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Abstract. Significant error is made by using a point voltage clamp to measure active ionic current properties
in poorly space-clamped cells. This can even occur when there are no obvious signs of poor spatial control. We
evaluated this error for experiments that employ an isochronal I (V ) approach to analyzing clamp currents. Simulated
voltage clamp experiments were run on a model neuron having a uniform distribution of a single voltage-gated
inactivating ionic current channel along an elongate, but electrotonically compact, process. Isochronal Boltzmann
I (V ) and kinetic parameter values obtained by fitting the Hodgkin-Huxley equations to the clamp currents were
compared with the values originally set in the model. Good fits were obtained for both inward and outward currents
for moderate channel densities. Most parameter errors increased with conductance density. The activation rate
parameters were more sensitive to poor space clamp than the I (V ) parameters. Large errors can occur despite
“normal”-looking clamp curves.
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Introduction

Investigators using whole-cell patch or other point
voltage-clamp techniques risk significant error when
measuring active ionic current properties in poorly
space-clamped cells. How to identify and assess the se-
riousness of those errors is not always clear, especially
if obvious signs of poor spatial control (bumps and
notches in clamp records) are absent (Alving, 1969).
Quantitative parameters derived from clamp currents
produced under conditions that give little indication
of poor spatial control may still be in considerable er-
ror, potentially placing in jeopardy experimental con-
clusions dependent on them (Kramer, 1986). Despite
several papers examining their properties, the errors in
the quantitative parameters of voltage-dependent con-

ductances caused by poor space clamp—what we refer
to as “space-clamp errors”—remain poorly explored.
Further, there is a need to develop means for correcting
errors in real cells, such as neurons with extended pro-
cesses and infoldings, from which it is difficult to elim-
inate space-clamp errors by experimental intervention.

The nature and magnitude of space-clamp errors
depend on several factors, including the density of
the ionic current, its reversal potential, its distribu-
tion and the geometry of the cell. Previous studies of
space-clamp errors have been limited to a few spe-
cial cases. Jack et al. (1975) examined the distor-
tions in the current-voltage (I (V )) relation recorded
from a point-clamp applied to a terminated cylinder
with a time-invariant I (V ) relation, represented by a
polynomial. Schwindt and Crill (1980) extended this
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analysis to a polynomial approximation of an “N”-
shaped I (V ) relation similar to ones observed in burst-
ing neurons. Aspects of space-clamp errors for specific
conductances have been studied for Hodgkin-Huxley
sodium and potassium channels (Armstrong and Gilly,
1992; Hines, 1989; Joyner et al., 1975) as well as non-
inactivating (Müller and Lux, 1993; Tobin et al., 2000)
and inactivating (Hartline et al., 1993; Surmeier et al.,
1994; White et al., 1995) currents of other types.

Our present approach is to investigate parameters of
both the kinetic development of current over time and
the I (V ) relation measured at fixed times following
the onset of the command potential (isochronal I (V )
relation) through curve-fitting of the simulated voltage-
clamp data to assess distortions in the originally set pa-
rameters. We have focused on space-clamp errors for
currents, both inward and outward, which inactivate
with the same time constant as the passive membrane.
This is modeled on the “slow” A-channel prevalent
in many soma clamp studies (Rogawski, 1985; Rudy,
1988; the non-Shaker or “A2” channel of Solc and
Aldrich, 1988). We have centered the modeling on a
cell that at rest is electrotonically compact, having a sin-
gle short neurite, and we present simulation results for
various channel densities distributed uniformly along
the neurite.

Methods

Model Cell

The simplified “ball-and-stick” model neuron used
in this paper consisted of a passive spherical soma,
61 µm in diameter, attached to a single cylindrical
neurite 7.4 µm in diameter and 1388 µm in length,
with a sealed distal end. The specific membrane ca-
pacitance was set to 1 µF/cm2 and the cytoplasmic
resistivity to 60 � cm. The soma and neurite were
both given an infolding ratio of 2, which is the ratio
of the cell capacitance to that of a smooth sphere or
cylinder with the same specific capacitance. The addi-
tional cell capacitance is often attributed to an increase
in surface area due to infoldings and invaginations in
the cell membrane. The leak conductance was set at
0.02 mS/µF, giving a resting membrane time constant,
τ0, of 50 msec and an electrotonic length for the pro-
cess of L = �/λ = 0.5. The input conductance of the
neurite was thus 0.0129 µS. The resting potential of
the cell was set at −50 mV. These values were taken
from estimates made on a motor neuron from the stom-

atogastric ganglion of the spiny lobster (Hartline et al.,
1993), but the applicability of the results extend well
beyond the specific case.

The simplified neuron was simulated using the mod-
eling package, NEURON (version 2.64) (Hines, 1993).
The numerical integration used NEURON’s backward-
Euler method with a time step of 0.025 msec. The soma
was represented as a single segment (compartment) and
the cylindrical neurite as a string of 70 non-tapering
segments. The active conductance was only inserted
into the neurite, with the maximum conductance level
specified as a multiple of the leak conductance. The
ratio of set maximum active conductance to set leak
conductance was denoted by 	 ≡ ḡ/gleak. In order to
model the cell’s infolding ratio of 2, the specific ca-
pacitance in NEURON was set to 2 µF/cm2 and the
specific membrane resistance was halved. A simulated
ideal two-electrode voltage-clamp was applied to the
soma compartment. The NEURON hoc files for the
model cell and voltage-clamp protocol are available
from the authors on request.

