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Intrinsic properties and mechanisms of spontaneous firing
in mouse cerebellar unipolar brush cells
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Neuronal firing patterns are determined by the cell’s intrinsic electrical and morphological
properties and are regulated by synaptic interactions. While the properties of cerebellar neurons
have generally been studied in much detail, little is known about the unipolar brush cells
(UBCs), a type of glutamatergic interneuron that is enriched in the granular layer of the
mammalian vestibulocerebellum and participates in the representation of head orientation in
space. Here we show that UBCs can be distinguished from adjacent granule cells on the basis of
differences in membrane capacitance, input resistance and response to hyperpolarizing current
injection. We also show that UBCs are intrinsically firing neurons. Using action potential clamp
experiments and whole-cell recordings we demonstrate that two currents contribute to this
property: a persistent TTX-sensitive sodium current and a ruthenium red-sensitive, TRP-like
cationic current, both of which are active during interspike intervals and have reversal potentials
positive to threshold. Interestingly, although UBCs are also endowed with a large I, current, this
current is not involved in their intrinsic firing, perhaps because it activates at voltages that are

more hyperpolarized than those associated with autonomous activity.
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One of the most astonishing features of neurons is their
enormous range of diversity regarding shape and size of
cell bodies, design and synaptic connections of dendritic
and axonal cell processes, gene expression and electrical
properties. These parameters cumulatively contribute to
shaping the neuronal firing patterns, which constitute the
final output of nearly every type of neuron. Firing patterns,
although regulated by synaptic inputs, depend primarily
on the cell’s intrinsic properties and are often used together
with the neuronal morphology and chemical markers to
describe individual cell types (Freund & Buzsdki, 1996;
Cauli et al. 1997; Parra et al. 1998; Molineux et al. 2006).
Unipolar brush cells (UBCs) are a recently established
class of excitatory, glutamatergic interneurons residing in
the granular layer of the mammalian cerebellar cortex
(Mugnaini & Floris, 1994; Mugnaini et al. 1997; Nunzi
et al. 2001). The UBC has a round or oval cell body,
with diameter measuring 8—12 pm in rodents, and usually
emits a single dendrite, approximately 2 um thick and
10-30 umlong, that ends in a paintbrush-like tuft of short
dendrioles within a special cerebellar glomerulus. The
brush dendrioles form unusually large synaptic junctions,
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cumulatively measuring 20—40 ;m? of synaptic apposition
(Mugnaini et al. 1994; Rossi et al. 1995). UBCs are
particularly enriched in the granular layer of the caudal
cerebellar (or vestibulocerebellar) folia, which are densely
innervated by primary and secondary vestibular fibres
and act to integrate vestibular and visual signals into a
representation of head orientation that modulates reflex
behaviour (Sekerkova et al. 2005).

Although synaptic responses and firing patterns of
UBCs have been recorded both in vitro and in vivo
(Rossi et al. 1995; Kinney et al. 1997; Nunzi et al.
2001; Billups et al. 2002; Simpson et al. 2005), the
intrinsic electrical properties of these neurons remain
largely unknown, in part because of the lack of readily
available criteria to identify these neurons in a fresh
slice and in part because of their relatively low density
compared to the surrounding granule cells (Mugnaini
& Floris, 1994). Synaptic stimulation of UBCs results in
high frequency bursts (Rossi et al. 1995). Although it
has been shown that these bursts occur in response to
the particularly long-lasting depolarization caused by the
peculiar morphology of the mossy fibre—~UBC synapse
(Rossi et al. 1995; Kinney et al. 1997), the contribution
of intrinsic electrophysiological properties to UBCs’ firing
modes is not known. As said, very little is known about the
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intrinsic electrophysiological properties of these neurons,
such as resting membrane potential, input resistance and
mechanisms of firing. Also unknown is whether these
neurons are capable of spontaneous firing when synaptic
inputs are blocked.

In the last 20years it has become evident that
intrinsic firing is a property shared by several central
neurons (reviewed by Llinas, 1988), but the molecular
mechanisms underlying this phenomenon differ among
cell types. Apparently, in a minority of neurons intrinsic
firing depends on I, the hyperpolarization-activated
current that drives pacemaking in cardiac cells (Brown &
DiFrancesco, 1980; DiFrancesco, 1981). In many neuron
types, either calcium currents (Bal & McCormick, 1993;
Puopolo et al. 2005) or persistent TTX-sensitive sodium
currents (Bevan & Wilson, 1999; Raman et al. 2000;
Taddese & Bean, 2002; Do & Bean, 2003) underlie intrinsic
firing.

Here we show that UBCs are intrinsically firing
and that this property depends on two currents: a
TTX-sensitive sodium current and a voltage-independent
cationic current, which are both active during interspike
intervals.

