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SUMMARY AND CONCLUSIONS

1. We have developed a compartmental model of a turtle cere-
bellar granule cell consisting of 13 compartments that represent
the soma and 4 dendrites. We used this model to investigate the
synaptic integration of mossy fiber inputs in granule cells.

2. The somatic compartment contained six active ionic con-
ductances: a sodium conductance with fast activation and inacti-
vation kinetics, gn.; a high-voltage-activated calcium conduc-
tance, gcuuva); a delayed potassium conductance, gxmpr); a tran-
sient potassium conductance, gx) a slowly relaxing mixed
Na*/K* conductance activating at hyperpolarized membrane po-
tentials, gy, and a calcium- and voltage-dependent potassium con-
ductance, gk, The kinetics of these conductances was derived
from electrophysiological studies in a variety of preparations, in-
cluding turtle and rat granule cells.

3. Inthe soma, dynamics of intracellular free Ca®* was modeled
by incorporation of a Na*/Ca®* exchanger, radial diffusion, and
binding sites for Ca®*.

4. The model of the turtle granule cell exhibited depolarization-
induced action potential firing with properties closely resembling
those seen with intracellular recordings in turtle granule cells in
vitro.

5. In the most distal compartments of the dendrites, mossy
fiber activity induced synaptic currents mediated by a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)- and N-
methyl-D-aspartate (NMDA)-type of glutamate receptors. The
strength of synaptic inputs chosen was such that the synaptic po-
tential induced by synchronous activation of two mossy fiber syn-
apses reached threshold for induction of a single action potential.

6. The slow time course of the NMDA synaptic current to-
gether with the slow relaxation kinetics of gy significantly affected
the temporal summation of excitatory synaptic potentials. A
priming action potential evoked by mossy fiber stimulation in-
creased the maximal time interval between two synaptic poten-
tials capable to reach again threshold for a subsequent action po-
tential. This time interval then decreased in parallel with the decay
of the NMDA synaptic current, reached a minimum after 200 ms,
and slowly recovered with reactivation of g,.

7. Repetitive, steady activation of synaptic conductances by a
single mossy fiber at different frequencies induced action potential
firing with a sharp threshold at 12 Hz. Activity of a single or of
several mossy fibers induced firing of the granule cell at a fre-
quency close to that induced when the average synaptic current
was directly injected into the cell. The mossy fiber activity-granule
cell firing frequency curve was close to linear with a slope of about
one-half for input frequencies <400 Hz.

8. The effects of Golgi cell inhibition on mossy fiber to granule
cell transmission were studied by inserting constant C1™ [y-amino-
buturic acid-A (GABA ,)]-conductances proximal to the mossy
fiber synapses. With small values of the tonic inhibitory conduc-
tance, the temporal summation of repetitive synaptic potentials
generated from two mossy fiber inputs became more dependent
on their interspike interval, with maximal efficacy for coinciding
inputs. Higher values of the tonic inhibitory conductance caused a
shift of the output frequency versus mossy fiber frequency curve

0022-3077/94 $3.00 Copyright © 1994 The American Physiological Society

towards higher input frequency values. These two effects, taken
together, suggest that Golgi cell feed forward and feed backward
inhibition results in an increased sensitivity of parallel fiber output
on the timing of mossy fiber inputs impinging on a single granule
cell.

9. We conclude that granule cells are electrotonically very com-
pact; the NMDA component of mossy fiber excitatory postsynap-
tic potentials can play an important role in synaptic integration by
favoring temporal summation of excitatory inputs, and Golgi cell
inhibition is a powerful regulator of the sensitivity of parallel fiber
output on the timing of mossy fiber inputs. These aspects of syn-
aptic integration are relevant to the early processing of mossy fiber
input by the cerebellar cortex.

INTRODUCTION

The cerebellar granule cells are excitatory interneurons
that relay mossy fiber inputs via parallel fibers to Purkinje
cells and other neurons in the cerebellar cortex. On the
average, each granule cell receives excitatory connections
from only 4-5 mossy fibers, which synapse on granule cell
dendrites in the cerebellar glomeruli. During voluntary
limb or eye movements, for example, mossy fibers are capa-
ble of firing at frequencies well exceeding 100 Hz (Ariel and
Fan 1993; Kase et al. 1980; van Kan et al. 1993). These
high-frequency signals might encode different parameters
of the ongoing movement, such as velocity or position sig-
nals. On the other hand, granule cell axons terminate as
parallel fibers in the molecular layer of the cerebellar cor-
tex, where they contact mainly Purkinje cell dendrites by
means of presynaptic varicosities. Because each Purkinje
cell receives >100,000 parallel fiber inputs (Napper and
Harvey 1988a,b), it is unlikely that most of them are active
at the high-frequency registered in mossy fibers. Hence, one
would expect granule cells to perform some kind of reduc-
tion or filtering of mossy fiber input before distributing it to
Purkinje cells. On theoretical grounds it also has been ar-
gued that a sparse coding of the parallel fiber input to the
Purkinje cell would result in an optimal information stor-
age capacity of the cerebellar cortex (Marr 1969).

However, because of their small membrane time con-
stant compared with other cerebellar celis, their electrical
compactness, and their expression of fast Na* channels,
granule cells are expected to be rather excitable and capable
of firing at high frequencies. Indeed, available experimental
evidence revealed high-frequency firing of granule cells
during intracellular injection of depolarizing current pulses
in cerebellar slices (J. Midtgaard, see RESULTS, and E.
D’Angelo, unpublished observations). Several possible
mechanisms that could mediate an efficient reduction of
parallel fiber activity relative to mean mossy fiber activity
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are conceivable: these include nonlinear interaction of excit-
atory synaptic inputs impinging on the granule cell, timing
effects between different mossy fiber signals, interaction of
synaptic conductances with intrinsic membrane conduc-
tances, and Golgi cell inhibition. To investigate which of
these effects is likely to play a significant role in the integra-
tion of mossy fiber input, we have constructed a compart-
mental model, compared its behaviour with intracellular
recordings from turtle granule cells in vitro, and explored
some properties of synaptic integration.

