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SUMMARY AND CONCLUSIONS

1. The voltage- and space-clamp errors associated with the use
of a somatic electrode to measure current from dendritic synapses
are evaluated using both equivalent-cylinder and morphologically
realistic models of neuronal dendritic trees.

2. Asa first step toward understanding the properties of synap-
tic current distortion under voltage-clamp conditions, the attenua-
tion of step and sinusoidal voltage changes are evaluated in equiva-
lent cylinder models. Demonstration of the frequency-dependent
attenuation of voltage in the cable is then used as a framework for
understanding the distortion of synaptic currents generated at sites
remote from the somatic recording electrode and measured in the
voltage-clamp recording configuration.

3. Increases in specific membrane resistivity (R, ) are shown to
reduce steady-state voltage attenuation, while producing only
minimal reduction in attenuation of transient voltage changes.
Experimental manipulations that increase R,, therefore improve
the accuracy of estimates of reversal potential for electrotonically
remote synapses, but do not significantly reduce the attenuation of
peak current. In addition, increases in R,, have the effect of slow-
ing the kinetics of poorly clamped synaptic currents.

4. The effects of the magnitude of the synaptic conductance
and its kinetics on the measured synaptic currents are also exam-
ined and discussed. The error in estimating parameters from mea-
sured synaptic currents is greatest for synapses with fast kinetics
and large conductances.

5. A morphologically realistic model of a CA3 pyramidal neu-
ron is used to demonstrate the generality of the conclusions de-
rived from equivalent cylinder models. The realistic model is also
used to fit synaptic currents generated by stimulation of mossy
fiber (MF) and commissural /associational (C/A) inputs to CA3
neurons and to estimate the amount of distortion of these mea-
sured currents.

6. Anatomic data from the CA3 pyramidal neuron model are
used to construct a simplified two-cylinder CA3 model. This
model is used to estimate the electrotonic distances of MF syn-
apses (which are located proximal to the soma ) and perforant path
(PP) synapses (which are located at the distal ends of the apical
dendrites) and the distortion of synaptic current parameters mea-
sured for these synapses.

7. Results from the equivalent-cylinder models, the morpholog-
ical CA3 model, and the simplified CA3 model all indicate that the
amount of distortion of synaptic currents increases steeply as a
function of distance from the soma. MF synapses close to the
soma are likely to be subject only to small space-clamp errors,
whereas MF synapses farther from the soma are likely to be sub-
stantially attenuated. Synaptic currents from more remote syn-
apses such as C/A and PP inputs are shown to be enormously
attenuated.

8. In conclusion, we show that despite experimental manipula-
tions to eliminate somatic leak conductances and increase R,
synaptic currents generated in neuronal dendrites and measured
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at the soma can still be significantly attenuated and distorted.
Estimates of synaptic conductances and kinetics from voltage-
clamp measurements made at the soma should therefore be paired
with estimates of the errors associated with these measurements.
Such estimates will require a knowledge of the location and ki-
netics for the synapse under study as well as the electrotonic struc-
ture of the postsynaptic neuron. The unclamped nature of remote
synaptic events also raises the possibility that voltage-gated chan-
nels in dendrites may be activated by synaptic inputs, even under
voltage-clamp conditions.

INTRODUCTION

The dendrites of central neurons can receive thousands
of synaptic inputs producing postsynaptic potentials that
are attenuated as they propagate within the dendritic tree.
Cable properties are therefore of central importance to our
understanding of the integrative function of neurons. Fur-
thermore, consideration of the cable properties of neurons
1s an essential step in the interpretation of experiments per-
formed to investigate synaptic conductances in neurons
with complex dendritic structures. The problems associated
with voltage clamping remote synaptic conductances have
been widely acknowledged in the literature and extensive
efforts have been made to quantitatively assess the cable
properties of neurons and the resulting difficulties inherent
in the interpretation of data obtained with electrodes placed
at the soma (Carnevale and Johnston 1982; Clements and
Redman 1989; Durand 1984; Iansek and Redman 1973a;
Johnston and Brown 1983; Kawato 1984; Poznanski
1987a,b; Rall and Segev 1985).

With the recent application of patch-clamp techniques to
neurons in brain slice preparations (Blanton et al. 1989;
Edwards et al. 1989), it is now possible to reevaluate the
cable properties of neurons under conditions of a dramati-
cally reduced somatic leak conductance. We have com-
bined patch-clamp estimates of the passive membrane prop-
erties of hippocampal neurons (Spruston and Johnston
1992) and published anatomic data’(Blackstad 1956;
Blackstad et al. 1970; Hjorth-Simonsen 1973; Johnston
and Brown 1983 ) to construct models with which the atten-
uation of potential in a dendritic tree is estimated for volt-
age changes of various frequencies. We also estimate errors
associated with imperfect space-clamp and discuss the dif-
ferences expected between recordings made with conven-
tional microelectrodes and patch-clamp electrodes. Finally,
we assess the errors associated with estimating reversal po-
tential, 10-90% rise time, half-decay time, and synaptic
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conductance for remote synaptic inputs to hippocampal
neurons. We find that, in spite of the elimination of the
somatic leak conductance and the resulting increase in in-
put resistance ( Ry ) and specific membrane resistivity (R,,)
when using patch-clamp recording and intracellular chan-
nel blockers, space-clamp errors are substantial, even for
synapses located relatively close to the soma.

METHODS
Equivalent cylinder model

Variations of the model shown schematically in Fig. 1 4 were
used for all equivalent cylinder simulations. The model does not
represent a specific type of neuron, but rather demonstrates the
general features of voltage and current attenuation in dendritic
cables. Using patch-clamp recordings of central neurons, we deter-
mined that 50,000 Qcm? was a reasonable estimate of R, (see
Spruston and Johnston 1992). A specific intracellular resistivity
(R,) of 200 Qcm was chosen.! A specific membrane capacitance
(C,) of 1.0 uF/cm? was assumed. With these parameters, a cable
with radius (a) 0.8 um and a length (/) 1,000 um was used to
model a collapsed dendritic tree having a DC electrotonic length
(L) of 1.0. The electrotonic length of the cylinder is defined by the
equation

L=1I/x (1)

where A is the space constant of the cable given by

aR,,
\/2—Ri (2)

A sphere with a radius (r) of 5 um was added to one end of the
model to simulate the soma. A resting potential of —70 mV was
used for all simulations.

A=

Morphological model of the CA3 pyramidal neuron

The geometry used in the morphological model was obtained
from a camera lucida drawing of a Golgi-stained guinea pig hippo-
campal CA3 pyramidal neuron, provided by Russel Fricke (Fig.
9 A4). The neuron was divided into cylindrical compartments, each
modeling a section of dendrite between two branch points. Some
compartments were further subdivided to facilitate the division of
the dendrites into proximal, medial, and distal sections. There
were a total of 149 compartments (Fig. 9 B), with a mean com-
partmental length of 53 + 44 um (mean + SD; range: 1-197 pm).
An R, value of 100,000 Qcm? and an R, value of 205 Qcm were
used because these provided good fits of mossy fiber (MF) and
commissural/associational (C/A) excitatory postsynaptic con-
ductance (EPSC) kinetics recorded from rat CA3 neurons using
the single-electrode voltage clamp with conventional microelec-
trodes (see RESULTS for more details). With these R, and R; val-
ues, the mean electrotonic length of the individual compartments
was 0.05 + 0.04 (mean =+ SD; range: 0.0001-0.12). The camera
lucida drawing did not contain sufficient detail to include spines
in the model, but the effects of spines are considered in the simpli-
fied two-cable model described below.

Simplified two-cable CA3 model

Simplified best-case and worst-case models of a CA3 neuron
were also constructed to estimate a range of possible scenarios for
attenuation of measured synaptic current. Both models consisted
of a pyramidal soma (identical to that shown in Fig. 9 B) and two

! Although values of 50-70 Qcm have commonly been used for R;, re-
cent modeling studies (Jonas et al. 1993; Major 1993; Shelton 1985; Sprus-
ton and Johnston 1992; Stratford et al. 1989 ) suggest that high values of R;
are likely to be more appropriate for central neurons.
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TABLE |. Parameters used in constructing maximum
and minimum attenuation cases for a 2-cable
CA3 equivalent-cylinder model

Min. Max.
Attenuation Attenuation

R, Qcm? 200,000 33,000
C,, uF/cm? 0.7 2.0
R;, Qcm 70 300
R, MQ 2.0 10
Apical cable

S, um? 11,212 11,212

L 0.12 0.62

a, um 2.5 2.5

A, um 6,000 1,165

[, um 720 720
Basal cable

S, um? 3,747 3,747

L, um 0.06 0.30

a, um 1.9 1.9

A, pm 5,200 1,030

[, um 310 310
MF

X, um 20 150

X 0.003 0.13
PP

X, pm 720 720

X 0.12 0.62

R, membrane resistivity; C,,, specific membrane capacitance; R;, spe-
cific intracellular resistivity; R, series resistance from the electrode to the
cell; S, surface area; L, electrotonic length; a, cable radius; A, space con-
stant of the cable; /, cable length; x, physical distance from the end of the
cable; X, electrotonic distance.

separate equivalent cylinders to represent the basal and apical den-
dritic trees.

The parameters used in the two models are shown in Table 1.
The best case (min. attenuation) was modeled with low R;, high
R, and low C, (R, = 70 Qcm, R, = 200,000 Qcm?, C,, = 0.7
uE/cm?). The low R, value was taken from estimates in cortical
pyramidal neurons (Barrett and Crill 1974a). The high R, was
chosen to reflect the use of channel blockers and the low C,, is a
lower-limit estimate based on modecling of physiological transicnts
with morphologically realistic compartmental models (Major
1992). The worst case (max. attenuation) was modeled with high
R,,low R,,, and high C,, (R, = 300 Qcm, R,, = 33,000 Qcm?, C,, =
2.0 uF/cm?). Because the morphological model did not include
spine data, R, was halved and C,, doubled (with respect to physio-
logical values; Spruston and Johnston 1992), to account for the
increased surface area of spines.

