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Neurons in the mammalian CNS receive 10°-10° synaptic inputs onto
their dendritic tree. Each of these inputs may fire spontaneously at
a rate of a few spikes per second. Consequently, the cell is bom-
barded by several hundred synapses in each and every millisecond.
An extreme example is the cerebellar Purkinje cell (PC) receiving ap-
proximately 100,000 excitatory synapses from the parallel fibers (p.f.s)
onto dendritic spines covering the thin dendritic branchlets. What is
the effect of the p.f.s activity on the integrative capabilities of the PC?
This question is explored theoretically using analytical cable models
as well as compartmental models of a morphologically and physiolog-
ically characterized PC from the guinea pig cerebellum. The input of
individual p.f.s was modeled as a transient conductance change, peak-
ing at 0.4 nS with a rise time of 0.3 msec and a reversal potential of
+60 mV relative to rest. We found that already at a firing frequency
of a few spikes per second the membrane conductance is several times
larger than the membrane conductance in the absence of synaptic ac-
tivity. As a result, the cable properties of the PC significantly change;
the most sensitive parameters are the system time constant (1) and the
steady-state attenuation factor from dendritic terminal to soma. The
implication is that the cable properties of central neurons in freely be-
having animals are different from those measured in slice preparation
or in anesthetized animals, where most of the synaptic inputs are in-
active. We conclude that, because of the large conductance increase
produced by the background activity of the p.f.s, the activity of the
PC will be altered from this background level either when the p.f.s
change their firing frequency for a period of several tens of millisec-
onds or when a large population of the p.f.s fires during a narrow time
window.
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1 Introduction

The processing of synaptic information by nerve cells is a function of
the morphology and the electrical properties of the membrane and cy-
toplasm, as well as the site and properties of the synaptic inputs that
impinge onto the dendritic tree. The theoretical studies of W. Rall (1959,
1964, 1967, 1977) have shown that in a passive tree the relevant parame-
ters that determine this processing are the input resistance of the cell (Ry),
the average electrotonic length of the dendrites (Lay), the system time
constant (7), the rise time (fpea) and magnitude (gma,) of the synaptic
conductance change, as well as the reversal potential (Ey,,) of the synap-
tic current. Rall’s studies, followed by the study of Jack and Redman
(1971a), suggested experimental methods for estimating these parame-
ters. Consequently, several neuron types were characterized based on
these parameters (e.g., Jack and Redman 1971b; Barrett and Crill 1974;
Brown et al. 1981; Stratford et al. 1989; Nitzan et al. 1990). These studies
were performed either on anesthetized animals or on slice preparations
where most of the background synaptic activity is absent. However, neu-
rons in the CNS are part of a large network and, therefore, each neuron
receives thousands of synaptic inputs which may have ongoing activity
of a few spikes per second. Such a massive input will generate a sus-
tained conductance change which will modify the integrative capabilities
of the neuron (Holmes and Woody 1989).

The present study explores the effect of this conductance change on
the integrative properties of the cell, using detailed cable and compart-
mental models of a morphologically and physiologically characterized
Purkinje cell (PC) from the guinea pig cerebellum (Rapp 1990; Segev et
al. 1991). This cell has a large and complex dendritic tree (Fig. 1) with
several hundred spiny branchlets (Fig. 2) that are densely studded with
spines. Each of these spines receives an excitatory (asymmetrical) synap-
tic input from the parallel fiber (p.f) system, summing to a total of
~ 100,000 p.f.s impinging on a single PC. In such a large system, even
a low spontaneous activity rate of each of the p.f.s will generate a high
frequency of synaptic input to the PC. The consequences of such an input
for the input/output properties of the PC are discussed.

2 Model

Simulations were performed using cable and compartmental models of
the cell shown in Figure 1. The cable properties of the same cell were
estimated from intra-somatic recordings performed in the presence of
2.5 mM Cs™ ions that abolish the marked subthreshold membrane recti-
fication of these cells (Crapel and Penit-Soria 1986; Rapp 1990; Segev
et al. 1991). The process of utilizing the model to estimate the spe-
cific membrane resistivity (R,,) and capacitance (C,), and the specific
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Figure 1: The modeled Purkinje cell. This cell was reconstructed following an
intracellular injection of horseradish peroxidase. The cable parameters of the
cell were also characterized in the presence of 2.5 mM Cs™ ions to abolish the
marked rectification that exists near the resting potential. The input resistance
(Ry) was 12.9 MQ? and the system time constant (mp) was 46 msec. Assuming a
total spine number of 100,000, each with an area of 1 pm?, the soma-dendritic
surface area sums to 149,500 ym?. The optimal matching between the morphol-
ogy and the cable properties of the cell implies that R, is 440 Q-cm? at the soma
and 110,000 2 - cm? at the dendrites, C, is 1.64 uF/cm? and R, is 250 (2 - cm.

