
Abstract. The ability to correct parameters of voltage-
gated conductances measured under poor spatial control
by point voltage clamp could rescue much flawed
experimental data. We explore a strategy for correcting
errors in experiments that employs a full-trace approach
to parameter determination. Simulated soma voltage-
clamp runs are made on a model neuron with a single
voltage-gated, Hodgkin-Huxley channel type distributed
uniformly along an elongate process. Estimates for both
kinetic and I(V) parameters are obtained by fitting a
form of the Hodgkin-Huxley equations to the complete
time course of leak-subtracted current curves. The fitted
parameters are used to determine how much correction
in each parameter is needed to regenerate the set actually
belonging to the channel. Corrections are generated for
a range of neurite lengths, conductance densities, and
channel characteristics.

1 Introduction

Investigators using whole-cell patch or other point
voltage-clamp techniques risk subtle but significant
error when measuring active ionic current properties in
poorly space-clamped cells. Quantitative parameters
derived from clamp currents may be in considerable
error, even when there are no obvious signs of poor
spatial control (e.g., bumps and notches in the clamp
records). In a previous study, we used isochronal I(V)
curves from simulated voltage-clamp experiments to
analyze the errors in measured parameters of a voltage-
dependent conductance due to poor spatial control
(Hartline and Castelfranco 2003). We found that for a
‘‘ball and stick’’ model neuron with a single, Hodgkin-
Huxley channel type distributed uniformly along the
elongate process, if conductance densities are not
extreme (compared to leak), then for certain voltage

ranges, errors need not be extreme. This suggests that
correction of ‘‘space-clamp errors’’ might be feasible in
certain situations. One approach to correcting these
errors, for outward current with a known reversal
potential, has been developed by Schaefer et al. (2003).
In this paper, we further develop our previous approach,
deriving more accurate channel parameters from volt-
age-clamp records obtained under poor space clamp.
Our analysis focuses on understanding how the required
corrections in channel parameters depend on channel
density, neurite electrotonic length, and channel char-
acteristics.

In our previous study, we found that one of the prime
determinants of parameter error was the density of the
active conductance, which we expressed as the ratio of
active conductance to leak conductance (CÞ (Hartline
and Castelfranco 2003). One difficulty that arises in
applying information on errors to a physiological
experiment is that C cannot be measured directly since
measurements of conductance are themselves in error.
Errors, and their corrections, need to be described as
functions of an observable quantity, the apparent
conductance density ratio C0 ð¼ �gmeasured=gleakÞ. Maxi-
mum conductance (�g) must be determined by extrapo-
lation of current kinetics to zero time. Values derived
from isochronal I(V) data, however, are strongly
dependent on the assumptions made about the time
course of current, which is distorted compared to the
kinetics of space-clamped membrane. Thus the errors in
parameters determined by fitting isochronal I(V) curves
cannot be corrected directly. In order to eliminate this
problem, we use a procedure akin to the ‘‘full-trace’’
method of Willms et al. (1999) by which all seven
Hodgkin-Huxley parameters are fitted to the kinetic
curve at the same time.

We examine first the changes the new fitting approach
makes in the errors (corrections) for the same rapidly
activating, slowly inactivating mechanisms studied pre-
viously, using a compact cylindrical neurite. Next, we
examine the contributions that the inactivation mecha-
nism makes to the corrections. Finally, we look at the
behavior of corrections as the length of the neurite is
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varied from a very short neurite ð0:1kÞ to a quasi-infinite
neurite ð3:0kÞ.

Parts of this work have appeared previously as an
abstract (Hartline and Castelfranco 1995).

2 Methods

The standard model cell and active conductances were as
described in Hartline and Castelfranco (2003). Briefly,
the model neuron consisted of a passive spherical soma,
61 lm in diameter, with a single cylindrical neurite
7.4 lm in diameter and 1388 lm in length. Leak
conductance channels were distributed uniformly
throughout the cell, giving the passive membrane
properties shown in Table 1. The neurite with these
membrane properties had a passive electrotonic length
of L ¼ ‘=k ¼ 0:5. A single type of active ionic channel
was distributed uniformly along the neurite. The active
conductance followed Hodgkin-Huxley activation-inac-
tivation kinetics, but to simplify interpretation had
voltage-independent time constants (Hodgkin and Hux-
ley 1952) as given by the equations

