV and an

average slope factor of 4.9mV ± 0.1mV (n = 26).

Slow ramps define the voltage dependence of the steady-

state sodium current but do not provide kinetic information about

channel activation. Because activation kinetics are important for

determining the timing with which sodium current can be

engaged by transient synaptic potentials, we assayed kinetics

by applying successive 5mV step depolarizations at the same

overall rate as the ramp depolarization (10mV/s, Figure 1A, red

traces). As expected, the current at the end of each voltage
Figure 2. Transient and Steady-State Sodium
Current at Subthreshold Voltages in CA1Pyramidal

Neurons

(A) TTX-sensitive sodium current in a CA1 pyramidal

neuron evoked by a slow (10mV/s) ramp from �98mV to

�48mV (black trace) and by a staircase series of 500 ms

5mV steps (red traces).

(B) Initial segments of staircase-evoked sodium currents

showing transient current.

(C) Voltage dependence of steady-state sodium

conductance calculated from the ramp current in (A)

(black), fit with a Boltzmann function (red).

(D) Collected results for CA1 pyramidal neurons,

comparing the change in steady-state sodium current

(blue) with the transient component of current (red) for

5mV depolarizing steps to various voltages. Bars indicate

mean ± SEM for measurements in 11 neurons.

.



Figure 3. TTX-Sensitive Sodium Current Evoked by EPSP-like

Waveforms in Purkinje Neurons and CA1 Pyramidal Neurons

(A) TTX-sensitive sodium current in a Purkinje neuron elicited by a 5mV EPSP-

like voltage command (red traces) or by the same command slowed by a factor

of 50 to evoke only steady-state current (black traces). EPSP waveforms were

delivered from holding potentials of either �63mV (left) or �58mV (right).

(B) TTX-sensitive current in a Purkinje neuron evoked from various holding

potentials by the real-time EPSPwaveform (red traces) compared with steady-

state sodium current (black traces). Each trace is plotted with an offset

corresponding to the steady sodium current at the holding potential (before

the EPSP waveform), so that steady sodium current at each holding potential

is on the same horizontal line; steady sodium currents were�17 pA at�78mV,

�42 pA at�73mV,�84 pA at�68mV,�161 pA at�63mV,�239 pA at�58mV,

and �280 pA at �53mV.

(C) Summary of Purkinje neuron data for peak change in sodium current during

EPSP-like waveforms evoked from different holding potentials. Red symbols

are the mean ± SEM peak total evoked sodium current; black symbols are

mean ± SEM steady-state sodium current (n = 6–8).

(D) EPSP-like voltage changes elicit transient and steady-state components of

sodium current in CA1 neurons. Steady sodium currents (offsets) were �1 pA

at �78mV, �3 pA at �73mV, �10 pA at �68mV,-23 pA at �63mV, �29 pA

at �58mV, and �30 pA at �53mV.

(E) Summary of CA1 neuron data for peak change in sodium current during

EPSP-like waveforms evoked from different holding potentials. Red symbols

are the mean ± SEM peak total evoked sodium current; black symbols are

mean ± SEM steady-state sodium current (n = 8–14).
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step reached steady-state and closely matched the ramp-

evoked current at that voltage. Unexpectedly, however, there

was also a prominent transient phase of sodium current for

depolarizations positive to about �70mV. For example, a step

from �73mV to �68mV activated a component of transient

current nearly as large as the change in steady-state current (Fig-

ure 1B). The relative magnitude of the transient current evoked

by 5mV steps increased at more depolarized voltages. For
Neu
a step from �63mV to�58mV, transient current was on average

more than three times the size of the change in steady current

(�238 ± 62 pA versus �64 ± 6 pA, n = 10).

To test whether subthreshold transient sodium current is a

unique property of Purkinje neurons, we performed similar

experiments in acutely dissociated pyramidal neurons isolated

from the hippocampal CA1 region. These experiments showed

very similar subthreshold currents as in Purkinje neurons

(Figures 2A and 2B). Both the steady-state sodium current and

the transient component of subthreshold current had almost

identical voltage dependence and kinetics in CA1 neurons and

in Purkinje neurons, differing mainly in being on average some-

what smaller in CA1 pyramidal neurons. The voltage depen-

dence of steady-state sodium conductance in CA1 neurons

(e.g., Figure 2C) had a midpoint of activation of �62mV ± 1mV

and a slope factor of 4.4mV ± 0.2mV (n = 15), almost the same

as in Purkinje neurons. The average maximal steady-state

sodium conductance in CA1 was 2.0 ± 0.5 nS (n = 15) compared

to 3.7 ± 0.3 nS (n = 26) in isolated Purkinje neurons.

CA1 neurons responded to subthreshold steps with transient

activation of sodium current (Figures 2A and 2B; red traces) in

a manner very similar to Purkinje neurons. For a step from

�63mV to �58mV, transient current was on average more than

three times the size of the change in steady-state current

(�75 ± 33 pA versus �19 ± 4 pA, n = 11).

Sodium Channel Activation during EPSP-like Voltage
Changes
Voltage does not change instantaneously during the physiolog-

ical behavior of a neuron. The degree of activation of transient

sodium current during a subthreshold synaptic potential will

depend on both voltage and its rate of change. To test whether

EPSP-like voltage changes activate a component of transient

current, we used EPSP-like waveforms as voltage commands.

The EPSP-like waveform was constructed to match kinetics

of experimentally recorded EPSP waveforms from Purkinje

neurons, with a rising phase with a time constant of 2 ms fol-

lowed by a falling phase with a time constant of 65 ms (Isope

and Barbour, 2002; Mittmann and Häusser, 2007). When the

EPSP waveform was applied to a Purkinje neuron from a holding

voltage of �63mV (where there was a steady TTX-sensitive

current of about �160 pA), it activated additional TTX-sensitive

sodium current, reaching a peak of about �368 pA (red trace).

