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We present a simple and effective method for isolating the somatic Na� current recorded under voltage clamp from neurons in brain slices. The
principle is to convert the axon from an active compartment capable of generating uncontrolled axonal spikes into a passive structure by
selectively inactivating axonal Na� channels. Typically, whole-cell currents from intact neurons under somatic voltage clamp contain a mixture
of Na� current and axial current caused by escaped axonal spikes. We found that a brief prepulse to voltages near spike threshold evokes the
axonal spike, which inactivates axonal but not somatic channels. A subsequent voltage step then evokes only somatic Na� current from
electrotonically proximal sodium channels under good voltage-clamp control. Simulations using a neuron compartmental model support the
idea that the prepulse effectively inactivates currents from the axon and isolates well controlled somatic currents. Na� currents recorded from
cortical pyramidal neurons in slices, using the prepulse, were found to have voltage dependence nearly identical to that of currents recorded from
acutely dissociated pyramidal neurons. In addition, studies in dissociated neurons show that the prepulse has no visible effect on the voltage
dependence and kinetics of Na� currents elicited by the subsequent voltage step, only decreasing the amplitude of the currents by 10 –20%. The
technique was effective in several neuronal types in brain slices from male and female neonatal rats and mice, including raphé neurons, cortical
pyramidal neurons, inferior olivary neurons, and hypoglossal motoneurons.

Introduction
Voltage-gated sodium (Nav) channels underlie the spiking activ-
ity of mammalian central neurons. The neuronal function of Nav

channels is typically inferred from their kinetic properties mea-
sured in voltage clamp (Hodgkin and Huxley, 1952). In principle,
whole-cell recording (Hamill et al., 1981) from the acute brain
slice preparation (Edwards et al., 1989) is an ideal method for
defining channel properties in central neurons with physiological
and structural integrity. Unfortunately, lack of space clamp
makes it very difficult to obtain well controlled Na� currents
from intact neurons in situ. Neurons are multicompartmented
structures, and voltage clamping the soma is not sufficient for
controlling the membrane potential in other compartments (Rall
and Segev, 1985; Spruston et al., 1993; White et al., 1995; Hartline
and Castelfranco, 2003; Bar-Yehuda and Korngreen, 2008). This
is a particular difficulty for Nav channels, because these are
present at high density in the axon initial segment (Osorio et al.,
2005; Castelli et al., 2007; Kole et al., 2008; Royeck et al., 2008;
Diwakar et al., 2009), which constitutes an electrotonically
distinct compartment whose voltage can deviate dramatically

from that in the soma (Stuart et al., 1997; Kole et al., 2008). As
a result, electrotonically remote Nav channels, relative to the
point of current injection, escape voltage clamp and generate
unclamped currents. Because of this, Na � currents could be
recorded with good voltage control from central neurons in situ in
only a few unusually favorable cases (Magistretti et al., 2006; Eno-
moto et al., 2007).

The space-clamp problem can be circumvented by recording
from reduced neuronal preparations, such as acutely dissociated
neurons or nucleated patches. However, recording well con-
trolled Na� currents directly from healthy neurons in brain slice
preparations could be of great advantage. For example, neuronal
identity can be easily established in the slice, and Nav channel
kinetic properties can be correlated with neuronal morphology
and network location. In situ recording could also facilitate the
study of transmitter modulation of sodium currents by helping
preserve biochemical pathways.

We provide here a simple yet effective solution to the space-
clamp problem. The principle is to convert the axon from an
active compartment capable of generating uncontrolled axonal
spikes into a passive structure by selectively inactivating axonal
Nav channels with a voltage prepulse. The idea came from the
observation that, in depolarizing steps to subthreshold poten-
tials, an out-of-control current spike occurs within the first 5–10
ms, but for the following 20 –50 ms the current appears well
controlled. This spike represents the axial current caused by the
voltage difference between soma and axon, which transiently oc-
curs when the electrotonically remote and out-of-control axonal
Nav channels generate an axonal spike. These channels would
briefly experience strongly inactivating potentials during the
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spike. In contrast, somatic Nav channels would experience their
local potential maintained by voltage clamp to subthreshold val-
ues, where inactivation is slow. In the following, we demonstrate
how the out-of-control axonal spike can be used to our advantage
to inactivate axonal Nav channels and isolate a well controlled
somatic Na� current from the axial current.

Materials and Methods
Animal procedures. All animal procedures were approved by the National
Institute of Neurological Disorders and Stroke Animal Care and Use
Committee.