IðtÞactive ¼ �gmðtÞhðtÞðV � VrevÞ ð1Þ
dm=dt ¼ ðminf � mÞ=sm

with

minf ¼ 1=ð1þ expððV0 � V Þ=mÞÞ ð2Þ
dh=dt ¼ ðhinf � hÞ=sh

with

hinf ¼ 1=ð1þ expððV0h � V Þ=mhÞÞ ; ð3Þ

where IðtÞ is the current flowing as a function of time t,
gðtÞ is the conductance, mðtÞ and hðtÞ are activation and
inactivation variables, respectively, and V is membrane
potential. The description of the remaining parameters
and the standard parameter values set in the model are
given in Table 1, being chosen to approximate shal-type
A-current channels in crustacean stomatogastric gan-
glion (Baro et al. 1997). The compartmental modeling
package NEURON (Hines 1993; Hines and Carnevale
1997) was used for all simulations. A simulated two-
electrode voltage clamp was applied to the soma, and
runs were made with a fixed voltage-clamp protocol
similar to experimental protocols used to determine
Hodgkin-Huxley parameters. The cell was stepped from
�50mV to a holding potential of �100mV for 200ms
and then stepped abruptly to a series of test command
potentials from �80mV to þ200mV (in 10 mV incre-
ments) for 200ms. The hold potential left a small amount
of inactivation, which resulted in a systematic underes-
timation of the maximum conductance by approximately
2% that was ignored. ‘‘Leak’’ current was determined
with a clamp protocol identical to the ‘‘test’’ protocol but
with no active channels present in the membrane (it thus
included both leak and capacitive currents). This simu-
lates the ‘‘pharmacological block’’ type of experimental
procedure rather than other protocols that are sometimes
used. Our approach follows common physiological
protocols that assume the subtractability of ‘‘leak’’
currents generated under the two conditions. It thus
combines treatment of space-clamp errors from both
leak and active channels. The curve fitting procedures
were performed on leak-subtracted currents.

The kinetic parameters sm, q, and sh for the
leak-subtracted current curves were obtained from a
four-parameter fit to the equation

I ¼ I0ð1� expð�t=smÞÞq expð�t=shÞ ; ð4Þ

where I0 is the extrapolated noninactivated current at
t ¼ 0. The Boltzmann I(V) parameters �g, Vrev, V0 and m
were then determined by fitting a Boltzmann function of
command voltage, V , to I0, yielding a ‘‘kinetically fitted’’
I(V) curve of the form

I0ðV Þ ¼ �gðV � VrevÞ=ð1þ expððV0 � V Þ=mÞÞ : ð5Þ

The fitting procedure used a Levenberg-Marquardt
nonlinear least-squares algorithm (Press et al. 1986)
implemented by either KaleidaGraph (Synergy
Software) or MATLAB (Optimization Toolbox, The
MathWorks Inc.) In this formulation, �g is a fitted
(measured) ‘‘saturation’’ conductance reflecting the
maximum possible conductance referred to clamp-onset
time for a large depolarizing step.

The apparent conductance ratio, C0 ¼ �gmeasured=gleak,
is calculated using the measured leak conductance. For
neurites with L � 0:5, this does not differ greatly from
the conductance that would be measured if all leak
channels were under voltage control. In particular, the
measured leak conductance (gleakðmeasuredÞÞ of 0.0119 lS
for the 0:5k neurite in our model was only 8% less
than the conductance of 0.0129 lS for space-clamped

Table 1. Description and set values of passive and active mem-
brane parameters

Parameter Description Value

Rm Specific membrane
resistance

50,000 X cm2

Cm Specific membrane
capacitance

1lF/cm2

Ri Cytoplasmic
resistivity

60 X cm

s0 Membrane time
constant

50ms

Vrest Resting potential
of passive cell

�50mV

f Infolding ratio 2
gleak Leak conductance 0.02mS/lF
sm Activation time

constant
2ms

q Exponent of
activation

1

sh Inactivation time
constant

50ms

Vrev Reversal potential �65mV
for outward current
+50 mV
for inward current

V0 Activation midpoint �20mV
m Activation width 10mV
V0h Inactivation

midpoint
�70mV

mh Inactivation width �6mV
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channels. However, as the neurite is allowed to lengthen,
the measured leak conductance approaches 0.026 lS
asymptotically, while the total number of leak channels
increases without limit.