At present, intracellular recording of granule cells was
done mainly on rats and turtles. Most voltage-clamp stud-
ies on active channels and mossy fiber transmission were
performed in rat granule cell cultures and slices, whereas
current-clamp data on intrinsic membrane properties are
available in turtle granule cells. Hence our modeling neces-
sarily had to borrow experimental results from these two
species. Our choice to study synaptic integration in turtle
granule cells rather than rats is motivated by the fact that
experimental current-clamp data lie close to the problems
we wish to study. In addition, other cerebellar cells have
been studied in turtles (Midtgaard 1992), and this paper is
part of an effort to model the cerebellar circuitry.

METHODS

Electrophysiology

Cerebellar tissue was isolated from turtles (Trachemys scripta
elegans) as previously described in detail (Hounsgaard and Midt-
gaard 1988; Midtgaard 1992). Whole cell patch-clamp recordings
from granule cells in vitro were obtained by closely following the
method of Blanton et al. (1989). Recording electrodes contained
(in mM): 117 K-gluconate, 3.3 MgCl,, 2.3 Mg-gluconate, 0.36
CaCl,, 0.5 ethylene glycol-bis(3-aminoethyl ether)-N,N,N N-
tetraacetic acid, 5 Na,ATP, 10 N-2-hydroxyethylpiperazine-N-2-
ethanesulfonic acid, 5 glucose, pH 7.6. Recordings were done at
room temperature (22-24°C) in current clamp mode (DC-10 kH)
using an Axoclamp-2A amplifier (Axon Instruments). Further ex-
perimental details will be presented elsewhere.

Morphology and electrotonic parameters of the model

The morphological structure of the model is shown in Fig. 1B.
The cell consisted of a spherical soma and four cylindrical den-
drites each of which terminates with a cylindrical dendritic bulb
(Mugnaini et al. 1974). The dimensions were as follows: radius of
the soma, 5 pm; radius of the dendrites, 0.62 um; length of a
dendrite, 88.1 um; radius and length of the dendritic bulbs, 1.8 um
and 7.2 um, respectively. The specific membrane capacity was 1
uF/cm? and the specific longitudinal (cytoplasmic) resistivity was
100 ©-cm, in accordance with a previous passive model of rat
granule cells (Silver et al. 1992). In the dendrites, the membrane
resistance times unit area was 30,300 Q - cm? (corresponding to a
conductance of 33 uS/cm?) and was set in series with a —65 mV
battery. Each dendrite had a length of 0.09 in electrotonic units
and was separated in two compartments representing <0.05\ of
electrotonic length. The electrotonic contribution of the axon was
neglected. In the soma, resting membrane conductance resulted
from resting activity of potassium conductances (76 uS/cm?), a
mixed Na*/K* inward rectifier (13 uS/cm?), and from sodium and
calcium leak conductances of 7.6 uS/cm? and 4 uS/cm?, respec-
tively. The calcium leak current ensured a resting calcium concen-
tration of 75.5 nM.

Small hyperpolarizing current pulses (10 pA) delivered at rest-
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ing membrane potential revealed an input resistance of 1.1 GQ
and a system time constant of 16 ms.

Active membrane conductances

As the location of membrane channels was not yet explored
experimentally, active conductances only were included in the
somatic compartment. This simplification had no influence on
the aspects explored here, because the length of granule cell den-
drites is electrotonically very short (see also RESULTS). The general
formalism to describe the kinetics of active channels derives from
the Hodgkin-Huxley equations. In general, the activity of a con-
ductance g, is a function of two state variables, x, and x;, which
reflect activation and inactivation mechanisms of the channel and
whose values liec between 0 and 1,

& = gx'xlalx'xi'

In this equation, the constant g, denotes the maximal value of the
conductance g, and the integer », represents the number of activa-
tion gates of the channel [n, > 1 introduces a delay in channel
activation (Hodgkin and Huxley 1952)]. The kinetics of state vari-
ables is described by first order differential equations

Sl=a (1l-x) - By j=ali

where the rate functions for activation and inactivation ay, and By,
depend on voltage. The steady-state value of x;, xj.,, and its relax-
ation time constant, Ty, are given by

[
i}

The kinetic model used to describe Iy, depends on calcium
concentration as well as on voltage and will be described sepa-
rately below.

To describe the voltage dependence of the various rate func-
tions, expressions consistent with experimental data from voltage-
clamp experiments were searched for. For most channels, a
scheme based on a set of simple expressions described by Borg-
Graham (1987, 1991) was found to fit data with sufficient accu-
racy. The rate functions and maximal conductances (except that
of Ixcay), as well as the reversal potentials of these currents are
summarized in Table 1. Some justifications and comments follow.

An inactivating sodium conductance, gy,, was modeled assum-
ing conventional #h kinetics with activation and inactivation
state variables m and 4. Rate functions were obtained by fitting
terms of the Borg-Graham type to voltage-clamped currents of
this channel observed in rat granule cells (Cull-Candy et al. 1989).
The Borg-Graham rate functions require lower limits for relax-
ation time constants, which were chosen to be 0.05 and 0.225 ms
for activation and inactivation rate functions, respectively. The
maximal conductance provided by this channel, Zy,, was 70 mS/
cm?, a value large enough to obtain overshooting action poten-
tials. The reversal potential for Na*, Ey,, was 55 mV.

A delayed potassium conductance, ggppr), Was modeled by fit-
ting #*i kinetics to voltage-clamped currents described in rat gran-
ule cells (Cull-Candy et al. 1989). The inactivation of gxpg) Was
chosen to be similar to the one described in hippocampal CAl
pyramidal cells (Sah et al. 1988). Inactivation of gxpg, Was neces-
sary to replicate voltage-clamp experiments of Cull-Candy et al.
(1989), but was of minor significance during subsequent simula-
tions because of its slow kinetics and because repolarization of
action potentials resulted mainly from the action of g, (see
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TABLE 1.
Process, state 8w n, E, Forward Rate Constants Backward Rate Constants T min»
variables mS/cm? mV a, Or a,, ms™' B, or B, ms’ ms
gNa N .
Activation m 70 3 55 1.5¢0081(V+39) 1.5¢!70-066(v+39)] 0.05
Inactivation # 0.12¢!70089(V+50) 0.1 210089V +50) 0.225
BK(DR)
Activation n 19 4 ~90 0.17¢10073V+391 0.17¢! 001839 0
Inactivation i 0.0007 + 6.5¢l~008(v+40) 110 1073/{1 + l-00807(V-—adly 0
8Kk(a)
Activation a 3.67 3 -90 0.35¢l0-035v+70) 0.35¢[0091(v+700 0.16
Inactivation b 0.175¢l70-02(v+80)] 0.175¢!0-18V+80) 12
BcaHvA) V-89
Activation § 2.91 2 80 1.6/{1 + 6"70'072(\'75)]} ~0.02(V — 8.9)/[1 — e %¥V=89) 0
Inactivation ¢ 0.005!70-05(v+600 0.005 — 0.005¢1~005(V+60) 0
&n
Activation d 0.09 1 —42 0.0008¢!0-0909(V+75)] 0.000810-0909V+75) 0

