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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. As a 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 

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 
is 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, lo-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 (RN) 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. 1A 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 Qcm2 was a reasonable estimate of R, (see 
Spruston and Johnston 1992). A specific intracellular resistivity 
(Ri) of 200 Qcm was chosen.’ A specific membrane capacitance 
(Cm) of 1 .O pF/cm2 was assumed. With these parameters, a cable 
with radius (a) 0.8 ,urn and a length (I) 1,000 pm was used to 
model a collapsed dendritic tree having a DC electrotonic length 
(L) of 1 .O. The electrotonic length of the cylinder is defined by the 
equation 

L=l/X (1) 

where X is the space constant of the cable given by 

A= % 
\I 1 (2) 

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

Morphological model ofthe 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. 
9A ) . 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. 9B), with a mean com- 
partmental length of 53 rt 44 pm ( mean t SD; range: 1 - 197 pm). 
An R, value of 100,000 Qcm2 and an Ri 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 Ri val- 
ues, the mean electrotonic length of the individual compartments 
was 0.05 t 0.04 (mean & SD; range: 0.000 1-O. 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 The length and radius of the two cables were calculated to con- 
were also constructed to estimate a range of possible scenarios for serve the surface area (S) of the apical and basal dendritic trees of 
attenuation of measured synaptic current. Both models consisted the neuron shown in Fig. 9A. The appropriate cable radius was 
of a pyramidal soma (identical to that shown in Fig. 9B) and two calculated from the equation 

TABLE 1. Parameters used in constructing maximum 
and minimum attenuation cases for a 2-cable 
CA3 equivalent-cylinder model 

Min. 
Attenuation 

Max. 
Attenuation 

R,, Qcm2 
c my PF/cm2 
Ri, Qcm 
R,, MQ 
Apical cable 

x Pm2 
L 
a, I-cm 
A, Pm 
1, Pm 

Basal cable 
s, Pm2 
L, Pm 
a, Pm 
A, Pm 
1, Pm 

MF 
4 Pm 
x 

PP 
4 Pm 
x 

200,000 
0.7 
70 

2.0 

11,212 
0.12 
2.5 

6,000 
720 

3,747 3,747 
0.06 0.30 

1.9 1.9 
5,200 1,030 

310 310 

20 
0.003 

720 720 
0.12 0.62 

33,000 
2.0 
300 

10 

11,212 
0.62 

2.5 
1,165 

720 

150 
0.13 

R,, membrane resistivity; Cm, specific membrane capacitance; Riy spe- 
cific intracellular resistivity; R,, series resistance from the electrode to the 
cell; S, surface area; L, electrotonic length; a, cable radius; X, space con- 
stant of the cable; I, 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 Ri, high 
R,, and 10~ Cm (Ri = 70 km, R, = 200,000 Qcm2, Cm = 0.7 
pF/cm2). The low Ri 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 Cm is a 
lower-limit estimate based on modeling of physiological transients 
with morphologically realistic compartmental models (Major 
1992). The worst case (max. attenuation) was modeled with high 
Ri 7 10~ R,, and high Cm (Ri = 300 Qcm, R, = 33,000 Qcm2, Cm = 
2.0 pF/cm”). Because the morphological model did not include 
spine data, R, was halved and Cm 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 t 0.0 1 (mean * SD; n = 
2 1) was arrived at for the apical dendritic cable, and L = 0.06 t 
0.02 (mean t SD for 7 representative branches) for the basal 
cable. The upper limits calculated were L = 0.62 t 0.12 for the 
apical cable and L = 0.30 t 0.09 for the basal cable. 

’ Although values of 50-70 Qcm have commonly been used for Ri, 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 Ri 
are likely to be more appropriate for central neurons. 

which 
cable 

was derived from the expression for the surface area of the 

(3) 
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S = 2ral= 2raLX (4) 

After calculating the appropriate a, I was calculated from Eqs. 2 
and 1 and rounded to the nearest 10 pm. As expected from Eq. 4, 
the lengths and radii of the apical and basal cables were different, 
but independent of R,, Cm, and Ri. The model parameters are 
summarized in Table 1. 

We preferred the method of halving R, and doubling Cm 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 .O). 

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

Ag = gsynde(‘-at) (5) 

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

Synaptic current (AI) is therefore given by the equation 

AI = Ad Kn - Em”> (6) 
where Vm is the membrane potential at the site of the synapse and 
&.... is the synaptic reversal potential. 