The measured parameters obtained by the kinetic fit
procedure differed in general from those set for the
channel, the discrepancies representing the corrections
that must be applied to the measurements to regenerate
correct (set) channel values.We use the term ‘‘correction’’
rather than ‘‘error’’ to emphasize the goal of providing
estimates of the corrections required in actual experi-
mental situations. Corrections for the parameters Vrev and
V0, having units ofmV, are expressed as the quantities that
must be subtracted from the fitted parameters to give the
set values. The corrections for the remaining parameters
are expressed as the quantities the fitted parameters must
be divided by to give the set values. For studies involving
variation in the length of the neurite, a correction based
on the ratio of �g measured in the model cell to that of
the same number of channels under good space clamp is
not useful since the latter increases without limit as the
neurite is extended. Instead, the correction for the ratio of
active to leak conductance is expressed as the quantity by
which the fitted value, C0 ð¼ �gmeasured=gleakðmeasuredÞÞ, must
be divided to give the correct value, C ð¼ �gset=gleakðsetÞÞ.
Note that this ratio, C0=C, approaches �gmeasured=0:026C as
the neurite length approaches infinity.

3 Results

3.1 Normalized I(V) curves

Under fully space-clamped conditions, I(V) curves for
two different densities of a given channel type can be
compared after first ‘‘normalizing’’ the curves by
dividing by the channel conductance density. The
asymptotic slope of such normalized I(V) curves will
be 1 (Fig. 1a,b, solid curves). Under poor space-clamp,
I(V) curves normalized in the same fashion (to the
conductance density set in the model for the present
case), vary strongly as functions of the peak conduc-
tance chosen (Fig. 1a,b, points and fitted broken
curves). This reflects the substantial error generated in
measuring conductance density when the membrane is
not under spatial control. On the other hand, if the I(V)
curve is normalized to the measured (rather than the set)
conductance density, there is much less change with
measured �g (Fig. 1c,d). This is because the I(V) slopes
are all forced to the same value by the procedure, and
only the extrapolated intercept (reversal potential)
changes with conductance density at large depolariza-
tions. We use the measured density as a starting point
for correcting space-clamp errors.

3.2 Comparison of kinetic I(V) fits with isochronal fits

We examined results of the kinetic fit approach in
comparison to those obtained by an earlier study using
isochronal I(V) curves to determine I(V) parameters
(Hartline and Castelfranco 2003). Setting aside for the

Fig. 1. Comparison of normalization procedures for I(V) curves.
Kinetically fitted simulated voltage-clamp I(V) curves for outward
(a, c) and inward (b, d) current mechanisms, respectively, for
selected values of C ð¼ �gset=gleakÞ. Shown for a model cell with an
L ¼ 0:5 neurite. Solid curve: space-clamped case (channels confined to
soma); symbols: measured current; broken lines: fitted curves. a, b
Currents normalized by (divided by) �gset. c, d Currents normalized by
�gmeasured
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moment the fact that unique values for �g cannot be
generated for isochronal I(V) curves (only gT , the
maximum conductance determined at a fixed interval
after clamp onset and including inactivation), we find
that in general the errors in steady state parameters
for the two methods follow parallel courses as
Cð�gset=gleakðsetÞ) is increased (Fig. 2). However, the range
of conductances over which good fits can be obtained
for inward current is substantially more restricted in the
kinetically fitted cases. The error for the kinetically fitted
reversal potential (VrevÞ in outward current is somewhat
more extreme for both C less than and C greater than the
value at which the error changes sign (C � 12:0), but it
reaches maximum (11mV) at the same value of C as for
the isochronal curve (Fig. 2a, filled symbols). For
inward currents, the errors are almost identical. Out-
ward current errors for activation midpoint (V0Þ rise
slightly, then reverse and become negative for both
kinetic and isochronal fits, but the errors for the kinetic
fits change sign at lower conductance ratios than the
isochronal ones. For both isochronal and kinetic fits,
errors in V0 are steeply negative with conductance
density for inward current, but the kinetically fitted
curves are steeper (Fig. 2b, open symbols). A similar
pattern of a steeper dependence and a greater magnitude
of asymptotic error for large conductances is seen in
the kinetically fitted activation-width error (m)
(Fig. 2c). The larger errors in the kinetically fitted
parameters cannot be explained by the improvement
in space clamp as active currents inactivate since the
errors obtained with kinetic fits are still somewhat
larger than the most extreme errors obtained with
isochronal fits from the time of peak current (15 to
30ms after onset of the command potential) onward.
Thus, in terms of error size and the range of fittable
conductance values, the isochronal fitting approach is
better than the kinetic one. The advantage in kinetic
fitting lies with the possibilities it introduces for
correcting errors.