Figure 2: Facing page. Sholl diagram, in morphological units, of the cell shown
in Figure 1. This cell was represented by 1500 cylindrical segments and a
spherical soma. Red lines denote the spiny branchlets that are studded with
approximately 10 spines per 1 ym dendritic length. Each of these spines re-
ceives an excitatory input from a parallel fiber. These branchlets consist of 85%
of the dendritic area (without the spines). The cell consists of 473 dendritic ter-
minals, some of which terminate less than 100 p#m away from the soma whereas
others extend to a distance close to 400 ym from the soma. Because the parallel
fibers impinge only on the spiny branchlets, these branchlets are electrically
“stretched” when the parallel fibers are active.
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resistivity of the cytoplasm (R;) is elaborated in Segev et al. (1989) and
Nitzan et al. (1990). For the PC under study the optimal match between
the cell morphology and electrical measurements was obtained with R,, =
440 Q- cm? at the soma and 110,000 £ - ecm? at the dendrites, a uniform
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C,, of 1.64 pF/cm? and R; of 250 ) - cm. These values yielded an input
resistance, Ry, of 12.9 MQ) and a system time constant, 7y, of 46 msec,
both matching the corresponding experimental values. Morphological
measurements of the cell in Figure 1 showed that the total length of
dendritic branchlets bearing spines is 10,230 pm. These branchlets are
marked by the red lines of Figure 2, which demonstrates Sholl diagram
of the cell in Figure 1. The density of spines on the spiny branchlets
has been reported to range between 10 and 14 per 1 ym dendritic length
(Harris and Stevens 1988a,b); we estimated the total number of spines
in the modeled tree to be 100,000, each with an area of 1 pm? (Harris
and Stevens 1988a,b). The total soma-dendritic surface area (including
spines) of the modeled neuron was 149,500 pm?.

In most of the simulations spines were incorporated into the model
globally, rather than by representing each spine as a separate segment,
since the latter would be computationally very slow. It can be shown
that, for plausible values of R, R;, and C,, when current flows from the
dendrite into the spine, the membrane area of the spine can be incorporated
into the membrane of the parent dendrite (Fig. 3A). The reason for this
is that for this direction of current flow, the spine base and the spine
head membranes are essentially isopotential (Jack et al. 1975; Rall and
Rinzel 1973; Segev and Rall 1988). This approximation is valid when
cable parameters such as Ry, 7o, and the average cable length of the
dendrites, L., are estimated from the model. It does not hold when
the voltage response of the p.f. input impinging onto the spine head is of
interest. In this case spines receiving synaptic input were represented in
full (Fig. 3B).

To incorporate the spines globally into the model we modified the
method suggested by Holmes (1989). In this method the original dimen-
sions of the parent dendrite are preserved and the membrane area of the
spines is effectively incorporated into the dendritic membrane by chang-
ing the values of R,, and C,,, When both spines and parent dendrite have
the same specific membrane properties (R,, and C,,), the transformed val-
ues are:

R.=Ru/F and C,=C,F

and
. areagdend + areaspines

aredgend

I (2.1)

where areageqq is the area of the parent dendrite without the spines and
areaspines is the membrane area of the spines at that dendritic segment.
Note that this transformation preserves the time constant of the original
spiny dendrite.