The electrotonic length of the apical and basal dendritic trees
was estimated for the best and worst cases using the parameters
described above and calculating the mean electrotonic length
along each branching dendritic path from the soma to the tips of
the apical and basal dendrites for the model shown in Fig. 9. Using
this approach, a lower limit of L = 0.12 + 0.01 (mean + SD; n =
21) was arrived at for the apical dendritic cable, and L = 0.06 +
0.02 (mean + SD for 7 representative branches) for the basal
cable. The upper limits calculated were L. = 0.62 + 0.12 for the
apical cable and L = 0.30 + 0.09 for the basal cable.

The length and radius of the two cables were calculated to con-
serve the surface area (.S) of the apical and basal dendritic trees of
the neuron shown in Fig. 94. The appropriate cable radius was
calculated from the equation

3 S?R;
47\ 371%R ()

which was derived from the expression for the surface area of the
cable
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S = 2ral = 2ral\ (4)

After calculating the appropriate a, / was calculated from Egs. 2
and 1 and rounded to the nearest 10 um. As expected from Eq. 4,
the lengths and radii of the apical and basal cables were different,
but independent of R, C,,, and R;. The model parameters are
summarized in Table 1.

We preferred the method of halving R, and doubling C,, de-
scribed above over doubling the surface area to account for spines
because the electrotonic lengths of each dendritic path are affected
by spines in a way that is best approximated by lowering R,,.
Calculating the L values along each path using the higher R,, value
and later doubling S would lead to an underestimate of the effec-
tive L with spines.

Numerical models

All numerical solutions for both equivalent cylinder models and
the CA3 morphological model were computed using a version of
CABLE (Hines 1989) modified to include synaptic conductance
simulation. CABLE simulations were performed on a Solbourne
Series 500 computer (SUN-4 compatible SPARC station; Sun
OS/SMP 4.0) and a Sun SPARC station 2 (Solaris 1.0).

Synaptic conductance changes (Ag) in both equivalent cylinder
models and the morphological CA3 model were modeled using an
alpha function of the form

Ag = gyoate!! (5)

where ¢ is time in seconds, « is a constant determining the speed of
the conductance change (and having the units s '), and g, is the
maximum synaptic conductance.

Synaptic current ( Al) is therefore given by the equation

Al = Ag(V,, — E...) (6)

where V7, is the membrane potential at the site of the synapse and
E.., is the synaptic reversal potential.

MF synapses (Fig. 10) were simulated on compartments within
100 um of the soma. C/A synapses were simulated on compart-
ments 250-350 um from the soma, which is approximately half-
way to the end of the apical dendritic tree. These synaptic loca-
tions were chosen on the basis of published anatomic distances of
MF and C/A synapses from the soma ( Blackstad 1956; Blackstad
et al. 1970; Blackstad and Kjaerheim 1961; Hjorth-Simonsen
1973; Johnston and Brown 1983).

Analytical solutions

When analytical solutions for the simulations exist, these are
plotted as solid lines for comparison with the numeric solutions
plotted as individual points (as noted in the figure legends). All
analytical solutions were computed using Mathematica (Wolfram
Research) running on a Macintosh Ilci computer (Mac-OS,
68030 microprocessor with 68882 math coprocessor). Analytic
solutions could not be calculated for simulations involving synap-
tic conductances changes (but can be if simple current injection is
modeled; see Rall 1964 ), so points corresponding to the numeric
computations are simply connected by solid lines.

Analytical solutions for the attenuation of steady-state voltage
changes were computed from the following equation (Rall 1977)

Vx _ cosh (L - X)
Vs cosh (L)

where V, is the amplitude of a steady-state voltage change at the
soma and V' is the attenuated amplitude of the voltage change ata
given electrotonic distance (X = x/\, where x is the physical dis-
tance from the end of the cable and X is the space constant of the
cable).

Equation 7 holds only for the steady state, however, and a differ-
ent equation must be used to calculate the attenuation of the am-
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plitude of a sine wave of frequency w = 2xf (where fis in kHz).
The analytical solutions for the attcnuation of sinc-wave voltage
changes in finite sealed-end equivalent cylinder models were there-
fore computed using the equation (Eq. 14 of Rall and Segev
1985):

Vy _[cosh (2aY) + cos (2bY) 2
Ve cosh (2aL) + cos (2bL)

where V, is the amplitude of a sine-wave voltage change at the
soma and Vy is the attenuated amplitude of the voltage change at
X, Y=L — X, and a and b are the real and imaginary parts of
V1 + jwr, (where j is V=1 and 7,, is the membrane time con-
stant ). The solution to Eq. 8 can be computed using the following
equations (from the Appendix of Rall and Segev 1985)

r=V1+wrl (9)

(8

# = arctan (w7,,) (10)
a=Vrcos (0/2) (11)
b= \rsin (6/2) (12)

RESULTS
Voltage attenuation in equivalent cylinder models

The effects of increases in R, on voltage attenuation in
equivalent cylinder models are shown in Fig. 1 both for the
steady state and for sine waves of various frequencies. Fig-
ure 14 shows a schematic of the model (with electronic
length, L, = 1.0) with step and 50-Hz sine-wave voltage
responses evoked at the soma and measured both at the
soma (—) and the end of the cable (- - -). Both the DC
and the AC potential changes were simulated with a perfect
voltage clamp at the soma, but attenuate along the cable in
afrequency-dependent manner, with higher-frequency volt-
age changes being attenuated to a greater extent than lower-
frequency or steady-state changes. This is shown further in
Fig. 1 B, which plots the attenuation of potential from the
soma to the end of the cable and vice versa. While the fre-
quency dependence of voltage attenuation in cables is well
known (see, for example, Johnston and Brown 1983; Rall
and Segev 1985), we investigate here the effects of increases
in R, on this attenuation.

The effect of increasing R, from 50,000 to 500,000 Qcm?
(such as might be achieved by filling neurons with Cs* or
other channel blocking agents) is shown in Fig. 1C. The
higher R,, substantially decreases the attenuation of a DC
voltage change, but only slightly decreases the attenuation
of 10- and 100-Hz voltage changes.

Figure 1 B also demonstrates the effect of a somatic leak
(to mimic impalement of the soma with a microelectrode)
on these “voltage attenuation profiles.” In the /eff column,
the voltage change is imposed at the soma (x//=0)and the
effect of a somatic leak is simply to change the amount of
current required to clamp the soma; the voltage decay to-
ward the end of the cable is the same as when there is no
leak. In the right column, deviation of the open symbols
from the theoretical curves is a consequence of the soma at
the end of the cable, which acts like a leak even in the case of
uniform R,,. Further increasing this leak by lowering the
effective R,, at the soma to 200 Qcm? results in more devia-
tion of the voltage attenuation from the analytic curves
(shown only for the DC case; Fig. 1 B, ®). At higher fre-
quencies, the attenuation by the cable itself dominates and
the additional attenuation due to a somatic leak becomes
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Vx/Vo

FIG. 1. Increases in membrane resistivity (R,,)
T reduce attenuation of steady-state and low-fre-
quency voltage changes much more than higher-
frequency voltage changes. 4: schematic diagram
of equivalent cylinder model used. Parameters used
in model were R, = 50,000 £cm?, specific mem-
brane capacitance (C,,) = 1 uF/cm?, R, = 200
Qcm, cable radius (@) = 0.8 um, cable length (/) =
1,000 um, soma radius (#) = 5 um. Soma and cable
radii are drawn to scale, but length of cable is 10
times shorter on this scale. Also shown are voltage
responses at soma (——) and end of cable (- - -)
for both step (/eft) and 50-Hz sine-wave ( right ) volt-
age changes produced by voltage clamp at the soma
from resting potential of —70 mV. B: voltage
changes (0, steady state; A, 10-Hz sine wave; ¢,
100-Hz sine wave ) plotted as ratio of voltage ampli-
tude at a given electrotonic length (X') on cable to
amplitude at origin of voltage change (V,/Vyor Vy/
V) as a function of position on cable (x//). These

Vx/Vi,

C 1.0 4

0.8

R.» = 500,000 Qcm?

0.6 210 Hz

A A&

Vx/Vo

0.4 1

0.2 1

“attenuation profiles” are plotted for voltage
changes generated at soma (leff, arrow on x// axis
indicates origin of voltage change ) and at end of the
cable (right) for R, values of 50,000 Qcm?. Effects
of a somatic leak (somatic R,, reduced to 200
Q2cm?) on steady-state voltage attenuation from the
end to the soma are also shown (e ). Analytical so-
lutions calculated from Eqgs. 7 and 8 are plotted as
solid lines. These equations do not apply for the
case of decay from the end of cable to the soma
when a leak is placed at soma, so points are simply
connected in this case. Deviation in analytical and
numerical solutions for voltages generated at end of
the cable is due to effects of soma, which are not
taken into account by Eqs. 7 and 8. C: same plots as
B for R, = 500,000 Qcm?. Effects of a somatic leak
not shown.

- 1.0

0.8

0.6

Vx/Vi

r0.4

0.2

0-0 T T T r T L
0.00 0.08 016 024 032 0.00 008 0.16

! X X

nominal. There is practically no difference between the
100-Hz attenuation profiles with and without a leak (not
shown).

The eftect of R, on voltage attenuation is further demon-
strated in Fig. 2, which plots the ratio V,/V| (somatic volt-
age divided by the attenuated voltage at the end of the
cable) as a function of R, for somatic voltage changes of
0-200 Hz. Although the attenuation of steady-state and
low-frequency voltage changes is decreased substantially by
increases in R, the effect on attenuation of high-frequency
voltage changes is nominal.

Attenuation of synaptic currents in equivalent cylinder
models

One of the most practical reasons for assessing the degree
of voltage attenuation from the soma-to-end and end-to-
soma of a cable is to determine the errors associated with
the measurement of remote conductances by the use of volt-
age-clamp methods. Voltage attenuation errors affect the
measurement of current generated by synaptic inputs that
are remote from the voltage-clamp electrode in the follow-
ing way: synaptic current produces a change in voltage at
the synapse that is attenuated as it propagates passively to
the soma. The current required to clamp this change in

0.0
0.32

f

potential at the soma is therefore smaller than the actual
current at the synapse by an amount related to the synapse-
to-soma voltage attenuation properties. Further error arises
from the fact that the current injected at the soma attenu-
ates as it propagates passively back to the synapse because
of the soma-to-synapse attenuation properties. Both of
these factors result in inadequate voltage control at the syn-
apse, which results in “synaptic voltage escape” (see Fig.
3B). In addition, this synaptic voltage escape causes the
synaptic driving potential (V,,, — E,,, where ¥, is the
membrane potential at the synapse ) to be reduced and con-
sequently, the actual charge entry at the synapse is less than
what it would be under ideal space-clamp conditions.