To test whether the current evoked by the waveform includes

a transient component, we compared it to the current evoked

by the same waveform but slowed by a factor of 50 (black trace),

which, by changing voltage so slowly, should elicit only steady-

state current without a transient component. This slowwaveform

evoked much less sodium current (increment of �128 pA) than

the current evoked by the real-time EPSP (increment of

�208 pA), showing that the real-time EPSP evokes transient as

well as steady-state current. The component of transient sodium

current was even more pronounced when the EPSP waveform

was applied from a holding potential of�58mV (Figure 3A, right).

Figure 3B shows the currents elicited by the real-time and

slowed versions of the EPSP from a range of holding potentials.

Substantial sodium current was activated by the 5mV EPSP

waveforms from holding potentials positive to �78mV. At
ron 75, 1081–1093, September 20, 2012 ª2012 Elsevier Inc. 1083



Figure 4. Kinetics of Activation and Deacti-

vation of Subthreshold Sodium Current

(A) Currents evoked in a Purkinje neuron by

upward followed by downward staircase protocols

(red) and steady-state current evoked by a slow

ramp (10mV/s) in both directions.

(B) Sodium current evoked by a 500-ms step

from �63mV to �58mV and back (same neuron

as A). Inset: current during step from �58mV

to �63mV shown at faster time base, showing

rapid deactivation followed by partial recovery

from inactivation.

(C) Time required for 10%–90% change in sodium

current in response to 5mV depolarizations (filled

symbols) and hyperpolarizations (open symbols) in

Purkinje neurons (mean ± SEM, n = 3–6) for steps

to the indicated voltage.

(D) Time required for 10%–90% change in sodium

current in response to 5mV depolarizations (filled

symbols) and hyperpolarizations (open symbols) in

CA1 pyramidal neurons (mean ± SEM, n = 3–7).
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holding potentials negative to �68mV, the current engaged by

EPSP waveforms was primarily steady-state current, but at volt-

ages positive to �68mV, there was an additional component of

transient sodium current. The behavior in this cell was typical

of that in collected results from eight Purkinje neurons (Fig-

ure 3C), with an increasingly prominent transient component

evoked by the EPSP waveform as holding voltage became

more depolarized. In collected results, real-time EPSP wave-

forms delivered from �58mV evoked a peak change in sodium

current of �202 ± 18 pA, substantially larger than the peak

change in current of �81 ± 10 pA evoked by the slowed EPSP

waveform (n = 8).

Recordings from CA1 pyramidal neurons using the same real-

time and slowed EPSP-like voltage commands gave very similar

results (Figures 3D and 3E). Real-time EPSP waveforms deliv-

ered from �58mV evoked a peak change in sodium current of

�34 ± 6 pA compared to a peak change in current of �12 ±

2 pA evoked by the slowed EPSP waveform (n = 13).

These results show that in both Purkinje neurons and CA1

pyramidal neurons, a transient component of subthreshold

sodium current can be engaged by EPSP waveforms. At

voltages negative to about�65mV, the sodium current engaged

by the EPSP is accounted for almost entirely by steady-state or

persistent sodium current, while at voltages positive to �65mV,

there is an additional component corresponding to transient

sodium current.

Kinetics of Sodium Channel Gating at Subthreshold
Voltages
We characterized the activation and deactivation kinetics of

sodium current using 5mV depolarizing and hyperpolarizing
1084 Neuron 75, 1081–1093, September 20, 2012 ª2012 Elsevier Inc.
steps. Figure 4A shows an example of

stairstep-evoked currents compared

with ramp-evoked currents in a Purkinje

neuron. The ramp-evoked current was

nearly symmetric when a depolarizing

ramp was followed by a hyperpolarizing
ramp over the same voltage range. In contrast, the stairstep-

evoked current was asymmetric. The depolarizing steps evoked

large transient currents, while the hyperpolarizing steps evoked

much smaller transient currents. Figure 4B shows this asymme-

try more clearly. Holding at �63mV, there was steady-state

sodium current of �116 pA. Upon depolarization to �58mV,

there was rapid activation of sodium current that reached

�362 pA, followed by inactivation to a new steady-state level

of �147 pA. Hyperpolarization to �63mV deactivated sodium

channels rapidly and transiently to�55 pA, followed by recovery

back to the steady-state level of �116 pA at �63mV.

The transient component of sodium current during hyperpola-

rizing steps can most readily be interpreted as reflecting rapid

deactivation of channels, producing an almost instantaneous

decline in inward current, followed by slower (partial) recovery

from inactivation that produces a secondary increase of inward

current. This sequence is analogous to the rapid activation

followed by slower (partial) inactivation produced by depolariz-

ing steps, but with each component, activation and inactivation,

relaxing in the opposite direction for hyperpolarizing steps.

However, there is a pronounced asymmetry in the gating for

depolarizing versus hyperpolarizing steps at any particular

voltage range, with depolarizing steps evoking a much larger

component of transient current than hyperpolarizing steps of

the same size.

Activation and deactivation of subthreshold current were

both very rapid, with typical 10%–90% rise and fall times of

100–300 ms (Figures 4C and 4D). Activation and deactivation

were rapid both at voltages negative to�70mV, where the relax-

ation represents primarily activation and deactivation of persis-

tent sodium current, and also at more depolarized voltages,



Figure 5. TTX-Sensitive Sodium Current

Evoked by IPSP-like Waveforms in Purkinje

Neurons and CA1 Pyramidal Neurons

(A) TTX-sensitive sodium current elicited in

a Purkinje neuron by a 5mV IPSP-like hyper-

polarizing voltage command delivered from

various holding potentials (red traces) or by the

same command slowed by a factor of 50 to

evoke only steady-state sodium current (black

trace). Each trace is plotted with an offset cor-

responding to the steady sodium current at the

holding potential (before the IPSP waveform), so

that steady sodium current at each holding

potential is on the same horizontal line; steady

sodium currents were 0 pA at �88mV, +1

at �83mV, �25 pA at �78mV, �58 pA at �73mV,

�129 pA at �68mV,-264 pA at �63mV, and

�385 pA at �58mV.