Slices. In vitro medullary slice preparations containing midline raphé
neurons, inferior olivary neurons, and hypoglossal motoneurons were
obtained from postnatal (P0 –P4) Sprague Dawley rats (Koshiya and
Smith, 1999). Cortical slices containing pyramidal neurons were ob-
tained from postnatal (P7–P9) Swiss-Webster mice. Either medulla or
brain was dissected in artificial CSF (aCSF) containing the following (in
mM): 124 NaCl, 25 NaHCO3, 3 KCl, 1.5 CaCl2, 1.0 MgSO4, 0.5 NaH2PO4,
and 30 D-glucose, equilibrated with 95% O2 and 5% CO2 (pH 7.4 � 0.05
at room temperature). Slices (300 – 400 �m thick) were transferred to a
recording chamber mounted on a microscope stage, and superfused with
aCSF at room temperature.

Dissociated neurons. Pyramidal cortical neurons were dissociated from
postnatal (P7–P9) Swiss-Webster mice according to previously pub-
lished procedures (Carter and Bean, 2009). Droplets of suspension con-
taining dissociated neurons were transferred to the recording chamber.
After waiting 1 or 2 min to allow neurons to sediment and stick to the
glass bottom, the chamber was superfused with aCSF at room
temperature.

Neuron identification. Brainstem neurons (raphé, olivary, and hypo-
glossal motoneurons) were selected based on their location in the slice. In
slices, cortical pyramidal neurons were selected based on their char-
acteristic morphology and location in cortical layer V. Dissociated
pyramidal neurons were identified by their larger size, pyramidal
shape, and presence of a thick apical dendrite stump at one end and
thinner stumps of basal dendrites at the other end. All experiments
were done under infrared-differential interference contrast (IR-DIC)
visualization.

Solutions. Pipettes were filled with a solution containing the following
(in mM): 100 Cs-gluconate (prepared from CsOH and gluconic acid), 10
tetraethylammonium chloride (TEA-Cl), 5 4-aminopyridine (4-AP), 10
EGTA, 1 CaCl2, 10 HEPES, 4 Mg-ATP, 0.3 Na3-GTP, 4 Na2-
phosphocreatine, 4 NaCl, pH 7.4, adjusted with CsOH (285 � 5 mOsm/
L). To reduce the size of Na � currents, in some experiments a 50 mM

Na � solution was used containing 70 Cs-gluconate, 30 Na-gluconate, 10
TEA-Cl, 5 4-AP, 10 EGTA, 1 CaCl2, 10 HEPES, 4 Mg-ATP, 0.3 Na3-GTP,
10 Na2-phosphocreatine.

Pharmacology. CdCl2 (120 �M) and (in some slice experiments)
1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide
(NBQX; 10 �M) were added to the superfusing aCSF to block Ca2� currents
and inhibit synaptic transmission. TTX was added to the superfusing aCSF at
50 nM to reduce the magnitude of Na� currents or at 1 �M to completely
inhibit them. All reagents were purchased from Sigma-RBI.

Electrophysiology. Electrodes (5–7 M�) were pulled from borosilicate
glass and coated with Sylgard to reduce capacitive transients. Series re-
sistance (Rs) was typically 9 –15 M� in slices and 7–12 M� in dissociated
neurons. Cells with Rs � 15 M� were discarded. Rs was compensated
80% (2 �s response time), and the compensation was readjusted before each
voltage-clamp protocol. A measured liquid junction potential of �8 mV was
corrected on-line. Somatic whole-cell recordings were obtained with a
HEKA EPC10 double patch-clamp amplifier. Data were low-pass filtered at
40 kHz and digitally sampled at 100 kHz using the amplifier’s built-in
digitizer, controlled by Pulse software. Voltage-clamp protocols were
constructed and applied with Pulse software. Leak currents were sub-
tracted using the P/n protocol. In some cases, the protocols were
repeated under bath-applied TTX to better isolate Na � currents using
TTX subtraction. In all protocols, the intersweep interval was 2 s at

�80 mV. Patch stability was monitored in all protocols, and unstable
recordings were discarded.

Data analysis and statistics. We used custom-made scripts in the QuB
software (www.qub.buffalo.edu) to process the voltage-clamp data and
to implement ion channel and cellular models and run simulations. Sta-
tistics and curve fitting were done with Prism 4.0 software.

Ion channel models. For the Nav channel, we used the allosteric model
proposed by Kuo and Bean (1994):

For the Kv channel, we used the Markov equivalent of the widely used n 4

Hodgkin–Huxley model:

For any transition between states i and j, the rate constant has the form

k � k0 � exp�k1 � V�, (3)

where k0 is the rate constant at zero potential (ms �1), k1 is the voltage
dependence (mV �1), and V is the membrane potential (mV).