The present study focuses on the effect of the conductance change
induced by the p.f. input on the cable properties of the PC. In this case
the effective membrane resistivity at the spine heads receiving the in-
put (R actspines) is reduced as compared to the membrane resistivity of
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When measuring cable properties (Tg, Ry, R . AF), the membrane area of
both passive and synaptically activated spines is incorporated into the parent dendrite membrane

B When measuring synaptic potential, spines receiving
synaptic input remain “unincorporated”

Figure 3: Schematic representation of the method used to globally incorporate
dendritic spines into the membrane of the parent dendrite. (A) The case where
the current flows from the dendrite into the spines (arrows in left schematic).
(B) The case where current flows from the spines into the dendrite. In (A),
equation 2.2 is first used to calculate an effective Ry, value for the whole segment
(middle schematic); then equation 2.1 is utilized for calculating new specific
values for the membrane of the parent branch to effectively incorporate the
spine area into the parent dendrite area. In (B), spines receiving synaptic input
remain unincorporated, whereas passive spines are incorporated into the parent
dendrite membrane as in (A).

the nonactivated spines and of the parent segment (R, ret). Assuming
that the input can be approximated by a steady-state conductance change
(see below), the effective time constant of the spiny segment (dendrite
plus spines) is between the time constant of the dendritic membrane
(Rys rest - Ciy) and that of the activated spines membrane (R, actspines * Cin)-
Now the first step in utilizing equation 2.1 is to find a single R}, value
for the whole dendritic segment (parent dendrite plus all spines) such
that (R}, - C,) approximates the effective time constant of the original
(nonhomogeneous) segment. Our calculations show that for an electri-
cally short spiny segment, R}, is the reciprocal of the sum of the specific
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conductances of the two membrane types, weighted by their relative area:

( 1 ) (arearest) ( 1 ) (areaactspines)
+

Rm,rest areaiptal Rm‘actspines aredygtal
where area is the membrane area of the parent dendrite and of the
nonactivated spines, area,cispines 15 the area of the activated spines, and
areaiol = (ar€arest + aredacispines) (See also Fleshman et al. 1988). Having
a single R}, value as calculated in equation 2.2 for the whole segment
(Fig. 3A, middle panel), equation 2.1 can then be used (with R}, replac-
ing R,,) for incorporating the spines area into the parent dendrite area
(Fig. 3A, right panel).

Transient (compartmental) models were studied using SPICE (Segev
et al. 1985, 1989). These models were utilized to simulate the voltage re-
sponse of the parallel fiber input. To facilitate the computations, only a
representative group of 200 randomly selected spines were modeled indi-
vidually. In edch run a different group of 200 such spines was selected.
The rest of the spines were globally incorporated into the parent branch-
lets membrane as discussed above. Each of the representative spines was
simulated by an R-C circuit, modeling the passive membrane properties
of the spine, and an additional synaptic path consisting of a transient
conductance change, g« (t), in series with a synaptic battery, Eqy. This
compartment was connected to the parent dendrite by an axial resis-
tance, representing the longitudinal resistivity of the spine neck (Segev
and Rall 1988). The representative spines were activated synchronously
at a high frequency, w, such that w = N - /200 where N is the number
of p.f.s and  is the original (low) firing frequency of the p.f.s. For ex-
ample, if each of the N = 100,000 p.f:s is activated at # = 2 Hz (200,000
inputs/sec), then each of the 200 representative spines is activated once
every msec (w = 1000 Hz), thus preserving the total number of inputs
per unit time. The validity of this approximation was examined by in-
creasing the number of representative spines to 400 and decreasing w by
a factor of 2. These changes resulted in only minor differences in both
the cable properties and the membrane voltage produced at the modeled
cell. Also, the input resistance, Ry, as calculated using SPICE matched
the analytical results of the cable models (see below). These control tests
have led us to conclude that for the range of input frequencies tested,
because of the large number of inputs impinging on the tree, the results
of the present study are essentially independent of the exact timing of
the input and/or the location of the activated spines, provided that the
total conductance change per unit time is preserved.

Intuitively, a dendritic tree which is bombarded by a massive tran-
sient synaptic input must experience approximately a steady conductance
change (Rall 1962). This effective conductance change, gsteady, can then be
utilized in steady-state (segmental) cable models to compute analytically
the impact of the synaptic activity on the cable properties of the cell,

R,=1/

(2.2)
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For each transient synaptic input, gn(f), activated at a frequency ¢, the
effective steady conductance change is

Gsteady = 7 /U gsyn(t) dat (2.3)

When 200 representative spines were used, w replaced # in equation 2.3.
In that case, each of these spines has an effective R,, value,

areagpine

(2.4)
gsteady + grest

Rm.actspines -

where areag,. is the membrane area of the spine and g = (areagpine/
Ry rest) is the resting conductance of the spine membrane (without the
synaptic input). This Ry, actspines Value, over an area, areaacispines = 200 pam?
(200 spines), was utilized in equation 2.2 to calculate the effective R},
value of the spiny branchlets, with area. being the total membrane
area of all spiny branchlets plus spines. In this way the total synaptic
conductance was equally distributed over the whole membrane surface
of the spiny branchlets.