(B) Summary of Purkinje neuron data for peak

change in sodium current during IPSP-like

waveforms evoked from different holding

potentials. Red symbols are the mean ± SEM

peak total evoked sodium current; black

symbols are mean ± SEM steady-state sodium

current (n = 4).

(C) IPSP-like voltage waveforms elicit transient

and steady-state components of sodium current

in CA1 neurons similar to those in Purkinje

neurons. Steady sodium currents (offsets) were 0 at �83mV, �4 pA at �78mV, �18 pA at �73mV, �47 pA at �68mV,-89 pA at �63mV, �126 pA at �58mV,

and �126 pA at �53mV.

(D) Summary of CA1 neuron data for peak change in sodium current during IPSP-like waveforms evoked from different holding potentials. Red symbols are the

mean ± SEM peak total evoked sodium current; black symbols are mean ± SEM steady-state sodium current (n = 5).
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where there was additional transient current. Thus, gating of

steady-state persistent sodium current and subthreshold tran-

sient current are both very rapid.

Deactivation of SodiumCurrent during IPSP-like Voltage
Changes
Like EPSPs, IPSPs can also be amplified by subthreshold persis-

tent sodium current (Stuart, 1999; Hardie and Pearce, 2006).

With IPSPs, the hyperpolarizing synaptic potential produces

partial deactivation of a standing inward sodium current,

producing additional hyperpolarization beyond that due to the

IPSP itself. To evaluate the possible role of transient sodium

current to the amplification of IPSPs, we examined the kinetics

of the sodium current in response to IPSP-like voltage com-

mands in voltage clamp (Figure 5). IPSP-like voltage changes

with an amplitude of 5mV led to substantial changes of TTX-

sensitive current in both Purkinje and CA1 neurons. To evaluate

the relative contributions of steady-state and transient compo-

nents for current, we used the same strategy as with the

EPSP-like commands, comparing the current evoked by real-

time or 50-times-slowed IPSP commands. In contrast to the

results with EPSP waveforms, the current evoked by real-time

IPSPwaveforms (red) was only slightly different from that evoked

by slowed commands (black) in either Purkinje neurons (Figures

5A and 5B) or CA1 neurons (Figures 5C and 5D). From the most

depolarized holding potentials, there was an ‘‘extra’’ transient

component of deactivation in response to the IPSP-like

command, but this component was small compared with the
Neu
overall current, which therefore reflects mainly gating of

steady-state persistent sodium current.

Single Spine Stimulation by Glutamate Uncaging in CA1
Dendritic Spines
The acutely dissociated neuron preparation allows accurate

voltage clamp and rapid solution exchange, which are essential

to accurately measure transient sodium current. To examine

sodium current involvement in amplifying EPSPs in a more intact

setting, we did experiments on CA1 pyramidal neurons in hippo-

campal brain slices. To test whether sodium current can be

evoked by the EPSPs produced by single synaptic inputs, we

used two-photon laser stimulation to uncage MNI-glutamate

on single spines in acute hippocampal brain slices. This

approach bypasses the presynaptic terminal and therefore

allows examination of the effect of TTX on postsynaptic

responses. EPSPs were evoked by two-photon laser uncaging

of MNI-glutamate on individual spines either in control solutions

or in the presence of TTX to inhibit voltage-activated sodium

current. The results with dissociated CA1 neurons predict

minimal engagement of either persistent or transient compo-

nents of sodium current at voltages negative to �80mV and

increasing engagement at more depolarized voltages in the

range from�70mV to�60mV. To test the dependence of uncag-

ing-evoked EPSPs (uEPSPs) on membrane potential in this

range, the resting potential of the neuron was adjusted to

different voltages in each experiment using direct current from

the amplifier. Figure 6A shows the mean ± SEM of uEPSPs
ron 75, 1081–1093, September 20, 2012 ª2012 Elsevier Inc. 1085



Figure 6. Somatic Voltage Changes Evoked by Two-Photon Uncag-

ing of Glutamate at Single Spines of CA1 Pyramidal Neurons

(A) uEPSPs recorded in control solutions using holding potentials of �83mV

(light gray),�73mV (dark gray), or �63mV (black). Traces plot mean ± SEM for

recordings from 5–7 spines.

(B) Peak uEPSP voltage from the different holding potentials in control

solutions (mean ± SEM).

(C and D) Same for uEPSPs recorded in the presence of 1 mM TTX

(mean ± SEM).
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from spines recorded in control solutions from holding potentials

of �83mV (light gray), �73mV (gray), and �63mV (black). The

peak voltage change of the uEPSP evoked by stimulation of

a single spine was �1mV when the membrane potential was

�83mV, and the peak uEPSP increased progressively when

the holding potential was depolarized to �73mV or �63mV,

with a �20% enhancement when elicited from �63mV (Fig-

ure 6B). The enhancement at �63mV compared to �83mV

was statistically significant (p = 0.024, paired t test, n = 18).

Consistent with originating by engagement of voltage-depen-

dent sodium current, this effect was absent when the same

experiment was performed in the presence of TTX (Figures 6C

and 6D; p = 0.91, n = 21, paired t test comparing �63mV

and �83mV). As expected from this comparison, the size of

the uEPSP was significantly smaller in TTX than control when eli-

cited from�63mV (p = 0.04, unpaired t test) but not when elicited

from �83mV (p = 0.63, unpaired t test). The effect of TTX to

reduce EPSPs evoked in spines of CA1 neurons is similar to

previous results seen with stimulation of spines in neocortical

pyramidal neurons (Araya et al., 2007).