Neuron compartmental model. The differential equations describ-
ing the dynamics of the compartmental model (see Fig. 2) for the
soma are

Cm �
dVm

dt
� �Im � Imx � Ic, (4)

dPNa,m

dt
� PNa,m � QNa, (5)

and

dPK,m

dt
� PK,m � QK, (6)

and those for the axon are

Cx �
dVx

dt
� �Ix � Imx, (7)

dPNa,x

dt
� PNa,x � QNa, (8)

and

dPK,x

dt
� PK,x � QK, (9)

where

Im � GNa,m � Po,Na,m � �Vm � VNa� � GK,m � Po,K,m � �Vm � VK�

� GLk,m � �Vm � VLK�, (10)

Ix � GNa,x � Po,Na,x � �Vm � VNa� � GK,x � Po,K,x � �Vm � VK� � GLk,x

� �Vm � VLK�, (11)

Imx � Gm,x � �Vm � Vx�, (12)

and

Ic � Gc � �Vm � Vc�. (13)

The m and x indexes refer to soma and axon, respectively. For a more
compact representation, the differential equations describing the dynamics
of ion channels (equations 5, 6, 8, and 9) were written in vectorial form. The
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P values are the state probability vectors, and the Q values are the voltage-
dependent rate matrices (Colquhoun and Hawkes, 1995). The GNa, GK, and
GLk values are the conductances for Nav and Kv channels and for the leak.
The PO values are the instantaneous open probabilities for Nav and Kv chan-
nels. VNa, VK, and VLk are the reversal potentials for Na�, K�, and leak
currents. Gmx is the electrical conductance between soma and axon (Gmx 	
1/Rmx). The IC value represents current injected into the soma. In voltage
clamp, IC is the current injected to clamp the voltage in the soma, where Vc is
the command voltage and Gc is a voltage-clamp gain factor. In current
clamp, Gc 	 0. To make results easier to interpret, we made Rs 	 0 in all
simulations.

Simulations. Both current-clamp and voltage-clamp simulations
were obtained by integrating numerically the differential equations
4 –9. We used an integration method as described previously (Milescu

et al., 2008). Briefly, equations 4 and 7 were integrated using Euler’s
method:

Vm,t�dt � Vm,t � dt � � �Im � Imx � Ic�/Cm, (14)

and

Vx,t�dt � Vx,t � dt � ��Ix � Imx�/Cx, (15)

where dt is the sampling time (10 �s). Simultaneously, equations 5, 6, 8,
and 9 were integrated in matrix form, using the following solution:

Pt�dt 	 Pt 
 eQ(Vt)
dt, (16)

where P stands for PNa,m, PNa,x, PK,m, or PK,x, Q stands for QNa, or QK,
and Vt stands for Vm,t or Vx,t. The quantities e Q
dt were precalculated
over a voltage range from �100 to �100 mV (every 0.1 mV) using the
spectral expansion method (Colquhoun and Hawkes, 1995). At each inte-
gration step, the appropriate Q matrices were chosen according to the values
of Vm,t and Vx,t. The parameters used in the simulations are given in supple-
mental Table 1, available at www.jneurosci.org as supplemental material.

Results
The somatic Na � current can be isolated with a
voltage prepulse
An example of whole-cell Na� currents recorded from midline
raphé neurons in medullary slices (Ptak et al., 2009) is presented
in Figure 1A in response to a typical voltage-clamp step protocol
(Fig. 1D). The experimental conditions were optimized for iso-
lating Na� currents as described in Materials and Methods. As is
typical for voltage clamp of intact neurons, the recorded current
shows clear signs of poor voltage control, with voltage steps pos-
itive to �50 mV abruptly activating large spikes of inward cur-
rent. These likely reflect the triggering of out-of-control action
potentials in the axon. With increasing voltage in the range from
�45 to �20 mV, the spike of inward current has similar magni-
tude but occurs earlier. The spike appears to be superimposed on
a component of Na� current that increases more gradually with
voltage, as is expected for a somatic Na� current under good voltage
control. At potentials positive to �20 mV, the distinction between
spike and somatic Na� current is less clear, since they appear to
overlap. These records are similar to those in previous recordings of
whole-cell Na� currents from central neurons in situ (Barrett and
Crill, 1980; Magistretti et al., 2006; Goldfarb et al., 2007), where the
same interpretation of an axonal spike riding on top of well con-
trolled somatic currents was proposed.

We tested whether intentionally triggering the axonal spike
could inactivate the axonal channels and leave only somatic
channels available for activation. For this, a brief voltage pre-
pulse to �40 mV, which activated the current spike, was in-
troduced in the step protocol. As a result, it appears that the
subsequent voltage steps evoke only Na � current under good
space clamp (Fig. 1 B). Thus, the prepulse eliminates the dis-
torting effect that the uncontrolled current spike has upon the
current versus voltage relation (Fig. 1 B, inset). Assuming that
the prepulse inactivates Nav channels in the axon and elimi-
nates the axial current flowing from axon to soma, the axial
current can be isolated from the total measured current by
subtracting the current obtained with prepulse (Fig. 1 B) from
the current obtained without prepulse (Fig. 1 A). The result is
presented in Figure 1C.