In our computations, gy,(t) was modeled with an “alpha function,”

gsyn(f) = gmax(t/tpeakJ EXP{l i (t/tpeak)} (25)

where gmay is the peak synaptic conductance change and fpc is the rise
time. For the alpha function the integral in equation 2.3 is

Qan(D) It = Grnaxtpear €xp(1) (2.6)
Jo

With the values used in the present study (gmax = 0.4 nS; fpearc = 0.3 msec),
this integral is 0.33 nSmsec. For # = 2 Hz (w = 1000 Hz) we get
from equation 2.3 that gyeqy = 0.33 nS. Thus, with a spine area of
1 pm? and Ry e Of 110,000 €2 - cm?, equation 2.4 implies that the ef-
fective membrane resistivity of each of the activated spines is as small
as 30 - cm®. Utilizing equation 2.2 with this value (with area,. =
144,538 pm? and area,cspines = 200 um?), the effective R}, at the spiny
branchlets was 18,140 Q- cm? (rather than 110,000 - cm?), suggesting that
the activation of the p.f.s have a marked effect on the cable properties of
the PC.

Having R,, and R; values for the tree, the algorithm developed by Rall
(1959) was implemented to analytically calculate the effect of p.f. activa-
tion on the soma input resistance (Ry), the average input resistance at
the terminals (R7), the average cable length of the dendrites (L,,), and the
average voltage attenuation factor from the dendritic tips into the soma
(AF7_s); see also Nitzan etal. (1990). The modifications needed to include
nonuniform R, distribution is given in Fleshman et al. (1988). The system
time constant (7;) was computed by “peeling” the voltage response to a
brief current pulse produced by the corresponding compartmental model
(Rall 1969).
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The values for the unitary synaptic conductance change are based on
the patch-clamp studies by Hirano and Hagiwara (1988) and Llano et
al. (1991). The value for gm.« was estimated from the minimal peak of
the current produced by the p.f. input whereas the value for fp.. was
estimated from the experimental rise time (measured at 22°C) corrected
to 37°C, assuming a Qg of 3.

3 Results

The voltage responses of the modeled PC to the p.f. input are shown in
Figure 4 for an input frequency (¢) of 0.5 Hz (Fig. 4A) and 5 Hz (Fig. 4B).
In each of these panels the continuous lines depict the voltage response
at an arbitrarily chosen spine head (top trace), at the base of this spine
(middle trace), and at the soma (lower trace). The bottom panels (C
and D) show the corresponding input into each of the 200 representative
spines (w = 250 Hz in Fig. 4C and 2500 Hz in Fig. 4D). Dashed lines
in A and B are the voltage responses at the corresponding sites when
a steady state conductance change (gsicady), as defined in equation 2.3,
is imposed on each of the 200 representative spines. This steady input
shown by the dashed line in the corresponding lower panels is 0.08 nS
in Figure 4C and 0.8 nS in Figure 4D (in the latter case the dashed line
is masked by the heavy line). Unlike the case of relatively low input
frequency (Fig. 4C) where each transient input is seen individually, at
high frequency (Fig. 4D) the temporal summation of individual inputs
resulted in the heavy line.

The figure demonstrates that already at a low firing rate of 0.5 Hz
(Fig. 4A) the p.f. input produces a peak depolarization of approximately
15 mV at the spine head, 12 mV at the spine base, and 8 mV at the soma.
At 5 Hz (Fig. 4B), the maximal depolarization at the spine head is 45 mV,
42 mV at the spine base, and 30 mV at the soma. An important difference
in the voltage produced by the two input frequencies is in the rate of the
voltage buildup. At a low frequency (Fig. 4A), the depolarization reaches
a steady-state value after more than 100 msec whereas at high frequency
(Fig. 4B) the steady-state value is reached after approximately 50 msec
(see Discussion).