Active-Conductance Parameters

The active conductance set in the model followed
Hodgkin-Huxley activation-inactivation kinetics with
voltage-independent time constants (Hodgkin and
Huxley, 1952). The omission of voltage dependence
simplified the interpretation of distortions in the
voltage-dependence of measured kinetic parameters,
somewhat limiting the generality of the results. Con-
ductance properties followed the familiar equations:

I (t)active = g(t)(V − Vrev); where g(t) = ḡm(t)h(t)

(1)

ds/dt = (sinf − s)/τs for s = m, h (2)

sinf = 1/(1 + exp((V0s − V )/νs)) for s = m, h

(3)

where I (t) is the current flowing as a function of time
t, g(t) is the conductance, m(t) and h(t) are activation
and inactivation, respectively, and V is absolute mem-
brane potential. The variable s represents either of the
first-order gating variables m or h. The constant param-
eters are defined as follows: ḡ is maximum (saturation)
conductance, Vrev is reversal potential, τs is the first
order time constant for m or h, V0s is the activation or
inactivation mid-point voltage, andνs is the characteris-
tic width (or slope factor) of the activation/inactivation
curves. Standard values for the parameters set in the
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model are:

Vrev =




−65 mV for outward current cases;

−20 mV for an intermediate case with

Vrev = V0m ;

+50 mV for inward current cases;

V0m = −20 mV; V0h = −70 mV

νm = 10 mV; νh = −6 mV

τm = 2 msec; τh = 50 msec

Since this paper deals almost exclusively with activa-
tion measurements, the symbols V0 and ν without sub-
script are used to denote activation parameters. Time
is expressed in terms of the dimensionless variable
T = t/τ0, where τ0 is the membrane time constant.

Clamp Protocols

Runs were made with a single fixed voltage-clamp pro-
tocol similar to experimental ones used to determine
Hodgkin-Huxley parameters. The cell was stepped
from a spatially uniform potential of −50 mV (the rest-
ing potential of the passive cell) to a holding potential
of −100 mV for 200 msec to let state variables settle,
and to remove most of the inactivation from the active
conductance. It was then stepped abruptly to a series of
test command potentials from −80 mV to +200 mV in
10 mV increments, and the current flowing was mea-
sured for 200 msec.

Measured Parameters

Parameters were derived from the clamp simulation
data as they might be were the data from real physi-
ological preparations. “Leak” current was determined
with a clamp protocol identical to the “test” protocol,
but with no active channels present in the membrane.
This simulates the “drug block” type of experimental
procedure rather than other protocols that are some-
times used. The method of determining leak is impor-
tant because results are not in all cases independent of
method. For example, leak in this case has a slight time-
dependence as the cylindrical neurite charges following
a clamp step. Curve-fitting procedures were performed
on leak-subtracted test runs.

Steady-State Parameters. Isochronal I (V ) curves
measured at a given sample time T were fitted for max-
imum slope conductance (gT), reversal potential (Vrev),

activation mid-point (V0), and activation width (ν) to
the equation:

I (V )T = gT(V − Vrev)/(1 + exp((V0 − V )/ν)) (4)

The fitting procedure used a Levenberg-Marquardt
non-linear least-squares procedure (Press et al.,
1986) implemented by the Kaleidagraph II software
(Abelbeck) on a Macintosh Quadra 650 microcom-
puter.

Kinetic Parameters. Although a simple first-order
activation-inactivation kinetic (m1h1) governed chan-
nel properties in the model, time-courses of resulting
soma currents could not be fitted well with a similar
kinetic (see Fig. 1 and discussion in results). In stud-
ies on distortion of kinetic parameters, an mq h kinetic
given by the equation:

I = I0(1 − exp(−T/τm))q exp (−T/τh) (5)

was fitted for the activation and inactivation time con-
stants (τm ,τh), the exponent q, and the extrapolated non-
inactivated current at T = 0 (I0) using a Levenberg-
Marquardt procedure. This was found to be adequate
over a substantial range of conditions. At the more neg-
ative test voltages, inactivation was not complete in the
steady state; accordingly below 0 mV, an additional
asymptotic current, Iinf, was added to the right side of
Eq. (5) (a “5-parameter fit”). In other cases, a double
exponential inactivation kinetic was fitted to the decay-
ing “tail” of current (typically for T > 1).

Expression of “Errors”. The difference between fit-
ted and set parameters (measured minus set) was used
as the basic measure of “error” for the two steady-state
parameters having units of mV (Vrev, V0). The distor-
tions in the other two steady-state parameters (gT, ν)
were expressed as ratios of the fitted value to a refer-
ence value. For ν, the width of the activation curve was
expressed as a fractional broadening as compared to
the original width (10 mV). For the slope conductance
gT, the reference used was the slope conductance of
a space-clamped cell with the same number of chan-
nels sampled at the same time following clamp onset.
This reference is conveniently consistent with the other
steady-state reference procedures, but results in a qual-
itative “mismatch” between reference and observed ki-
netics. In particular, the reference kinetic reaches peak
conductance much faster (7 msec) than do clamp cur-
rents from poorly space-clamped regions. Thus this
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Figure 1. Voltage clamp runs and curve fits. A. Current flowing in
response to command voltages from −50 mV to +200 mV in steps
of 50 mV for inward-current channels uniformly distributed along
cylindrical neurite (solid trajectories; lower diagram) compared to the
same number of channels concentrated in the soma (dashed trajecto-
ries; upper diagram). Maximum active conductance density 10 times
leak density (	 = 10). Time in this and all other figures in units of τ0.
B. Current-voltage plot from data of A., sampled at time Ts = 1.0
(dashed vertical line in A.) Open circles: data points from A; Heavy
dashed curve: fitted from Eq. (4) (parameter values: gT = .033;
Vrev = 57; V0 = −33; ν = 7.5); light dashed curve: Eq. (4) for the
space-clamped case (gT = .047; Vrev = 50; V0 = −20; ν = 10).
Inset (upper left): command voltage (Vc) protocol; −100 H repre-
sents hold level of −100 mV. Inset (lower right): activation curve for
conductance diagramming governing parameters.

method for presenting conductance errors is more sat-
isfactory for the decaying part of the inactivating cur-
rent, well past peak. An alternative approach avoiding
this difficulty, but incurring others has been used else-
where (Hartline and Castelfranco, 1995; Castelfranco
and Hartline, 2002).

The distortions in the kinetic parameters τm and τh

were expressed as ratios of the fitted values of the

time constants to the values originally set in the model
(2 msec and 50 msec, respectively). In the case of the
exponent q, the raw value was the same as the error
ratio, since the set value was 1.

Results

We first explore distortions in isochronal I (V ) param-
eters for channels uniformly distributed along a single
short neurite (L = 0.5) attached to a passive soma. Then
we take up the distortions in kinetic parameters.