MF synapses (Fig. 10) were simulated on compartments within 
100 pm of the soma. C/A synapses were simulated on compart- 
ments 250-350 pm 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 196 1; 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 Mathematics (Wolfram 
Research) running on a Macintosh IIci 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 cash (L - X) -= 
vo cash (L) ( 7) 

where V0 is the amplitude of a steady-state voltage change at the 
soma and VX is the attenuated amplitude of the voltage change at a 
given electrotonic distance (X = 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- 

plitude of a sine wave of frequency w = 27rf(where f’is in kHz). 
The analytical solutions for the attenuation of sine-wave voltage 
changes in finite sealed-end equivalent cylinder models were there- 
fore computed using the equation (Eq. 14 of Rall and Segev 
1985): 

vx 
v,= [ 

cash (2aY) + cos (2bY) ‘I2 
cash ( 2aL) + cos (2bL) 1 (8) 

where V0 is the amplitude of a sine-wave voltage change at the 
soma and VX is the attenuated amplitude of the voltage change at 
X, Y = L - X, and a and b are the real and imaginary parts of 
im (where j is 1J-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=vixq (9) 
0 = arctan (07,) (10) 

a = fi cos (812) (11) 

b = fi sin (012) (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 1 A shows a schematic of the model (with electronic 
length, L, = 1 .O) 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 
a frequency-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 Qcm2 
(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 lo- and IOO-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 left column, 
the voltage change is imposed at the soma (xl I= 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 Qcm2 results in more devia- 
tion of the voltage attenuation from the analytic curves 
( shown only for the DC case; Fig. 1 B, 0). 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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R, = 50,000 Qcm2 
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C 1.0 

0.8 

s 0.6 

s 0.4 

0.0 I  0.0 
0.00 0.08 0.16 0.24 0.32 0.00 0.08 0.16 0.24 0.32 

f X X t 

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

The effect of R, on voltage attenuation is further demon- 
strated in Fig. 2, which plots the ratio VO/ VL (somatic volt- 
age divided by the attenuated voltage at the end of the 
cable) as a function of R, for somatic voltage changes of 
O-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 

0.8 

0.6 

0.4 

0.2 

0.0 

1.0 

0.8 

0.6 g 
\ 

0.4 s 

0.2 

FIG. 1. Increases in membrane resistivity (R,) 
reduce attenuation of steady-state and low-fre- 
quency voltage changes much more than higher- 
frequency voltage changes. A : schematic diagram 
of equivalent cylinder model used. Parameters used 
in model were R, = 50,000 Qcm2, specific mem- 
brane capacitance (Cm) = 1 pF/cm2, Ri = 200 
Qcm, cable radius (ct) = 0.8 pm, cable length (I) = 
1,000 pm, soma radius (Y) = 5 pm. 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 (left) 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, 1 O-Hz sine wave; O, 
1 00-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 ( Vx/ V. or VJ 
VL) as a function of position on cable (xl I ) . These 
“attenuation profiles” are plotted for voltage 
changes generated at soma (left, arrow on x/Z axis 
indicates origin of voltage change) and at end of the 
cable (right) for R, values of 50,000 Qcm2. Effects 
of a somatic leak (somatic R, reduced to 200 
S2cm2) on steady-state voltage attenuation from the 
end to the soma are also shown ( l ). Analytical so- 
lutions calculated from Eqs. 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 Qcm2. Effects of a somatic leak 
not shown. 

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 ( P’&n - EreV, where I?&, 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. 

EFFECTS OF SYNAPSE DISTANCE AND R,. Figure 3 A shows 
synaptic currents measured with a voltage clamp at the 
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$ 20- 
-.~'OO Hz 

? lo- ll@ 50Hz 

1 I 
10 20 50 100 200 500 1000 

R, (kRcm2) 
FIG. 2. Summary of effects of R, on frequency-dependent voltage at- 

tenuation. Ratio of voltage at soma to voltage at end of cable ( VO/VL) 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 Eqs. 7 and 8. 

soma for synapses located at 0, 100, 500, and 1,000 pm 
from the soma of the equivalent cylinder model shown in 
Fig. 1 A. 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 position3 in Fig. 3, Cand D, 
respectively. All synaptic currents were generated using 
identical a-function conductance changes ( CY = 2,850 s-l) 
that simulated currents with a lo-90% rise time of 0.2 ms, a 
half-decay time of 0.59 ms, and a peak conductance (g,,,) 
of 1 .O 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. 3 B, -). At synap- 
tic locations away from the soma, the escape voltage 
approaches the unclamped synaptic potential (Fig. 3 B, 
- - -). At locations 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 Qcm2 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- 

2 For convenience, the actual values of the synaptic parameters (i.e., 
under perfect clamp conditions: peak synaptic current, Is,,,; synaptic con- 
ductance, gsyn ; synaptic reversal potential, Erev ; synaptic charge, qsyn ; 1 O- 
90% rise time, ttise; and half-decay time, ldeca,,) are distinguished here from 
the measured values by the use of the prime symbol (i.e., under imperfect 
clamp conditions: I&,, g&.,, E& q&,, t;,,, t>,,,) . 