&x(pry inactivation, 7, forward rate constant is equal to 0.00076 for "> —46 mV. Forward rate constant for g,va, inactivation, 7, is equal to 0.005 for
V' < —60 mV whereas its backward rate constant is equal to O for V' < —60 mV.

below). The reversal potential for the current generated by this
channel, Eg gy, was —90 mV.

A fast, transient potassium channel, gg), was modeled by fit-
ting a*b kinetics to voltage-clamped currents observed in rat gran-
ule cells (Cull-Candy et al. 1989). The maximal value of the con-
ductance, gy, was chosen such that this A-like current produced
the typical deflection in voltage traces observed in the rising phase
of action potentials during current-clamp experiments (see RE-
SULTS).

For the high-voltage-activated (HVA) calcium conductance
that was described in granule cells (De Waard et al. 1991; Mar-
chetti et al. 1991; Slesinger and Lansman 1991), we used the s%
kinetic model described by Traub et al. (1991) in their simulation
of hippocampal CA3 pyramidal neurons. The channel carried lit-
tle current and consequently its contribution to action potential
depolarization was small. However, calcium influx associated
with opening of gc,arva) Played an important role in the activation
of Ix(ca The maximal conductance of the channel, Zc,aava) Was
chosen such that the rise in cytosolic calcium during an action
potential sufficiently activated I c,). Ecamva) Was set to 80 mV to
account for Goldman-Hodgkin-Katz rectification (Hille 1992). A
calcium channel with anomalous gating recently described in rat
granule cells (Forti and Pietrobon 1993) was neglected.

An inward rectification is revealed in turtle granule cells by a sag
in membrane potential during hyperpolarizing current pulses and
by a rebound excitation following the pulses (Midtgaard, unpub-
lished observations; see also RESULTs and Fig. 1 C). It was modeled
by introducing a slowly relaxing, mixed Na*/K* conductance, gy,
and using equations developed for thalamic neurons (Huguenard
and McCormick 1992; McCormick and Pape 1990). We assumed
that the current carried by this conductance reversed at —42 mV
and the time constant and maximal conductance were scaled to
replicate the voltage deflections induced by hyperpolarizing
current steps in turtle granule cells (see RESULTS).

Finally, the calcium-dependent potassium channel with large
single-channel conductance observed in granule cells (Fagni et al.
1991), gx(ca) Was reported to exhibit kinetic properties similar to a
channel studied by Moczydlowski and Latorre (1983) in artificial
planar bilayers. The model proposed by these authors consists of
three kinetic steps between two open and two closed states with
two calcium-dependent steps between the open and closed states,
respectively. We assumed the two calcium-dependent reactions to
be at equilibrium, thus obtaining a simplified two-state model
whose kinetic properties are summarized in the following diagram
(Colquhoun and Hawkes 1981; Hille 1992)

C=0
8
where,
. 8 B _ «
“ 1+ Kipe™” [Ca™];
[C32+]i Kpe®

The values of the kinetic parameters describing gi ca) were
a=15ms, f=0085mV", Kp=15uM,
B=25ms", g=0077mV", K= 150nM.

The dissociation constants K, and K, for the two calcium bind-
ing reactions (at 0 mV) were modified with respect to the ones put
forth by Moczydlowski and Latorre to obtain a maximal calcium
dependence of the channel at concentrations between 50 nM and
5 uM, as observed by Fagni et al. (1991).

The maximal conductance of the channel was set to 80 mS/cm?
and Exc, was —90 mV. We estimated the relative contribution of
&k(cay and gxpr) to the repolarization of action potentials from
available voltage-clamp data of both channels (Cull-Candy et al.
1989; Fagni et al. 1991). With a ratio of ggc.)/8xmr) = 4-1 as used
in our model, spike repolarization was essentially due to the action
of gx(cay

Calcium dynamics

Dynamics of intracellular calcium concentration was taken into
account only in the soma, because all active conductances were
located there. Calcium influx through N-methyl-D-aspartate
(NMDA) channels was neglected. Radial diffusion of calcium in
the soma was modeled by 12 shell-like concentric compartments
(Yamada et al. 1989). The outermost six shells had a thickness of
0.1 um followed by three shells of 0.5 um thickness and three shells
of 1 um thickness. We used a value of 6 X 107% cm?/s for the
calcium diffusion constant D in aqueous solutions (Hodgkin and
Keynes 1957; Robinson and Stokes 1955). Diffusion, however,
was slowed due to the presence of calcium buffers. Each shell
contained 25 uM of a kinetically fast buffer, exhibiting a single
calcium binding site, with forward and backward rate constants of
30 mM ! X ms™! and 0.03 ms™!, respectively (Sala and Hernan-
dez-Cruz 1990).

Calcium extrusion was performed by a Na*/Ca®' exchanger
with 3:1 stoichiometry located in the outermost shell of the cell
body. The equation used for the exchanger was taken from studies
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of cardiac cells (Kimura et al. 1987; Mullins 1977). The calcium
current flowing through the exchanger (in gA/cm?) was given by

icy = —2k([Ca*'][Na*Fe™V — [Ca®"][Na*[3e™™Y),

with E; = 0.013 mV!and E, = 0.026 mV™}, [Ca’'], = 2 mM,
[Na*], = 152 mM and [Na*]; = 9 mM. The capacity k of the

exchanger (k = 4.677-107* r_nﬁ)’ calcium leak conductance

and buffer properties are a set of parameters that was adjusted to
obtain a resting Ca®>* concentration of 75.5 nM, calcium transients
decayed with a time constant of 144 ms, and 98% of calcium
influx was trapped by the calcium binding buffer (Neher and Au-
gustine 1992) at resting calcium concentration.