Fitting I (V ) Curves

Figure 1 illustrates the protocol applied throughout this
paper, using as an example a conductance density of
inward current channels 10 times the density of leak
channels (	 = 10). In Fig. 1A, solid lines show current
flowing through the soma clamp electrode to stabilize
the voltage at various levels from −50 to +200 mV
in increments of 50 mV for channels distributed uni-
formly over the L = 0.5 neurite. Broken lines show
the same clamp steps for the same number of chan-
nels confined to the soma. Figure 1B shows the same
data sampled at a time Ts = 1.0 (dashed vertical line,
Fig. 1A) as a function of command voltage. Data points
for the uniformly distributed current are shown as cir-
cles, while the smooth curve fitted by the Levenberg-
Marquardt method is shown by a heavy broken line.
The fit to the space-clamped data is shown with the
light broken line. The inset shows the different pa-
rameters characterizing the fitted curve (Eq. (4)) on
a conductance vs V plot. It can be noted immediately
that the clamp curves, despite poor space clamp, look
remarkably normal and reveal little of their inherent
errors.

Low Conductance Densities. Starting with the sim-
plest case, a very small active conductance distributed
along the neurite will not significantly distort the pas-
sive electrotonic voltage and current structure of the
neurite. Thus, portions of the neurite membrane near
the soma will be under good clamp control, with this
control dropping off as does the electrotonic decrement
for space and time at different points along the neurite.
At the tip of a 0.5 λ neurite, the final (steady state)
voltage will be 89% of the driving voltage (Vc − Vrest,
where Vc is the command potential in the soma and Vrest

is the resting potential). Prior to the establishment of
a steady-state, decrements are expected to be greater,
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Figure 2. I (V ) curves at different Ts . Current from model runs
plotted as a function of command voltage at different isochronal
sample times for a uniformly distributed conductance mechanism
with density 10 times leak (solid lines). Dashed lines (barely visible):
corresponding curves fitted to Eq. (4). Insets: I (V ) curves normalized
to the current at Vc = +200 mV shown for the voltage range from
−50 mV to +100 mV. A. Outward current mechanism; B. Inward
current mechanism.

so that parameter fits determined in the soma should
be worse. The parameter estimates should improve as
steady state is approached.

Examples of leak-subtracted isochronal I (V ) curves
measured at four different times are shown in Figs. 2A
and B for outward and inward current mechanisms, re-
spectively. Channel densities in these examples are 10
times leak density. Insets show the I (V ) relations nor-
malized to current at Vc = +200 mV to illustrate the
progression in the shape of the curve with time from
clamp onset. These I (V ) curves were fitted to Eq. (4)
(Figs. 2A and B broken lines). The curves, and hence
the measured (fitted) parameters, in general differed

from those set in the model, but the form held over a
wide range of conditions. Errors in measured param-
eters with respect to the set channel parameters are
plotted as a function of isochronal sample time (Ts) in
Fig. 3 for the outward current mechanism and Fig. 4
for inward. For low active conductance densities (e.g.
	 = 0.1 curves: solid lines), the errors differ little be-
tween outward and inward signs of current, allowance
being made for the difference in sign and driving poten-
tial. This is because at low conductance densities, errors
are determined primarily by voltage spread in the neu-
rite, which is passive and not affected much by channel
activation. Errors are large at early sample times, but
by Ts = 0.5, they have settled to near asymptotic val-
ues. Asymptotic values for the ratioed parameters, (ν
and gT ), differ from the parameter values set in the
model by about 10%. Asymptotic value for the activa-
tion mid-point parameter, V0, is only slightly displaced
from set values (2.5 mV). The difference between re-
versal potential errors (Vrev) for outward vs inward cur-
rent (−2.5 mV and +9 mV respectively) reflect the
sign of the current and the greater distance from resting
potential to reversal for inward compared to outward
current mechanisms. This picture fits with the expec-
tation that for a compact cell and a small conductance,
measurements of isochronal I (V ) parameters made in
the soma will not be in major error for Ts > 0.5. In
addition, for a small conductance (	 = 0.1), the atten-
uation of the command voltage at the tip (L = 0.5) for
T ≥ 1 is approximately equal to the steady-state at-
tenuation for a passive cell (11%). The voltage con-
trol deteriorates for larger conductances or earlier
times.

Effects of Increasing Channel Density. As channel
density is increased, parameters for isochronal I (V )
fits for the outward current mechanism settle asymp-
totically but more slowly than for smaller conductances
(Fig. 3). At extreme conductance densities (	 = 50 and
100), the magnitude of the errors in Vrev, V0 and ν re-
main elevated for a period before inactivation finally
brings them back to the low-conductance asymptote.
These same three parameters for the inward-current
case (Fig. 4), on the other hand, undershoot their
asymptotic values. Unlike the low-conductance cases,
errors for both inward and outward current parameters
continue to change (generally decreasing) over time,
though more slowly, reflecting the effect active cur-
rent has on the voltage structure of the neurite as it
inactivates.
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Figure 3. Errors in I (V ) parameters for outward current. Steady-state parameters fitted to a Boltzmann relationship (Eq. (4)) for different
uniformly distributed conductance densities (	) as functions of isochronal sample times (Ts : abscissa). A. Reversal potential; B. Activation mid-
point voltage; C. Activation width; D. Conductance. A and B expressed as errors (in mV) with respect to set values (−65 and −20, respectively);
C and D expressed as ratios to set values (10 mV and 0.0129 × 	 × m(Ts ) × h(Ts ) µS, respectively). The horizontal bar on the abscissa of each
plot indicates the range of times of peak outward current.

The smaller “errors” in parameters under conditions
producing smaller conductances would suggest that
more accurate measurements of channel parameters
might be made under conditions that reduce channel
activation as much as possible (e.g. pre-inactivation;
channel blockers). However, this must be balanced
against the inherent inaccuracies of attempting to mea-
sure small currents. We compromised on a time of
Ts = 1.0 for studying details of how parameters de-
pend on conductance density. However, I (V ) parame-
ters for all Ts ≥ 1 were essentially dependent only on
the isochronally-measured slope conductance (gT ) at
the sample time.

For outward current, errors in both reversal potential
(Fig. 5A) and activation mid-point (Fig. 5B) are rela-

tively small (a few mV) for 	 ≤ 5. For 	 > 5, reversal
potential error changes sign and grows to +10 mV,
where it stabilizes for conductances up to the highest
densities we tested (	 = 100). Activation mid-point er-
ror also undergoes a sign-reversal and asymptotic be-
havior that is the mirror image of Vrev (Fig. 5A and
B). Activation width error (Fig. 5C) increases steeply
at low conductance ratios, eventually approaching an
asymptote of around 2.

