





Modeling golgi cell electroresponsiveness

Table 1. Voltage-dependent conductance parameters.

Conductance N Goa (S/cM?) Ve, (MV) o (s B (s Reference
state variables
B Activation 3 14e o 0.417(V+35)/(1—exp(—(V+35)/10)) 16.68 exp(—0.055(V+60))
o Inactivation 1 : 0.292 exp(—0.3(V+60)) 4.17/(1+exp(—(V+27)/5))
Activation 1 {1.11-68.5(V+6.48) /[exp(— {66+21.7(V+54) /[exp((V+54)/0.11)
SNar 0.0017 77.39 (V+6.48)/6.8)—1]} x10~4 —1]}x10-2
Inactivation 1 0.443xexp(—(V+90)/62.5) 0.014xexp((V+93.3)/16.1)
Snap  Activation 1 19x107%  77.39 0.421(V+50)/[1—exp(—(V+50)/5)] —0.287(V+50)/[1—exp((V+50)/5)]
Xoo = 1/(14exp(=V+53)/5))7ec = 5/(a+p)
kv Activation 4 0.032 —946  0.062(V+36)/[1—exp(—(V+36)/10)] 0.78 exp(—(V+46),/80) Modified from
Nieus et al., 2006
Activation 3 0.62/[1-+exp(—(V+19.17)/23.32)] 0.126[exp(—(V+28.28)/19.47)]
2n 0.008 —946  0.028/[1-+exp((V+121)/12.84)) 0.026/[1+exp(—(V+59.95)/8.9)]
Inactivation 1 Xoo = 1/(14+exp(—(V+48)/17)) Yoo = 1/(14+exp((V+88.8)/8.4))
ke Activation 1 0.009 —946  3.2/{1+0.0015exp(—(V+10)/11.7) 0.46/{1+[Ca]/(1.5x 10 “exp(—
/[Cal} (V+10)/11.7))}
EK-slow Activation 1 0.001 —94.6 0.0037 exp((V+40)/40) 0.0037 exp(—(V-+40),/20)
Xoo = 1/[1+exp(—(V+45)/6)]
Activation 2 L 0.0687 exp(0.063(V+39)) 0.115 exp(—0.039(V+28.66))
a— - 4.6 x10 136.3*
BCWVA - activation 1 x 1.8x1073 exp(—(V-+58)/18) 1.8x1073 exp((V+58),/83)
Activation 2 Xoo = 1/(1+exp(—(V+62)/7.4)) 7, = (3+1/(exp(—(V+37)/10)+ Destexhe
e 25x10°4  136.3* exp(—(V+112)/15)))/0.85 et al., 1994
Inactivation 1 Yoo = 1/(1+exp(—(V+90)/5)) 7y, = (85+1/(exp(—(V+58)/4)+
exp(—(V+417)/50)))0.9
¢ ¢ o =200ms ImM L
B =0.08ms*
¢y > cza=160ms ! mM
01 02 B=0.08ms!
SoALP 0.038 —94.6 11 ez cqga=80ms imM Hirschberg
C1>3CreCieCy B=02ms™t et al., 1998
c3 = 0p ¢ =0.16ms!;
B=1ms!
cp =0y a=12ms;
B=01ms?
r = 0.0021(V+10)-+0.97
SHONL 1 5x10° —30 heast = r[1/(14exp((V+82.5)x0.11))] Tt = €xp((0.014V+13.37)2.3)
hgow = [1—r[1/(1+exp((V+82.5)x0.11))]] Tgow = €xp((0.014V+14.07)2.3) Reconstructed
from Santoro
et al., 2000
r = —0.0227(V+10)—1.47
guen: 1 8x10°° -30 hast = r[1/(14-exp((V+91.9)x0.16))] Trast = exp((0.027V+15.6)2.3)

hgow = [1—r[1/(1+exp((V+91.9)x0.16))]]

Tgow = exp((0.015V+15.3)2.3)

The table reports the equations used to calculate o, B,, oy, and B, (see Equations (3) and (4)) for the membrane conductances used in the model (in a
few cases x., and y, are reported). Only, the SK channel was built using Markov multistate transition model in order to use the data available in
literature (Santoro et al., 2000). The number of gating particles (), maximum conductance (Gmay), and ionic reversal potential (* resting value for Ca2")

used to calculate ionic currents are also shown. The opening and closing rates are corrected for temperature (23 °C).

wall resistance and an axial resistance of 25 M() equivalent to “access
resistance” (Neher and Sakmann, 1995).