A Sodium Channel Model Predicts Steady-State and
Transient Current
Do the components of subthreshold transient and steady-state

sodium current come from the same channels that carry supra-

threshold transient current? To explore whether this is likely in

principle, we tested the prediction of kinetic models for sodium

channel gating. Figure 7A shows a Markov model for sodium

channel gating based on previous models formulated to match
1086 Neuron 75, 1081–1093, September 20, 2012 ª2012 Elsevier Inc
experimental measurements of suprathreshold transient sodium

current (Kuo and Bean, 1994) or both persistent and transient

current (Taddese and Bean, 2002; Milescu et al., 2010) in other

types of central neurons. The rate constants were adjusted so

that the predicted suprathreshold transient current (Figure 7B)

matched the voltage dependence and kinetics of current re-

corded in CA1 neurons under our experimental conditions. The

model predicted a midpoint of activation of transient current of

�36mV and amidpoint of inactivation of�65mV (Figure 7C), cor-

responding to typical experimental values.

We found that the model predicts both subthreshold steady-

state and subthreshold transient current, with kinetics and

voltage dependence similar to the experimentally measured

currents. The model predicts steady-state conductance with

a midpoint of �63mV and a slope factor of 3.8, similar to exper-

imental values. The predicted maximal steady-state current is

about 1% of maximal suprathreshold transient current. Similar

to the experimental results, a staircase of 5mV depolarizations

at subthreshold voltages elicits a component of transient

current that is minimal at voltages below�70mV but increasingly

large at voltages between �70mV and �50mV (Figure 7D). The

current engaged by EPSP waveforms includes a prominent

transient as well as steady-state component (Figure 7F), with

the largest contribution of transient current at voltages depolar-

ized to �70mV (Figure 7G), as was seen experimentally. The

model predicts the asymmetry in transient current evoked

by activation versus deactivation (Figure 7E) and predicts that

the sodium current engaged by IPSP waveforms is primarily

from steady-state and not transient behavior of the channels

(Figures 7H and 7I).

DISCUSSION

These results show that voltage-dependent sodium channels in

central neurons can activate to carry transient sodium current at

voltages as negative as �70mV, well below the typical spike

threshold near �55mV. The characteristics of subthreshold

transient sodium current were very similar in GABAergic Purkinje

neurons and glutamatergic CA1 pyramidal neurons, except

that currents were on average larger in Purkinje neurons. In

both cell types, the transient component of subthreshold sodium

current can be engaged by EPSP waveforms, showing that

both transient and steady-state components of sodium current

are involved in the ability of TTX-sensitive sodium current to

amplify EPSPs.

The results in CA1 neurons fit well with a previous observation

of subthreshold transient sodium current made using intact CA1

neurons studied in brain slices (Axmacher and Miles, 2004).

Despite the smaller membrane area of the dissociated cell

body preparation we used, the subthreshold transient currents

were much larger than in the slice recordings, and they were

also evident at more negative voltages and much faster in both

activation and inactivation. These differences are all likely to

result from the faster voltage clamp possible in dissociated cells.

Voltage Dependence of Persistent Current
The results also show that subthreshold steady-state sodium

current in central neurons can activate at more negative voltages
.



Figure 7. Characteristics of Steady-State

and Transient Subthreshold SodiumCurrent

Are Predicted in an Allosteric Model of

Sodium Channel Gating

(A) Model of sodium channel gating. Activation

occurs with voltage-dependent transitions

between multiple closed states (top row) with

strongly voltage-dependent rate constants [a =
�1, b = 12*exp(�V/24) ms ],�1

considered to correspond to movement of S4

gating regions, followed by a non-voltage-

dependent opening transition (g = 250 ms�1,

d = 60 ms�1). Inactivation corresponds to vertical

transitions. Inactivation is slow and weak when

channels have not activated (Con = 0.01 ms�1,

Coff = 2 ms�1) and becomes faster and more

complete in a manner allosterically linked to the

extent of activation. The allosteric relationship is

expressed by the scaling constants a (2.51) and

b (5.32). Inactivation from the open state is fast

(Oon = 8 ms�1 and with a slow off-rate

(Ooff = 0.05 ms�1) such that open state inactiva-

tion is�99.4% complete. Microscopic reversibility

is ensured by the reciprocal allosteric relationship

between activation and inactivation rates for steps

corresponding to movement of S4 regions.

(B) Predicted transient currents elicited by steps from a holding potential of �90mV to a series of voltages from �60mV to 0mV.

(C) Voltage dependence of activation (black circles, relative peak conductance during a 30 ms step) and steady-state availability (gray circles). Relative peak

conductance was  normalized  to  peak  conductance  for a  step to +30mV and is fit (black line) by  a  Boltzmann function raised to the 4  power,
th

(1/(1 + exp(�(V + 54.1)/10.7))) . Steady-state availability is fit (gray line) by a first-order Boltzmann function curve,1/(1 + exp((V + 65)/4.3)).4

(D) Predictions of the model for 10mV/s ramp (black trace) and 5mV staircase (red trace) voltage protocols.

(E) Predictions of the model for sodium current elicited by a 500 ms step from �65mV to �60mV and back to �65mV. Dashed line corresponds to steady-state

current at �65mV (�121 pA).

(F) Predictions of the model for activation by an EPSP waveform of transient plus steady-state sodium current (red trace) compared to steady-state current alone

(black), calculated from the predicted steady-state current at each voltage.

(G) Peak steady-state (black symbols) and total (red symbols) sodium current predicted by themodel in response to 5mV EPSPwaveforms delivered from a range

of holding potentials.

(H) Predictions of the model for activation by an IPSP waveform of transient plus steady-state sodium current (red trace) compared to steady-state current

alone (black).

(I) Peak steady-state (black symbols) and total (red symbols) sodium current predicted by the model in response to IPSP waveforms delivered from a range of

holding potentials.
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550*exp(V/24) ms
than previously appreciated, with significant current evident at

voltages between �80mV and �75mV, �10mV below the volt-

ages where transient current was first evident. Thus, at voltages

below �70mV, sodium current engaged by EPSP waveforms is

entirely due to steady-state ‘‘persistent’’ sodium current, while

both transient and persistent components of current are

engaged at more depolarized voltages.