For inward current, somewhat different patterns of
error dependence on 	 are seen (Fig. 5, long dashes).
Reversal potential errors decrease steadily up to the
point (	 = 50) that isochronal plots could not be fitted
acceptably. The activation mid-point error changes sign
at low conductances (	 = 1.0) and grows in magnitude
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changing more rapidly than the errors in Vrev. Errors in
activation width roughly mirror the behavior of those
errors for outward current.

We also examined the effect of conductance density
on the parameters of isochronal I (V ) fits for a current
mechanism with reversal potential set to the activation
mid-point V0 = −20 mV. Hence, this current is in-
ward as it begins to activate, reverses when the voltage
reaches the activation mid-point, and is outward when
fully activated. For most conductance densities, the er-
rors in the isochronal I (V ) parameters for this current
mechanism (Fig. 5, short dashed curves) lie between
the errors for the outward and those for the inward cur-
rent mechanism. The errors in Vrev have the same sign

as those for inward current, but are similar in magni-
tude (a few mV) to the errors for outward current for
	 ≤ 5. As 	 increases, the errors in Vrev remain fairly
constant. Values for activation mid-point and width, be-
ing determined by small currents near reversal in this
case, are less stable than for Vrev = −65 or +50 mV. In
our runs, they are nevertheless consistent with an in-
termediate reversal potential. The activation mid-point
error changes sign at approximately 	 = 10, and then
increases in magnitude with 	, although not as rapidly
as for inward current. Activation width errors remain
relatively constant throughout the range of 	.

Errors in maximum conductance (gT) (Fig. 5D) for
all three current mechanisms run in parallel, increasing
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Figure 5. Dependence of fitted parameters I (V ) on 	. Errors in fitted I (V ) parameters as functions of set conductance density (expressed as
a ratio, 	, to leak density, and plotted on a log scale) for three current mechanisms: outward (solid curves), inward (long dashed curves), and a
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such times. Errors presented as in Fig. 4 (A, B: mV differences; C, D: ratio of measured to set).

with channel density. Conductance errors triple over
the density range from 	 = 0.1 to 	 = 100. The errors
for the current with Vrev = V0 are between those for the
other two current mechanisms.

Current Kinetics

We now turn to a consideration of the distortion of the
current kinetics by the poor space clamp.

Outward Current. Figure 6A shows the time course
of rise and fall of the inactivating outward current, nor-
malized to peak current. Comparison with an isopo-
tential soma having the same number of channels is
shown in the curve labeled “space clamped”. Because
the intrinsic kinetic parameters of the channel have

been made voltage-independent, a single curve repre-
sents normalized current for the space-clamped case
at all voltages. The peak current for the case with the
channels distributed along the neurite was delayed and
broadened with respect to the isopotential case. Perhaps
the worst deviation from the intrinsic channel proper-
ties was spurious voltage dependence of the time to
peak. Closer examination shows that while the channel
opening process was given a simple first-order kinetic,
the rising phase of poorly space-clamped current was
sigmoidal. This may be ascribed to the delay in charg-
ing electrotonically distant membrane. In addition, the
inactivation of the current was somewhat slowed at the
conductance density in the figure (	 = 10).

In order to relate these aberrations to underlying
channel parameters, various fitting procedures were
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ters for −50, +200 mV respectively: τm /τm0 = 5.8, 3.9; q = 2.9, 1.5;
τh /τh0 = 0.74, 1.15). Inset: time courses of inward current for com-
mand voltages around reversal potential (+50 mV) showing diphasic
reversal behavior. Channel density ratio, 	 = 10.

tried. The time courses of current flow could not be
well fitted with a simple product of two exponentials
of the type that generated them. The rising phase was
too slow and the peak too narrow. An mq h form, on the
other hand, provided reasonable fits over most of the
voltage range examined (Fig. 6A broken lines for −50
and +200 mV command levels), where the parameter,
q, can be compared to a set value of q = 1 for the chan-
nel. Using this form, discrepancies in τm and q were
found to be large for low conductances and voltages,

decreasing somewhat for more depolarized commands
(Fig. 7A, and C). There was a region of error instabil-
ity over a range of voltages near activation threshold
(−65 to −25 mV). All three kinetic parameters showed
extreme voltage “dependence” in this region. The ease
with which the activation kinetic parameters were dis-
torted suggests that this feature may be a sensitive indi-
cator of a lack of good space clamp. As neurite channel
density is raised in a poorly clamped process, volt-
age control is progressively lost. For outward current
mechanisms, the negative reversal potential holds the
distant neurite hyperpolarized while the near neurite is
strongly activated. This in turn causes the length con-
stant and voltage-equalization time constants to near
regions to shorten, effectively isolating distant regions
(Hartline et al., 1993). Current thus rises faster, so fit
values for τm are less in error for large conductance den-
sities than for small. For the L = 0.5 case, this drop in
error, regardless of voltage, did not become significant
until channel densities surpassed ca. 	 = 20. Values
for q, on the other hand, improved monotonically with
voltage and again showed smaller errors for larger 	.

Inactivation of outward current for small peak con-
ductances is close to the intrinsic value for the chan-
nel because the cell is nearly isopotential (well space-
clamped) at long times (Fig. 7E). As peak conductances
increase, the decay slows, owing to the greater voltage
distortions and the feed back of inactivation onto volt-
age. Errors in τh were minimal for a small voltage range
near activation threshold, and then increased sharply to
full activation. They diminished slightly with increased
Vc thereafter. Errors in τh were consistently greater for
larger 	. Overall the distortion of the inactivation time
constant was relatively small except at very high con-
ductance densities.

In general, the errors in kinetic parameters for out-
ward current well above activation threshold decrease
with increasing depolarization. In part, this may be due
to the attainment of saturation voltages for channel con-
ductance in all parts of the neuron, with increasingly
rapid achievement of that saturation level with increas-
ing depolarization. However, in the small conductance
case, no change in the charging time constants of distant
sites is expected, so this still limits the rate of attainment
of peak voltage values along the neurite.