The voltage prepulse selectively inactivates axonal
Nav channels
To understand the effect of the voltage prepulse, we constructed a
reduced computational neuron model consisting of only two iso-

Figure 1. A voltage prepulse isolates the somatic Na � current from neurons in slices.
Whole-cell voltage-clamp recording from a midline raphé neuron in a medullary slice. A, Steps
above �50 mV evoke out-of-control current spikes. Thick traces denote currents obtained at
command potentials from �45 (black) to �25 mV (orange). B, A brief pulse to �40 mV
intentionally triggers the out-of-control spike and isolates the somatic Na � current. The inset
shows the normalized peak current versus voltage, with (black plots) and without prepulse (red
plots). The prepulse restores the typical aspect of the I-V curve. C, Axial current, obtained by
subtracting the currents in B from the currents in A. D, Voltage-clamp step protocol, with and
without prepulse. To reduce the size of Na � currents, the internal solution contained 50 mM

Na �. Traces in A and B show TTX-sensitive current obtained by subtracting currents recorded
before and after application of 1 �M TTX.
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potential compartments: the soma and the axon (Fig. 2). Al-
though this compartmental model is greatly simplified (cf. Yu et
al., 2008), it served well the purpose of our study and its proper-
ties can be easily understood. The two compartments were pop-
ulated with identical conductances: a Nav channel, a Kv channel,
and a leak conductance. The parameters of the compartmental
model (supplemental Tables 1 and 2, available at www.jneurosci.
org as supplemental material) were tuned to generate spontane-
ous spiking (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material) resembling the activity of raphé neurons
(Jacobs and Azmitia, 1992; Ptak et al., 2009). The density of Nav

channels was made �10 times greater in the axon than in the soma
(Kole et al., 2008); we also tried a configuration in which axonal and
somatic densities were equal but axonal Nav channels had voltage
sensitivity 10 mV more negative (Colbert and Johnston, 1996).

The compartmental model was simulated in response to a
voltage-clamp step protocol (Fig. 3). The currents obtained with
and without the prepulse qualitatively match the experimental
data shown in Figure 1. To clamp the membrane potential during
a voltage-clamp experiment, the amplifier injects current into the

soma through a relatively small access re-
sistance (Fig. 2, Rs). In contrast, the cur-
rent enters the axon through a much
larger resistance (Fig. 2, Rmx). Thus, only
the soma is effectively voltage clamped,
whereas the axon is not (Fig. 3A, somatic
potential vs axonal potential). Without a
voltage prepulse (Fig. 3A), command
voltage steps above �50 mV trigger ax-
onal spikes. The initiation and the depo-
larization phase of these spikes are caused
by axonal Nav channels. As Kv channels
are “blocked” in the simulation, the down-
stroke is caused by the hyperpolarizing ax-
ial current flowing from the soma, which
is more negative. The total current mea-
sured by the amplifier is the sum of so-
matic Na� current and axial current.

The voltage prepulse to �40 mV
causes enough axonal depolarization and is
long enough (4 ms) to trigger an axonal
spike (Fig. 3B, axonal potential). During
the spike, the axonal potential reaches
positive values, causing axonal Nav

channels to inactivate quickly and al-
most completely (Fig. 3B, axonal chan-
nel availability). In contrast, somatic
Nav channels inactivate very little (Fig.
3B, somatic channel availability), because
the somatic potential remains at �40 mV
(Fig. 3B, somatic potential). Because of the
very small axonal Nav channel availability
remaining after the prepulse, the axon be-
haves as a passive structure and the voltage
steps following the pulse can no longer trig-
ger spikes (Fig. 3B, axonal potential). Since
now the axon and soma are approximately
equipotential, the axial current is very small
during the steps (Fig. 3B, axial current), and
the current measured by the amplifier (ex-
cluding capacitive transients) is approxi-
mately equal to the somatic Na� current
(Fig. 3B, total current vs somatic Na� cur-

Figure 2. Reduced neuron compartmental model. A model consisting of only two compart-
ments (soma and axon) individually isopotential and electrically connected through a resistor
(Rmx). An axial current Imx flows between axon and soma whenever they are not equipotential
(Vm � Vx). In a typical voltage-clamp configuration, the clamping current Ic is injected in the
soma to keep the somatic potential Vm equal to a command voltage. According to this model,
the injected current Ic is equal to the sum of somatic current Im and axial current Imx. Rm and Rx

represent the totality of somatic and axonal ionic conductance with overall reversal potentials
Em and Ex, respectively. Cm and Cx are the capacitances of the somatic and axonal membranes,
respectively. The access resistance Rs makes the voltage measured at the pipette Vp differ from
the somatic voltage Vm.