The steady-state component of sodium current (determined

by slow ramps of 10mV/s) activated with typical midpoints

between �65mV and �60mV and with steep voltage depen-

dence. Like the properties of subthreshold transient current,

the voltage dependence of steady-state current was very similar

in Purkinje neurons (midpoint �62mV ± 1mV, slope factor

4.9mV ± 0.1mV) and CA1 neurons (midpoint �62mV ± 1mV,

slope factor 4.4mV ± 0.2mV). The average midpoint of �62mV

for steady-state current in CA1 pyramidal neurons is substan-

tially more negative than the midpoint near �50mV found in

a previous study of CA1 neurons (French et al., 1990), the data

widely used for modeling functional roles of persistent sodium

current in central neurons (e.g., Vervaeke et al., 2006; Hu et al.,

2009). The difference is probably because of differences in
Neu
recording solutions and conditions. Our recordings were made

at 37�C using a potassium methanesulfonate-based internal

solution designed to mimic physiological ionic conditions, while

the earlier measurements were at room temperature using

a CsF-based internal solution that can facilitate seals but may

alter the voltage dependence of channels. Also, the earlier

experiments used external solutions containing 2 mM Ca2+

and 0.3–1 mM Cd2+ (along with 2 mM Mg2+), while our external

solution contained 1.5 mM Ca2+, 1 mM Mg2+, and no Cd2+,

relying instead on TTX-subtraction to separate sodium current

from calcium current. As shown by Yue et al. (2005), higher

Ca2+and added Cd2+ both shift the voltage dependence

of persistent sodium current in the depolarizing direction,

probably as a result of surface charge screening (Hille, 2001).

The smaller difference between the voltage dependence

we found and the midpoint of �56mV reported by Yue et al.

(2005) for persistent sodium current in dissociated CA1 neurons

using an external solution containing 1.2 mM Ca2+calcium and

no added Cd2+ is probably due to the differences in internal

solutions (potassium methanesulfonate versus CsF), tempera-

ture (37�C versus room temperature), and voltage protocol
ron 75, 1081–1093, September 20, 2012 ª2012 Elsevier Inc. 1087
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used to define steady-state properties (ramps of 10mV/s versus

50mV/s).

Though different from the previous voltage-clamp studies in

CA1 neurons using CsF-based internal solutions, the voltage

dependence for persistent sodium current we observed fits

well with previous reports made in current clamp under more

physiological conditions. For example, inmicroelectrode record-

ings from CA1 neurons in slice, Hotson et al. (1979) observed

a TTX-sensitive change in resistance attributable to persistent

sodium current starting at�70mV, almost 20mV below the spike

threshold of �53mV.

Recently, Huang and Trussell (2008) showed the presence of

persistent sodium current in the presynaptic terminal of the calyx

of Held that activates detectably at voltages as negative as

�85mV, similar to the threshold for detection near �80mV that

we saw in Purkinje neurons. The current in the calyx of Held has

a shallower voltage dependence (slope factor of 9.8mV) and

more depolarized midpoint (�51mV) than in Purkinje neurons

and CA1 neurons (slope factors of 4.4mV–4.9mV and midpoint

of �62mV). The shallow voltage dependence in the calyx may

represent the summation of different components with different

midpoints, as suggested by Huang and Trussell. Purkinje

neurons, CA1 neurons, and the calyx of Held all express Nav1.6

channels (Raman et al., 1997; Leão et al., 2005; Royeck et al.,

2008; Lorincz and Nusser, 2008), which appear to produce an

unusually large component of persistent sodium current

compared toother sodiumchannels (Ramanet al., 1997;Maurice

et al., 2001; Enomoto et al., 2007; Royeck et al., 2008; Osorio

et al., 2010). In both Purkinje neurons (Raman et al., 1997) and

CA1 neurons (Royeck et al., 2008), the contribution to persistent

current of other channel types, measured in Nav1.6 null animals,

occurs with very similar voltage dependence to the wild-type

persistent current (i.e., includingNav1.6), suggesting that in these

cells persistent current arises from both a Nav1.6-based major

component and a second component with nearly identical steep

voltage dependence. In the calyx of Held, the shallower voltage

dependence and more depolarized midpoint could reflect the

contribution of second component with more depolarized volt-

age dependence than is typical of current fromNav1.6 channels.

Rapid Activation and Deactivation of Persistent Sodium
Current
The analysis of gating kinetics in Figure 4 shows that the kinetics

of activation and deactivation of both persistent sodium current

and subthreshold transient sodium current are extremely rapid.

For voltages near �80mV, where there is only persistent current

but no transient current, current activates and deactivates within

�250 ms. At more depolarized voltages, where there is activation

of both persistent and transient components of current, kinetics

are even faster, with 10%–90%completion in�100–150 ms. This

is an upper limit of the time required for gating, because it is close

to the resolution of between 80–150 ms for the speed with which

voltage changes are imposed on the cell (estimated by changes

in tail currents produced by sudden changes in driving force).

The rapid activation of both persistent and transient components

of subthreshold sodium currentmeans that both can be engaged

essentially instantaneously by EPSP waveforms, even when

these are very rapid.
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Dependence of Subthreshold Sodium Current on Rate
of Depolarization
Previous work has shown that the magnitude of subthreshold

persistent sodium current is larger with faster ramp speeds,

typically tested in the range between 10mV/s and 100mV/s

(Fleidervish and Gutnick, 1996; Magistretti and Alonso, 1999;

Wu et al., 2005; Kuo et al., 2006). The interpretation given to

this effect previously has been that persistent sodium current

is subject to a process of slow inactivation that occurs with

slower ramp speeds. Our results suggest a different interpreta-

tion, that current evoked by slower ramp speeds represents

true steady-state persistent current and that faster ramp speeds

additionally activate increasing amounts of transient sodium

current. In support of this interpretation, the current evoked by

a smooth 10mV/s ramp closely matched the steady-state

current at the end of each 500 ms 5mV voltage step in the stair-

case protocol (Figure 1). Also supporting this interpretation,

currents evoked by fast and slow ramps differ least for small

depolarizations and most for large depolarizations, resulting in

more depolarized midpoints for the current evoked by faster

ramps (Fleidervish and Gutnick, 1996). This effect is expected

from our results, because transient current is absent at the

more hyperpolarized voltages but increasingly prominent at

more depolarized (but still subthreshold) voltages, so that its

activation would result in a depolarizing shift of the midpoint of

ramp-evoked current with faster ramps. The contribution of

transient current to the larger current evoked by faster ramps

does not preclude an additional effect from slow inactivation of

true persistent current, which clearly exists based on the ability

of long prepulses to reduce current evoked by even slow ramps

(Fleidervish and Gutnick, 1996; Magistretti and Alonso, 1999).