Inward Current. Voltage-dependent inward current
mechanisms are known to be intrinsically destabilizing
for membrane potential in poorly space-clamped mem-
brane owing to positive feed back. One qualitatively
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Figure 7. Errors in kinetic parameters for different values of 	 as functions of command potential. Left column: outward current mechanism;
right column: inward current mechanism; top row: activation time constant (τm ); middle row: activation exponent (q); bottom row: inactivation
time constant (τh ). Hatched region: poor fits owing to diphasic reversal of inward current; Stippled regions: active plateaus prevent fits. Inset
(upper right): plateau current generated for Vc = −70, 	 = 100. Low voltage errors partly due to fitting procedure (see methods).

obvious change this made in the behavior of clamp
curves is the development of diphasic (initially in-
ward, later outward) currents in a voltage range cen-
tered around reversal (Fig. 6B inset). This is due to
the fact that poorly space-clamped neurite membrane
is depolarized relatively slowly by the clamp, so that
the membrane spends a significant amount of time at
voltages negative to reversal, during which it generates

current of an inward sign. Only with time does it finally
rise to the more positive outward-current-generating
voltages. It is futile to try to fit mq h kinetic forms to
such current trajectories. However, in both more hy-
perpolarized and more depolarized potential ranges,
acceptable fits can be obtained (Fig. 6B broken lines
for Vc = −50 and +200 mV). This leads to the hatched
gaps in the Figs. 7B, D, and F showing fits for inward
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current kinetics. Regions of high voltage-dependence
of parameters (and errors) flank the “exclusion” region.
This does not affect the I (V ) parameters, as they are de-
termined at a sample time usually well past the current
trajectory complications.

For inward current mechanisms, the most obvious
difference for high conductance density is the oc-
currence of regenerative events (“plateau potentials”)
at distant sites, and their reflection in clamp current
(Fig. 7B inset). The kinetics of such currents clearly
cannot be fitted with an mq h form, and hence form an-
other “exclusion” region in the voltage-based parame-
ter space (stippling, Fig. 7B, D, and F). At other volt-
ages an mq h form can be adequately fitted, provided
that the command voltage differs sufficiently from the
reversal potential. For voltages below reversal poten-
tial, as for outward current, the errors are highly volt-
age dependent. The errors in τm peak near activation
threshold, and then decrease as the command voltage
approaches reversal potential. For the exponent (q), the
errors have a more complicated pattern of voltage de-
pendence, but for higher conductance densities, they
also reach a local maximum near activation threshold.
The errors converge to a local minimum of ∼2.2 near
Vc = 0 before diverging in the voltage-dependent re-
gion approaching Vrev. The errors in τh drop below 1
near activation threshold, and then increase with in-
creasing voltage, crossing 1 for larger 	. For voltages
in the upper fittable range (above reversal potential),
the behavior of the errors in the kinetic parameters is
similar to that of the outward current mechanism.

Current with Vrev = V0. In order to gain insight into
how the distortions in the kinetic parameters were influ-
enced by the reversal potential, we examined the fitted
kinetic parameters of the intermediate current mecha-
nism with Vrev = V0. This current mechanism also has
diphasic clamp currents for voltages around reversal
potential (−20 mV), which cannot be adequately fitted
by an mq h form, but no regenerative events were ob-
served for the conductance densities tested (	 ≤ 100).
Thus the fitted kinetic parameters could be determined
over most of the command potential range, except for a
small gap in voltages around reversal potential. Figure 8
shows, for the three current mechanisms with different
reversal potentials, the errors in the activation time con-
stant (Fig. 8A) and exponent (Fig. 8B) as a function of
command potential for the case of 	 = 10. The most
distinctive pattern in the plots of error versus voltage
occurs for command potentials above the respective
reversal potentials of the three currents. Curves in this

region for both τm and q can be viewed qualitatively as
translations along the Vc axis. Below Vrev patterns are
less apparent, presumably owing in two of the cases
to overlap of the regions of high voltage-dependence
of error surrounding both activation threshold and re-
versal potential. The influence reversal potential ex-
erts on the dependence of kinetic-parameter errors on
channel density is well behaved at large clamp volt-
ages (Vc > 150 mV; not shown). For these command
potentials, the τm and q error curves for Vrev = −20
lie between the error curves for Vrev = −65 and those
for +50. The influence of the reversal potential is more
complicated at lower voltages in part, at least, due to the
increased voltage-dependence of the errors for voltage
ranges surrounding the activation threshold and the ex-
clusion regions. An example is shown in Figs. 8C and
D for Vc = 0 mV. Errors in τm for Vrev = −20 lie mostly
above those for either Vrev = −65 or +50. Those in q
for Vrev = −20 parallel those for Vrev = −65, but not
Vrev = +50. The dependence of the error in the inac-
tivation time constant (τh) on conductance 	 is similar
for all three current mechanisms, with the error increas-
ing with increasing conductance density.

Discussion

In a compact model neuron with channels distributed
uniformly along a cylindrical process, good fits for both
Boltzmann-type I (V ) relations and for mq h current ki-
netics were obtained for outward current channels hav-
ing densities up to 100 times the leak channel density.
Good fits were also obtained for much (but not all) of
the command voltage range from −80 to +200 mV for
inward current channels up to 20 times leak density.
This is somewhat surprising given the magnitude of er-
rors found in some of the Hodgkin-Huxley parameters,
and it emphasizes the potential for flawed data to go
undetected in such situations.