3 Synapse position is designated on the abscissa by the unitless ratio x/Z 
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. 

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/ 1 = 0 and x/ 1 = 1 .O (Fig. 4, A 
and B, respectively; note the small scale of the current axis 
in Fig. 4 B compared with Fig. 4A). As expected for condi- 
tions of perfect voltage clamp, the correct synaptic conduc- 
tance (g,,,) of 1 .O nS is measured from the slope of the 
current-voltage plot for synapses located at the soma (x/l = 
O), independent of the R, value used. For the same synapse 
located at the end of the cable (x/Z = 1 .O), however, the 
measured synaptic conductance (g&) is much lower and 
the measured reversal potential (Ekev) is more positive at 
the low R, value (50,000 Qcm2) than at the high R, value 
( 500,000 Qcm2). 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. 4B), 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. 
4B). The lack of improvement in measured synaptic con- 
ductance by increases in R, is illustrated in Fig. 4C, which 
shows the decrease in gi,,, (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 gsY, is 
estimated from the slope of the current-voltage curve, any 
error in Eev will cause an error in gsyn. For distal synapses 
E&, appears more positive than is actually the case, leading 
to an underestimate of gsYn. Because the measurement of 
Eke, strongly depends on R, (Fig. 40), this effect is only 
seen for the low R, value. 

When the synapse is clamped to Eev, 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 Xfor a given 
synaptic location is smaller for higher R, values, increasing 
R, has the effect of dramatically improving the accuracy of 
measured values of Ekev (see Fig. 40). 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 Erev, 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.4 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. 



786 N. SPRUSTON, D. B. JAFFE, S. H. WILLIAMS, AND D. JOHNSTON 

A Somatic Currents 

O R7n = 50,000 Ckm2 

\ 

B 
O R-n = 50,000 52cm2 

Xl1 =o 
"\ I I --__ -- I -------______ 

i 

x/1= 1.0 

0.5 

0.1 

0 15 pA 
5 ms II 
Synaptic Escape Voltage 

n h-n = 500,000 S2cm2 

/ 

‘il" 

0.1 0.5 1.0 

--------______, -b 

0.1 0.5 

--__ 
A- --we_ -----------_ c-- 

A &n = 500,000 i-km2 

x/l = 0 
I. I '. I --__ I --------__--__ 

10 mV 
10 ms 

C 70 

60 

2 50 
CL 

5 40 
2 
2 30 

24 
2 20 

10 

0 

D 
8.0 

6.0 

I  I  I  I  1 

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 

(soma) Synapse position (x/Z) b-4 (soma) Synapse position (x/Z) (end) 

FIG. 3. Increasing R, from 50,000 to 500,000 Qcm2 has almost no effect on attenuation of peak current measured at 
soma for synapses located at different distances from the soma [ synaptic conductance ( gsyn ) = 1 .O nS, CY = 2,850 s-’ ] . All 
simulations used equivalent-cylinder model shown schematically in Fig. 1 A. A : superimposed synaptic currents measured 
with a voltage clamp at soma (clamp potential is -70 mV) for synapses located at x/Z = 0,O. 1,0.5, and 1 .O. Simulations with 
R, values of 50,000 and 500,000 Qcm2 are plotted on left and right, respectively. B: synaptic escape voltage during somatic 
voltage clamp ( -) and unclamped synaptic voltage (- - -) for synapses at same 4 positions as in A. Simulations with R, = 
50,000 (top) and 500,000 Qcm2 (bottom) are shown. C: peak current measured at soma as a function of synapse position for 
both low (o ) 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 th, and t &,, as a function of distance of the synapse clamped event. The decay of the escape voltage is strongly 
show that these parameters are slowed by the increase in influenced by the membrane time constant 7, = R,C,: 
R,. This result can be understood intuitively because dis- increases in R, increase 7,, thereby prolonging the decay 
tortion of the measured synaptic currents is influenced by of the voltage escape. The rising phase is more sensitive to 
the time course of the escape voltage during an imperfectly 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 lo-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 gsyn, 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). 