Figure 3. The voltage prepulse selectively inactivates axonal Nav channels in model simulations. Voltage-clamp simulation of the
compartmental model, shown in Figure 2, in response to a step protocol without (A) or with prepulse (B). A, Without the prepulse, voltage
steps above �50 mV trigger axonal spikes, causing axial current (Fig. 2, Imx) to overlap with somatic Na � current. B, The prepulse
intentionallytriggerstheaxonalspike,whichselectively inactivatesaxonalNav channelsbuthaslittleeffectonsomaticchannels.Duringthe
subsequent voltage step, the soma and the axon are approximately equipotential and the total (“measured”) current is approximately
equal to the somatic Na � current (gray dotted lines). The capacitive transients were subtracted from the total current. The thick traces
denote quantities at command potentials from �45 (black) to �25 mV (orange).
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rent). We also simulated a situation with
equal axonal and somatic densities but with
more negative voltage dependence for the
axonal channels and obtained qualitatively
similar results (data not shown).

Optimal isolation of somatic
Na � currents
To optimally isolate the somatic Na� cur-
rent from the axial current, the prepulse
can be optimized to suit individual neu-
rons or different neuronal types by using
test protocols such as those shown in Fig-
ure 4. In choosing the voltage and dura-
tion of the prepulse, one should consider
several issues. Most importantly, the volt-
age should be sufficiently depolarizing to
quickly trigger an axonal spike (Fig.
4A,C). In our experience, more positive
potentials inactivate axonal Nav channels
more profoundly but also inactivate more
somatic channels. Furthermore, the pulse
should be long enough to allow comple-
tion of the axonal spike when the soma
and axon become approximately equipo-
tential and the axial current is null. How-
ever, especially in neurons with very large
axonal channel density, longer pulses may
result in increased axial current or may
even trigger further axonal spikes by
allowing axonal channels to partially
recover from inactivation. Finally, the
prepulse should be followed by a brief hy-
perpolarization to allow partially acti-
vated somatic channels to deactivate. This
hyperpolarization should not be too long
or too negative, as it may also result in
axonal channel recovery (Fig. 4B,D).

In the example shown in Figure 4B, the
red trace corresponds to an optimal prepulse: 4 ms at �40 mV,
followed by 0.5 ms at �55 mV. Under these conditions, the cur-
rent evoked by the step to �30 mV appears to be well controlled,
as indicated by the smooth decay. Generally, current decay with a
single exponential time course at voltages where inactivation is
slow compared with the decay of axial current (��30 mV) is a
good indicator that the axial current has been eliminated. How-
ever, an additional fast inactivating component may genuinely
occur, either as a result of intrinsic kinetic properties or as an
effect of Nav channel heterogeneity. In some cases, it might be
useful to apply a train of prepulses instead of a single pulse to
force axonal Nav channels into inactivated states characterized by
slow recovery (Mickus et al., 1999).

The prepulse is effective in other neuronal types
We tried the prepulse technique in a large number of brainstem
raphé neurons (n � 50). Although difficult to quantify, the pre-
pulse left no visible evidence of space-clamp errors in a large
fraction (�50%) and generally improved space clamp in all neu-
rons. An example of very good correction was shown in Figure 1.
It is possible that, for whatever reasons, raphé neurons are par-
ticularly amenable to the prepulse technique. Therefore, we
tested other neuronal types as shown in Figure 5, namely cortical
pyramidal neurons (Fig. 5A), brainstem neurons in the inferior

olivary nucleus (Fig. 5B), and motoneurons in the hypoglossal
(XII) nucleus (Fig. 5C). With pyramidal neurons (n 	 13), the
prepulse was effective in 9/13 and partially effective in 3/13 cells
(when partially effective, the prepulse leaves some axial current
and visibly distorts the recorded currents). With olivary neurons
(n 	 4), the prepulse was effective in 3/4 and partially effective in
1/4 cells. With motoneurons (n 	 6), the prepulse was effective in
4/6 and partially effective in 2/6 cells.