Signatures of Poor Space Clamp

This study has identified several subtle features of
voltage-clamp data that may be useful in the identifica-
tion of poor space clamp in experimental preparations
when more obvious signs (bumps or notches in I (t)
records) are lacking:

Excessive Voltage-Dependence of Kinetic Parameter
Fits. In the present simulations, the activation
and inactivation time constants were made voltage
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Figure 8. Errors in activation parameters for three currents with different reversal potentials as functions of command potential and 	. Left
column: activation time constant (τm ); right column: exponent (q). Top row: errors in τm and q plotted against command potential for current
mechanisms with different reversal potentials: outward (Vrev = −65 mV; solid curves), Vrev = V0 (Vrev = −20 mV; short dashed curves), and
inward (Vrev = +50 mV; long dashed curves). Conductance density ratio: 	 = 10. Bottom row: errors in τm and q for current mechanisms
with different reversal potentials (Vrev = −65 (solid curves), Vrev = −20 (short dashed curves), Vrev = +50 mV (long dashed curves)) plotted
against set conductance density (	) for the command voltage Vc = 0 mV.

independent. The result was to produce an I (t) curve
with voltage-independent kinetics for a space-clamped
situation. Substantial voltage dependence of best-fit ki-
netic parameters results from the lack of space clamp.
For a real channel showing voltage-dependence of ki-
netics, the effects will tend to be additive. In a true
Hodgkin-Huxley model, the exponent, q , is indepen-
dent of voltage. A strong voltage dependence of best-
fit values near activation threshold and near reversal
potential is typical of the poorly space-clamped cases
(Fig. 7). Thus, these two regions of the clamp-voltage
range are worthy of special attention in assessing the
degree of potential space-clamp error. If there are

alternative ways of estimating expected channel kinet-
ics (e.g. single-channel patch results), the voltage de-
pendence of kinetics in whole-cell configurations can
be compared as a method for detecting space-clamp
problems.

Excessive Delays in Onset of Current. In an mq h
kinetic, the exponent is a small number, typically
less than 6. Fitted values greater than this can arise
from the cable delays to distant active sites, as well
as temporal interactions with regenerative thresh-
olds and hence, may be indicative of a space-clamp
problem.
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Diphasic Reversal Behavior. If channels are dis-
tributed at various distances from the point of voltage
control, current through them will reverse at different
command potentials and times following clamp onset.
In the case of inward current, this is particularly pro-
nounced, the early current reversing first, followed by
the later parts of the I (t) kinetic (Fig. 6B inset). This
diphasic reversal is potentially a sensitive test for iden-
tifying a situation with poor space clamp. One would
expect a similar diphasic reversal of tail currents in the
case of an outward current.

Shifts in Voltage Dependence of I(V) Parameter
with Isochronal Sampling Time or Partial
Pharmacological Block. Implicit in the experimen-
tal approach of fitting Boltzmann type relationships
to isochronal I (V ) curves is the expectation that a
purely voltage-dependent ionic channel population,
once fully activated, achieves a time-independent
steady activation state. If inactivation is a relatively
voltage-independent process, or if its effects can be
compensated by extrapolating to zero time, activation
parameters should be independent of the timing
of the isochronal sample. For small conductance
densities, this expectation is largely met for our
electrotonically compact cell (L = 0.5). For 	 ≥ 5,
however, a pronounced time dependence develops,
especially in gT and ν (Figs. 3C, D and 4C, D). Since
measurements of steady-state I (V ) parameters in
the cell are dependent on conductance density, it is
expected that as conductance inactivates, the value
for a given parameter will change. Note also that this
variability of the voltage dependence of a parameter
with conductance density will mean that a partial
pharmacological block of the conductance would also
be expected to produce a shift in voltage dependence.

How Severe are Space-Clamp Errors?

Given evidence of space-clamp errors (e.g. one of
the above symptoms), one would like to know how
severely parameter measurements are affected. In part
the answer depends on the procedure used in deter-
mining parameters, and we have focused on only one
of several alternatives in these studies (cf. Hartline
and Castelfranco, 1995; Willms et al., 1999). For our
present approach, upper limits on errors in isochronal
I (V ) parameters on the falling phase of the current, for
	 up to 100, are 12 mV for reversal potential (Vrev),
40 mV for activation mid-point (V0), 4-fold for activa-

tion width (ν) and maximum conductance (gT ). Kinetic
parameter extremes are even greater. Certain features
of the pattern of error stand out:

Parameter Errors are Differentially Sensitive to the
Direction of the Current. Generally, parameter er-
rors are more severe for inward currents than for out-
ward, but not uniformly so. The reverse situation holds
over significant channel density ranges for V0, ν, and
τh (measured at large depolarizations) (Figs. 5B and
C; 7E and F). The error in the maximum conductance
gT appeared to be independent of the current’s rever-
sal potential. Shifting Vrev can reduce the space-clamp
errors for some parameters, and some voltage ranges.
This might be exploited to obtain useful experimental
approaches in some cases.

Space-clamp Errors Occur Even for Very Small
Channel Densities. Despite a compact neurite
(L = 0.5), errors in isochronal I (V ) parameters (mea-
sured at Ts = 1.0) amounted to a few millivolts for volt-
age parameters, and up to 10% for ratioed parameters
for channel conductance densities up to approximately
twice leak. For many, but not all, experimental pur-
poses, such errors might be acceptable. The errors in
the activation time constant and exponent are relatively
large, 4-fold and 2-fold, respectively, for the smallest
conductance densities tested.

Not All Parameter Errors are Worse at High Channel
Densities. For densities above 10 times leak, most er-
rors increase steeply. However, for inward current, re-
versal potential error actually decreases with increasing
channel density. For the current with Vrev = V0, the er-
rors in Vrev and ν are relatively constant over the range
of densities tested (Figs. 5A and C). For activation ki-
netic parameters (τm , q) errors are uniformly smaller
at greater conductance densities for outward current,
and for the most part for inward current at voltages
exceeding full activation levels (Fig. 7).

Kinetic Activation Parameters are More Severely
Impacted by Poor Space Clamp than I(V)
Parameters. Distortions of several fold in fitted ac-
tivation time constant are characteristic of clamp data
for small to moderate channel densities. In contrast,
ratioed I (V ) parameters (ν, gT ) are distorted by less
than two-fold except at very high conductance densi-
ties (	 ≥ 50). This may be ascribed to delays in charg-
ing distant membrane in the initial stages of relatively
passive behavior by the neurite. Delays in charging of
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this membrane result in the distortion of the activation
exponent, q, by factors of 2 or more at low conduc-
tance density. In addition, kinetics for inward current
channels cannot be fitted over a range of voltages near
the set reversal potential owing to the diphasic reversal
behavior of the clamp curves.

Errors in the inactivation time constant, τh , are
small for 	 ≤ 10, but increase steadily with increas-
ing peak conductances. Nevertheless, inactivation as a
rule maintains its first-order kinetic. A significant sec-
ond component is only found near activation threshold
for this L = 0.5 model neuron.