3.3 Kinetic parameter corrections vs. C0

If the kinetically fitted parameters are now expressed in
terms of the correction as a function of measured
conductance density (C0), a somewhat different set of
curves emerges (Fig. 3). For the parameters (Vrev, Vd;
Fig. 3a and b) with corrections presented in mV (to be
subtracted from measured values), curves are com-
pressed along the abscissa, the zero crossings for
outward current occurring at substantially lower mea-
sured conductance ratios (C0 ¼ 7 : 8). The correction for
activation width (m; Fig. 3c) (to be divided into the
measured values) is similarly compressed. The reason for
these behaviors is readily apparent from examination of
the correction for maximum conductance (�g; Fig. 3d),
which deviates from 1 (no correction) steeply as
measured �g increases owing to the progressive shunting
of the current contributions from distant channels with
increased conductance. An analogous progressive
underestimation of maximum conductance (gT Þ with

increased set conductance density was observed for the
isochronal I(V) fitting approach (Hartline and Castelfr-
anco 2003). This drop in the value of measured
saturation conductance for a given value placed in the
model means that features of the error (correction)

Fig. 2. Comparison of kinetically fitted and isochronal I(V) param-
eter errors. Parameters for I(V) fits of (5) plotted against setmaximum
conductance, expressed as a ratio to gleak, C. Curves coded according
to key shown. For a and b, error (ordinate) is expressed as the
difference in mV of measured minus set values; for c, ordinate is the
ratio of measured to set values. Isochronal I(V) was sampled at 50ms
after the onset of the depolarizing step
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behavior occur at lower measured values of saturation
conductance or, equivalently, the conductance ratio C0.

Corrections for the parameters governing kinetics of
activation are problematic since the errors show sub-
stantial voltage dependence and the kinetics for inward
current channels cannot be fitted for all command
potentials (Hartline and Castelfranco 2003). Since
errors in sm and q, as well as sh, are not too badly
behaved for outward current measured well above the
activation voltage range, corrections should be

Fig. 3. I(V) parameter corrections for inactivating current. Correc-
tions for the four parameters characterizing the Boltzmann I(V)
relation (Vrev, V0, m, and �g) using kinetic fitting procedures (for a
uniform distribution of inactivating channels along a 0:5k neurite).
Abscissa is measured �g, expressed as the ratio, C0. Solid lines, filled
circles: outward current mechanism; dashed lines, open circles: inward
current mechanism

Fig. 4. Kinetic parameter corrections for inactivating current. Cor-
rections for the three kinetic parameters characterizing the activation
and inactivation kinetics of clamp currents (sm, q, shÞ plotted against
apparent conductance ratio C0. Outward current (solid lines, filled
circles) measured at clamp voltage of þ40mV; inward current (dashed
lines, open circles) at þ200mV to avoid regions of rapidly changing
parameter fits
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relatively reliable for large depolarizations (Fig. 4, filled
circles; Vc ¼ þ40mV). These corrections will not be
reliable at lower depolarizations if the parameters
are intrinsically strongly voltage dependent. Inward
current, on the other hand, shows extreme spurious
voltage dependencies of all these parameters except at
very high depolarizations (þ150 to 200mV) well above
reversal potential. Corrections at these voltage levels
are shown in Fig. 4 (open circles; Vc ¼ þ200mV), but
their practical use is limited.

3.4 Effects of inactivation mechanism on corrections

Having outlined the behavior of corrections for kinet-
ically fitted curves for an inactivating channel type, we
then asked how much contribution to the error (and
hence the correction required) is derived from the
inactivation mechanism. Figure 5 shows that the cor-
rection for some parameters, especially reversal poten-
tial, is changed quite significantly by the addition of
inactivation, while the correction for others is not
(dotted curves. With inactivation; solid or dashed
curves, without inactivation; hatched arrows indicate
major shifts caused by inactivation). The shift in the
reversal potential correction is somewhat greater for
outward current than for inward (Fig. 5a). Correction of
the activation midpoint (V0) is similarly more changed
for outward current (Fig. 5b). The presence of inactiva-
tion reduces the correction required for maximum
conductance (�g), with inward current showing a slightly
greater change than outward (Fig. 5d). Of the kinetic
parameters, the correction in sm is most changed by the
addition of inactivation, showing a decreased depen-
dence on C0 (Fig. 5e,f). Thus the presence of inactivation
in the channels examined does not appear to greatly
complicate the correction patterns.