Excitatory synaptic conductances

Synaptic currents induced by mossy-fiber stimulation in rat
granule cells are mediated by «-amino-3-hydroxy-5-methyl-4-
isoxazolepropionoc acid (AMPA) as well as by NMDA receptors
(D’Angelo et al. 1990, 1993; Silver et al. 1992). The AMPA recep-
tor-mediated synaptic currents were modeled by a dual exponen-
tial function using parameters measured by Silver et al. (1992),

Eampall) = Ganapa 1.273 - (67 7aecny — g7i/7eine),

with 75, = 0.09 ms and 74, = 1.5 ms. The synaptic conductance
peaks 270 us after activation of the synapse. The maximal synaptic
conductance (Z.ypa = 720 pS) was four times larger than the peak
conductance of AMPA miniature synaptic currents (Silver et al.
1992) in rat granule cells to account for the four times larger mem-
brane area of turtle granule cells as compared with rat granule
cells.

The NMDA receptor-mediated synaptic currents were modeled
by a function, gumpal?), consisting of three terms describing the
maximal conductance, gympa, the time course of the current fol-
lowing activation of the synapse and the voltage-dependence of
the magnesium block, g..(V,[Mg**],),

Enmpall) = Znmpa + 1.358 - (¢71mdecey — 7wy g (V,[Mg™*],),

with 75, = 3 ms and 74,y = 40 ms. The rise and decay time
constants were in the range of values described by D’Angelo et al.
(1992) and Silver et al. (1992) for NMDA miniature currents. For
the voltage-dependent magnesium block, we used the gating func-
tion described by Jahr and Stevens (1990a)

1
(1 + e¥[Mg™1,/8)’

with a = 0.062 mV ! and 8 = 3.57 mM. The external magnesium
concentration, [Mg2*],, was set to 1.2 mM. Notice that we assume
the NMDA conductance to be in equilibrium with voltage and
[Mg?*], so that the kinetics of the voltage-dependence of the chan-
nel (Jahr and Stevens 1990b) is not included. The NMDA synap-
tic current peaks 8.4 ms after activation of the synaptic mecha-
nism. The value gympa = 1.2 nS was obtained from the mean peak
NMDA miniature synaptic conductances reported by Silver et al.
(1992) in rat granule cells, but was multiplied by four to account
for the membrane area of turtle granule cells (see above).

Recently, the decay of whole-cell NMDA currents in rat granule
cells has been reported to contain a second, slowly decaying com-
ponent seen at depolarized membrane potentials (D’Angelo et al.
1993, 1994). This component was not included in the present
model.

Because the mossy-fiber granule cell transmission consists of
dual AMPA and NMDA components (D’Angelo et al. 1990;
Silver et al. 1992), in most experiments both conductances were
activated simultaneously. Excitatory synapses were placed at a
voltage node located at the distal end of the granule cell dendritic
bulbs (for details of implementation see Hines, 1993, Fig. 1). The

£(V.IMg™];) =
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reversal potential of the excitatory synaptic conductances was
0mV.

Tonic Golgi cell inhibition

The effects of a tonic Golgi cell inhibition on mossy-fiber gran-
ule cell transmission were studied by including a passive Cl™ {y-
aminobutyric acid (GABA,)]-conductance in the dendritic bulb
compartment (Rall 1964). Thus Golgi cell inhibition always was
located more proximal to the soma than mossy fiber excitation, in
accordance with anatomic observations (Mugnaini et al. 1974).
For simplicity, the reversal potential of Cl~ was set to the resting
membrane potential, Eq- = —65 mV. The value of ggapa, Was
varied in the range of 0 to 1.6 nS.

Numerical calculation of membrane voltage and calcium
concentration time course

The dynamics of membrane voltage and calcium concentration
in each cell compartment are determined by the discretized cable
equation and diffusion equation, which were integrated numeri-
cally by means of a second-order implicit integration algorithm
(Cooley and Dodge 1966; Mascagni 1989). The model was devel-
oped initially using a fast and accurate single cell simulator (Qua-
droni 1993). Simulations of 100 ms in current clamp took <1 min
on a Sparc 2 Sun Station. At a later stage, the model was ported to
the NEURON simulator (Hines 1989, 1993). Simulation of activ-
ity during synaptic stimulation was much more expensive in com-
puter time. Thus NEURON was compiled with a special library
(Condor) allowing to efficiently distribute simulations on 30 ma-
chines (Sun Sparc 1, 2, and 10) in batch mode. The electrical
current flowing through the electrogenic Na*/Ca?* exchanger was
negligible and was not taken into account for the calculation of
membrane voltage. Care was taken to choose small enough time
steps (usually 25 us) to ensure numerical stability and the simu-
lated cell was allowed to relax to its steady-state during 100 ms-1s
before initiating experimental protocols.

RESULTS

Intrinsic properties of the granule cell model

The model’s responses to intrasomatic injection of depo-
larizing and hyperpolarizing current pulses are illustrated in
Fig. 14. The model cell does not show spontaneous activity.
Injection of small depolarizing currents induces regular ac-
tion potential firing with very little frequency accommoda-
tion. The action potentials have an amplitude of 67 mV
(measured from rest), a half-width of 0.85 ms, and are fol-
lowed by a pronounced spike after hyperpolarization
(AHP), which has an amplitude of 4.2 mV when measured
from resting (steady-state) potential (—65 mV). Repolariza-
tion from the AHP occurs in two phases: an initially fast
return toward resting potential followed by a decrease in the
rising rate of membrane potential. The latter effect results
from the activity of gk, (Connor and Stevens 1971). The
expression of gy results in a time- and voltage-dependent
inward rectification and a graded rebound excitation dur-
ing and after hyperpolarizing current pulses, respectively.