Relation to Other Studies of Space Clamp Errors

Although several studies have used computer simula-
tions to examine the distortions in clamp currents due
to poor spatial control (Armstrong and Gilly, 1992;
Hines, 1989; Joyner et al., 1975; Müller and Lux, 1993;
White et al., 1995; Velte and Miller, 1996), few stud-
ies have looked at the effect of poor space clamp on
the measurement of quantitative parameters of voltage-
dependent conductances. Two studies have examined
the effect of imperfect space clamp on the measure-
ment of steady-state activation (Hartline et al., 1993;
Surmeier et al., 1994) and inactivation (Surmeier et al.,
1994) parameters for a transient outward current, but
only for a specific value of the maximum conductance.
Tobin et al. (2000) looked at the distortions in the
steady-state activation and the activation time constant
for two non-inactivating currents (a hyperpolarization-
activated cation current and a L-type calcium current)
for one conductance density. Our studies have started
with a reasonably compact, simplified “neuron” and
examined errors in the measurement of I (V ) and ki-
netic parameters for a range of uniformly distributed
conductance densities and reversal potentials for an in-
activating current.

Our finding that the Boltzmann equation fitted our
data for a wide range of conductance densities and volt-
ages, even though the model cell was not isopotential,
reinforces the need for caution in voltage clamping non-
spherical cells. Previous modeling studies of voltage
clamp applied to a soma with an attached dendritic tree
have shown that deviations from perfect space clamp
are small only for very short dendritic trees (L < 0.2 for
a passive cable model: Rall and Segev, 1985; L < 0.1
for retinal ganglion cells with active currents: Velte
and Miller, 1996; L 
 0.1 for the persistent compo-
nent of the inward current: White et al., 1995). Müller

and Lux (1993) found considerable space-clamp errors
that were not usually revealed by the smooth current
records of their model of a point-clamped soma with
a 1λ neurite containing an inward current mechanism
similar to a non-inactivating calcium current and an
outwardly rectifying outward current.

As far as comparison is possible, our results agree
with those of an earlier study of space-clamp errors
in voltage-clamping an inactivating outward conduc-
tance, which was uniformly distributed over the sur-
face of a soma along with a single cylindrical neurite
(Surmeier et al., 1994). In this study, for a single max-
imum conductance 10 times the leak conductance, the
change in V0 (activation mid-point) and ν (activation
width) as the electrotonic length was increased from
zero to 0.5 was quite similar to the errors that we pre-
dicted for outward current with 	 = 10 (Fig. 5B and
C). They found that the greatest effect of increasing
the dendritic length was a reduction in the measured
maximum conductance. For a 0.5λ dendrite, the maxi-
mal conductance was reduced to about 50% of the true
value, which is larger than the drop in gT predicted
by our simulations (Fig. 5D). However, Surmeier et al.
(1994) measured errors at the time of peak current,
which was earlier than our measurements at Ts = 1.
We found that using the peak current to construct the
steady-state activation curves, as is frequently done in
experimental approaches, increases the distortion due
to poor space-clamp (Fig. 3). Other differences be-
tween our results and the simulations of Surmeier et al.
(1994) give further insight into the behavior of space-
clamp errors. (1) Having active conductances in the
soma, as in their simulations, reduces the amount of
distortion in the clamp current, since part of the cur-
rent comes from an isopotential region of the cell mem-
brane. (2) Including voltage-dependence in the descrip-
tion of the activation and inactivation time constants,
as they did, may not greatly affect the errors in the
steady-state parameters. (3) Using the “known” value
of the reversal potential to estimate the conductance can
increase the errors in the three remaining steady-state
fitted parameters if poor space clamp causes a large
distortion in the apparent reversal potential.

Another problem associated with poor spatial con-
trol is the measurement of remote synaptic events with
a somatic voltage clamp. This problem has been stud-
ied extensively for neurons with a passive dendritic tree
using both analytic and simulation approaches (Finkel
and Redman; 1983; Johnston and Brown, 1983; Jonas
et al., 1993; Joyner et al., 1975; Major, 1993; Major
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et al., 1994; Rall and Segev, 1985; Spruston et al., 1993;
Velte and Miller, 1996). Using an approach similar to
ours, Spruston et al. (1993) examined the errors asso-
ciated with estimating parameters that describe synap-
tic currents, synaptic reversal potential, 10–90% rise
time, half decay time and synaptic conductance, for a
synapse located at various distances (up to 1λ) from the
soma on a cylindrical neurite. They found that synap-
tic currents measured at the soma for synapses located
on the neurite were substantially distorted with respect
to the amplitude and time course of ideally voltage-
and space-clamped synapses. The errors in the vari-
ous synaptic parameters differed in their sensitivity to
the location of the synapse. After the location of the
synapse, the time course of the synaptic conductance
change was a major determinant of error in estimating
synaptic parameters. They showed that errors in esti-
mating synaptic parameters for a multi-compartmental
model of a reconstructed CA3 hippocampal pyramidal
cell had the same general features as those for models
of a cylindrical neurite.

Limitations of the Study

The quantitative results of this study are closely tied to
the specific form of the model. Changes in the underly-
ing assumptions on passive membrane characteristics,
cell geometry, distribution of ion channels and channel
kinetics will change the magnitude and behavior of the
parameter errors. An examination of these assumptions
can give some insight into how changes might influence
the parameter errors. The passive membrane character-
istics are based on estimates for a crustacean stomato-
gastric motor neuron (Hartline et al., 1993). The value
of the specific membrane resistivity Rm = 50,000 �

cm2 falls in the bottom half of the range of reported
values, which varies from 1,000 � cm2 for squid giant
axon to 200,000 � cm2 for CA3 hippocampal pyrami-
dal cells, where the smaller values correspond to mea-
surements made with sharp electrodes and the larger
values with whole-cell patch electrodes (Major et al.,
1994; Rall, 1977). Large values of Rm can also re-
sult from filling a neuron with certain channel block-
ers such as Cs+. As Rm is increased, the electrotonic
length of the neurite deceases and the membrane time
constant increases. For our model cell, increasing Rm

to 100,000 � cm2 or halving the leak conductance, de-
creased the electrotonic length to 0.35λ and doubled the
time constant. This decreased the error for I (V ) param-
eters measured at 50 msec, at least, for small conduc-

tances, but increased the error for kinetic parameters.
The error for Vrev decreased by almost 50% for inward
current and by a smaller amount for outward. The er-
ror for gT decreased by about 10% for both currents.
The error for τm increased by about 10% with smaller
increases for the other kinetic parameters. Our model
used the theoretical value of 1 µF/cm2 for the specific
membrane capacitance. Major et al. (1994) found that
for hippocampal pyramidal cells the specific capaci-
tance might be closer to 0.7 µF/cm2. Decreasing the
capacitance in our model to 0.5 µF/cm2 decreases the
membrane time constant without affecting the length
constant. This decreased the error for τm by 50% for
	 = 10, but increased the error in the remaining kinetic
parameters. The decrease in capacitance had only small
effects on the errors for the isochronal I (V ) parame-
ters measured at 50 msec. The most consistent effect
was a small increase (<5%) in the error for gT with the
reduced capacitance.