Figure 4 also shows that the steady-state approximation (dashed lines)
faithfully reproduces the voltage response of the cell already at the low
firing rate of 0.5 Hz (Fig. 4A). The agreement between the results of
the transient input and the steady-state input implies that, indeed, the
depolarization along the tree is essentially a function of w - gmax - fpeak
(equations 2.3 and 2.5). Thus, w, gmax, and tpex are interchangeable.
Another point to note is that, unlike the case of a localized synaptic input
where a significant voltage attenuation is expected, when a distributed
input is activated the depolarization along the soma—dendritic surface is
rather uniform (compare the voltage at the spine head and at the soma).
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Figure 4: Depolarization produced by background activity of the parallel fibers.
(A,C), # = 05 Hz; (B,C), 8§ = 5 Hz. Bottom frames show the conductance
input into each of the 200 representative spines modeled in full. Each of these
spines receives transient conductance input at a frequency w = ¢ (100,000/200) =
5000; individual inputs are clearly seen at the low firing rate (C). At the higher
frequency (D) the transient synaptic conductance changes are summed-up to
produce the heavy line. Dashed line in (C) and (D) [masked by the heavy line
in (D)] shows the corresponding steady-state conductance change as calculated
from equation 2.3. Upper panels (A and B) show the resultant depolarization
at the head of one of the activated spines (upper curve), at its base (middle
curve) and at the soma (lower curve). Dashed lines show the results when a
steady-state conductance change is used. Note the excellent agreement between
the results using transient inputs and the results obtained with a steady-state
conductance change.

How do the different cable properties of the cell and the soma depo-
larization depend on the frequency of the p.f. input? Figure 5A shows
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Figure 5: The cable properties of the PC critically depend on the input fre-
quency (¢) of the parallel fibers. The graphs show this dependence on ¢ for
(A) the depolarization produced at the PC soma, (B) the average electrotonic
length of PC dendrites, (C) the soma input resistance, and (D), the system line
constant. The points in (A) were calculated using SPICE; the points in (B-D)
were calculated analytically. These changes will influence the efficacy of the p.f.
input.

that the depolarization at the soma changes steeply at low frequencies
and tends to saturate at higher frequencies. The saturated value of so-
matic depolarization induced by the p.f. input was found to be %Esyn,
namely 40 mV for the parameters chosen in the present study.

The effect of the p.f. input frequency on the average cable length
(Lay) of the dendritic tree is shown in Figure 5B. Due to the high R,
value at rest (at ¢ = 0 Hz) L, is 0.13. The tree is electrically “stretched”
into L, = 0.31 (a factor of 2.4) at 5 Hz. At this range of frequencies
the input resistance at the soma (Fig. 5C) is decreased from 12.9 M(? at
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0 Hz to 6.5 M(2 at 5 Hz (50%), whereas the average input resistance at the
terminal tips (Rr) is reduced by only 20% (from 104 to 83 M£2, not shown).
The system time constant (Fig. 5D) is the most sensitive parameter; it is
reduced from 46 to 12.1 msec (a factor of 3.8, see also Rall 1962). This
implies that, at 5 Hz, the effective membrane conductance is four times
larger than the membrane conductance at 0 Hz. Another parameter that
was calculated (not shown) is the average steady state attenuation factor
(AF7_s) from the terminal tips to the soma. This parameter is increased
from 8.8 (at 0 Hz) to 28 (at 5 Iz), a factor of 3.2. For the explicit relation
between Ry and AFr_ s (see Rall and Rinzel 1973).

We conclude that the background activity of the p.f.s significantly
changes the cable properties of the PC dendrites with the following rela-
tive sensitivity: 7o > AFr_s > L, > Ry > Ry. The somatic depolarization
resulting from p.f.s activation rises steeply as a function of the input fre-
quency. Already at relatively low firing frequency of 5 Hz it reaches 3/4
of the maximal depolarization that the p.f.s can produce at the PC’s soma
(Fig. 5A). This depolarization develops rather smoothly with a rate that
increases as the input frequency increases.