3.5 Corrections for different cable lengths: short cables

In order to provide a comprehensive set of corrections
for cells with short cylindrical processes (L � 0:5), we
present the parameter corrections for a series of different
neurite lengths from 0:1k to 0:5k. For very short neurites
and our standard conductance range (L � 0:2 and
C0 � 18:5), corrections are at most modest (less than
2.5mV for Vrev and V0; less than 25% for m and
conductance ratio). As a general rule, corrections grow

Fig. 5. Parameter corrections for noninactivating currents. Plots
equivalent to Figs. 3 and 4 [solid lines with filled circles (outward)
and dashed lines with open circles (inward)] for currents without
inactivation, in comparison to the same parameters for currents with
inactivation (dotted lines: darker, outward; lighter, inward current).
Hatched arrows indicate major shifts in curves. Note only certain
parameters are sensitive to inactivation. The noninactivating case was
simulated for conductance levels up to C ¼ 20, while the model with
inactivation was simulated for C � 100, but the parameters V0 and m
were not fitted for inward current with C > 10. e, f Inward and
outward current measured at þ200mV

c
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toward the values already presented as the neurite length
approaches L ¼ 0:5, and the rate of growth becomes
progressively steeper (Figs. 6 and 7, corrections as
functions of C0 for different neurite lengths; Fig. 8,
corrections as a function of L). For outward current, the
sign change in corrections for Vrev and V0 is consistently
present but occurs at smaller values of C0 for longer
neurites (Fig. 6a,b). The one parameter that does not fit
this relatively well-defined pattern is the activation
exponent, q. Corrections for q reach a peak near
L ¼ 0:3, decreasing steeply on either side (Fig. 8b, left
side).

Next we examine the effect of allowing the poorly
clamped cylindrical process to extend to lengths greater
than 0:5k. Figure 9b shows that, as expected with the
severe loss of voltage control at a great distance, the time
course of the outward current, even for a very small
conductance (C ¼ 0:1), is more distorted for a neurite
with electrotonic length L ¼ 1:0. This reflects the delays
in passive charging and hence current activation of the
more distant regions, as well as substantial voltage (and
hence reversal potential) deviations from the command
value, for a cell that is no longer even minimally compact.
Although Hodgkin-Huxley kinetics can be forced on
trajectories for outward current such as those in Fig. 9b,
and the resulting I(V) plot can even be fitted with a
Boltzmann curve (inset), the numerical values obtained
are quite aberrant. Trajectories for inward current are
not practical to fit since they are even more distorted,
having a dip in the rising phase of the trajectory and a
corresponding delay in reaching peak current for large
depolarizations (not shown). Thus we have abandoned
the attempt to correct clamp data from model cells of
medium length (0:7 < L < 1:5). This situation is indi-
cated by stippled regions on the plots of Figs. 6–8.

3.6 Corrections for long cables

Curiously, the situation for long neurites (L ¼ 2 to
L ¼ 3) is significantly better. Acceptable kinetic fits and
I(V) plots can be obtained for both outward (Fig. 9c)
and inward (not shown) current for small to moderate
conductance densities (up to C ¼ 10 ½C0 ¼ 2:4� for out-
ward current and to C ¼ 5 ½C0 ¼ 1:5� for inward).
However, the range of C (or C0) values allowing
acceptable fits is smaller than for the L ¼ 0:5 case. There
is surprisingly little difference in current trajectories
between the L ¼ 2 and L ¼ 3 cases, either for outward or
inward current (not shown).