In some cells, we saw such an effect manifested as smaller

steady-state currents during the ‘‘down ramp’’ following an

‘‘up ramp,’’ both at 10mV/s, although this effect was often very

small (e.g., Figure 4A).

Subthreshold Transient and Persistent Current from
Standard Sodium Channels
The kinetic model for sodium channel gating in Figure 7

shows that subthreshold persistent and subthreshold transient

current can both originate from the same channels that carry

suprathreshold transient current. This argues that at least in

CA1 pyramidal neurons—and in Purkinje neurons, in which

subthreshold currents are similar—there is no need to invoke

sodium channels with special properties to account for persis-

tent sodium current or subthreshold transient current. Rather,

these subthreshold currents may simply reflect gating behavior

at subthreshold voltages of the ‘‘standard’’ sodium channels

that produce the transient suprathreshold sodium current.

This origin of subthreshold sodium current predicts that it

should be present in all neurons, with a magnitude of persistent

current corresponding to �0.5%–1% of maximal suprathres-

hold transient current (Figure 7; Taddese and Bean, 2002).

In some neurons, such subthreshold current may be aug-

mented by additional more specialized mechanisms of persis-

tent current, such as special gating modes during which

channels enter long-lived open states (Alzheimer et al., 1993),

which seem most prominent in neurons with particularly large
.
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persistent current (Magistretti et al., 1999; Magistretti and

Alonso, 2002).

The model in Figure 7 suggests that the distinction between

components of sodium current termed ‘‘persistent’’ or ‘‘tran-

sient’’ is to some extent artificial, because according to the

model, all components of sodium current simply reflect time-

varying occupancy of the open state of a single type of channel

in response to agiven voltage change.Nevertheless, a distinction

between ‘‘steady-state’’ or ‘‘persistent’’ and ‘‘transient’’ compo-

nents of current can be made phenomenologically. Steady-state

current corresponds to occupancy of the open state when

equilibrium among the various closed, inactivated, and open

states is reached at steady-state at any given voltage, and tran-

sient current corresponds to any extra current flowing during the

approach to steady-state when the voltage change is too rapid

for equilibrium to be reached at each voltage. In this terminology,

‘‘steady-state’’ current corresponds to what has traditionally

been called ‘‘persistent’’ current, as defined by slow ramps,

and we use the terms interchangeably.

Limitations of the Model
We were somewhat surprised that a model of a single uniform

population of sodium channels could give a good prediction of

the experimentally observed currents, because CA1 pyramidal

neurons (whose experimental data were used to tune the model)

probably express current from multiple types of sodium

channels. Subthreshold current in CA1 neurons is partly from

Nav1.6 channels (Royeck et al., 2008), which are prominently

expressed in many neuronal types with large persistent currents

(e.g., Raman et al., 1997; Maurice et al., 2001; Enomoto et al.,

2007; Osorio et al., 2010; Gittis et al., 2010; Kodama et al.,

2012) but persistent sodium current in CA1 pyramidal neurons

from Nav1.6 null mice is reduced by only �40% (Royeck et al.,

2008), suggesting substantial contributions from other channel

types also. The persistent sodium current in the Nav1.6 null

animals has almost identical voltage dependence with that in

wild-type animals (Royeck et al., 2008), suggesting that the

voltage dependence of non-Nav1.6 channels must be very

similar to that from Nav1.6. This makes it plausible that a single

model can account reasonably well for current from mixed

sources.

The model does not account for resurgent sodium current,

a component of sodium current expressed in Purkinje neurons

(Raman and Bean, 1997) and some CA1 pyramidal neurons

(Castelli et al., 2007; Royeck et al., 2008). Resurgent current

requires depolarizations depolarized to �30mV to be activated

significantly (Raman and Bean, 2001; Aman and Raman, 2010)

and should be minimally engaged by the protocols we used for

exploring subthreshold current or by EPSP waveforms (Figures

7D–7I), where all voltages were below �40mV.

The model also does not account for a process of slow inacti-

vation, which affects both transient and persistent sodium

current (Fleidervish and Gutnick, 1996; Mickus et al., 1999;

Aman and Raman, 2007) and produces roughly parallel changes

in the two components (Taddese and Bean, 2002; Do and Bean,

2003). Modeling slow inactivation accurately (e.g., Menon et al.,

2009; Milescu et al., 2010) was not feasible as we did not use

protocols designed to characterize it under our conditions. In
Neu
many neurons slow inactivation was minimal with the protocols

we used (e.g., Figure 4A), so it is unlikely to be important for

the essential relationship between persistent and transient

current studied here.

Implications for EPSP-Spike Coupling and Spike Timing
Precision
TTX-sensitive sodium current has been shown to amplify EPSPs

in many neuronal cell types, including cortical pyramidal neurons

(Deisz et al., 1991; Stuart and Sakmann, 1995; González-Burgos

and Barrionuevo, 2001), hippocampal CA1 pyramidal neurons

(Lipowsky et al., 1996; Andreasen and Lambert, 1999; Fricker

and Miles, 2000; Axmacher and Miles, 2004), and hippocampal

interneurons (Fricker and Miles, 2000). Our experiments using

two-photon glutamate uncaging show that even the small depo-

larizations (�1mV) resulting from stimulation of single spines can

engage sodium current in CA1 neurons, and the dependence of

this effect on membrane potential fits very well with the voltage-

clamp results in dissociated neurons.