Rall and Segev (1985) have previously shown that the
attenuation of synaptic current measured at the soma ( mod-
eled by a-function current injection at different distances
on an equivalent cylinder) is severe, even for synapses lo-
cated quite close to the soma. Here we extend this analysis
by modeling synaptic input as a an a-function conductance
change on the cable and examining the effects of changes in
various parameters of both the synaptic conductance
change and the equivalent cylinder model.

0.24

EFFECTS OF SYNAPSE DISTANCE AND R,. Figure 34 shows
synaptic currents measured with a voltage clamp at the
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009 e,
L] a 7 s 200 Hz
100 4
50 4
Te— . . . e 100 Hz
N 20
\O ‘\‘\‘\L
=~ 109 . oo 50 Hz
5 4 \t\‘\gA
- o 20 Hz
27 10 Hz
14 . : . : . ' s+ DC
10 20 50 100 200 500 1000
R, (kS2em?)

FIG. 2. Summary of effects of R, on frequency-dependent voltage at-
tenuation. Ratio of voltage at soma to voltage at end of cable (V,/1V,) is
plotted as a function of R,, for steady-state and sine-wave voltage changes
of several different frequencies imposed at soma. Solid lines are analytical
solutions computed using the inverse of the ratio defined in Egs. 7 and 8.

soma for synapses located at 0, 100, 500, and 1,000 um
from the soma of the equivalent cylinder model shown in
Fig. 1 4. The peak amplitudes of the somatic clamp current
at =70 mV (I,,)* and the peak synaptic escape voltage are
plotted as a function of synapse position® in Fig. 3, Cand D,
respectively. All synaptic currents were generated using
identical a-function conductance changes (a = 2,850 s71)
that simulated currents with a 10-90% rise time of 0.2 ms, a
half-decay time of 0.59 ms, and a peak conductance (g,,,)
of 1.0 nS under perfect voltage-clamp conditions. Note that
because perfect somatic voltage-clamp conditions were sim-
ulated, the voltage at the soma is always a flat line (not
shown), regardless of synapse position. The clamp at re-
mote synapses, however, is far from perfect, as can be seen
by the synaptic escape voltages (Fig. 3B, ). At synap-
tic locations away from the soma, the escape voltage
approaches the unclamped synaptic potential (Fig. 3B,
— - —). Atlocations relatively close to the soma, the somatic
voltage clamp does little more than speed up the decay of
the synaptic voltage, without significantly affecting the
peak synaptic voltage. Simulation results using R, values of
50,000 and 500,000 Qcm? demonstrate that the attenuation
of synaptic current at sites remote from the soma is severe,
and that there is very little difference between the synap-
tic currents measured, with R, values differing by a factor
of 10.

Because fast synaptic currents can have frequency compo-

? For convenience, the actual values of the synaptic parameters (i.e.,
under perfect clamp conditions: peak synaptic current, I, ; synaptic con-
ductance, g,,; synaptic reversal potential, £, ; synaptic charge, ¢,,,; 10-
90% rise time, ¢;.; and half-decay time, t,.,,) are distinguished here from
the measured values by the use of the prime symbol (i.e., under imperfect
clamp conditions: Iy, 850, Erevs @syns Hriser Liecay) -

3 Synapse position is designated on the abscissa by the unitless ratio x//
rather than the physical distance (x) or the electrotonic distance (X') be-
cause the length of the equivalent cylinder was chosen arbitrarily and there-
fore has no particular significance. This convention was also preferred over
the use of electrotonic distance to denote synapse position because it allows
differences in results from simulations using two different R,, values to be
plotted and compared on the same abscissa.
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nents well in excess of 100 Hz (Johnston and Brown 1983),
the severe attenuation of synaptic currents located distant
from the synapse is consistent with the steep attenuation of
high-frequency voltage changes as a function of distance
(both from the soma to the synapse and vice versa) shown
in Fig. 1. The lack of improvement of the voltage clamp by
a large increase in R, is readily explained by the fact that
fast synaptic currents are attenuated primarily by the mem-
brane capacitance and internal resistance.

Figure 4 shows current-voltage plots obtained at the
soma for synapses located at x//=0and x// = 1.0 (Fig. 4, 4
and B, respectively; note the small scale of the current axis
in Fig. 4 B compared with Fig. 4 4). As expected for condi-
tions of perfect voltage clamp, the correct synaptic conduc-
tance (g,,) of 1.0 nS is measured from the slope of the
current-voltage plot for synapses located at the soma (x// =
0), independent of the R, value used. For the same synapse
located at the end of the cable (x// = 1.0), however, the
measured synaptic conductance (g.,,) is much lower and
the measured reversal potential (E7.,) is more positive at
the low R,, value (50,000 2cm?) than at the high R, value
(500,000 Qcm?). Although g, for the synapse at the end of
the cable is slightly larger for the higher R,, value (note the
different slopes in Fig. 4 B), this increase is negligible rela-
tive to the total amount of attenuation of the synaptic
current (again, note the smaller scale of the abscissa in Fig.
4 B). The lack of improvement in measured synaptic con-
ductance by increases in R, is illustrated in Fig. 4C, which
shows the decrease in g;,, (measured from the slope of the
current-voltage plot) as a function of distance of the syn-
apse from the soma for the two R, values. These plots are
similar to the plots of peak current shown in Fig. 3C, except
that there is one additional source of error. Because g, is
estimated from the slope of the current-voltage curve, any
error in E ., will cause an error in g,,,. For distal synapses
E', appears more positive than is actually the case, leading
to an underestimate of g,,,,. Because the measurement of
E,, strongly depends on R, (Fig. 4 D), this effect is only
seen for the low R, value.

When the synapse is clamped to E..,, no synaptic current
flows, and accordingly the only error incurred is related to
the electrotonic distance of the synapse (X'). This was first
shown by Calvin ( 1969) for the case of excitatory postsyn-
aptic potentials (EPSPs) clamped to the reversal potential
with a current clamp at the soma. Because the X for a given
synaptic location is smaller for higher R, values, increasing
R, has the effect of dramatically improving the accuracy of
measured values of £, (see Fig. 4 D). This result suggests
that increasing the value of R, through the use of channel
blockers (such as Cs™) in patch-clamp electrodes may re-
sult in accurate estimates of E,.,, even for synapses located
distant from the soma, whose currents measured at the
soma will have significantly attenuated amplitudes and dis-
torted kinetic properties.

The kinetics of synaptic currents originating distal from
the soma are actually slowed at higher R, values (Fig. 4, E
and F). Synapses located farther from the soma have in-
creasingly long rise times and half-decay times.* The plots -

4 Half-decay time was chosen over decay time constant as a measure of
synaptic decay because, as shown previously (Johnston and Brown 1983),
we found that the decay of current from synapses located distant from the
soma was not well fit by single or multiple exponential functions.
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A Somatic Currents
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B Synaptic Escape Voltage

o R,, = 50,000 Qcm?

z/l=0 0.1

0.5 1.0

z/l=0 0.1

Q

A
70 D

60 A
50 1
40 4

30 4

Peak current (pA)

201

10 1

0 T T T ¥ —
0.0 0.2 0.4 0.6 08 1.0

(soma) {end)

Synapse position (z/{)

10.0 4

Peak synaptic escape voltage (mV)

0.0 T T v T
0.0 0.2 04 0.6 0.8 1.0
(end)

(soma)

Synapse position (z/l)
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simulations used equivalent-cylinder model shown schematically in Fig. 1 4. A: superimposed synaptic currents measured
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R, values of 50,000 and 500,000 Qcm? are plotted on leff and right, respectively. B: synaptic escape voltage during somatic

voltage clamp (

) and unclamped synaptic voltage (- — —) for synapses at same 4 positions asin 4. Simulations with R, =

50,000 (top) and 500,000 Qcm? (bottom) are shown. C: peak current measured at soma as a function of synapse position for
both low (0) and high (a ) R, values. D: peak synaptic escape voltage as a function of synapse position for low (o) and high

(a) R, values.

of t;. and fy..,, as a function of distance of the synapse
show that these parameters are slowed by the increase in
R.,. This result can be understood intuitively because dis-
tortion of the measured synaptic currents is influenced by
the time course of the escape voltage during an imperfectly

clamped event. The decay of the escape voltage is strongly
influenced by the membrane time constant 7., = R, C,:
increases in R, increase 7, thereby prolonging the decay
of the voltage escape. The rising phase is more sensitive to
axial resistance and membrane capacitance, so the slowing
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of synaptic kinetics produced by increases in R, is more
pronounced for half-decay time than for 10-90% rise time.
The sigmoidal shapes of the plots in Fig. 4, E and F, are
caused by increases in the amount of distortion at locations
close to the end of the cable (compared with those of infi-
nite cables). The effects of R, and sealed ends on EPSC
kinetics are therefore very similar to the effects on EPSPs
(see Figs. 7.19 and 7.20 of Jack et al. 1983).

Another consequence of higher R,, values is that the
amount of charge measured at the soma from distal syn-
apses is increased. The transfer of charge from the synapse
to the soma is determined by the DC electrotonic distance
of the synapse (Barrett and Crill 1974b; Carnevale and
Johnston 1982; Iansek and Redman 1973b; Rinzel and
Rall 1974), which is decreased by increases in R,,. In con-
trast, the total charge entry at the synapse is affected by the
AC soma-to-synapse attenuation properties, which are rela-
tively insensitive to changes in R,,. For a given g,,,,, a syn-
apse located farther from the soma produces slightly less
charge entry because of the decrease in synaptic driving
force caused by voltage escape. The effects of R, on charge
transfer to the soma have been described previously by
Barrett and Crill (see Fig. 6 of Barrett and Crill 1974b).