Corrections needed in fitted parameters for long
neurites generally follow the trends set for lengthening
short neurites (Figs. 6–8). However, they are much more
sensitive to C0 and relatively insensitive to neurite length.
Of the fitted Boltzmann I(V) parameters, reversal po-
tential (Figs. 6a and 7a inset) and conductance ratio
(C0=C; Figs. 6d and 7d) are most severely affected by
greater L. Measured reversal potentials shift strongly to
more positive levels. For outward current, the correction
for Vrev is positive at the lowest value of C0 tested (0.1)
(Fig. 6a). For inward current, reversal rises from the set

Fig. 6. Outward current I(V) parameter corrections for neurites of
different length. Corrections for the parameters characterizing
steady state I(V) relation for the outward current mechanism in
neurites of length L ¼ 0:1 to L ¼ 0:5 (filled symbols), and in longer
neurites of length L ¼ 2:0 and 3:0 (open symbols). Abscissa:
measured maximum conductance, C0. Stippled areas indicate
diagrammatically parameter error ranges excluded owing to inability
to fit curves
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value of þ50mV to close to 100mV in long neurites
(Fig. 7a inset). The asymptotic slope of the I(V) relation
is much decreased by shunting, reducing the value of the
measured maximum conductance to 20%–40% of the

correct value (Figs. 6d and 7d). The correction in sm for
outward current decreases with increasing conductance
ratio, as shown in Fig. 8a (right side) by comparing the
corrections for three values of C0. That for inward cur-
rent has a similar but more modest dependency on
conductance ratio (not shown). Interestingly, the expo-
nent, q, is much closer to the set value of 1.0 for longer
neurites than for short ones (Fig. 8b). This is due to the
fact that the initial time course of the current in a long
neurite is the same as that of a shorter neurite but the
reduction in peak current by the additional cable loading
in a long neurite results in a greater proportion of the
peak current being reached during the initial rising phase
of the current trajectory (not shown). Thus the relative
contribution of current from proximal regions is larger.
However, the overall activation of current in a longer
neurite is slower as reflected in the increased time to
peak and larger errors in sm (Fig. 8a).

For the cells with long neurites (L � 1:7), the least-
squares fit of (4) to the IðtÞ curves produced values of q
that are less than 1 for almost all values of the command
potential. While the small values of q fit the abrupt
initial change in the IðtÞ curves well (Fig. 9c), a value of
q < 1 has little physiological meaning. So for the L ¼ 2
case, we refit the leak-subtracted current curves to (4)
with the exponent q fixed at 1. The fits of the m1h kinetic
to the current curves are adequate for conductance
values up to C ¼ 10 for outward and C ¼ 5 for inward
current. Although the fit of the initial trajectory of the
current curve and the peak current is not as good as
when q is allowed to vary, the main effect of constraining
q is a drop in the correction needed for the activation
time constant (smÞ. For example, for C ¼ 5 and
Vc ¼ 200mV, the correction needed for sm drops from
5.3 to 4.4 for outward current and from 5.8 to 4.5 for
inward current when q is set to 1.

Finally, with long cables, we see a lengthening in
apparent inactivation time constant (sh; Fig. 8c, right
side). However, the correction is still well under 2 for the
limited conductance range that can be fitted adequately.
Further, a spurious second component of slow inacti-
vation, as might have been generated in more distant
regions of a poorly clamped cell (e.g., Hartline et al.
1993), was not observed.

4 Discussion

In this paper we have developed a methodology that
uses information from detailed simulations of space-
clamp errors in a model neuron to estimate corrections

Fig. 7. Inward current I(V) parameter corrections for neurites of
different length. Corrections for the parameters characterizing steady
state I(V) relation for the inward current mechanism in neurites of
length L ¼ 0:1 to L ¼ 0:5 (filled symbols) and in longer neurites of
length L ¼ 2:0 and 3:0 (open symbols). Abscissa: measured maximum
conductance, C0. Stippled areas indicate diagrammatically parameter
error ranges excluded owing to inability to fit curves. a Inset:
Correction for Vrev for neurites of length L ¼ 0:5 (solid line), 2.0, and
3.0 (dashed lines). Note change of scale for both axes

b
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for the distortions in measured parameters due to poor
space clamp. The resulting corrections may be expected
to hold for the special case of a compact, cylindrically
equivalent arbor (L � 0:5) with a more or less
uniform distribution of a simple voltage-dependent
Hodgkin-Huxley conductance not exceeding 10 times
rest conductance. For compact cells (with process

lengths from L ¼ 0:3 to L ¼ 0:5), major corrections
(>20%) are required for kinetic activation parameters
(sm, q) even at low conductance densities. At moderate
conductance densities (C0 � 5) corrections are particu-
larly needed in activation width and maximum conduc-
tance, especially for longer neurites. For inward current
at these densities, activation midpoint is especially prone
to error (5–18mV). As cells become less compact
ðL > 1Þ, correction for errors in reversal potential
becomes important, especially for inward currents. The
quantitative results of the study are closely tied to the
specific form of the model. A detailed discussion of how