EFFECTSOFSYNAPTIC KINETICS. Figure 5 comparesthedis- 
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. 5C). 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 .O and 10 
nS) are compared. Relatively slow synaptic conductance 
changes were simulated ( tti,, = 2.0 ms, ldecay = 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 

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 lo-90% rise time while lengthen- 
ing the half-decay time (compare Fig. 6, E 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 ti,, 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. 

EFFECTSOFCABLELENGTH. 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 Eqs. 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 Ekev 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. 70). 

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 1 O-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. 

Eflects 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,C,, 
where CN 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. 199 1; 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 MQ is a high R, value for patch-clamp recordings, the 
effective cell capacitance coupled to the electrode 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 

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 A). 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 
a relatively high Ri value of 205 Qcm. The resting potential 
was set to -70 mV and Cm was assumed to be 1 .O pF/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 R, 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: R, = 342 MQ, 7. = 100 ms; 
with leak: R, = 78 MQ, 7. = 25 ms). 

The higher R, 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 is 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. 1 B, 
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 196 1; 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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as for peak current. C: measured synaptic reversal potential increases with increases in R, for synapses at all distances from 
the soma. D : synaptic charge measured at the soma is reduced by increases in R, for synapses at all locations. E: 1 O-90% rise 
time measured at the soma increases with increases in R, for all synaptic locations. F: half-decay time measured at the soma 
is also longer with larger R, for all synaptic locations. 
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FIG. 9. Morphology and voltage attenuation profiles for CA3 neuron used to construct a detailed anatomic model of a 

neuron with complex branching dendritic trees. A : camera lucida drawing of a Go&stained CA3 pyramidal neuron. Scale 
bar, 100 pm. B: schematic drawing of model constructed from neuron shown in A. Each of the 149 compartments is 
numbered. C: voltage amplitudes normalized to amplitude at the soma ( VX/ Vsoma ) and plotted as a function of distance from 
the soma (origin of voltage change) for steady-state (o ), 1 O-Hz (A ), and 1 00-Hz ( v ) responses. Positive numbers on distance 
axis represent distance along branched apical dendritic path (from the soma to compartment 75 ) and negative numbers 
represent distance along basal dendritic path (from the soma to compartment 106). 
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sive membrane properties of the model. An a-function con- 
ductance change with an a value of 300 s-l was chosen 
because it has kinetic properties ( trise = 1.3 ms, fdeca,, = 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 
pm 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 a value was used to model the 
C/A synaptic currents. The total C/A conductance change 
was distributed over 10 compartments 250-350 pm from 
the soma. 

The R, and Ri values used in the model were arrived at 
by adjustment to yield fits of both the kinetics and reversal 
potential of the measured MF (&, = 1.3 ms, tLecay = 6.1 ms, 
J%v = -3 mV) and C/A (tk,, = 3.3 ms, tiecay = 7.3 ms, EL,, 
= 4.5 mV) synaptic currents. The synaptic reversal poten- 
tial was sensitive to both R, and Ri (particularly for the 
more distal C/A input), whereas the kinetics of both syn- 
apses were relatively insensitive to changes in R,. First Ri 
was adjusted to obtain fits of the kinetics of both synapses. 
R, was subsequently increased (with corresponding small 
adjustments Of Ri) from the mean value for CA3 neurons of 
66,000 Qcm2 (see Spruston and Johnston 1992) to the 
higher value of 100,000 Qcm2 to obtain fits of the measured 
synaptic reversal potentials (and to reflect filling of the cell 
with Cs’). Figure 10, A 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- 

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 ELev 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 Ii,,, and 
g$yn, 88% attenuation of qkyn, a 3 10% increase in tk,, and a 
262% increase in t&,. 

Estimates of synaptic current attenuation with a simpkjied 
two-cylinder cable model ofa 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. 9A. 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. 198 1; Johnston 198 1; Johnston and Brown 1983). 

The range of reasonable electrotonic distances for MF 
synapses is given in 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 .O-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 slow conductance change 
( CY = 285 s-l; trise = 2.0 ms; tdecay = 5.9 ms) and a faster 
synaptic conductance change (a = 2,850 s-l; trise = 0.20 
ms; tdecay = 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; th, = 1.3 ms; 
ckcay = 6.1 ms) were fit by simulating a synaptic conductance change (smooth trace: CY = 300 s-’ ) at a distance of 100 pm 
from the soma (passive parameters: R, = 100,000 Qcm2, Ri = 205 Qcm) . Simulated trace at left 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 ( l ) and simulated 
( -) MF currents. Total synaptic conductance change of 11 nS had to be simulated at synapse to match 1 0-nS conductance 
measured at soma. C: C/A synaptic currents measured from same cell (also at -80 mV; trace with noise; tk, = 3.3 ms; tb,,, 