Leakage. The leakage current (I eax) Was measured in the subthreshold
region from VC recordings after application of the following ionic channel
blockers (in mM): TEACI (40), BaCl, (2), CdCl, (0.2), CoCl, (2), TTX (0.001),
Apamin (0.05), Linopirdine (0.04), zD7288 (0.01-0.1). All drugs were
applied through general bath perfusion as described in Forti et al., (2006).
The currents obtained from voltage-step injection yielded a linear -V plot
(range —120 to —60mV) maximum conductance of 21 wS/cm? and
reversal potential at —60 mV (data not shown).

Voltage-dependent mechanisms. These were based on experimental
observations including current-clamp (Forti et al., 2006) and preliminary
voltage-clamp recordings. A first current set was needed to generate
action potentials. This consisted in a standard description of Iy, and lx_y
and was completed through the introduction of Icapya and lgc, which
improved the fast phase (1-2ms following the upstroke) of spike
afterhyperpolarization (AHP) preventing Na™ channel inactivation and
discharge blockage at high frequency. Iy regulated the first spike delay
and Iya, intensified high-frequency discharge. lca..ya Was needed to
enhance rebound depolarization. A second current set was needed to
generate pacemaking and, according to previous experimental analysis
(Forti et al., 2006), included Iya-p, In, lk-siows @nd lk-aue. The procedures
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Figure 2. Pacemaking. (A) Pacemaker activity during Golgi cell WCR (black) and in the model (gray). (B) Enlarged view of interspike interval (ISI) taken from A. The
model (leakage reversal potential —62 mV) faithfully follows the membrane potential of this specific Golgi cell. (€) Distribution of the ISI of spontaneously firing
Golgi cells (mean of 20-50 ISI per cell; n = 32) during WCR. Note that the ISI in the model (gray bar) falls on the mode of the experimental data distribution. (D)
Relationships among ISI parameters. Note that the model data points (large gray dots) fall within the distribution of spike amplitude versus spike threshold and
within the distribution of AHP trough versus AHP rise-time measured experimentally (black circles, the larger ones corresponding to the trace in A-B). The model
did not significantly differ from the data (p > 0.12, t-test). (E) The experimental relationship between CV,s; and firing rate (n =47 WCR) showed a negative
correlation. The model was injected with a noisy current (32 pA SD, see Methods) and the spontaneous frequency was varied among the values observed during
WCRs by changing the leakage reversal potential from —67 to —55mV. Simulations (gray line) show that the model could appropriately fit the experimental

measurements.

Membrane noise in vitro. In order to reproduce the ISI irregularity
observed during Golgi cell recordings in vitro (CV,g; = 0.13, median value
from loose cell-attached recordings, Forti et al., 2006; CV,5;=0.16,
median value from WCR, this study), Gaussian noise was added to the
model in selected simulations aimed at reproducing the effect of apamin
application (cf. Figures 2E and 5C). The NEURON random number
generator was used to produce a sequence of numbers cast from a
Gaussian distribution with 0 mean and unitary variance generating a
sequence lacking temporal correlation. The random numbers were scaled
by a 32 pA coefficient yielding a noise current injected into the soma. In
the canonical model, this produced a CV,5;=0.16.

The Golgi cell model NEURON code is available from ModelDB
(senselab.med.yale.edu/ModelDb/).

Data analysis
The processing of experimental and simulated traces was automated
using dedicated scripts written in MATLAB (MathWorks, Natick, MA, USA).
As in Forti et al., (2006), spike threshold was detected at the point where
the depolarization rate reached 5mV/ms. Spike maximum and minimum
(AHP trough) were computed and the AHP rise-time was estimated as the
time needed to reach the AHP trough from threshold crossing during
the down phase of the spike. The sag amplitude was calculated as
the difference between the minimum and steady-state value of membrane
potential during responses to hyperpolarizing currents. Firing rate
adaptation in response to depolarizing currents was calculated as the ratio
of the steady-state and initial discharge frequency (i.e., the inverse of the
last and first ISI).

The match of model to experimental data was evaluated by testing the
null hypothesis that their difference was a random sample from a normal

distribution (Lilliefors test) with mean equal to 0 and unknown variance
(Student’s t-test). All data are reported as mean + SD.

RESULTS

The Golgi cell was recently proposed to express a characteristic set of
ionic currents (comprising Ina-p, Iy lk-ane, @nd lxsiow; Forti et al., 2006).
Each one of these is endowed with unique gating and kinetics properties
(see for a comprehensive description Koch, 1999; Yamada et al., 1998):
Ina-p activates rapidly with depolarization in the subthreshold region, Iy
slowly deactivates with depolarization, ly_ayp activates briskly upon Ca®*
entry and remains activated for tens of milliseconds, and ly_gion activates
slowly and progressively in the subthreshold region during sustained
depolarization.