Na � currents isolated from neurons in slices resemble
currents recorded from dissociated neurons
The examples presented in Figures 1 and 5 demonstrate that the
axial current spike can be eliminated with a well timed voltage
prepulse. However, a control experiment is necessary to deter-
mine whether the current recorded after the prepulse is still dis-
torted by residual axial current or by other artifacts. For this test,
the Na� currents isolated from neurons in slices can be com-
pared against the Na� currents recorded from preparations that
are normally under good space-clamp control, such as outside-
out or nucleated patches or acutely dissociated neurons. Of these
possibilities, we chose dissociated neurons, because they are
physiologically the closest to intact neurons in slice preparations.
Furthermore, we chose cortical pyramidal neurons, because they
can be more easily identified (under IR-DIC) in slices and in

Figure 4. Optimal isolation of somatic Na � currents. Two voltage-clamp protocols designed to determine optimal
conditions for axial current removal. Illustrative data obtained from the same neuron as shown in Figure 1. A, The prepulse
potential should be chosen as the minimum voltage that quickly evokes the uncontrolled current spike (�40 mV). A
relatively low test potential (�30 mV) should result in a current with smooth rise and approximately single exponential
decay (red trace). B, The axial current, initially eliminated by the prepulse, recovers within a few ms at �55 mV. C and D,
Simulations of the compartmental model, shown in Figure 2, in response to voltage-clamp protocols similar to those in
A and B, respectively. The dashed red lines represent the somatic Na � current, approximately equal to the total (“mea-
sured”) current. The internal solution contained 50 mM Na �, and traces were TTX subtracted.
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acute dissociations, thanks to their larger size and particular mor-
phology. To make the comparison as precise as possible, the two
sets of recordings (slice and dissociated) were obtained under
identical experimental recording conditions (solutions, elec-
trodes, temperature, etc.).

The average properties of Na� currents obtained from the
two preparations are very similar, as illustrated by the examples
shown in Figure 6. The current–voltage relation for peak Na�

current measured in slices using the prepulse method is essen-
tially identical to that measured in acutely dissociated neurons
(Fig. 6B, inset). The only noticeable difference between the Na�

currents recorded in the two preparations was in the kinetics of
inactivation. In both cases, the time course of inactivation was
biexponential, as is typical for Na� currents recorded from cen-
tral neurons (e.g., Sah et al., 1988; Magee and Johnston, 1995),
and with both preparations there was cell to cell variability in
kinetics. However, there was a slightly larger contribution of a

more slowly decaying component in cur-
rents isolated from slices using the pre-
pulse than in those recorded from
dissociated neurons (Fig. 6, A vs B). This
could reflect slight differences in Nav

channel kinetics between dendrites and
soma, or it could reflect contributions of
current from parts of the dendrite not
perfectly isopotential with the soma.

In principle, the voltage prepulse itself
might alter the shape of the Na� current
by changing the initial state occupancy of
Nav channels. However, we determined
that this is not the case, as illustrated by
the examples shown in Figure 7. Thus,
Na� currents recorded from dissociated
neurons without (Fig. 7A) and with (Fig.
7B) a voltage prepulse are virtually identi-
cal, apart from a proportional reduction
in size (10 –20%) caused by partial inacti-
vation during the prepulse. From these re-
sults, it can also be inferred that currents
isolated from neurons in slices using the
prepulse are representative of the real
magnitude of somatic Na� currents.

Improved space clamp allows
quantitative measurement of
gating properties
The “tail” currents that flow during deac-
tivation of Na� channels are especially
rapid, with strongly voltage-dependent
kinetics (Hodgkin and Huxley, 1952), and
thus constitute a good test for the quality
of voltage clamp. We therefore examined
the kinetics of tail currents recorded from
raphé neurons in slices before and after
using a prepulse to inactivate axonal
channels. We found that the voltage pre-
pulse not only eliminates the uncon-
trolled axial current spike from slice
recordings but also improves the quality
of space clamp as reflected in the tail
current kinetics (Fig. 8).

A typical tail current experiment con-
sists in applying a brief depolarizing pulse

to activate (open) the channels with minimal inactivation, fol-
lowed by steps to more negative potentials, during which chan-
nels deactivate (close) with voltage-dependent kinetics (Fig. 8A).
The activation pulse is too brief to trigger an out-of-control axial
current spike. However, close examination reveals a nonexpo-
nential, distorted decay of the tail currents (Fig. 8C, red traces). In
contrast, introducing a prepulse in the protocol triggers the axial
current spike (Fig. 8B) and also results in faster and more regular
decay of tail currents (Fig. 8C, black traces). Two exponential
components can now be identified, of which the major one is fast
and voltage dependent (denoted by �d). This major component
(generally �80%) exhibits the expected exponential voltage de-
pendence of Nav channel deactivation (Fig. 8D), similar to tail
currents recorded in outside-out patches (Martina and Jonas,
1997). The small slow component in the tail currents might re-
flect sodium channels present in dendrites in which the local
potential follows the command voltage more slowly. This exper-

Figure 5. The voltage prepulse is effective in other neuronal types. A–C, Illustrative examples showing somatic Na � current
isolation in other neuronal types in slices of cortical pyramidal neurons (A), brainstem inferior olivary neurons (B), and brainstem
hypoglossal (XII) motoneurons (C). The data were obtained without prepulse (left panels) or with prepulse (right panels). In all
these examples, the prepulse eliminates the uncontrolled current spike. The thick traces denote quantities at command potentials
from �45 (black) to �25 mV (orange). The insets are I-V curves with (black plots) and without prepulse (red traces). The currents
in B and C were recorded with subsaturating TTX (50 nM) to reduce Na � current magnitude. In all cases, the internal solution
contained 50 mM Na �. All traces were TTX subtracted.
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iment also allows an estimate of how quickly the voltage clamp is
established in the soma, since any delay would show up as a lag
before the rapid decay of the current. This lag was �100 �s.