EFFECTS OF SYNAPTIC KINETICS. Figure 5 compares the dis-
tortion of measured synaptic current for synapses having
rise times of 0.2 or 2.0 ms. Each plot shows the synaptic
parameters measured at the soma as a function of the syn-
apse position. All values plotted (except E’.,) are normal-
ized to the value measured when the synapse is placed at the
soma and perfectly voltage clamped. The results show that,
as predicted from the frequency dependence of voltage and
current attenuation in the cable, faster synaptic conduc-
tance changes result in greater distortion of the measured
synaptic parameters. Note, however, that the measured
synaptic reversal potential, which is affected only by the DC
attenuation properties of the cable, is not affected by the
kinetics of the synapse (Fig. SC). Also, the amount of
charge measured at the soma for remote synapses (relative
to the charge entry for a perfectly clamped somatic syn-
apse) is actually greater for faster synaptic conductances.
This reflects the fact that less reduction in charge entry be-
cause of voltage escape at the synapse occurs during faster
synaptic conductance changes.

EFFECTS OF SYNAPTIC CONDUCTANCE. The peak conduc-
tance at the synapse can also affect the amount of current
distortion measured at the soma, as shown in Fig. 6. The
plots are arranged identically to Fig. 5, except that two syn-
apses differing only in the peak conductance (1.0 and 10
nS) are compared. Relatively slow synaptic conductance
changes were simulated (Z;,, = 2.0 ms, f4ec,, = 5.9 ms) be-
cause differences in measured synaptic parameters result-
ing from different peak conductance are smaller for faster
events, particularly at distances farther from the soma. The
results show that the peak current (and conductance) mea-
sured at the soma is attenuated more for the larger synaptic
conductance. The predominant effect of increasing the
peak synaptic conductance is to increase the amount of
voltage escape at the synapse. This reduces the peak current
and total amount of charge that enters at the synapse, thus
accounting for the increase in decay of measured peak
current and the relatively large increase in the reduction of
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measured charge produced by increasing the peak conduc-
tance. It is important to point out, however, that this behav-
ior will be seen only if the increased conductance is local-
ized; such results would not necessarily be expected in a
branching neuron if the increase in synaptic conductance
was distributed across the dendritic tree.

Another interesting effect of increasing the synaptic con-
ductance is to shorten the 10-90% rise time while lengthen-
ing the half-decay time (compare Fig. 6, FE and F). This
occurs because the voltage escape at the synapse is larger
and has a faster rising phase during a larger synaptic con-
ductance. The time course of this rising phase influences
the rise time of the current measured at the soma, and there-
fore ... is faster during larger conductance changes than
during smaller ones. Because of the slower time course of
the decay phase of the poorly clamped potential, however,
the ability of the somatic electrode to control the voltage
during the decay phase of the synaptic voltage escape is
influenced to a lesser extent by the magnitude of the con-
ductance change than it is during the rising phase. The half-
decay time during a smaller conductance change is there-
fore decreased by virtue of the fact that the peak amplitude
of the voltage escape occurs at a later time compared with a
larger conductance change.

EFFECTS OF CABLE LENGTH. In addition to being affected by
the electrotonic distance of the synapse from the soma, the
distortion of measured synaptic currents is also affected by
the overall electrotonic structure of the dendritic tree. In
finite equivalent-cylinder models, a synaptic current origi-
nating at any given distance from the soma will attenuate to
a greater extent for cables having longer electrotonic
lengths. This result is a simple consequence of Eqgs. 7 and 8
(see METHODS), which predict that the voltage measured at
any given distance along the cable will be smaller for cables
having longer L values.

The consequence of longer cables on the distortion of
synaptic current measured at the soma is illustrated in Fig.
7. The synaptic parameters measured at the soma for syn-
apses located at X = 0.1 and X = 0.5 are plotted as a func-
tion of L for cables having L values of 0.1-2.0 and 0.5-2.0,
respectively. All values plotted are normalized to the value
measured for the same synapse placed at the soma.

The plots of current and conductance attenuation as a
function of L (Fig. 7, A and B) demonstrate that attenua-
tion is increased only by increasing the total length of the
cable when the original cable has a length close to that of the
distance of the synapse from the soma. In other words, the
attenuation of measured current and conductance for a
synapse at a given distance from the soma depends on
whether or not the synapse is located close to the end of the
cable; when it is not located close to the end of the cable, the
total length of the cable does not have a dramatic effect.

In contrast to the effect of cable length on current and
conductance attenuation, the measured reversal potential
for a synapse at a given distance from the soma continues to
deviate from its real value as the cable is lengthened (see
Fig. 7C). This increase in error in E',, by increasing the
length of the cable is larger for synapses located farther from
the soma. Similarly, the attenuation of measured synaptic
charge for a synapse at a given distance from the soma is
greater for longer total cable lengths, and this effect is partic-
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ularly pronounced for synapses located farther from the
soma (see Fig. 7D).

The effect of increasing cable length on the kinetics of the
measured synaptic current are nominal (see Fig. 7, E and
F). A slight increase in both 10-90% rise time and half-de-
cay time is observed, however, for cables only slightly
longer than the electrotonic distance of the synapse. The
reason for this effect is related to the edge effect, shown in
Fig. 4, E and F, where synapses at locations close to the end
of a finite cable are kinetically more distorted than synapses
located at the same distance on much longer cables.

Effects of series resistance

The previous sections have discussed the effects of space-
clamp errors under conditions in which there is a perfect
clamp at the soma. Under real experimental conditions,
however, a perfect clamp at the soma is not normally
achieved and additional errors arise because of imperfect
voltage clamp. These additional errors exist because of the
finite current passing capabilities of the electrode and am-
plifier. During whole-cell patch-clamp recordings, the abil-
ity to pass current is limited by the series resistance from the
electrode to the cell (R,) and the capacitance of the elec-
trode-neuron combination. In simple isopotential cells, the
settling of the clamp has a time constant given by R.Cy,
where Cy is the total capacitance of the neuron (Marty and
Neher 1983). In nonisopotential neurons, there is not one
but many time constants determining the settling of the
clamp; these depend in a complex way on the electrotonic
structure of the neuron (Major 1993; Major et al. 1993a).
Nevertheless, the overall effect of series resistance is the
same; larger series resistances or larger neurons will limit
the rate of charging of the membrane capacitance, thus re-
sulting in worse somatic voltage clamp. This increases the
error in the measurement of synaptic currents, even for
synapses that are located very close to the soma. This effect
is of course well known and has been noted by many inves-
tigators (Jonas et al. 1993; Llano et al. 1991; Marty and
Neher 1983; Silver et al. 1992).

The effects of series resistance on the measured parame-
ters of synaptic currents are shown in Fig. 8. It is clear from
this figure that further error is introduced into all measured
parameters by increasing R, from 0 to 100 MQ. Although
100 M@ is a high R, value for patch-clamp recordings, the
effective cell capacitance coupled to the clectrode is also
rather low in this model, and therefore comparable errors
could be observed in larger cells even with much lower R,
values.

Anatomically reconstructed CA3 pyramidal neuron model

The results presented in the previous section demon-
strate the general features of voltage attenuation and distor-
tion of synaptic current measurements in equivalent-cylin-
der models. These simple models are useful in many ways,
but fail to preserve the complex branching structure of den-
dritic trees, even in neurons whose structure fulfills the re-
quirements for simplification to an equivalent-cylinder
model (Rall 1977). One drawback of using equivalent-cyl-
inder models is that voltage attenuation and synaptic
current distortion along individual dendritic branches can-
not be assessed. Furthermore, dendritic trees not having the
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requisite geometry to be reduced to an equivalent cylinder
cannot be analyzed properly with this method.

To assess the voltage-attenuation properties and distor-
tion of measured synaptic currents in a neuron with com-
plex dendritic branching, we used a compartmental model
reconstructed from a Golgi-stained CA3 pyramidal neuron
of the hippocampus (see Fig. 9.4). This model (shown sche-
matically in Fig. 9 B) allowed for both the evaluation of
voltage attenuation properties and synaptic current distor-
tion in a non-equivalent-cylinder model and for the com-
parison of simulated data to physiological data available for
voltage-clamped MF to CA3 and recurrent C/A to CA3
synaptic currents.

PASSIVE MEMBRANE PROPERTIES OF THE MODEL. The pa-
rameters used in the model consisted of a high R, value of
100,000 Qcm? (to reflect filling of the neuron with Cs*) and
arelatively high R; value of 205 Qcm. The resting potential
was set to —70 mV and C,,, was assumed to be 1.0 uF/cm?.
These parameters were chosen to provide good fits of both
the measured synaptic currents and reversal potentials for
MF and C/ A synaptic inputs (see Fig. 10). In some simula-
tions a somatic conductance was included to model the leak
introduced by microelectrode penetration. A leak of 11.2
nS produced Ry and 7, values similar to those obtained in a
CA3 neuron from which both MF and C/A synaptic
currents were obtained using a conventional microelec-
trode recording (without leak: Ry = 342 MQ, 7, = 100 ms;
with leak: Ry = 78 MQ, 7, = 25 ms).

The higher Ry at the soma in the absence of a leak con-
ductance results in larger and slower voltage responses to
current steps at the soma than in the presence of a leak
conductance. The voltage response obtained in the pres-
ence of a leak 1s misleading if the 7, value obtained from the
charging of the voltage response is used to calculate R,,. In
fact, because of the leak conductance at the soma, R,, is
highly nonuniform, with a high value in the dendrites and a
lower value in the soma; 7, falls somewhere between 7, for
the dendrites and 7, for the soma (Iansek and Redman
1973a; Kawato 1984; Poznanski 1987a,b; Spruston and
Johnston 1992). As shown previously, however, the
current attenuation under voltage clamp is determined by
R, of the dendrites and is not affected by the somatic leak
conductance.

VOLTAGE ATTENUATION AS A FUNCTION OF DISTANCE FROM
THE SOMA. The attenuation of potential from the soma to
a single apical and basal dendritic branch shown in Fig. 9C
has the same general features as the plot of soma-to-synapse
attenuation for an equivalent cylinder shown in Fig. 1B;
the attenuation increases with distance from the soma and
is much greater for high-frequency voltage changes than for
steady-state (DC) voltage changes. Of note is the fact that
attenuation from the soma to dendrites is much smaller for
the basal dendritic tree than for the apical dendritic tree.