In order to elaborate a hypothesis on how these ionic mechanisms
interact, the electrophysiological and pharmacological analysis of
intrinsic excitability was assisted by a computational model incorpora-
ting prototypical ionic current properties (see Methods, Figure 1 and
Table 1).

Modeling the basic properties of Golgi cell electroresponsiveness
The basic properties of Golgi cell electroresponsiveness in acute brain
slices (henceforth called in vitro) were inferred from the previous paper of
Forti et al., (2006) and from novel WCR data, and could be summarized as
follows. (i) Golgi cells paced rhythmically at a frequency between 1 and
8 Hz at room temperature (Figure 2A). In the pacemaking regime, spikes
were followed by a protracted AHP (Figure 2B). The average IS
distribution obtained from different cells in WCR showed a prominent peak
around 200 ms (Figure 2C). There was no clear correlation between the
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Figure 4. The response to depolarization. (A) The traces taken from a WCR in a Golgi cell show that firing frequency and adaptation increase with the intensity of
current injection (from top to bottom: 150, 250, 350 pA). Simulations show that the model could faithfully reproduce this behavior (gray traces). Both the real cell
and the model were held at —70 mV by injecting a hyperpolarizing current to prevent spontaneous firing (the step-current protocol is shown at the bottom). (B) In
the plots, the response of the model (solid gray line) to current injection is compared to the data collected in experimental recordings (dots; n = 10 Golgi cells).
Simulations (gray lines) show that the model could appropriately fit the experimental measurements of :

- first spike delay versus injected current (left: p> 0.1, t-test)

- instantaneous and steady-state frequency (the inverse of the first and last ISI, experimental data correspond to black dots and diamonds, modeling
data correspond to solid and dashed gray lines, respectively) versus injected current (middle plot: p > 0.1, t-test)
- the adaptation factor (last ISI/first ISI) versus initial firing rate (p > 0.9, t-test).

Robustness and the canonical neuron

The simulations we have presented till now lead to two conclusions. (i)
Although the currents introduced into the model (on the basis of
experimental observations) controlled characteristic aspects of electro-
responsiveness (see also Solinas et al., 2007), they could have multiple
and redundant effects. (i) The canonical Golgi cell model is one that
succeeds in approximating the behavior of the experimental population of
Golgi cells. The robustness of this model should be tested by checking its
ability to reproduce the variability of behaviors measured in different cells
when varying model parameters. We therefore measured robustness of
the model by assessing its ability to maintain typical Golgi cell
characteristics when key parameters were varied. This aspect is shown in
Figure 8, in which certain current densities or the time constant of [Ca”]i
are modified in turn. The analysis in Figure 8 confirms the relative
importance of different currents in generating Golgi cell behavior reported
in Figure 5. The model was quite sensitive to changes in Iyap
conductance, followed by changes in lcgow. Calcium dynamics,
determined by the conductance of Icya and the decay constant Bc,
were also relatively important, while the model was quite insensitive to
changes in I conductance. An example was presented in Figure 3, in
which some parameters were modified to adapt the canonical model to
mimic an individual Golgi cell response in detail. Notice that a more
extended robustness assessment (Achard and De Schutter, 2006;
Druckmann et al., 2007) would imply also testing the effect of conjoint

variations of free parameters. This is a complex task that may be
addressed in future research.

Coupling of subthreshold membrane potential oscillations

with spikes

Given the good response of the model over a wide range of experimental
behaviors, it could be used to predict the mechanism of pacemaking. In
several neurons (e.g., in amygdaloid neurons (Papae and Driesang, 1998),
in enthorinal cortex neurons (Alonso and Llinas, 1989; Dickson et al.,
2000a), or in inferior olivary neurons (Llinas and Yarom, 1986))
pacemaking is clearly related to subthreshold membrane potential
oscillations. However, these could not be isolated in WCRs by gradually
hyperpolarizing Golgi cells with steady currents. This situation clearly
resembles that observed in subthalamic neurons, in which pacemaking
was extremely regular and subthreshold oscillations could not be
decoupled from spikes (Bevan and Wilson, 1999). In the model, after
switching-off spike-related mechanisms (i.e., Iyat lkv, and lgc),
subthreshold oscillations (30 mV peak-to-peak centered around thresh-
old) emerged at nearly the same frequency (5 vs. 4.46 Hz) of spontaneous
firing (Figure 9A). Several putative mechanisms might be responsible for
these subthreshold oscillations in Golgi cells, exploiting the specific
properties of the two depolarizing currents, Iyap and I, and of the two
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Figure 6. lonic currents and intracellular calcium changes. (A) The traces show the model response during alternated phases of pacemaking, depolarization,
and hyperpolarization (the injected current is shown at the bottom). The voltage trace (Vm) shows the membrane potential change. The current traces (Im) show
the ionic currents in the ISI. It should be noted that Iyap, lk-axp, @nd lksiow, bt not I, show a marked voltage-dependent modulation during the pacemaker cycle.
The calcium ([Ca2*7;) trace shows that [CaZ*];is promptly reset to its background level of 50 nM following a transient increase during the spike. The inset shows
the [Ca2*], accumulation in coincidence with the high-frequency bursts and spike frequency adaptation. (B) The traces enlarge the model response during a single
action potential (Vm). The ionic currents primarily responsible for action potential generation (Im) and the Ca?*currents (Ica_nva) are shown along with the [Ca*];
transient. Note the delayed activation of the repolarizing mechanisms and of the slow time course of [Ca*]; transient. Iya.t, lk.c, and Iy are much larger than