Fig. 8. Kinetic parameter corrections as a function of neurite length.
Corrections for the parameters characterizing current kinetics for the
outward (filled circles) and inward (open circles) current mechanisms
measured at Vc ¼ þ40mV and Vc ¼ þ200, respectively. Abscissa:
electrotonic length of neurite (L). Stippled areas indicate diagram-
matically parameter ranges excluded owing to inability to fit curves.
a For L < 1, curves for inward and outward currents for C0 ¼ 1 and
C0 ¼ 10 superimpose. For L � 1:5, error curve for outward current is
shown for three conductance levels C0 ¼ 0:4, 1.0, 2.4 and for inward
current for C0 ¼ 1:0. b, c For both outward and inward currents, error
curves are shown for C0 ¼ 1, 10, for L < 1, and for C0 ¼ 1, for
L > 1:5

Fig. 9. Effect of longer neurite on current kinetics and I(V) curves for
outward current. Current plotted against time for a short (L ¼ 0:5: a),
a medium (L ¼ 1:0: b), and a long (L ¼ 2:0: c) neurite. Clamp
commands to 0, 50, 100, 150, and 200 mV. Insets: I(V) points (open
circles) and kinetically fitted Boltzmann curves (dashed lines)
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the underlying assumptions on passive membrane char-
acteristics, distribution of ion channels, and channel
kinetics affect the parameter errors (and hence, correc-
tions) is given in Hartline and Castelfranco (2003).

The amount of correction required in voltage-clamp
experiments performed on neurons with poor spatial
clamp has been determined only for a highly simplified
‘‘ball and stick’’ model, which is hardly a realistic shape
for most neurons. However, our results hold without
modification for a broader class of related models. For
example, the corrections for kinetic and I(V) parameters
will hold for neurites with an increased (or decreased)
diameter as long as the neurite length is such that the
electrotonic length remains the same (e.g., 0:5k for our
standard model cell). A change in a neuron of this type,
where the diameters of all neuronal processes increase as
the square of the length, while the specific electrical
properties and branch terminal conditions of the neuron
remain constant, was called ‘‘isoelectrotonic’’ growth by
Hill et al. (1994). Olsen et al. (1996) showed that uniform
isoelectrotonic growth increases the input conductance
by the cube of the length growth factor, but the active and
passive spread of membrane potential within the neuron
remains unchanged. The reasoning used by Olsen et al.
(1996) can be used to show that if the infolding ratio of
2 in our model is changed to 1 (no infolding) along
with a corresponding length adjustment to maintain the
electrotonic length of the neurite, then the errors due to
poor space clamp remain unchanged. More importantly,
our results hold for models of a voltage-clamped soma
with a branched neurite that is ‘‘equivalent’’ to the
cylindrical neurite since the passive and active electrical
properties are uniform (Rall 1962, 1977).

Simulations of soma voltage-clamp experiments on a
multicompartmental model of a crab stomatogastric
motorneuron reconstructed from confocal microscope
images of a dye-filled cell found that the parameter
corrections for uniformly distributed, transient outward
current were qualitatively similar to those for our stan-
dard model cell (Castelfranco and Hartline 2001). This
implies that certain aspects of the qualitative behavior of
the parameter corrections may apply to a wider range of
neuronal geometries since the reconstructed motorneu-
ron was not ‘‘equivalent’’ to a cylindrical neurite.

Our present kinetic approach to determining Hodg-
kin-Huxley steady-state parameters gave somewhat
greater errors in the I(V) parameters and a narrower
range for the fitting procedures than was found for an
approach using isochronal I(V) curves (Hartline and
Castelfranco 2003). However, it allowed us to determine
a ‘‘measured’’ maximum conductance on which to an-
chor the corrections. Our procedure of fitting all seven
Hodgkin-Huxley parameters to the same kinetic curve is
analogous to the ‘‘full-trace method’’ of Willms et al.
(1999) with one holding potential. Willms et al. (1999)
showed that for space-clamped data, estimates for both
kinetic and steady-state parameters using the full-trace
method produced significantly better fits to the experi-
mental conductance curves than parameter values
obtained using more traditional methods, which esti-
mate the maximum conductance, the activation, and the

inactivation time constants from different regions of the
current trace. A particular strength of the full-trace
method was the improved accuracy in determining the
maximum conductance and activation time constant in
the presence of inactivation (Willms et al. 1999). So
although our fitting procedure reduced the range of
conductance densities for which we could obtain
parameter fits, it is not expected to have decreased the
quality of the fit.