Methods
Slice preparation

CD1 mice, 26-38days old, were obtained from a
commercial breeder (Charles River Laboratories, Inc.,
Wilmington, MA; or Harlan, Indianapolis, IN, USA).
Mice were deeply anaesthetized with isoflurane (0.3 ml
in 11 administered for ~90 s) and killed by decapitation.
The cerebella were quickly removed from the skull and
placed in ice-cold modified artificial cerebrospinal fluid
containing (mm): 87 NaCl, 25 NaHCO;, 2.5 KCl, 1.25
NaH,PO,, 0.5 CaCl,, 7 MgCl,, 75 sucrose, 25 glucose
and 1 kynurenic acid, bubbled with 95% 0,-5% CO,.
Parasagittal slices, 300 ;wm thick, were cut from the vermis
using a vibrating blade microtome (Dosaka DTK-1000,
Ted Pella Inc., Redding, CA, USA). Slices were incubated at
35°C for 20-30 min and then stored at room temperature.
All recordings were performed from cells in lobules IX
and X. During recording, slices were continuously super-
fused with physiological extracellular solution containing
(mm): 125 NaCl, 25 NaHCOs3, 2.5 KCl, 1.25 NaH,PO,, 1.2
CaCl,, 1 MgCl, and 25 glucose, bubbled with 95% O,-5%
CO,. Thissolution contains 1.2 mm calcium, in accordance
with the calcium concentration measured in cerebrospinal
fluid (Jones & Keep, 1988; Nilsson et al. 1993). Slices were
visualized with an Axioskop FS (Zeiss, Jena, Germany)
upright microscope using infrared differential interference
contrast videomicroscopy under a water-immersion 60 x
objective.
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All experiments conformed to protocols approved by the
Northwestern University Animal Care and Use Committee
(ACUC). We followed guidelines issued by the National
Institutes of Health and the Society for Neuroscience to
minimize the number of animals used and their suffering.

Electrophysiological recordings

Pipettes were pulled from Hilgenberg (Malsfeld, Germany)
glass (1406180) using a horizontal puller (P97, Sutter,
Novato, CA, USA) and filled with internal solution
consisting of (mm): 140 K-gluconate, 2 MgCl,, 10 EGTA, 2
Na,ATP, 0.1 NaGTP, 10 Hepes, pH 7.3 with KOH. Biocytin
(1mgml™') was also added to the pipette solution to
allow post hoc visualization of the patched cells. Pipette tip
resistances in working solutions ranged from 5 to 10 M2
yielding series resistances of 15-30 M.

All recordings were performed at 22-24°C using an
Axopatch 200B amplifier (Axon Instruments, Union City,
CA, USA). Current signals were low-pass filtered at 2
or 5kHz (4-pole low-pass Bessel filter on amplifier) and
digitized (10 kHz) using a Digidata 1321A controlled by
the pCLAMP 8 software interface (Axon instruments).
Signals from current-clamp recordings were sampled at
20 kHz and filtered at 10 kHz. The threshold for action
potential generation was determined by calculating the
first derivative of the voltage traces and by identifying for
each action potential in the traces the first inflexion point
in which the value of the derivative was significantly larger
than the preceding baseline.

Spontaneous activity was recorded in the presence of
2mMm kynurenate and 100 um picrotoxin to block fast
synaptic transmission. Drugs and chemicals were from
Sigma (St Louis, MO, USA), except ZD7288 (Tocris,
Ellisville, MO, USA) and TTX (Alomone labs, Jerusalem,
Israel) and were applied by bath application.

Data in the text are expressed as mean =+ s.e.Mm. Error
bars in the figures also represent s.E.m.

Wave-clamp experiments on nucleated patches

In order to study in detail the mechanism of intrinsic firing
itis necessary to accomplish the following goals: (1) record
the cells’ own action potentials; (2) use these recordings as
voltage command under good voltage-clamp conditions;
(3) have the possibility to apply the drugs reliably and
with precise control of their final concentration. All
these conditions are satisfied by the use of nucleated
patches (Sather et al. 1992) from slice recordings, which
allow combining nearly ideal voltage-clamp even of
currents with very fast kinetics (Martina & Jonas, 1997;
Baranauskas & Martina, 2006), with the identification
and current-clamp recording of neurons in acute slices
(Martina et al. 1998; Lien et al. 2002). Moreover, nucleated
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patches maintain intact modulation pathways regulated
by second messenger systems (Lien ef al. 2002) and
also allow quick exchange of the extracellular solution
(Sather et al. 1992). Giga-seals were obtained using
pipettes of ~8 M. After establishing the whole-cell
configuration and recording the intrinsic firing for several
seconds, negative pressure (10-15kPa) was applied to
the patch-pipette while it was slowly withdrawn. A small
negative pressure (< 3 kPa) was maintained during the
recordings. Nucleated patches had diameters ranging
between 2.3 um and 2.5 um, were almost perfectly
spherical and had high input resistance (>1GS). The
membrane voltage trajectory recorded in whole-cell
current clamp was then used as a voltage command on
nucleated patches. Each individual nucleated patch was
voltage clamped with the waveform previously recorded
from the parent cell. All voltage values presented in
this paper were corrected for liquid junction potentials
(12mV).