4 Discussion

The present study demonstrates that the background activity of the par-
allel fibers has a dramatic effect on the functional properties of cerebellar
Purkinje cells. Already at a low firing rate of a few Hz, the membrane
conductance of the PC significantly increases. As a result, both the sys-
tem time constant, 7g, and the input resistance, Ry, decrease by several
fold, whereas the electronic length, L,,, and the voltage attenuation fac-
tor, AFr_s (not shown) increase (Fig. 5B-D). This background activity is
expected to significantly depolarize the PC (Fig. 4A & B and Fig. 5A).
The effect of the background activity on the cable properties of the cell
strongly depends on the time-integral of the synaptic conductance change
and on the frequency of the background activity (equation 2.3).

The same general results hold also for other neurons from the mam-
malian CNS receiving a large number of synaptic contacts, each of which
may be activated spontaneously at a frequency of a few spikes/sec. In-
deed, similar conclusions have been recently reached by Bernander et
al. (1991) who modeled the effect of background activity on the cable
properties of a reconstructed layer V pyramidal cell in the visual cortex.
We therefore suggest that the effective cable properties and the “resting
potential” of these neurons in the behaving animal are different from those
measured in the slice preparation or in anesthetized animals (Holmes
and Woody 1989; Abbott 1991; Amit and Tsodyks 1992).

The results of the present study have several interesting implications
for the integrative capabilities of central neurons. The massive back-
ground activity (and the corresponding increase in the membrane con-
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ductance) implies that single p.f. inputs essentially loose their functional
meaning and only the activation of a large number of p.f.s will signif-
icantly displace the membrane potential. It should be noted, however,
that other more efficient individual inputs (which may also contact a dif-
ferent dendritic region and do not participate in the background activity)
can have a marked effect on the input/output characteristics of the PC.
An example is the powerful climbing fiber input which forms as many
as 200 synaptic contacts on the soma and main dendrite of the Purkinje
cell. When activated, the whole dendritic tree and soma are strongly
depolarized; this produces a short burst of high-frequency firing at the
PC axon (Llinds and Walton 1990).

As demonstrated in Figure 5A, the soma depolarization (the excita-
tory synaptic current reaching the soma) is a nonlinear function of the
input firing rate. The higher the frequency of the background activity,
the larger the number of excitatory synapses that need to be recruited to
depolarize the cell by a given amount. This is in contrast to the presently
used neuron network models, where the current input into a modeled
“cell” is assumed to be linearly related to the input firing rate. The satu-
ration of the soma depolarization at relatively low firing rates (Fig. 5A)
implies a narrow dynamical range for the detection of changes in p.f.
input frequency.

Figure 4A and B show that for any given input frequency, several
tens of milliseconds are required for the voltage to reach a steady-state
value. Therefore, changes in the frequency of the p.f. input will be “de-
tected” only if the change lasts for a relatively long period. Furthermore,
because of the change in 7, the time course of the voltage change is
a function of the input frequency. The higher the input frequency, the
faster the build-up of the potential toward its steady value. Hence, at
higher background frequencies, more synapses are required to shift the
membrane potential by a given amount, but the time course of this shift
is faster. For example, suppose that the frequency of the background
activity of the p.f.s is 1 Hz (100 synapses/msec); the resulting depolar-
ization (relative to 0 Hz) is 13 mV (Fig. 4A). Increasing the frequency to
2 Hz (an additional 100 synapses/msec) will further depolarize the soma
by 8 mV, provided that the frequency change lasts at least 50 msec (about
2.5 times 1y corresponding to 2 Hz; Fig. 4D). These dynamic alternations
in the depolarization of the PC soma will modulate the cell firing rate.

Inhibitory inputs onto the PC originate primarily from the stellate cells
(dendritic inhibition) and from the basket cells (mainly somatic inhibition).
Since our model has a very leaky soma (low somatic R,), the basket
cell input is essentially built-in to the model. The number of stellate
cells that contact a single PC is much smaller than the number of p.f.s.
It is expected, therefore, that the background activity onto the PC will
be dominated by the activity of the p.f.s. Our preliminary simulations
suggest that the inhibition induced by the stellate cells can act only locally,
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at a given dendpritic region, and have only a minor effect on the somatic
membrane potential produced by the p.f. activity.

Finally, it has been clearly shown that the PC’s dendrites are en-
dowed with a variety of voltage-sensitive channels (Llinds and Sugimori
1980a,b). In response to synaptic inputs, these channels produce both
subthreshold nonlinearities as well as full blown dendritic spikes. The
effect of these nonlinearities on the results of the present report will be
explored in a future study.
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