Our model reproduces in these respects the main firing
properties of turtle granule cells as seen with intracellular
recordings in vitro (Fig. 1C), that is, the lack of a pro-
nounced frequency accommodation, the spike amplitude
and AHP, the dual component interspike trajectory of
membrane potential under small depolarizing currents,
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FIG. 1. Comparison of simulated and in vitro firing properties of turtle
granule cells. 4: response of the simulated granule cell to injection of a
depolarizing current pulse and to hyperpolarizing current pulses (10, —10,
—20, and —30 pA). B: morphological structure of the granule cell model
and placement of excitatory and inhibitory synapses (not drawn to scale).
C: whole cell recording from a turtle granule cell in current-clamp mode.
Responses to depolarizing and hyperpolarizing current pulses (10, —10,
—20, and —30 pA). Resting membrane potential was ~70 mV, no bias
current. D: relationship between injected current and firing frequency ob-
tained in another turtle granule cell.

and the initial sag in the membrane potential during hyper-
polarizing pulses, which is followed by a hump depolariza-
tion at the end of the pulses. Note that in the experimental
trace of Fig. 1C spontaneous inhibitory postsynaptic poten-
tials (IPSPs) can prevent action potential generation as in-
dicated by the occasional occurrence of double-sized inter-
spike intervals (Fig. 1C, arrows). The injected current ver-
sus firing frequency curve obtained in a different granule
cell is shown in Fig. 1D. The simulated current frequency
curve of the model is in the range of observed experimental
values (see Fig. 4B and below).

Figure 2 shows the membrane voltage and submem-
braneous calcium concentration during an action potential
as well as the time course of the currents flowing through
the membrane. The current flowing through HVA calcium
channels contributes little to spike depolarization (Fig.
2A43), but causes a raise in intracellular calcium concentra-
tion (Fig. 241), which activates the calcium-dependent po-
tassium current fy ¢, Spike repolarization is mainly due to
the action of Iy, (Fig. 242), which activates immediately
after the fast sodium current, and to a much smaller extend,
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to the delayed rectifier. After the spike AHP, the A channel
activates upon membrane repolarization (see Fig. 243). Fig-
ure 2B3 shows the activation variable of the H channel: the
channel closes during the action potential and slowly re-
opens afterwards, whereas the H current relaxes to its rest-
ing value (Fig. 2B2).

Induction of action potential firing by mossy fiber inputs

Figure 34 shows the effect of activating AMPA, NMDA,
or mixed AMPA/NMDA type of synaptic conductances on
somatic membrane potential and the corresponding synap-
tic currents flowing in the dendritic bulb. The nearly instan-
taneous rise of the AMPA conductance causes a fast in-
crease in membrane potential that peaks at —61.9 mV after
4.1 ms. Concurrent activation of the NMDA conductance
only slightly increases the peak value of membrane voltage
to —60.9 mV, however. The slow conductance decay,

Al v, B1

1pA

d 0.14
0.13
0.12
0.11
0.10
0.09
0.08

IcaHva)

10 pA

"5ms 50 ms

FIG. 2. Time course of somatic membrane voltage, submembraneous
calcium concentration, and ionic currents flowing across the membrane
during an action potential. The action potential was elicited by a 5 pA
current pulse of 190 ms duration (see BI). AI: membrane voltage (V) and
submembraneous calcium concentration ([Ca®*];, peak value 900 nM).
A2: fast sodium current (I, peak value 3.0 nA), delayed rectifier current
(Ixor)y peak value 0.47 nA), and current mediated by calcium-activated
potassium channels (/gc,), peak value 1.8 nA). A3: high-voltage-activated
(HVA) calcium current (c,qva), peak value 62 pA) and A current I (ay
end value 3.5 pA). BI: action potential induced by a depolarizing current
(5 pA) plotted on a faster time scale. B2: H current (I resting value 0.9
pA). B3: time course of the activation variable d of Iy,. Note the different
time scales between 4 and B, as well as the different current scales in A2,
A3, and B2.
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FIG. 3. Synaptic currents and voltage during activation of mossy fiber
synapses. .4 /: somatic membrane voltage during activation of a-amino-3-
hydroxy-5-methyl-4-1soxazolepropionic acid (AMPA), N-methyl-D-aspar-
tate (NMDA), and mixed AMPA/NMDA synapses. 42: currents flowing
through the synaptically activated channels (peak current values are
AMPA: 45 pA. NMDA: 4.2 pA, and mixed AMPA/NMDA: 45 pA). The
inset shows on an expanded scale part of the rising and falling phase of the
currents (width and height of dotted box is 20 ms and 9.5 pA). Bl: somatic
membrane voltage after simultaneous activation of 2 mixed AMPA/
NMDA synapses. B2: corresponding synaptic current (peak value: 90 pA).

which 1s characteristic for this channel, induces a depolar-
ization lasting > 100 ms. In Fig. 3B, two synapses activated
simultaneously cause the cell to fire an action potential.
Activation of the synapses results in an initial fast depolar-
ization of the cell because of the AMPA component of the
synaptic current. The subsequent slower depolarization,
which finally reaches threshold for action potential genera-
tion, results from the persistent action of the NMDA and H
current as well as the slow inactivation of I ,,.

Does continuous, repetitive mossy fiber activity drive the
granule cell to regular steady-state firing of action poten-
tials? Plotting the granule cell firing frequency against the
frequency of mossy fiber activity (Fig. 44, @) yields a curve
(f-F curve) that is approximately linear, indicating linear
summation of mossy fiber inputs, and has a slope of 1/2,
reflecting the fact that two synaptic inputs are required to
fire the cell.