COMPARISON OF MF AND C/A SYNAPTIC CURRENT DISTOR-
TION. The distortions of MF and C/A synaptic currents
were compared in the model by assuming a location consis-
tent with anatomic studies (Blackstad 1956; Blackstad et al.
1970; Blackstad and Kjaerheim 1961; Hjorth-Simonsen
1973; Johnston and Brown 1983) and by fitting MF and
C/A currents measured with a single-electrode voltage
clamp by iteratively adjusting the synaptic kinetics and pas-
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sive membrane properties of the model. An a-function con-
ductance change with an « value of 300 s™! was chosen
because it has kinetic properties (/;, = 1.3 mS, /3.,y = 5.6
ms) reasonably close to the experimentally measured MF
synaptic currents (see Fig. 10). The MF synapse was simu-
lated on the primary proximal dendrite at a distance of 100
wm from the soma. The fast synaptic conductance kinetics
were assumed to be the same at the C/A synapse as at the
MF synapse, so the same « value was used to model the
C/ A synaptic currents. The total C/A conductance change
was distributed over 10 compartments 250-350 uym from
the soma.

The R, and R, values used in the model were arrived at
by adjustment to yield fits of both the kinetics and reversal
potential of the measured MF (7}, = 1.3 mS, #{ecyy = 6.1 ms,
E.., =-3mV)and C/A (f;,.=3.3mSs, tye,, =7.3ms, E,
= 4.5 mV) synaptic currents. The synaptic reversal poten-
tial was sensitive to both R, and R, (particularly for the
more distal C/A input), whereas the kinetics of both syn-
apses were relatively insensitive to changes in R,,. First R,
was adjusted to obtain fits of the kinetics of both synapses.
R, was subsequently increased (with corresponding small
adjustments of R,) from the mean value for CA3 neurons of
66,000 Qcm?® (see Spruston and Johnston 1992) to the
higher value of 100,000 Qcm? to obtain fits of the measured
synaptic reversal potentials (and to reflect filling of the cell
with Cs*). Figure 10, 4 and C, demonstrates that with these
parameters, reasonably good fits of both MF and C/ A syn-
aptic currents were obtained. In addition, Fig. 10, A and C,
shows that elimination of the somatic leak in the model
does not affect the synaptic currents measured with a volt-
age clamp at the soma.

The synaptic current-voltage relations shown in Fig. 10,
B and D, demonstrate the relative attenuation of synaptic
conductance for the modeled MF and C/A synapses. For
the MF synapse, a total conductance of 11 nS had to be
modeled to match the measured conductance of 10 nS.
This small amount of attenuation is in sharp contrast to
that of the C/ A synapse, where a total conductance of 60 nS
had to be modeled to match the value of 12 nS measured at
the soma. It should be emphasized, however, that the pa-
rameters used here do not necessarily constitute a unique
means of fitting the measured synaptic currents, but rather
provide a consistent model that incorporates physiologi-
cally realistic values. The model is particularly sensitive to
the combination of the synaptic kinetics and location; with
slight changes in the passive membrane properties of the
model, it is possible to use faster synaptic conductances and
greater electrotonic locations to model any measured syn-
aptic current. The salient point, however, is that for any
given combination of parameters, the attenuation of the
C/ A synaptic current is much more severe than that of the
MF current, simply because of the greater electrotonic dis-
tance of the C/A synapse from the soma.

SYNAPTIC CURRENT ATTENUATION AS A FUNCTION OF DIS-
TANCE FROM THE SOMA. Figure 11 shows the effect of dis-
tance of the synapse from the soma on synaptic parameters
measured with a voltage clamp at the soma. These plots
display shapes similar to those obtained with the use of
equivalent-cylinder models (compare with Fig. 5)and dem-
onstrate that errors in the measured peak current and ki-
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netics of distal synaptic currents can be substantial, even
when reversal potential measurements yield values close to
the expected value of 0 mV. Note that the £, for a synapse
located at the end of the apical dendritic branch can be in
error by <10 mV, in spite of 86% attenuation of I}, and

8syn> 88% attenuation of g, a 310% increase in ., and a
262% increase 1n { yecay-

Estimates of synaptic current attenuation with a simplified
two-cylinder cable model of a CA3 pyramidal neuron

Estimates of the absolute amount of attenuation of syn-
aptic currents are hindered by the difficulty in knowing the
absolute synaptic location and kinetics with certainty. We
have therefore used another approach to estimating the
amount of attenuation for two classes of synapses on CA3
neurons: the MF and perforant path (PP) synapses. These
two synapses are of particular interest because they provide
examples of the extreme range of possible attenuation for
synapses located on central neurons; MF synapses occur
exclusively in a relatively narrow band on the proximal
dendrite quite close to the soma (Johnston and Brown
1983) and PP synapses occur in a narrow band at the ex-
treme distal end of the apical dendritic tree ( Steward 1976).

The approach we have used to estimate the space-clamp
errors associated with these two synapses is to construct a
best-case model and a worst-case model using a simplified
two-cylinder and soma representation of the CA3 neuron
shown in Fig. 9 4. The model was constructed in a manner
similar to that described by others (Major et al. 1993b;
Stratford et al. 1989). Details of the model are given in the
METHODS and in Table 1. It should be noted that this sim-
plified model is in no way intended to provide a representa-
tion of all aspects of current and voltage attenuation in CA3
pyramidal neurons (see, for example, Brown et al. 1992),
but rather to provide a simplified representation that can be
used to estimate a range of possible electrotonic lengths,
electrotonic distances, and attenuation of synaptic parame-
ters for comparison to previously published data (Brown et
al. 1981; Johnston 1981; Johnston and Brown 1983).

The range of reasonable clectrotonic distances for MF
synapses 1s given 1n Table 1. These values were calculated
using the previously published distances of proximal and
distal MF synapses from the soma (Johnston and Brown
1983). The short electrotonic distances of MFs calculated
here are consistent with the results from previous studies
(Johnston and Brown 1983). PP synapses were positioned
at the end of the apical cable.

The effects of the calculated range of electrotonic dis-
tances of measurement of parameters for a 1.0-nS synaptic
conductance change at MF and PP synapses are given in
Table 2. Results of simulations using two different conduc-
tance changes are also shown: a stow conductance change
(o0 = 285 57! 13, = 2.0 MS; lyoeey = 5.9 ms) and a faster
synaptic conductance change (« = 2,850 s7!; £, = 0.20
mMS; lgecay = 0.59 ms). These values were chosen to represent
a range of reasonable kinetic parameters (see DISCUSSION);.
the faster a-function is likely to be a reasonable estimate of
the kinetics of small, unitary EPSCs, whereas the slower
kinetics were simulated because larger, compound EPSCs
may be slowed due to asynchronous release of neurotrans-
mitter (Silver et al. 1992; Stuart and Redman 1990). To
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FIG. 10. Modeling of mossy fiber (MF) and commissural/associational (C/A) synaptic currents using model shown in
Fig. 9 B. A: MF synaptic currents measured at —80 mV with a single electrode voltage clamp (trace with noise; ¢, = 1.3 ms;
lnecay = 6.1 ms) were fit by simulating a synaptic conductance change (smooth trace: o = 300 s~!) at a distance of 100 um
from the soma ( passive parameters: R, = 100,000 Qcm?, R; = 205 Qcm). Simulated trace at /efi was modeled with a leak to
reproduce conditions of experiment. Trace at right was simulated without a leak and demonstrates that a somatic leak has no
effect on measured synaptic current under voltage-clamp conditions. B: current-voltage plots of real (o) and simulated
(—) MF currents. Total synaptic conductance change of 11 nS had to be simulated at synapse to match 10-nS conductance
measured at soma. C: C/A synaptic currents measured from same cell (also at —80 mV; trace with noise; ;. = 3.3 mS; Lgecay
= 7.3 ms) were fit by simulating a synaptic conductance change (smooth trace; a = 300 s™') distributed over 10 compart-
ments at distances of 250-350 um from soma in same model as in 4. Smooth traces at lefi and right were simulated with and
without a somatic leak, respectively. D: current-voltage plots of real (o) and simulated (——) C/A currents. Because
attenuation of C/ A synaptic currents is much greater than that of MF currents, a total synaptic conductance change of 60 nS

(- - -) had to be simulated at synapse to fit 12-nS conductance measured at soma.

make the simulations as realistic as possible, series resis-
tances of 2 and 10 M were included in the best-case and
worst-case simulations, respectively. The results of these
simulations demonstrate that a wide range of attenuations
are possible, even for synapses occurring relatively close to
the soma. Close MF synapses may be reasonably well
clamped under some conditions, but the error associated
with the measurement of very fast synaptic currents is signif-
icant even in the best case. MF synapses located farther
from the soma are likely to be substantially distorted by
space-clamp errors. Similar parameters listed in Table 2 for
PP synapses demonstrate that these synapses undergo se-
vere attenuation regardless of the parameters used in the
model.

DISCUSSION

The results presented here have important implications
for the interpretation of experiments involving the measure-
ment of synaptic current with a voltage clamp at the soma

of neurons with dendritic processes; namely, synapses lo-
cated even in proximal regions of the dendritic tree are
likely to undergo significant electrotonic filtering between
the site of the synapse and the electrode at the soma. Al-
though similar findings have been reported earlier (John-
ston and Brown 1983; Rall and Segev 1985), we have ex-
tended the analysis to quantitatively assess the effects of
various parameters in the model on voltage- and space-
clamp errors. Such analyses are particularly warranted by
the recent availability of new estimates of passive mem-
brane properties and synaptic kinetics obtained using
patch-clamp recordings.

Using neuronal models to estimate voltage- and space-
clamp errors

The errors associated with measuring synaptic currents
can be reduced by taking care to optimize the recording
conditions (for example, by reducing series resistance and
electrode capacitance as much as possible) and by studying
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FIG. 11.  Errors in synaptic parameters measured at soma (R, = 10 MQ) for synapses ( g, = 10 nS, a = 300 and 1,000s™")
simulated at various distances from soma along apical dendritic branch (from the soma to compartment 105) have same
general features as for equivalent-cylinder models. 4: peak synaptic current (measured at —70 mV) decays dramatically as a
function of distance of synapse from the soma. B: measured synaptic conductance also decays dramatically as a function of
distance of synapse from the soma. C: measured synaptic reversal potential increases as a function of distance from the soma,
but error is small because of relatively short DC clectrotonic length of apical dendritic tree with passive parameters used in
this model. D: synaptic charge measured at the soma also decreases dramatically as a function of distance of synapse from the
soma. E: 10-90% rise time increases as a function of distance of synapse from the soma. F: half-decay time also increases
(even more steeply than rise time) as a function of distance of synapse from the soma.
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TABLE 2. Estimates of minimum and maximum attenuation
of voltage clamp parameters for fast and slow mossy fiber
and perforant path to CA3 synapses

Fast Slow

MF PP MF PP
Y S - 0.81 0.41 0.98 0.91
0.23 0.04 0.58 0.31
Loyl 8oyn 0.81 0.41 0.98 0.90
0.23 0.04 0.58 0.31
E,..,mV 0.2 0.8 0.2 0.8
7.0 19.3 7.0 19.3
Gryol Gsyn 1.00 0.98 1.00 0.97
0.90 0.78 0.90 0.76
Lrisel Lrise 1.3 3.35 1.10 1.39
3.05 14.6 1.66 3.49
Fecay/ Laecay 1.17 2.22 1.0t 1.03
2.51 17.6 1.42 2.29

Minimum and maximum attentuation values are, respectively, the top

and bottom numbers of each pair. Fast, « = 2,850 s '; slow, & = 285s7".