Discussion
The prepulse technique presented here is extremely simple but
dramatically improves space-clamp conditions for recording
Na� currents in neurons with intact morphology. Although the
results will undoubtedly vary across individual neurons and neu-
ronal types, we have demonstrated that the prepulse is effective in
cells of different types (Figs. 1 and 5) and provides good quality
data in a significant fraction of the cells tested at no cost. Previ-
ously, transient Na� currents with apparently good voltage con-
trol have been recorded from only a few cell types in brain slices.
Magistretti et al. (2006) were able to obtain recordings with well
controlled Na� currents from cerebellar granule neurons in
brain slices, but only in �15% of the cells they tested. Enomoto et
al. (2007) were able to record well controlled Na� currents from
mesencephalic trigeminal neurons using very low (15 mM) exter-
nal Na� to improve voltage control. However, in our recordings
from a total of �70 neurons of other types, including cortical
pyramidal neurons, inferior olivary cells, raphé neurons, and mo-

toneurons in the hypoglossal (XII) nucleus, we never achieved
good control unless the prepulse technique was used, even when
current size was reduced with a partially blocking concentration
of TTX (50 nM). In contrast, with the prepulse technique, good
control could be achieved in 50 –75% of the cells of each neuronal
type tested. Thus, the technique seems likely to greatly increase
the yield with which well controlled Na� currents can be ob-
tained from a wide variety of neurons in brain slices.

Recording well controlled Na� currents directly from intact
neurons in brain slice preparations has obvious advantages, but
also some limitations. Most significantly, while inactivating ax-
onal Nav channels can eliminate obvious loss of voltage control,
there is likely still imperfect uniformity of voltage between soma,
axon, and dendrites. In this respect, acutely dissociated neurons
or nucleated patches may provide cleaner data and better resolu-
tion of extremely fast kinetics (e.g., Kuo and Bean, 1994;
Baranauskas and Martina, 2006).

Many central neurons, including cortical and hippocampal py-
ramidal neurons, contain Na� channels in the dendrites as well as
soma and axon (Huguenard et al., 1989; Stuart and Sakmann,
1994; Magee and Johnston, 1995; Martina et al., 2000), and these
channels can contribute significantly to the firing behavior of

Figure 7. The voltage prepulse has minimal effects on somatic Na � currents. A, B, Example
showing a comparison between Na � currents recorded from a dissociated cortical pyra-
midal neuron, without (A) or with (B) the voltage prepulse. There is limited activation and
inactivation of Nav channels during the prepulse causing only a small reduction in the
current evoked by the subsequent voltage steps (B). The inset in B contains the I-V curve
obtained without (black plots) or with (red plots) prepulse. The traces were recorded with
internal solutions containing 13 mM Na � and were TTX subtracted. C, Voltage-clamp
protocol.

Figure 6. Na � currents isolated from neurons in slices resemble currents from disso-
ciated neurons. A, B, Examples of Na � currents recorded in a cortical slice from a pyra-
midal neuron in layer V (A) and a dissociated cortical pyramidal neuron (identification
based on morphology) (B). The inset in B contains I-V curves obtained from neurons in
slices (mean values and SD, n 	 20, black plots) and from dissociated neurons (Dissoc.)
(n 	 8, red plots). These traces were recorded with internal solutions containing 13 mM

Na �. The traces in A used TTX subtraction to isolate sodium current. In B, sodium current
was isolated by leak subtraction using the P/n protocol. C, Voltage-clamp protocol.
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the neurons (e.g., Williams and Stuart, 1999; Yue et al., 2005). It
is uncertain how much dendritic sodium channels contribute to
the Na� current properties measured using our technique. There
is a close similarity in the voltage dependence of activation be-
tween cortical neurons in brain slices (with prepulse) and disso-
ciated neurons (Fig. 6), which suggests that most of the channels
contributing to the measured current are electrotonically close to
the soma (the point of current injection in voltage clamp). This is
consistent with the idea that soma plus proximal dendrite can be
well approximated by a single compartment model (Huguenard
et al., 1989). The voltage of a more distal dendrite is likely to
follow the command voltage more slowly than the voltage of the
soma and proximal dendrite, but the distal dendrite will also
contribute less current. Thus, a small contribution of membrane
in distal dendrites could account for the small slower phase of tail
current kinetics (Fig. 8). Also, the larger presence of a more slowly
inactivating Na� current component in recordings made from
cortical pyramidal neurons in slices (Fig. 6A), compared with
dissociated neurons (Fig. 6B), could also result from imperfect
isopotentiality. However, there may also be genuine differences
in kinetics between channels in the soma, dendrites, and initial
segment. There would be a larger contribution of dendritic cur-

rents in the in situ case than in dissociated
cells and possibly a contribution in disso-
ciated neurons from initial segment chan-
nels that have been “resorbed” into the
dissociated cell body.