Excitatory postsynaptic potentials (EPSPs) impinging on
different granule cell dendrites might interact differently
than EPSPs arising at a single dendritic bulb. We investi-
gated this possibility by comparing the /-F curve with the
firing frequency curve obtained by stimulating for a given
frequency each of the four mossy fiber inputs of the cell in
turn at one-quarter of the frequency. That is, we distributed
a given frequency input evenly between the four dendrites.
The result of this simulation is also shown on Fig. 44 (V).
The two curves of Fig. 44 are remarkably similar up to a
stimulation frequency of 150 Hz. At higher frequencies, a
single mossy fiber drives the granule cell more effectively.
Calculation of f-F curves with activation of either AMPA or
NMDA conductances alone revealed that this is due to the
nonlinearity of the NMDA current (not illustrated). The
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increased efficacy of NMDA channels when stimulated in
one bulb at high frequency is due to a relief of the voltage-
dependent Mg?* block, as can be seen by plotting the mean
voltage in each bulb (not illustrated). A similar effect due to
clustering of NMDA synapses has been observed in simula-
tions of cortical pyramidal cells (Mel 1992, 1993). We con-
clude from this that spatial segregation of mossy fiber in-
puts has a negligible effect on their integration by the simu-
lated granule cell for a wide range of frequencies.

Small changes in synaptic conductances are capable to
alter significantly the high input resistance of the granule
cell model. Hence, we also compared the capabilities to
drive the granule cell of current injected directly into the
soma with current generated by activated synaptic conduc-
tances. For that, we plotted in Fig. 4B the granule cell firing
frequency against the amplitude of directly injected con-
stant current (/-/ curve, ®). We further plotted the mean
synaptic current induced by mossy fiber stimulation at vary-
ing frequencies versus output frequency (V). Interestingly,
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frequency for different values of tonic inhibition. /nset shows the minimal
mossy fiber stimulation frequency able to induce action potential firing as
a function of tonic inhibition.

this latter curve closely matches the relationship between
injected current and firing frequency, showing that, in our
model, current generated by synaptic conductances has a
similar effect on the granule cell as a somatic current injec-
tion over a wide range of input frequencies. We further
tested the compactness of the cell by injecting currents in
the soma or in a dendritic bulb of the granule cell and com-
paring transients and steady-state attenuation of voltage at
different locations in the cell. A short-lasting (2 ms) current
injection into a dendritic bulb resulted in voltage transients
in this bulb, the soma, and another bulb that were almost
identical except for a very high-frequency component only
seen at the site of current injection (Fig. 4B, inser). Steady-
state attenuation factors, assessed with injection of small
hyperpolarizing (1-2 pA) current pulses, between a bulb
and the soma and between two bulbs were =0.99 and
>0.94, respectively.

Role of inhibition on input-output firing relationship of
granule cells

To investigate the role of Golgi cell inhibition on input-
output relationship as revealed by f-F curves, a ohmic,
GABA ,-like conductance was inserted in each dendritic
bulb. This tonic conductance can be interpreted as
asynchronous inhibitory background activity (Bernander et
al. 1991) and, as the reversal potential of GABA, currents
was set to membrane resting potential, it implements a ““si-
lent” inhibition (Koch et al. 1982; Kriegstein and Connors
1986). Indeed, it has been shown that Golgi cells are often
spontaneously active both in vivo and in vitro (Eccles et al.
1967; Edgley and Lidierth 1987; van Kan et al. 1993).

Figure 5 shows the mean firing rate of the simulated gran-
ule cell versus mossy fiber stimulation frequency at differ-
ent values of the tonic inhibitory conductance. In the ab-
sence of tonic inhibition, the minimal frequency needed to
initiate an action potential lies between 10 and 20 Hz.
Tonic inhibition induces two distinct effects: first, the f-F
curve is shifted horizontally toward higher values of the
mossy fiber input frequency. Thus inhibition shifts the
threshold for action potential generation toward higher fre-
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quencies (Fig. 5, inser). Interestingly, inhibition had almost
no effect on the slope of the f/-F curve, as expected from the
compactness of the cell (Vu and Krasne 1992). This effect
of inhibition is independent of whether mossy fiber inputs
are distributed over one or several dendritic bulbs and of
the position of the inhibitory conductance on the granule
cell dendrite. The second effect of tonic inhibition concerns
the decoding of temporal patterns of mossy fiber inputs and
will be described in the following.

Decoding of temporal input patterns

GAIN VERSUS PHASE RELATIONSHIP FOR TWO MOSSY FIBER IN-
PUTS AS A FUNCTION OF INHIBITION. From a theoretical
point of view, the kinetic properties of AMPA and NMDA
subtypes of glutamate-activated receptors imply very differ-
ent roles for these channels in the integrative properties of a
neuron (Softky and Koch 1993). On the one hand, fast acti-
vation and inactivation of AMPA currents requires that
inputs almost coincide to be temporally summated and fa-
vors synchronization of synaptic events (Traub et al. 1993),
whereas NMDA currents are integrated over longer time
periods because of their slow decay time constant (Bekkers
and Stevens 1990; Salt 1986). Furthermore, shunting inhibi-
tion is expected to reduce the effects of excitatory currents
on voltage.

In our granule cell model, low values of tonic inhibition
were efficient in reducing the tail component of NMDA
EPSPs, thus increasing the sensitivity on exact timing of
synaptic inputs. This point is best illustrated by plotting the
firing frequency of the granule cell as a function of the rela-
tive phase of two excitatory inputs activated at constant
frequency. Figure 6, 4 and B, show plots of the normalized
firing frequency (frequency at O phase set to 1) versus rela-
tive phase at various input frequencies, without and with a
0.1 nS inhibition, respectively. Inhibition introduces a tim-
ing dependence in integration of EPSPs that can be traced
back to a suppression of NMDA tail potentials. Indeed,
turning off inhibition and diminishing the NMDA compo-
nent EPSPs by 15% produces a similar dependence on tim-
ing of EPSPs as in Fig. 6B (not illustrated).