currents governing the ISl (cf. panel A).
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Figure 7. lonic currents controlling response intensity and latency. (A)
Effect of Iy ON the first two spikes elicited by a depolarizing current step. The
model was hyperpolarized to —70mV by tonic current injection and a step
current injection of 600 pA elicited an initial firing rate of 200 Hz. Iy, block
(middle trace) increased the first ISI (2 ms increase) reducing the initial firing
rate to 142 Hz. Iy, did not affect the 1st spike latency but its activation after
the 1st spike could accelerate membrane depolarization and generation of the
2nd spike. (B) The model was hyperpolarized to —70mV by tonic current
injection and then injected with a step current of 100 pA. The 1st spike latency
was 18 ms and was reduced by Ix, blockage to 12 ms. The lower traces show
the stimulus protocols.

thereby resetting the spiking mechanism and sustaining high-frequency
discharge. By being coupled to l_anp, Ica-Hva €nhanced the slow phase of
spike AHP and spike-frequency adaptation during repetitive discharge.

The numerous currents revealed experimentally allowed the model to
simultaneously control multiple aspects of electroresponsiveness, ranging
from pacemaking to various response patterns elicited by depolarization
and hyperpolarization. Each current could be attributed a characteristic
role, as further explained in the following paper (Solinas et al., 2007),
despite the apparent redundancy of some mechanisms (e.g., of lx_anp and
lk-siow» Which are both slow-repolarizing currents, or Iya-, and In, which
could both sustain pacemaking). Moreover, the model allowed to define a
typical, or “canonical,” Golgi cell electroresponsive pattern covering an
extended experimental set of recordings (Forti et al., 2006). Apparently,
histochemical differences (Geurts et al., 2001; Simat et al., 2007) did not
remarkably impact on basic electroresponsiveness. Although the present
model could be improved by more detailed analysis of channel gating and
calcium dynamics in Golgi cells, it is a clear advancement over previously
published models (Maex and De Schutter, 1998).

Pacemaking in the model was sustained by subthreshold oscillations
caused by Iya-p coupling with slow repolarizing currents, resembling
mechanisms observed in some basal ganglia neurons (see Surmeier et al.,
2005 for review). The lca-sva—lk-anp System influenced the oscillations but,
unlike in a model of dopaminergic neurons of the substantia nigra (Wilson
and Callaway, 2000), it was not essential for pacemaking. Although a
careful experimental characterization of Na™* and Ca2" currents in Golgi
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Figure 9. Subthreshold oscillations and spike coupling. In order to investigate the mechanisms of subthreshold oscillations, simulations were performed after
blocking the currents generating the spike (Inat, lk.v» @nd lx.c ). (A) The simulated traces show that preventing action potentials lead to the emergence of
subthreshold pacemaker oscillations slightly slower than in the spiking regime (4.46 vs. 5Hz). Upon 100% I, blockage, the oscillation frequency is reduced
(3.3 Hz) but the effect is reversed with the injection of a tonic depolarizing current (dashed trace). (B) The simulated traces (all voltage-dependent currents blocked
except for Iya-p, lk-arp, lca-Hva, @nd lksiow ) Show that subthreshold pacemaker oscillations are interrupted by blocking Iya-, and that only marginal recovery is
obtained by injecting a tonic depolarizing current (dashed trace). Either blocking lx_anp OF lk_siow deforms the oscillation trajectory, while their simultaneous block
causes the oscillation to cease. (C) The voltage and current traces are shown as a function of time during a full oscillation cycle (all voltage-dependent currents
blocked except for Ina-p, lk-are, lca-tva, @nd lk-giow ). (D) Schematic showing the cascade of processes that generate pacemaking in the Golgi model.

Ik-anp and lx_siow @ppear primarily involved in causing phase-reset and
resonance, respectively. The model has therefore the ability to predict
Golgi cell responses in various operating condition and appears as a useful
tool for large-scale simulations of the cerebellar network.
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