Because subthreshold transient current is more effectively

engaged by faster depolarizations, our results predict that the

amount of sodium current activated by an EPSP—and therefore

the amount of sodium current-dependent amplification—will

depend strongly on the rate of rise of the EPSP, with faster-rising

EPSPs activating more transient current and being amplified

more effectively. The dependence of amplification on the rate

of depolarization of the EPSP is expected to be highly nonlinear,

because faster-rising EPSPs will evoke more transient sodium

current, which will in turn increase the rate of depolarization.

Such nonlinear positive feedback at subthreshold voltages is

similar to the explosively positive feedback occurring with acti-

vation of suprathreshold sodium current during the action

potential. In fact, the comparison suggests that under some con-

ditions there may be no clear distinction between subthreshold

and suprathreshold amplification of depolarization by sodium

current. In recordings from cortical neurons studied in vivo with

spiking evoked by sensory stimuli, there is a broad variation in

apparent spike threshold caused by an inverse relation between

spike threshold and the rate of preceding membrane depolariza-

tion by EPSPs (Azouz and Gray, 2000; Wilent and Contreras,

2005a), an effect also seen in recordings from neurons in slice

stimulated using current injections (Wickens and Wilson, 1998;

de Polavieja et al., 2005). The higher efficacy of fast-rising than

slow-rising depolarizations to trigger action potentials enhances

the precision of spike timing (Mainen and Sejnowski, 1995;

Nowak et al., 1997; Axmacher and Miles, 2004) and, in vivo,

can help synchronize the firing of cortical neurons (e.g., Wilent

and Contreras, 2005b; Cardin et al., 2010). The activation of

transient sodium current at subthreshold voltages probably

contributes to this effect by producing sensitivity to the rate of

membrane depolarization that would not be present with ampli-

fication by persistent sodium current alone.

In many neurons, EPSPs can be modified by voltage-depen-

dent potassium currents that activate at subthreshold voltages,

notably A-type potassium current (e.g., Ramakers and Storm,

2002) and M-current (e.g., Hu et al., 2007). The interaction of

these potassium currents and subthreshold sodium current to

modify EPSPs is likely to be complex and to depend on both
ron 75, 1081–1093, September 20, 2012 ª2012 Elsevier Inc. 1089
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the kinetics and relative degree of expression in dendrites, soma,

and axon (e.g., Shah et al., 2011). In general, however, it can be

expected that sodium current will be activated faster than either

M-current or A-type potassium current. The fast activation of

inward sodium current followed by slower activation of outward

potassium current can produce extra enhancement of firing

precision, as has been shown experimentally in CA1 neurons

(Axmacher and Miles, 2004).

Selective Amplification of EPSPs versus IPSPs
Subthreshold TTX-sensitive sodium currents can amplify the

amplitude of IPSPs as well as EPSPs (Stuart, 1999; Hardie and

Pearce, 2006). IPSP amplification arises by deactivation rather

than inactivation of sodium current: steady-state sodium current

present at the resting potential turns off during the hyperpolariza-

tion of the IPSP, resulting in a larger change in voltage thanwould

otherwise occur. We found gating of sodium channels by IPSP

waveforms delivered from holding potentials as negative as

�75mV, with increasing size of the gated sodium current from

more depolarized starting potentials. However, although both

EPSP and IPSP waveforms produced changes in TTX-sensitive

sodium current, we found a pronounced asymmetry in the effec-

tiveness of amplification, with greater engagement of sodium

current by EPSPs. This effect is because EPSP waveforms

engage large transient components of current (in addition to

steady-state current) while IPSPs engage very little transient

current. This asymmetry in depolarizing versus hyperpolarizing

synaptic events, which is most pronounced at membrane poten-

tials between �65mV and �50mV, where relative transient

current is greatest, could sharpen the precision of spike timing

by producing selective rapid boosting of fast EPSPs over IPSPs.

This effect should be greater the faster the rise time of the

EPSPs, which would occur under conditions where the mem-

brane time constant is short as a consequence of ongoing

concurrent excitatory and inhibitory input resulting in high total

synaptic conductance (Destexhe and Paré, 1999). This is often

the situation during normal operation of the cortex (Destexhe

et al., 2003; Shu et al., 2003; Haider et al., 2006; Haider and

McCormick, 2009).

Implications for Epilepsy and Its Treatment
Amplification of EPSPs by subthreshold sodium current results

in enhanced temporal summation that can lead to sustained

spike discharge (Artinian et al., 2011), which may contribute to

epileptic behavior. A number of sodium channel mutations asso-

ciated with epilepsy produce enhanced persistent sodium

current (reviewed by Stafstrom, 2007). Interestingly, chronic

epileptic-like activity can lead to upregulation of persistent

sodium current (e.g., Agrawal et al., 2003; Vreugdenhil et al.,

2004; Chen et al., 2011), potentially constituting a positive feed-

back mechanism for triggering further seizures. If persistent

sodium current, subthreshold transient current, and suprathres-

hold transient current all arise from a single population of chan-

nels, as suggested by our gatingmodel, any drug that blocks one

component is likely to affect the others to at least some degree.

However, by understanding how each of the components arises

from particular gating-state transitions and how each helps

control overall excitability, it may be possible to identify or design
1090 Neuron 75, 1081–1093, September 20, 2012 ª2012 Elsevier Inc
drugs that can bind to channels in a state-dependent manner to

optimally disrupt pathological firing (e.g., that arising from

enhanced subthreshold current) with minimal effect on normal

spiking activity.

EXPERIMENTAL PROCEDURES

Preparation of Cells and Voltage-Clamp Recording

Cerebellar Purkinje neurons and hippocampal CA1 neurons were acutely

isolated from the brains of Black Swiss and Swiss Webster mice (P14–20) as

previously described (Carter and Bean, 2009), using protocols approved by

the Institutional Animal Care and Use Committee of Harvard Medical School.