The efficacy of two synaptic inputs depended on their
phase relationship only for a limited range of input frequen-
cies. With a value of 0.1 nS for the tonic inhibition, for
mstance, timing played an important role for the integra-
tion of synaptic inputs in a range of frequencies lying ap-
proximatively between 5 and 15 Hz (Fig. 6B). Increasing
the value of tonic inhibition shifted toward higher values
the range of input frequencies for which timing signifi-
cantly influenced output firing frequency. This point is il-
lustrated in Fig. 6C. For each value of tonic inhibition be-
tween 0.1 and 1.6 nS, we plotted on the vertical axis the
interval of frequencies for which timing was significant.
This interval (or “window”) was defined as follows: the
lower end of the interval is the lowest frequency for which
“in phase” activity of two mossy fiber inputs was sufficient
to trigger action potential firing, whereas “out of phase”
activity of the same two inputs failed to reach threshold for
action potential firing. The upper end of the window (upper
horizontal bars in Fig. 6C) is the highest frequency at which
stimulation of two mossy fibers in or out of phase still re-
sults in a difference in output firing of >25%. Plotting this
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FIG. 6. Effects of tonic inhibition on the sensitivity to phase relation-
ship of mossy fiber inputs. Two synapses were excited at constant fre-
quency with different relative phases (0 phase is coincidental activation).
A: without inhibition, the firing frequency depends on the relative phase of
mossy fiber inputs only at 5 Hz stimulation frequency. B: with 0.1-nS
inhibition the granule cell response depends on mossy fiber phase relation-
ship at mossy fiber frequencies <15 Hz. C: range of mossy fiber input
frequencies for which timing significantly affects the output frequency of
the granule cell. The horizontal axis denotes different values of tonic inhibi-
tion. The vertical axis reports the range of mossy fiber frequencies for
which stimulation in phase and out of phase result in output firing fre-
quencies differing by >25%, lower end of the vertical bars denotes failure
of “out phase” but not of “in phase™ activity to trigger action potential
firing.

timing window as a function of tonic inhibition (Fig. 6C)
reveals that increasing inhibition shifts the timing window
towards higher input frequency values. As will be empha-
sized in the DISCUSSION, this suggests that Golgi cell inhibi-
tion might adjust the sensitivity of granule cells on timing of
mossy fiber inputs depending on the mean mossy fiber ac-
tivity.

DYNAMICS OF EXCITABILITY.  In our model, only two mem-
brane conductances possess slow kinetics, the NMDA
channel and the H channel. These conductances therefore
might influence the integration, after an action potential, of
subsequent excitatory inputs. We investigated this question
by performing the following set of simulations: at time ¢ =0
ms, two mossy fiber synapses were activated whose com-
pound EPSP triggered one action potential in the granule
cell. Subsequent to this action potential, two further syn-
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apses (labeled synapse 1 and 2) were activated at different
times, and the maximal time interval between these two
synaptic events still able to trigger a second action potential
was assessed. In Fig. 7, the time ¢, at which synapse I was
activated, measured from the deepest voltage reached by
the AHP of the previous spike (upward arrow in the inset),
is plotted on the horizontal axis. The vertical axis reports
the maximal time At between the activation of synapse 1
and 2 that still is able to trigger an action potential (i.e.,
synapse 2 will trigger an action potential if and only if it is
activated at a time ¢, smaller or equal to 7, + At). The value
of At immediately after the spike AHP is one-and-a-half
times as high than at steady state. With increasing ¢,, At
diminishes and reaches a minimum (57 ms) at ¢, = 200 ms,
when the NMDA potential triggering the first spike has
vanished. After 200 ms, At slowly recovers to its steady-
state value (62 ms), this is due to reactivation of the H
current, which closed during the first spike (see Fig. 2B3).
The relative contribution of the NMDA and the H chan-
nels to the above effect are best isolated by examining the
effects of modifying the NMDA or H channel conduc-
tances and time constants. The second plot of Fig. 7 illus-
trates the role of the NMDA current in the increased sum-
mation of EPSPs after a spike. At time ¢, = 0, that is, when
the AHP of the first spike was deepest, we interrupted the
simulation and set the NMDA current to 0 before resuming
it. This has a dramatic effect on the summation of EPSPs:
At almost drops to 0 immediately after the spike AHP and
recovers as membrane potential increases toward its resting
value and as the H channel reopens. In the same way, the
time constant of the H channel influences the speed of re-
covery of A from its minimum value in Fig. 7 to steady
state, whereas modifying the maximal conductance of the
H channel changes the steady-state value of A (not illus-
trated). Inclusion of tonic inhibition shifted the filled curve
of Fig. 7 along the vertical axis toward smaller values of At
(~35 ms for 0.05 nS of tonic inhibition in each bulb) until
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FIG. 7. Time window for synaptic integration: effect of NMDA tail

currents after an action potential on the summation of subsequent synap-
tic inputs. The horizontal axis plots the time ¢, at which the first synapse is
activated and the vertical axis the maximal time interval Ar between acti-
vation of synapse I and 2 still able to elicit an action potential. /nset: the
upward arrow denotes the 0 point of the ¢,-axis and shows how At is mea-
sured.
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tonic inhibition was strong enough to prevent the cell from
firing under synchronous activation of two synaptic inputs.

DISCUSSION

Model

We have constructed a model of the turtle cerebellar
granule cell to explore the synaptic integration of mossy
fiber inputs in granule cells. The model is based on rela-
tively detailed compartmental techniques but obviously its
limitations have to be considered here. Because of the fact
that experimental characterization of membrane currents
of turtle granule cells under voltage-clamp conditions has
not been performed yet, the model cannot be considered to
be precise at the level of isolated membrane currents. We
attempted to compensate for this by deriving, whenever
possible, our kinetical models from available mammalian
granule cells. Clearly this approach has its shortcomings:
the electrophysiological data in mammalian granule cells
was obtained from fairly young animals, and the micro-
scopic behavior of channels in the two preparations is likely
to be different. Nevertheless, mixing data from different
species seems to be justifiable in view of the strong similari-
ties between the membrane properties, at least on the phen-
omenological level, of turtles and mammalian cerebellar
neurons, as has been extensively demonstrated in Purkinje
cells (Hounsgaard and Midtgaard 1988; Llinis and Sugi-
mori 1980). Furthermore we have performed extensive
checks to verify that our results do not depend on the partic-
ular choice of our kinetic parameters.