MF, mossy fiber; PP, perforant path; I, ,, somatic clamp current; g,
synaptic conductance; E.,, reversal potential; g,,,, synaptic charge; f
and /4., risc and decay times; prime indicatcs measured as opposed to
actual values.

synapses located close to the recording site. Because volt-
age- and space-clamp errors are likely to persist even in the
best cases, however, and because it may in some cases be
desirable to measure currents from remote synapses, it is
1mportant to be aware of the errors associated with the mea-
surements and to estimate the magnitude of these errors.

In general, estimating the errors associated with current
measurements requires both a knowledge of the electro-
tonic structure of the postsynaptic neuron and estimates of
the kinetics and location of the channels carrying the
currents being measured. When all of the relevant data are
not available, it is important to consider a reasonable range
of possibilities. As more data become available, this range
will become narrower. This underscores the importance of
experiments designed to accurately estimate parameters
such as R, R;, neuronal structure, and channel and syn-
apse location.

Neuronal geometry and membrane properties

The results presented here for the equivalent-cylinder
model are shown to be qualitatively similar in a model with
branching dendritic trees. Quantitatively, however, the re-
sults are dependent on the neuronal geometry and the
membrane properties used in the model. It is therefore im-
portant to construct a model that accurately reflects the
geometry and membrane properties of the type of neuron
studied.

An important result of the simulations presented here is
that improvement in space-clamp errors achieved by in-
creases in R, (such as can be achieved by blocking K™*-
channels with intracellular dialysis of Cs* or other channel
blockers) is limited to steady-state and very low-frequency
voltage changes, whereas higher-frequency voitage changes
are virtually unaffected by increases in R, (compare Fig. 1,
B and C; see also Figs. 2 and 3). In fact, increases in R, can
actually have the undesirable effect of slowing the measured
synaptic kinetics (see Fig. 4).
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The relatively small effect of increases in R, on the atten-
uation of synaptic currents occurs because the attenuation
of AC signals is affected much more by the membrane ca-
pacitance and axial resistance between the synapse and the
recording site than by the membrane resistance between
these two points. In equivalent-cylinder models, the resis-
tance between the synapse and the soma is determined by
the actual distance between these two points, the diameter
of the cable, and R;. In branching models of the dendritic
tree, this resistance depends in a more complex way on the
geometry of the dendritic tree, the distance of the synapse
from the soma, and R,.

In fact, R, is one of the most critical parameters affecting
the electrotonic structure of neuronal models. The high val-
ues of R; suggested by recent studies (Jonas et al. 1993;
Major 1992; Shelton 1985; Spruston and Johnston 1992;
Stratford et al. 1989) result in longer electrotonic lengths
and greater distortion of synaptic currents for any given
model than the lower values estimated from earlier data
(Barrett and Crill 1974a).

Another factor that may influence the error in measure-
ment of current from remote synapses is the existence of
voltage-gated ion channels in the dendrites (Jaffe et al.
1992; Llinas 1988; Miyakawa et al. 1992; Usowicz et al.
1992; Westenbroek et al. 1992). These channels may have
an important role in amplifying synaptic signals that would
otherwise be severely attenuated if they were to propagate
passively toward the soma. Even under voltage-clamp con-
ditions, voltage escape at poorly space-clamped synapses
may result in activation of such channels, thus altering the
magnitude and time-course of the current measured at the
soma.

Because of inadequate morphological data, we were un-
able to simulate dendritic spines. All simulations were there-
fore performed using synapses directly on dendrites instead
of on spines. The major difference in using spine synapses
would be to increase further the voltage escape at the sub-
synaptic membrane (spine head) during a voltage clamp at
the soma. This would lead to larger errors in estimating
synaptic conductance and a greater likelihood of activating
any voltage-gated channels that are present on the spine. It
is unlikely, however, that there is further filtering of the
synaptic waveform between the spine head and the den-
dritic shaft (see Brown, Chang, Ganong, Keenan, and Kelso
1988; Koch and Zador, 1993).

Simulating microelectrode and patch-clamp recordings

A further consideration in assessing experimental esti-
mates of synaptic currents is the type of recording used. The
primary difference between microelectrode and patch-
clamp recordings is the presence of an impalement-induced
somatic leak in the microelectrode recordings. The major
effects of this somatic leak are to decrease Ry and 7, mea-
sured at the soma and reduce the size and speed up the
decay of postsynaptic potentials. Attenuation of potential
from the soma to the dendrites, however, is unaffected by a
somatic leak. Patch-clamp electrodes therefore do not re-
duce space-clamp errors by eliminating the somatic leak
associated with conventional microelectrode penetration.
The current required to clamp a synaptic response is not
affected by the microelectrode leak (see Fig. 10). Previous
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estimates of synaptic conductance and kinetics therefore
need not necessarily be considered in error because micro-
electrodes were used.

Effect of synaptic distance from the soma on space-clamp
errors

The results presented here demonstrate that the synaptic
currents measured at the soma for synapses located in neu-
ronal dendrites are substantiaily distorted with respect to
the amplitude and time course of ideally voltage- and space-
clamped synapses. Various measured parameters of synap-
tic currents, however, are affected in different ways by the
electrotonic structure of the postsynaptic neuron. Both the
peak current and the slope conductance decrease dramati-
cally as a modeled synapse is moved very small distances
away from the soma, whereas further increases in distance
have only smaller effects on these parameters (Figs. 3 and
4). In contrast, the 10-90% rise time and half-decay time
show relatively gradual increases for synapses close to the
soma and more dramatic increases at greater distances (see
Fig. 4, F and F), suggesting that slow measured synaptic
kinetics may be indicative of substantial distortion of syn-
aptic current. The measured synaptic reversal potential in-
creases almost linearly along the length of the cable, except
near the end, where it begins to level off (Fig. 4D). The
measured reversal potential is much less affected than the
peak current, especially when R, is high. It cannot there-
fore be assumed that measurements of E,., close to the
expected value imply that electrotonic filtering is nominal.

Because the relationship between peak current and slope
conductance as a function of synaptic position are quite
steep near the soma, attenuation of these parameters is
likely to be scvere for any synapses other than those located
very close to the soma. Synapses such as the C/A synapses
on CA3 neurons and the Schaffer collateral (SC) synapses
on CA1 neurons are located quite far from the soma (An-
dersen et al. 1971; Lorente de N6 1934), and synaptic
currents measured from these synapses are therefore likely
to be substantially attenuated. Even synapses such as the
MF synapses on CA3 neurons are likely to be severely at-
tenuated unless care is taken to select for those synapses
located particularly close to the soma.

Effect of synaptic kinetics on voltage- and space-clamp
errors

Aside from the distance of the synapse from the soma,
the factor affecting the attenuation of synaptic current most
prominently is the time course of the underlying synaptic
conductance change. Synaptic currents having faster fre-
quency components are effectively located at longer fre-
quency-dependent electrotonic distances and therefore are
subject to more dramatic attenuation than those having
slower frequency components. For example, the errors as-
sociated with measurements of fast glutamatergic synaptic
currents would be much greater than the errors associated
with the measurement of slow muscarinic or N-methyl-D-
aspartate (NMDA )-mediated synaptic currents generated
at identical electrotonic distances. The relatively fast synap-
tic conductance changes used in the simulations presented
here were chosen because, in many published reports, re-
cordings of synaptic currents made under good voltage- and
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space-clamp conditions have very fast rise and decay times
(Edwards et al. 1990; Finkel and Redman 1983; Jonas et al.
1993; Livsey and Vicini 1992; Llano et al. 1991; Magleby
and Stevens 1972; Nelson et al. 1986; Silver et al. 1992;
Stern et al. 1992; Stuart and Redman 1990; Williams and
Johnston 1991). Experiments involving fast application of
glutamate to outside-out patches also suggest that synaptic
currents are likely to have very rapid kinetics (Colquhoun

et al. 1992; Hestrin 1992).

Voltage-clamp errors and series resistance

In addition to the errors caused by space-clamp problems
associated with clamping remote synaptic conductances,
further errors attributable to imperfect voltage clamp also
affect the parameters of synaptic currents measured at the
soma. In continuous voltage-clamp mode, which is nor-
mally used in the whole-cell patch-clamp recordings, these
errors are caused by the limitation of the clamp rise time by
the series resistance and cell capacitance (Major 1993; Ma-
jor et al. 1993a; Marty and Neher 1983).

The effect of R, shown here (Fig. 8) demonstrates that
series resistance can introduce substantial error into the
measurement of synaptic currents when using continuous
voltage clamp, especially for events located close to the
soma. This result has also been demonstrated by Major
(Jonas et al. 1993), who has shown that with CA3 pyrami-
dal neurons R, values as low as 1.5 M can contribute to
error in the measurement of synaptic currents. Conversely,
the use of smaller cells has been used to minimize (but not
eliminate ) the adverse effects of high R, (Silver etal. 1992).

In the discontinuous voltage-clamp mode, which is nor-
mally used with conventional micro-electrode recordings,
high electrode series resistances or large electrode-cell capac-
itances limit the possible switching rate by increasing the
time required for the voltage at the electrode to settle (Fin-
kel and Redman 1983, 1985). Slower switching rates en-
hance the error in measurement of both the kinetics and
amplitudes of currents measured with a somatic voltage
clamp (see Finkel and Redman 1983 for discussion).

Commonly used methods for evaluating space-clamp errors

A few experimental methods for determining the extent
of space-clamp control of synaptic inputs have been used
previously. These methods warrant some discussion be-
cause they may provide misleading conclusions.