Whole-cell recordings were made with a Multiclamp 700B amplifier (Molecular

Devices) interfaced with a Digidata 1322 A/D converter using pClamp 9.0

software (Molecular Devices). Data were filtered at 10 kHz with a 4-pole

Bessel filter (Warner Instruments) and sampled at 50–200 kHz. Electrodes

(1.5–4.0 MU) were filled with an internal solution consisting of 140 mM potas-

sium methanesulfonate, 10 mM NaCl, 1.8 mM MgCl2, 0.2 mM CaCl2, 1 mM

EGTA, 10 mM HEPES, 14 mM creatine phosphate (Tris salt), and 0.3 mM

Tris-GTP, pH adjusted to 7.4 with KOH. Reported voltages are corrected for

a �8mV liquid junction potential between this solution and the Tyrode’s bath

solution (155 mM NaCl, 3.5 mM KCl, 10 mM HEPES, 10 mM glucose, 1 mM

MgCl2, and 1.5 mM CaCl2, pH adjusted to 7.4 with NaOH), measured using

a flowing 3 M KCl reference electrode (Neher, 1992).

The standard external recording solution was Tyrode’s solution with 10 mM

tetraethylammonium chloride (TEA) added to reduce potassium currents.

Solutions were applied through quartz flow pipes (250 mm internal diameter,

350 mm external diameter) glued onto a temperature-regulated aluminum

rod. Experiments were done at 37�C ± 1�C. Sodium current was isolated by

subtraction of traces recorded in control solutions and then in the presence

of 1 mM tetrodotoxin (TTX).

Analysis of Ramp Currents

Steady-state current was elicited by slow ramps from�98mV to�38mV deliv-

ered at 10mV/s. Sodium conductance was calculated as GNa = INa/(V � VNa)

with the reversal potential VNa = +63mV measured using these internal and

external solutions. The steady-state sodium conductance was fit with a Boltz-

mann function, GMax/(1 + exp[�{V� Vh}/k]) where GMax is themaximal conduc-

tance, Vh is the voltage where the conductance is half maximal, and k is the

slope factor.

EPSP-like Waveform

EPSP-like voltage commands were created as the product of two exponen-

tials, (1 � exp[�t/trise])*exp(�t/tdecay). trise was 2 ms and tdecay was 65 ms,

chosen to be similar to EPSP rise and decay times reported in the literature

(Isope and Barbour, 2002; Mittmann and Häusser, 2007). The amplitude of

the EPSP-like waveform was set to 5mV (or �5mV for IPSP-like waveforms).

The steady-state sodium current in response to the EPSP-like voltage change

was measured by using a command waveform slowed by a factor of 50, as in

Figure 3A. In some experiments, the steady-state current was instead calcu-

lated by using the current evoked by slow voltage ramps to look up the current

at each voltage. The two methods gave nearly identical results in cases where

bothwere used.When the slowed commandwaveformwas used, the resulting

current was smoothed by averaging over time periods corresponding to

changes in command voltage of 0.03mV.

Two-Photon Glutamate Uncaging in Acute Hippocampal Slice

Transverse hippocampal slices were prepared from postnatal day 15–18 C57/

Blk6 mice as previously described (Giessel and Sabatini, 2010), using

a protocol approved by the Institutional Animal Care and Use Committee of

Harvard Medical School. Patch pipettes were filled with an internal solution

consisting of 140 mM potassium methanesulfonate, 8 mM NaCl, 1 mM

MgCl2, 10 HEPES, 5 mM MgATP, and 0.4 mM Na2GTP, pH adjusted to 7.3

with KOH, with 50 mM Alexa Fluor 594. Recordings were made using an

Axoclamp 200B amplifier (Axon Instruments), filtered at 5 kHz and sampled

at 10 kHz.
.
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A custom-built two-photon laser scanning microscope based on a BX51W1

microscope (Olympus) was used as described previously for imaging spines

and producing localized uncaging of glutamate (Carter and Sabatini, 2004).

Two Ti-Sapphire lasers (Mira/Verdi, Coherent) tuned to 840 and 725 nm

were used for imaging and glutamate uncaging, respectively. Slices were

bathed in ACSF containing 3.75 mM MNI-glutamate (Tocris Cookson) and

10 mM d-serine. The uncaging laser pulse duration was 0.5 ms and power

delivered to each spine was adjusted to bleach�30% of the red fluorescence

in the spine head. After laser power was set, each spine was probed to find the

uncaging spot that gave the largest somatic current response (in voltage-

clamp mode). The amplifier was then switched to current clamp and the

holding potential was adjusted with steady current injection to each of three

different potentials, with trials at each potential interleaved. Uncaging-evoked

EPSPs from each neuron were sorted according to the holding potential and

five to seven responses at each holding voltage were averaged. Uncaging

events that evoked a spike immediately were excluded from analysis.

Modeling

Sodium channel kinetics were modeled using a Markov model that incorpo-

rates an allosteric relationship between activation and inactivation, using the

same structure as previous models for sodium current recorded in other cell

types under different ionic conditions and temperature (Kuo and Bean, 1994;

Taddese and Bean, 2002; Milescu et al., 2010). Activation is modeled as

a series of strongly voltage-dependent steps considered to correspond to

sequential movement of the four S4 regions in the channel (Catterall, 2000),

followed by an final opening step (with no intrinsic voltage dependence)

that occurs after movement of all four S4 regions. Inactivation is envisioned

as corresponding to binding of a particle (i.e., the IFM-containing loop between

domains III and IV; Catterall, 2000) that binds weakly when no S4 regions

have activated and progressively more tightly when one or more S4 regions

have activated. With this model, inactivation is coupled in an allosteric manner

to activation but it is not obligatory for channels to open for inactivation

to occur (Armstrong, 2006). Parameters were adjusted by trial and error to

match the voltage dependence and kinetics of activation and inactivation

and voltage dependence of steady-state current, using the data from our

experimental recordings of current from acutely dissociated hippocampal

CA1 neurons at 37�C.

Statistics

Data are summarized as mean ± SEM.
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