Considering the responses of our model cell to intraso-
matic current injections as compared with the correspond-
ing responses seen in electrophysiologically recorded cells,
it is plausible that the main membrane properties of turtle
granule cells are well represented in our model. Small active
currents might have been masked by larger currents under
the experimental conditions employed to generate the data
that we have used to constrain the parameter space of our
model. However, the results and conclusions, which will be
discussed below, do not depend on weakly expressed
currents but rather on the following two main properties of
granule cells:

1) The activation of synaptic conductances makes a negli-
gible contribution to the overall membrane conductance
during action potential firing. This results from the com-
pactness of the cell, the small number of synapses, and the
fact that during action potential firing, the membrane con-
ductance is essentially generated by voltage-activated ion
channels, which produce peak conductances 2 to 3 orders
of magnitude larger than the synaptic conductances. This is
constrained by the fact that granule cells have a morphol-
ogy, which results in a compact spatial electrotonic struc-
ture and are able to fire fast and overshooting action poten-
tials (Fig. 1C). In contrast, Bernander et al. (1991, Fig. 2D)
have shown that for layer V pyramidal cells spontaneous
synaptic activity can increase considerably the electrotonic
distance of dendritic sites to the soma. However, in our
model, tonic inhibition was able to modify significantly the
input resistance of the cell and to compete with action po-
tential generating mechanisms (Fig. 6). 2) The activation of
more than one mossy fiber is needed to fire granule cells. It
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has already been concluded from cat extracellular record-
ings in vivo that generally more than one synaptic input.is
needed to fire granule cells (Eccles et al. 1967), and recent
intracellular recordings in rat and turtle cerebellar slices
confirm this conclusion (E. D’Angelo, personal communi-
cation; Midtgaard, unpublished observations).

Thus the properties relevant for our conclusions are sup-
ported and consistent with experimental data.

Electrical compactness and spatial integration of EPSPs

Because of the very short electrotonic length of granule
cell dendrites, synaptic potentials generated at the distal
end of the dendrites spread almost unattenuated to the
soma and other dendritic bulbs. We verified this by show-
ing that the firing frequency of granule cells is essentially
independent of the exact location of activated mossy fiber
inputs (Fig. 44). Furthermore we showed that dendritic
synaptic current was equally efficient to drive the granule
cell as direct intrasomatic current injection of the same size
(Fig. 4B) and that attenuation of voltage transients is negligi-
ble due to the reduced cable structure of the granule cell.
Considering only these points, the spatial integration of ex-
citatory synaptic inputs in granule cells might be described
by a model simpler than the one employed here (McCul-
logh and Pitts 1943). However, despite their spatial electro-
tonical compactness, these cells are not necessarily bio-
chemically compact, and it might be possible that second
messengers such as calcium are compartimentalized at each
mossy fiber synapse in a way analogous to the one postu-
lated for spines (see Koch and Zador 1993 and references
given there). The present model also might serve as a basis
for exploring these possibilities.

Temporal summation of EPSPs

Our simulations revealed that the NMDA component of
suprathreshold mossy fiber EPSPs has an priming effect on
subsequent mossy fiber inputs (Fig. 7). This might be of
physiological significance under conditions where closely
spaced mossy fiber inputs impinge on a single granule cell
such as has been suggested for tactile sensory inputs, which
consist of a short latency component and a longer-latency
component mediated by a cerebro-cerebellar pathway
(Gonzalez et al. 1993; Morissette et al. 1991). The simulta-
neous activation of two mossy fiber synapses as assumed in
our simulations renders this facilitation effect maximal.
However, even if most of the time mossy fiber synapses do
not fire synchronously in vivo, this will not affect facilita-
tion in a statistical sense (Gray et al. 1989). In addition to
the slowly decaying NMDA receptor mediated current, also
the H current influenced the temporal summation of
EPSPs. In our simulations, the H current diminished the
summation of subsequent synaptic inputs because it only
slowly recovered from inactivation that occurred during ac-
tion potentials. This effect was sensitive to the kinetics of
the channel and to the number of channels open at rest.
Because our model of the H current was not taken from
recordings of turtle granule cells and in view of the diversity
reported in the literature for the kinetics of inward rectifica-
tion (Crepel and Penit-Soria 1986; Halliwell and Adams
1982; Mayer and Westbrook 1883; McCormick and Pape
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1990), more precise conclusions on its role in mossy fiber
integration will require an experimental characterization in
granule cells. Notably, inward rectification also has been
considered as a factor contributing to synaptic integration
by other authors (Spain et al. 1987).

Effect of Golgi cell inhibition on synaptic integration

A large value of tonic inhibitory conductance was re-
quired to silence granule cells during simulations of high-
frequency mossy fiber inputs. This is supported by the elec-
trophysiological observation that spontaneous IPSPs were
able to inhibit action potential firing (Fig. 1C, arrows) and
is in line with extracellular recordings reported by Eccles
and coworkers (1967) as well as with detailed morphologi-
cal studies of glomeruli (Jakab and Hamori 1988). The pos-
sibility that Golgi cells might sample mossy fiber activity to
adjust the firing threshold of granule cells was first consid-
ered by D. Marr (1969). In addition to this role of Golgi ceil
inhibition for “normalizing” mossy fiber to parallel fiber
throughput with mossy fiber activity and for implementing
a “sparse coding” of parallel fiber signals (see INTRODUC-
TION), the present simulations revealed an interesting new
effect of feed forward and feed backward inhibition. The
amount of Golgi cell inhibition also defines a window of
frequencies in which the signal throughput in the mossy
fiber parallel fiber system depends on the relative phase
relationship between otherwise independent mossy fiber in-
puts (Fig. 6). If the synaptic weights of Golgi cell inhibition
were adjusted such that this window follows changes in
mean mossy fiber activity, granule cells would be tuned to
preferentially transfer synchronized mossy fiber activity.
This hypothesis requires experimental testing.
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CORRIGENDA

Volume 72, August 1994
Pages 999~ 1000: F. Gabbiani, J. Midtgaard, and T. Knopfel, **‘Synaptic Integration in
of Cerebellar Granule Cells.”” Table 1 contains the following two mistakes.

1) The backward rate function for the activation of the high-voltage activated
conductance shouid read

~0.02(V + 8.9)/{1 — 02V1E9
instead of
~0.02(V — 89)[1 — ¢ *H*9

2) The forward rate function for the inactivation of the delayed rectifier potassium
tance should read

0.0007 + 6+ 10737008V a0
instead of
0.0007 + 6.5 00svranl

The authors thank Dr. H. Lu for bringing these two mistakes to their attention.