The most commonly used method for evaluating space-
clamp problems is to plot the measured synaptic decay time
constant (7.,,) as a function of the measured rise time
(t:s). A lack of correlation in these parameters has been
used as evidence that space-clamp problems do not affect
the measurement of 7}..,,. The argument is that ¢, pro-
vides a measure of electrotonic location because this param-
eter is very sensitive to increases in electrotonic distance of
the synapse (see Figs. 4 and 11). It has been inferred that if
Taecay 1 DOt correlated with 7., it must be measured accu-
rately (Hestrin et al. 1990). Others have even argued that
such a lack of correlation indicates that peak synaptic am-
plitudes are measured reliably (McBain and Dingledine
1992).

Alack of correlation in #};;, and 7., can arise because of
scatter of synapses over a range where ¢, is affected more
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than 7j...,—such as near the soma, where the error in 5,
may be much larger than the error in 7.,y (OT #jec,,) . In this
case, estimates of /., may be reasonably accurate,
whereas I, is still substantially attenuated (compare plots
of I, and #4.,, as a function of synaptic location in Figs.
3Cand 4F and Fig. 11, A and F). A lack of correlation in
{1ise @nd 7q,y can also occur near the end of the cable, where
space-clamp problems are much more severe (compare
plots of #};. and 74, as a function of synaptic location in
Fig. 5, F and F, and Fig. 11, E and F'). Yet another situa-
tion that could result in a lack of correlation in these two
parameters would be that the currents measured all arose at
the same electrotonic location but that variability in 7y
and 7.,y came from sources other than scatter in electro-
tonic location. In this case, a lack of correlation in 7}, and
Tdecay WOUId provide no information about the space-clamp
error affecting the measurements. And finally, a lack of
correlation between £y, and 7g..,, could be due to activa-
tion of voltage-gated conductances by the voltage escape at
the unclamped synapses and thus result precisely because
the synapses are poorly clamped.

The above explanations could also account for the lack of
correlation in 7y, and the time constant for NMDA
switch-off (7\ympa-of> 1D TESponse to a step from —40 to —80
mYV ) reported for a subset of SC to CA 1 synapses ( Hestrin et
al. 1990). In this study, synapses with Tyypa.og values in the
range 2.5-7.5 ms showed no correlation with 74,,,. These
values nevertheless probably reflect substantial electrotonic
filtering of the true kinetics of NMDA receptor-channel re-
lief from voltage-dependent Mg?* block (<1 ms; P. Rup-
persberg, personal communication). Synapses subject to
such poor voltage control from the soma arc likcly to be
associated with severe space-clamp problems; 7., values
on the same order as these filtered 7ympaor Values are also
likely to reflect substantially filtered values. It certainly can-
not be reasoned that measurements of 7}, arc rcliable if it
is possible to measure faster time constants for other events
(such as the NMDA switch-off), unless it can be proven
that the faster events are also accurately measured.

Another proposed method for evaluating subsynaptic
voltage control using a somatic electrode is to monitor the
time course of the increase in size of the EPSC after a step
change in the clamp potential from —40 to —100 mV. At SC
synapses in CA1 neurons, the EPSC reaches its full larger
amplitude within 5 ms after such a voltage step (Hestrin et
al. 1990). This result suggests that a time of 5 ms is required
for the potential at the synapse to change after a change in
potential at the soma. The authors correctly conclude from
this experiment that ¢}, values (which are faster than 5 ms)
are likely to be appreciably filtered. Contrary to their inter-
pretation, however, this experiment does not imply that the
speed of the clamp is adequate to reliably measure the
slower 7.,y ; it is quite conceivable that well-clamped 7.,y
values faster than 5 ms could be filtered to produce mea-
sured Tyecay values around 5 ms under these poor space-
clamp conditions.

Errors in measurements of synaptic currents in CA3
neurons

As an alternative to the above methods, we propose the
use of neuronal models to quantitatively estimate space-
clamp errors. When experimental data are not available to
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constrain a given parameter, a reasonable range of values
should be considered. We have attempted to demonstrate
this approach by the use of both morphologically realistic
and simple equivalent-cylinder models to estimate the
range of possible errors for measurement of current from
MF, C/A, and PP synapses on hippocampal CA3 pyrami-
dal neurons.

In the first approach, a detailed morphological model
was used to provide fits of experimentally recorded MF and
C/ A synaptic currents. The results of this analysis demon-
strated that, whereas reversal potential measurements for
both synapses were very close to the expected value of 0
mV, attenuation of the MF currents was relatively small
(<10% attenuation of peak current and conductance) com-
pared with that of the C/A currents (80% attenuation of
peak current and conductance). This approach has the ad-
vantage of using a morphologically realistic model and con-
straining the model parameters by fitting experimentally
recorded synaptic currents, but suffers from the disadvan-
tage of having to assume specific synaptic locations and
kinetics.

To address the latter problems and compare the range of
current distortion for MF synapses occurring at different
distances from the soma and with different kinetic proper-
ties, a second approach was used. This method involved the
construction of a simple model of the CA3 neuron that
represented the apical dendritic tree as one cable and the
basal dendritic tree as a second cable. This approach facili-
tated the estimation of the DC electrotonic distances (X)
for a range of MF synapses and also allowed the estimation
of L for the apical dendritic tree (which in turn provides an
estimatc of X for PP synapses). The results of this analysis
suggest that the apical dendrites are likely to have a shorter
L than previously estimated ( Brown et al. 1981; Johnston
1981) and that the basal dendritic tree has an even shorter
L. In spite of the relatively short L of the apical dendritic
tree, the synaptic current measured from PP synapses occur-
ring at the end of these dendrites is substantially attenuated.
It appears likely, in contrast, that if care is taken to select for
MF inputs that are closest to the soma (for example, by
studying those responses with the fastest rise and decay
times), it may be possible to obtain reasonably accurate
estimates of synaptic conductance and kinetics. Space-
clamp problems can be considerable even for these rela-
tively close synaptic inputs, however, and estimates of the
error associated with voltage-clamp recordings should rou-
tinely be provided.

This project was benefited by practical help and discussion from many
people. In particular, we thank R. Fricke for providing the camera lucida
drawing used to construct the morphological model of a CA3 pyramidal
neuron and M. Hines for providing us with CABLE and for competently
and promptly answering our queries and correcting our errors. We are also
grateful to the following people for many helpful discussions and com-
ments on the manuscript: M. Héusser, P. Jonas, A. Larkman, G. Major, B.
Sakmann, and G. Stuart.

This work was supported by National Institutes of Mental Health Grants
MH-44754 and MI1-48431 and the Keck Foundation. S. Williams was
supported by the Epilepsy Foundation of America. N. Spruston also
thanks B. Sakmann and the Alexander von Humboldt Foundation for
support and valuable resources during the completion of this project.

Present addresses: N. Spruston, Max-Planck-Institut fiir medizinische
Forschung, Abteilung Zellphysiologie, Jahnstrasse 29, 69120 Heidelberg,
Germany; D. B. Jaffe, Dept. of Psychology, Yale University, P.O. Box
1la-Yale Station, New Haven, CT 06520.



SPACE-CLAMP ERRORS AND SYNAPTIC CURRENTS 801

Address for reprints: D. Johnston, Div. of Neuroscience, Baylor College
of Medicine, One Baylor Plaza, Houston, TX 77030.

Received 10 November 1992; accepted in final form 24 March 1993.

REFERENCES

ANDERSEN, P., BLiss, T. V. P., AND SKREDE, K. K. Lamellar organization
of hippocampal excitatory pathways. Exp. Brain Res. 13: 222-238,
1971.

BARRETT, J. N. AND CRILL, W. E. Specific membrane properties of cat
motoneurones. J. Physiol. Lond. 239: 301-324, 1974a.

BArreTT, J. N. AnND CriLL, W. E. Influence of dendritic location and
membrane properties on the effectiveness of synapses on cat motoneu-
rones. J. Physiol. Lond. 293: 325-345, 1974b.

BLACKSTAD, T. W. Commissural connections of the hippocampal region
in the rat, with special reference to their mode of termination. J. Comp.
Neurol. 105: 417-538, 1956.

BrLackstap, T. W, BRINK, K., HEM, J., AND JEUNE, B. Distribution of
hippocampal mossy fibers in the rat. J. Comp. Neurol. 138: 433-450,
1970.

BLACKSTAD, T. W. AND KJAERHEIM, A. Special axo-dendritic synapses in
the hippocampal cortex: electron and light microscopic studies on the
layer of mossy fibers. J. Comp. Neurol. 117: 133-159, 1961.

BLANTON, M. G., LOTURCO, J. J., AND KRIEGSTEIN, A. R. Whole cell
recording from neurons in slices of reptilian and mammalian cerebral
cortex. J. Neurosci. Methods 30: 203-210, 1989.

BROWN, T. H., CHANG, A. V. C., GANONG, A. H., KEENAN, C. L., and
KELSO, S. R. Biophysical properties of dendrites and spines that may
control the induction and expression of long-term synaptic potentiation.
In: Long-Term Potentiation: From Biophysics to Behavior, edited by
P. W. Landfield and S. Deadwyler. New York: Alan R. Liss, 1988, p.
201-264.

BrowN, T. H., FRICKE, R. A., AND PERKEL, D. H. Passive electrical con-
stants in three classes of hippocampal neurons. J. Neurophysiol. 46:
812-827, 1981.

Brown, T. H., ZADOR, A. M., MAINEN, Z. F., AND CLAIBORNE, B. J.
Hebbian computations in hippocampal dendrites. In: Single Neuron
Computation, edited by T. McKenna, J. Davis, and S. F. Zornetzer. San
Diego, CA: Academic, 1992, p. 81-116.

CaLviN, W. H. Dendritic synapses and reversal potentials; theoretical im-
plications of the view from the soma. Exp. Neurol. 24: 248-264, 1969.

CARNEVALE, N. T. AND JOHNSTON, D. Electrophysiological characteriza-
tion of remote chemical synapses. J. Neurophysiol. 47. 606-621, 1982,

CLEMENTS, J. D. AND REDMAN, S. J. Cable properties of cat spinal moto-
neurones measured by combining voltage clamp, current clamp and
intracellular staining. J. Physiol. Lond. 409: 63-87. 1989.