The parameter errors were determined for the highly
simplified geometry of a soma with a single cylin-
drical neurite. The results also hold for models of a
voltage-clamped soma with a branched neurite that is
“equivalent” to the cylindrical neurite, since the pas-
sive and active electrical properties are uniform (Rall,
1962, 1977). The parameter errors depend on the elec-
trotonic length of the neurite not on the individual val-
ues of the diameter, length or infolding ratio of the
cylinder. Hence, our simulations describe the param-
eter errors for any cylindrical neurite with electronic
length 0.5λ and the same electrical properties. As the
electrotonic length of the neurite is increased, the dis-
tortions due to poor space-clamp will increase until
it is no longer possible to fit the clamp currents with
the mq h kinetic form. Errors for the individual param-
eters will not be equally sensitive to the increase in
electrotonic length. Simulations of voltage-clamp ex-
periments in a multi-compartmental model of a crab
stomatogastric motor neuron reconstructed from con-
focal microscope images of a dye-filled cell found that
the parameter errors for uniformly distributed transient
outward current were qualitatively similar to those for
our standard model cell (Castelfranco and Hartline,
2001). This is not surprising since, although the re-
constructed cell is not “equivalent” to the cylindri-
cal neurite, the dimensions and passive parameters of
the model cell are based on those of a stomatogas-
tric motor neuron. Parameter errors for currents in a
cell with very different morphology, such as a neocor-
tical pyramidal cell or a cerebellar Purkinje cell, are
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unlikely to agree as closely with the predictions of the
model.

Another of the underlying assumptions of the study
is that the voltage-dependent ion channels are uni-
formly distributed along the neurite. There is evidence
from dendritic recordings that channel densities may
vary along the length of a neurite with distributions
ranging from the channels being predominately located
in the soma and proximal dendrites to the channels be-
ing concentrated in the distal dendrites (Reyes, 2001).
A uniform channel distribution lies between these two
extremes. If the current is concentrated in the soma and
proximal neurites, which are more nearly isopotential,
the distortions due to poor space-clamp will decrease,
while if the channels are concentrated at a distance from
the soma the errors will be more extreme. This can be
illustrated by comparing the errors for a uniform distri-
bution of channels with those for the same number of
channels concentrated in a small patch located either
proximal to the soma or at the neurite tip. Parameter
errors for the uniform channel distribution lie between
the errors for the two patches, except the error for τm ,
which is larger for the uniform distribution than for ei-
ther of the patches (Castelfranco and Hartline, 2002).

In order to simplify the interpretation of the errors in
the channel kinetics, the active conductance was given
voltage-independent time constants. As suggested by
the study of Surmeier et al. (1994), voltage-dependent
time constants can be added to the description of the
channel kinetics without greatly changing the errors in
the remaining parameters. We found that if voltage-
dependent time constants were added to the descrip-
tion of the outward current kinetics such that the time
course and peak of the clamp current were similar to
those for our standard current, then the changes to the
isochronal I (V ) parameter errors were small. For ex-
ample, for 	 = 10, the errors in Vrev and V0 increased
by less than 2 mV, and the error in ν decreased by less
than 10% (unpublished observations). The effect on the
error for gT was more difficult to determine because the
change in kinetics also changed the reference values for
the slope conductance. Similarly, errors for the time
constants could not be compared directly, although the
trend was an increase in τm error and a slight decrease
in τh error. Also of interest is the effect on the param-
eter errors of changing the inactivation time constant,
without adding voltage-dependence, from very slow
inactivation (τh � τ0) to fast inactivation (τh 
 τ0).
In the extreme case of a non-inactivating current, the
largest effect on the isochronal I (V ) parameters is an

increase in the error for gT (unpublished observations).
As τh is decreased below the membrane time constant,
τh approaches τm , resulting in increased distortion of
the clamp currents and increased parameter errors. For
example, if τh = 5 msec, then the rapid time course of
the clamp currents cannot be fitted with the mq h kinetic
nor can the isochronal I (V ) curves at Ts = 1 be gener-
ated, since the current is completely inactivated by 50
msec following the onset of the command potential.

If the active current is made up of a mixture of con-
ductances instead of a single conductance, then the
model no longer accurately describes the situation.
Modifying the model to include a second active con-
ductance will cause many changes in the estimated pa-
rameter errors, in part due to the increase in the number
of parameters to be fitted. A pair of interacting voltage-
dependent conductances renders the analysis of space-
clamp errors in a cylindrical neurite considerably more
complex.

Conclusions

Our simulations of space-clamp errors found that
Hodgkin-Huxley parameters used to quantitatively
characterize voltage-dependent currents were not all
equally sensitive to poor space clamp. This differential
sensitivity can be exploited to detect poor space clamp
in experimental preparations and assess the severity of
the errors. We can suggest some approaches for re-
ducing space clamp errors in experimental situations:
(1) measuring current for isochronal fits at times well
past peak current; (2) fitting all four Hodgkin-Huxley
steady-state parameters (Vrev, V0, ν and gT) to the I (V )
curve, even if Vrev is known independently; (3) reduc-
ing peak conductance (e.g. with blockers) if this can
be done in a voltage-independent manner. In addition,
we found that for moderate conductance densities and
for certain voltage ranges, the errors in the I (V ) and
kinetic parameters were not extreme and behaved in a
predictable manner. This suggests that under certain
conditions, space-clamp errors may be amenable to
correction.
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