Extracting comprehensive kinetic in-
formation requires a variety of voltage-
clamp protocols to be applied. However,
the prepulse can be introduced only in
some protocols, such as the step protocol
shown in Figure 1, which informs about
the time course and voltage dependence
of activation and inactivation at suprath-
reshold potentials. Other examples in-
clude protocols for deactivation (Fig. 8,
tail currents), resurgent current, or using
the action potential as a voltage com-
mand. However, the prepulse may be only
effective for tens of milliseconds, espe-
cially at more negative potentials, where
axonal Nav channels partially recover
from inactivation and can regenerate un-
controlled axonal spikes. Thus, the pre-
pulse is not useful for separating
subthreshold or persistent Na� currents
using very long voltage steps or slow
ramps. In this case, one may consider
blocking axonal channels with focal TTX
application (e.g., Castelli et al., 2007).

Other examples where the prepulse
cannot be used—at least not in a simple
way—include protocols for voltage-
dependent availability, development of
inactivation, or recovery from inactiva-
tion. Combining these data, containing a
mixture of Na� and axial current with
prepulse-corrected currents could intro-
duce some inconsistency that may result
in modeling errors. Depending on the
neuronal preparation, prepulse-free ex-
periments may have to be experimentally

optimized separately from the rest to minimize the contribution
of the axial current to the total current. A conceivable alternative
would be to somehow calibrate the axial current and subtract its
predicted contribution from data recorded without the prepulse.

Depending on age and neuronal type, in our experiments Na�

currents could reach amplitudes in excess of 10 nA. Even in prep-
arations with ideal space clamp, such large currents are difficult
to control as a result of series resistance errors. Thus, experiments
using acutely dissociated neurons typically rely on reducing ex-
ternal Na� concentration (e.g., Raman and Bean, 1997; Royeck et
al., 2008) or using subsaturating concentrations of TTX (e.g.,
Carter and Bean, 2009) to achieve good voltage control. We
adopted a similar strategy in this study. In addition to achieving
better voltage control, we found that reducing the Na � cur-
rent with high internal Na � or subsaturating TTX also made
the prepulse significantly more effective at improving space
clamp. However, without the prepulse technique, poor space
clamp always remained poor regardless of Na � current ampli-
tude. The likely explanation is that, even when partially re-
duced, the remaining density of axonal Na � current may be so
large that uncontrolled axonal spikes can still be generated (cf.
Madeja, 2000). However, once an axonal spike is intentionally

Figure 8. Improved space clamp allows quantitative measurement of deactivation. A, B, Example of Na � tail currents recorded
in a medullary slice from a midline raphé neuron without (A) and with (B) a voltage prepulse. C, Without prepulse, the decay of tail
currents is distorted (red and gray traces); with prepulse, the tail currents decay exponentially (black and gray traces). The decay
contains a fast component (�d) and a slower component. The thick black line is a two-exponential fit of the tail current at �120
mV. The tail currents respond with a relatively short lag (�100 �s) to a step change in the command voltage. D, The fast
component �d is voltage-dependent (mean values and SD, n 	 7). The traces were recorded using internal solution containing 50
mM Na � and were leak subtracted using the P/n protocol.
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triggered with the prepulse, it cannot be regenerated as quickly
when the Na � current density has been reduced. In the case of
neurons with high axonal Nav channel density or with unfa-
vorable electrotonic characteristics, reducing the Na � current
may be a necessary condition for obtaining good space clamp,
even with the prepulse. This was the case with all the record-
ings made from inferior olivary cells and hypoglossal neurons
(Fig. 5 B, C).

The prepulse technique may be very well suited to studying
Na � currents in primary cell culture preparations as well as
brain slices. For example, even though cultured cerebellar
granule cell neurons have an electrotonically compact cell
body, it is often difficult to control sodium currents because of
regenerative spikes in neurites (Osorio et al., 2005; Goldfarb et
al., 2007). The prepulse procedure may allow optimal voltage-
clamp studies in this preparation, which allows easy transfec-
tion by RNA and DNA and is very well suited for studies of
sodium channel molecular biology and cell biology (e.g.,
Goldfarb et al., 2007).
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