COLQUHOUN, D, JoNas, P., AND SAKMANN, B. Action of brief pulses of
glutamate on AMPA /kainate receptors in patches from different neu-
rones of rat hippocampal slices. J. Physiol. Lond. 458: 261-287, 1992.

DURAND, D. The somatic shunt cable model for neurons. Biophys. .J. 46:
645-653, 1984.

EDWARDS, F. A., KONNERTH, A., AND SAKMANN, B. Quantal analysis of
inhibitory synaptic transmission in the dentate gyrus of rat hippocampal
slices: a patch-clamp study. J. Physiol. Lond. 430: 213-249, 1990.

EDWARDS, F. A., KONNERTH, A., SAKMANN, B., AND TAKAHASHI, T. A
thin slice preparation for patch clamp recording from neurones of the
mammalian central nervous system. Pfluegers Arch. 414: 600-612,
1989.

FINKEL, A. S. AND REDMAN, S. J. The synaptic current evoked in cat spinal
motoneurones by impulses in single group la axons. J. Physiol. Lond.
342: 615-632, 1983.

FINKEL, A. S. AND REDMAN, S. J. Optimal voltage clamping with single
microelectrodes. In: Voltage and Patch Clamping with Microelectrodes,
edited by T. G. Smith, Jr., H. Lecar, S. J. Redman, and P. W. Gage.
Bethesda, MD: Am. Physiol. Soc., 1985, p. 95-120.

HESTRIN, S. Activation and desensitization of glutamate-activated chan-
nels mediating fast excitatory synaptic currents in the visual cortex. Neu-
ron 9: 991-999, 1992,

HESTRIN, S., NICOLL, R. A., PERKEL, D. J., AND SaAH, P. Analysis of excit-
atory synaptic action in pyramidal cells using whole-cell recording from
rat hippocampal slices. J. Physiol. Lond. 422: 203-225, 1990.

HiNES, M. A program for simulation of nerve equations with branching
geometries. Int. J. Biomed. Comput. 24: 55-68, 1989.

HJiORTH-SIMONSEN, A. Some intrinsic connections of the hippocampus in
the rat: an experimental analysis. J. Comp. Neurol. 147: 145-162, 1973.

IANSEK, R. AND REDMAN, S. J. An analysis of the cable properties of spinal
motoneurones using a brief intracellular current pulse. J. Physiol. Lond.
234: 613-636, 1973a.

IANSEK, R. AND REDMAN, S. J. The amplitude, time course and charge of
unitary excitatory post-synaptic potentials evoked in spinal motoneu-
rone dendrites. J. Physiol. Lond. 234: 665-688, 1973b.

Jack, J. J. B., NOBLE, D., AND TSIEN, R. W. In: Electric Current Flow in
Excitable Cells. Oxford, UK: Oxford Univ. Press, 1983. p. 131-244.
JAFFE, D. B., JOHNSTON, D., LASSER-ROSS, N., LiIsMAN, J. E., MIYAKAWA,
H., AND Ross, W. N. The spread of Na* spikes determines the pattern of
dendritic Ca®* entry into hippocampal neurons. Nature Lond. 357:

244-246, 1992.

JOHNSTON, D. Passive cable properties of hippocampal CA3 pyramidal
neurons. Cell. Mol. Neurobiol. 1: 41-35, 1981.

JOHNSTON, D. AND BROWN, T. H. Interpretation of voltage-clamp mea-
surements in hippocampal neurons. .J. Neurophysiol. 50: 464-486,
1983.

Jonas, P., MAJOR, G., AND SAKMANN, B. Quantal analysis of unitary
EPSCs at the mossy fibre synapse on CA3 pyramidal cells of rat hippo-
campus. J. Physiol. Lond. In press.

KAWATO, M. Cable propertics of a neuron model with non-uniform mem-
brane resistivity. J. Theor. Biol. 111: 149-169, 1984.

KocH, C. AND ZADOR, A. The function of dendritic spines: devices sub-
serving biochemical rather than electrical computation. J. Neurosci. 13:
413-422, 1993.

Livsey, C. T. AND VICINI, S. Slower spontaneous excitatory postsynaptic
currents in spiny versus aspiny hilar neurons. Neuron 8: 745-755, 1992.

LLANO, 1., MARTY, A., ARMSTRONG, C. M., AND KONNERTH, A. Synap-
tic- and agonist-induced excitatory currents of Purkinje ceils in rat cere-
bellar slices. J. Physiol. Lond. 434: 183-213, 1991.

LLINAS, R. R. The intrinsic electrophysiological properties of mamma-
lian neurons: insights into central nervous system function. Science
Wash. DC 242: 1654-1664, 1988.

LORENTE DE NO, R. Studies on the structure of the cerebral cortex. II.
Continuation of the study of the ammonic system. J. Psychol. Neurol.
46: 113-177, 1934,

MAGLEBY, K. L. AND STEVENS, C. F. The effect of voltage on the time
course of end-plate currents. J. Physiol. Lond. 223: 151-171, 1972.
MAaIJOR, G. The Physiology, Morphology and Modelling of Cortical Pyrami-

dal Neurones (PhD thesis). Oxford, UK: Oxford Univ., 1992,

MaJsor, G. Solutions for transients in arbitrarily branching cables. III.
Voltage clamp problems. Biophys. J. 65: 469-491, 1993,

Major, G, Evans, J. D., AND JACK, J. Solutions for transients in arbi-
trarily branching cables. II. Voltage clamp theory. Biophys. J. 65: 450
468, 1993a.

MAIJOR, G., EvANs, J. D. E., AND JAck, J. J. B. Solutions for transients in
arbitrarily branching cables. I. Voltage recording with a somatic shunt.
Biophys. J. 65: 423-449, 1993b.

MARTY, A. AND NEHER, E. Tight-seal whole-cell recording. In: Single-
Channel Recording, edited by B. Sakmann and E. Neher. New York:
Plenum Press, 1983, p. 107-132.

MCcBAIN, C. AND DINGLEDINE, R. Dual-component miniature excitatory
synaptic currents in rat hippocampal CA3 pyramidal neurons. J. Neuro-
physiol. 68: 16-27, 1992,

Mivakawa, H., Ross, W. N_| Jarrg, D. B,, CaLLaway, J. C., LASSER-
Ross, N., LisMAN, J. E. AND JOHNSTON, D. Synaptically activated in-
creases in Ca®* concentration in hippocampal CA1 pyramidal cells are
primarily due to voltage-gated Ca®* channels. Neuron 9: 1163-1173,
1992.

NELSON, P.G., PUN, R. Y. K., AND WESTBROOK, G. L. Synaptic excitation
in cultures of mouse spinal cord neurones: Receptor pharmacology and
behaviour of synaptic currents. J. Physiol. Lond. 372: 169-190, 1986.

PozNAKskI, R. R. Transient response in a somatic shunt cable model for
synaptic input activated at the terminal. J. Theor. Biol. 127: 31-50,
1987a.

PoznaRski, R. R. Techniques for obtaining analytical solutions for the
somatic shunt cable model. Math. Biosci. 85: 13-35, 1987b.

RALL, W. Theorctical significance of dendritic trees for neuronal input-
output relations. In: Neural Theory and Modeling, edited by R. F. Reiss.
Palo Alto, CA: Stanford Univ. Press, 1964, p. 73-97.

RALL, W. Core conductor theory and cable properties of neurons. In:
Handbook of Physiology. The Nervous System. Cellular Biology of Neu-
rons. Bethesda, MD: Am. Physiol. Soc., 1977, sect. 1, vol. I, p. 39-97.

RALL, W. AND SEGEYV, 1. Space-clamp problems when voltage clamping
branched neurons with intracellular microelectrodes. In: Volitage and



802

patch-clamping with microelectrodes, edited by T. G. Smith, Jr., H. Le-
car, and S. J. Redman. Bethesda, MD: Am. Physiol. Soc., 1985, p. 191-
215.

RINZEL, J. AND RALL, W. Transient response in a dendritic neuron model
for current injected at one branch. Biophys. J. 14: 759-790, 1974.

SHELTON, D. P. Membrane resistivity estimated for the Purkinje neuron
by means of a passive computer model. Neuroscience 14: 111-131,
1985.

SILVER, R. A, TRAYNELIS, S. F., AND CULL-CANDY, S. G. Rapid-time-
course miniature and evoked excitatory currents at cerebellar synapses
in situ. Nature Lond. 355: 163-166, 1992.

SPRUSTON, N. AND JOHNSTON, D. Perforated patch-clamp analysis of the
pasive membrane properties of three classes of hippocampal neurons. J.
Neurophysiol. 67: 508-529, 1992.

STERN, P., EDWARDS, F. A., AND SAKMANN, B. Fast and slow components
of unitary EPSCs on stellate cells elicited by focal simulation in slices of
rat visual cortex. J. Physiol. Lond. 449: 247-278, 1992.

STEWARD, O. Topographic organization of the projections from the ento-

N. SPRUSTON, D. B. JAFFE, S. H.

WILLIAMS, AND D. JOHNSTON

rhinal area to the hippocampal formation of the rat. J. Comp. Neurol.
167: 285-314, 1976.

STRATFORD, K., MASON, A., LARKMAN, A., MAJOR, G., AND JACK, J. The
modelling of pyramidal neurones in the visual cortex. In: The Comput-
ing Neuron, edited by R. Durbin, C. Miall, and G. Mitchinson. New
York: Addison-Wesley, 1989, p. 296-321.

STUART, G. J. AND REDMAN, 8. J. Voltage dependence of Ia reciprocal
inhibitory currents in cat spinal motoneurones. J. Physiol. Lond. 420:
111-125, 1990.

Usowicz, M. M., SUGIMORI, M., CHERKSEY, B., AND LLINAS, R. P-type
calcium channels in the somata and dendrites of adult cerebellar Pur-
kinje cells. Neuron 9: 1185-1199, 1992.

WESTENBROEK, R. E., HELL, J. W., WARNER, C., DUBEL, S. J., SNUTCH, T.
P., AND CATTERALL, W. A. Biochemical properties and subeellular dis-
tribution of an N-type calcium channel a1 subunit. Neuron 9: 1099-
1115, 1992,

WILLIAMS, S. H. AND JOHNSTON, D. Kinetic properties of two anatomi-
cally distinct excitatory synapses in hippocampal CA3 neurons. J. Neu-
rophysiol. 66: 1010-1020, 1991,