= 7.3 ms) were fit by simulating a synaptic conductance change (smooth trace; ~1 = 300 s-’ ) distributed over 10 compart- 
ments at distances of 250-350 pm from soma in same model as in A. Smooth traces at Zefi 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 MQ 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 s = 10 MQ) for synapses ( gsy, = 10 nS, CY = 300 and 1,000 s-’ ) 
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. A : 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 electrotonic 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: lo-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 mossyJiber 
and perforant path to CA3 synapses 

Fast Slow 

MF PP MF PP 

I &n&n 0.8 1 0.41 0.98 0.91 
0.23 0.04 0.58 0.31 

&Ill& 0.8 1 0.41 0.98 0.90 
0.23 0.04 0.58 0.31 

E,ew mv 0.2 0.8 0.2 0.8 
7.0 19.3 7.0 19.3 

4:yn/gsyn 1 .oo 0.98 1 .oo 0.97 
0.90 0.78 0.90 0.76 

t x&ise 1.3 3.35 1.10 1.39 
3.05 14.6 1.66 3.49 

clecayltdecay 1.17 2.22 1.01 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, CY = 2,850 s-‘; slow, a! = 285 s-l. 
MF, mossy fiber; PP, perforant path; Isyn, somatic clamp current; gsyn, 
synaptic conductance; Erev, reversal potential; qsyn, synaptic charge; ttii, 
and tdecay, rise and decay times; prime indicates 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 
important 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,, Ri, 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 voltage 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). 

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 Ri. 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 Ri. 

In fact, Ri is one of the most critical parameters affecting 
the electrotonic structure of neuronal models. The high val- 
ues of Ri 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 RN 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 substantially 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 lo-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, E 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. 40). 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 Eiev 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 severe 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 CA 1 neurons are located quite far from the soma (An- 
dersen et al. 197 1; Lorente de No 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. 

Efect 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 

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. 199 1; Magleby 
and Stevens 1972; Nelson et al. 1986; Silver et al. 1992; 
Stern et al. 1992; Stuart and Redman 1990; Williams and 
Johnston 199 1) . 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 MQ 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 et al. 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 ( 7Lecay) as a function of the measured rise time 
(t:,,) . A lack of correlation in these parameters has been 
used as evidence that space-clamp problems do not affect 
the measurement of T>,,~. The argument is that th,, 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 
~b,,,~ is not correlated with tk,,, 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). 

A lack of correlation in tk,, and 7iecay can arise because of 
scatter of synapses over a range where tk, is affected more 
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than 7&,,,,- such as near the soma, where the error in t:, 
may be much larger than the error in T;,,~ (or tiecay). In this 
case, estimates of tiecay may be reasonably accurate, 
whereas I’,,,, is still substantially attenuated (compare plots 
of c,Il and tiecay as a function of synaptic location in Figs. 
3C and 4 F and Fig. 11, A and F) . A lack of correlation in 
c-is, and 7becay can also occur near the end of the cable, where 
space-clamp problems are much more severe (compare 
plots of th, and tiecay as a function of synaptic location in 
Fig. 5, E and F, and Fig. 11, E and F) . Yet another situa- 
tion that could result in a lack of correlation in these two 
para meters would be that the cu rrents measured all arose at 
the 
and 

same 
7decav 

electrotonic location but that variability in &, 
came from sources other than scatter in electro- 

tonic location. In this case, a lack of correlation in &,, and 
7iecay would provide no information about the space-clamp 
error affecting the measurements. And finally, a lack of 
correlation between c-ix and 7kxay 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 7&c,) and the time constant for NMDA 
switch-off ( 7hMDAmoff, in response to a step from -40 to -80 
mV) reported for a subset of SC to CA 1 synapses (Hestrin et 
al. 1990). In this study, synapses with 7&A-offvalues in the 
range 2.5-7.5 ms showed no correlation with ~b,,,~. 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 are likely to be 
associated with severe space-clamp problems; T;,,,~ values 
on the same order as these filtered 7&,A-off values are also 
likely to reflect substantially filtered values. It certainly can- 
not be reasoned that measurements of 7>,,,,, are reliable 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 t Xse 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 Tdecay ; it is quite conceivable that well-clamped T&cay 
values faster than 5 ms could be filtered to produce mea- 
sured 7&e,y 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 

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 equi valent-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 
distan 
ties, a 

ces from the som a an .d WI 
second a pproach was used 

th different kinetic proper- 
. . This meth od invo lved 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 
estimate 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. 198 1; Johnston 
198 1) 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. 
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