In fitting the kinetic parameters, we treat the expo-
nent q as a free parameter that fits the delay in the rise of
the current at the start of a voltage step. This approach
allows noninteger values of q and gives q a spurious
voltage dependence. To be more consistent with the
interpretation of the exponent as the number of inde-
pendent activation gates (for a Hodgkin-Huxley model),
the exponent q should be a voltage-independent integer.
However, since the initial delay is sensitive to poor space
clamp, it is not possible to choose such a value of q
without compromising the fit to the kinetic curves. In-
stead, we chose a constant integer value (q ¼ 1) for the
exponent of the steady-state activation curve. For our
model cell q ¼ 1 was an appropriate choice since the
active conductances were given m1h kinetics. This
approach is justified in part by Willms et al. (1999), who
argue that the exponent q should be determined from the
current kinetics and not from the quality of the fit (i.e.,
the residual error) of the Boltzmann curves to steady-
state activation data. The value of the exponent has little
effect on the qualitative shape of the Boltzmann curve.
In particular, for any Boltzmann curve with q ¼ 1, a
Boltzmann curve with q ¼ 2; 3, or 4 may be found within
a distance (mathematically, the L2 distance) of 0.0095
from the q ¼ 1 curve (Willms et al. 1999). Of course, the
choice of exponent for the Boltzmann curve will change
the values of the parameters V0 and m for the best fit
(Willms et al. 1999).

Inactivation progressively reduces conductances
along the neurite over time. Estimated parameter errors
for inactivating currents might thus be expected to be
equivalent to those of noninactivating currents with
reduced �g. For some parameters, but not all, this is re-
flected in the correction plots (Fig. 5) as a contraction
along the abscissa, which is more pronounced for inward
currents and larger apparent conductances. Some of the
changes in parameter estimates for inactivating currents
appear to be the effect of fitting an additional parameter
(shÞ. For example, the additional reversal potential
correction caused by inactivation for low conductance
(C ¼ 0:1) outward current was halved when sh was fixed
at 50 ms rather than fitted as a free parameter.

Although our initial focus was on electrotonically
compact cells, we also examined the possibility of
correcting space-clamp errors in cells that were not even
minimally compact. For the model cell with a neurite of
length L ¼ 1, the distortions in the time course of the
currents are so pronounced that fitting (4) to IðtÞ is very
problematic, and hence the methodology fails. In such
cases the distortions due to poor space clamp are no
longer subtle and should be easily identified in the
voltage-clamp records. As the neurite is lengthened
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further, the IðtÞ and I(V) curves are less distorted, at
least for small conductances, and it is again possible to
determine corrections for the parameters. The ability to
extend this methodology to obtain parameter correc-
tions for very long neurites ðL > 1:5Þ is unexpected. The
observation that the corrections for the I(V) parameters
are consistent with the trends established for short
neurites is particularly intriguing. However, practical use
of corrections for long neurites appears limited by the
high sensitivity to conductance density.

The data for I(V) and kinetic parameter corrections
presented in Figs. 6–8 provide the first step toward
correcting physiological voltage-clamp data. For cases
in which the model applies, such as for a compact,
cylindrically equivalent dendritic arbor with a more or
less uniform distribution of a simple, voltage-gated
Hodgkin-Huxley conductance not exceeding 10 times
rest conductance, the plots provide estimates of the
magnitude and direction of the parameter errors. Cor-
rected values should then be tested on a morphologically
realistic model of the clamped cell to see whether the
clamp curves are regenerated. We anticipate that cor-
recting physiological voltage-clamp data will often re-
quire an iterative approach with the ‘‘corrected’’
parameter estimates placed back in the model and the
simulated clamp curves compared with the experimen-
tally measured ones at each step. In this case, our data
could provide a good initial parameter set for the iter-
ative procedure.

In this paper we show how space-clamp errors depend
on various morphological and physiological properties
of the clamped cell and how with judicious application,
parameter corrections might be used to rescue voltage-
clamp data obtained under inadequate space clamp.
Since it is often impractical to eliminate contamination
by space-clamp errors, methods for correcting such
errors can improve the reliability of models of neural
computational properties and the accuracy of our
understanding of ionic currents.
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