Drugs were applied to the patches by using a multibarrel
system consisting of four glass capillaries (1.5 mm i.d.)
glued together and connected to a syringe pump (WPI,
Sarasota, FL, USA). The patch-pipette carrying the
nucleated patch was inserted into each of the pipes, which
contained Hepes-buffered ACSF (pH 7.4) plus the drugs
of interest. Thus, we ensured that the solution flow was
exactly the same in each barrel and no pressure artifacts
were created when switching the patch from one pipe
to another. The composition of the NMDG-CI solution
used to block the non-selective cationic current was the
following (mm): 141 NMDG, 1.2 CaCl,, 1 MgCl,, 20
TEA-Cl, 3 CsCl, 20 glucose, 10 Hepes. The solution
bas titrated to pH 7.3 with 142 mm HCI for a final CI™
concentration of 169 mm.

In order to optimize the compensation for capacitive
transients, pipettes were always coated with Parafilm and
the bath level was kept as low as possible.

Post-hoc visualization of recorded neurons

The methods to recover the anatomy of biocytin-filled
cells are similar to those described in Martina et al
(2000). Cells were filled with biocytin (0.5%) through the
recording pipette. At the end of the recording, slices were
fixed in 4% freshly depolymerized paraformaldehyde in
0.1 M phosphate buffer (PB, pH 7.4) for 24 h, at 4-6°C.
After fixation slices were rinsed in PB several times and
subsequently treated with hydrogen peroxide (1% in a
solution made of 10% methanol, 90% PB) for 10 min
and finally rinsed in PB 5 times. Slices were finally
incubated in PB containing 1% avidin-biotinylated
horseradish  peroxidase complex (ABC, Vector
laboratories, Burlingame, CA, USA) for 2 h at 20-22°C.
Excess ABC was removed by several rinses in PB and the
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slices were developed with 0.05% 3,3’-diaminobenzidine
(DAB). Finally slices were embedded in Mowiol (Aldrich,
Milwaukee, W1, USA) to be examined by bright field light
microscopy.

Results

UBCs and granule cells differ in intrinsic electrical
properties

We compared the intrinsic electrical properties of UBCs
and granule cells in lobules IX and X of the cerebellum
in acute slices obtained from 26- to 38-day-old-mice.
UBCs were tentatively distinguished from granule cells by
searching for neurons with slightly larger, more ovoid cell
bodies within the granular layer (Fig. 1A and B). Initially,
the cell identification was confirmed post hoc by anatomical
visualization of the biocytin filled neurons (Fig.1C
and D). Comparison of anatomically identified UBCs
and granule cells led us to uncover electrophysiological
properties that may distinguish between these two
neuronal types. As shown in Fig. 1E, UBCs and granule
cells responded differently to current injection. Cells were
recorded in current-clamp without injection of any bias
current and tested by delivering 500 mslong current pulses
of amplitude ranging from —200 pA to +140 pA (in 20 pA
steps). The voltage responses of the UBCs (Fig. 1E, upper
traces) were highly reproducible from cell to cell and clearly
different from those of granule neurons (Fig. 1E, lower
traces). In particular, UBCs showed strong voltage sag
and rebound firing, which were not observed in granule
neurons. Figure?2 shows the ratio of the initial input
resistance (measured at the peak) to the resistance at steady
state (last 50 ms of the pulses) in the two cell types. The
value of this ratio was 2.2 £ 0.07 in UBCs and 1.2 £ 0.06
in granule cells (Fig.2B, 58 and 15 cells, respectively,
P < 0.01) suggesting a differential expression of I, between
the two cell types. UBCs were also characterized by larger
membrane capacitance (Dugué et al. 2005) and lower
input resistance compared to granule cells (Fig. 2C and D).
The average capacitance of UBCs was 23 + 1 pF (n =62),
whereas it was only 4.5 £ 0.4 pF for granule cells (19 cells,
P < 0.01, Fig. 2C). The mean input resistance (measured
using 15 or 20 ms long 5 mV pulses in voltage clamp) was
527 £ 22 M2 for UBCs and 1057 4= 202 M2 for granule
cells (62 and 19 cells, respectively, P <0.01, Fig.2D).
Another difference between UBCs and granule cells was
the maximum firing frequency, which was 99 &+ 3 Hz for
the UBCs and 132 =+ 3 Hz for granule cells (at 21-23°C, 12
and 7 cells, respectively, P < 0.01, Fig. 2E). Accordingly,
the spike half-duration was significantly longer in UBCs
than in granule cells (half-duration was 1.67 £ 0.09 and
0.74 £ 0.04 ms, respectively, 12 and 7 cells, P <0.01,
Fig. 2F).
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These data show that UBCs and granule cells are
characterized by different cable and firing properties,
providing reliable criteria for distinguishing the two cell

types.

UBCs are intrinsically firing

Another readily observable difference between UBCs
and granule cells is the fact that, in acute slices, UBCs
are intrinsically firing, while granule cells are not.
The intrinsic firing of UBCs is very robust: the firing
frequency was almost unaffected under several different
recording conditions (Fig. 3). UBCs were spontaneously
firing in cell-attached recordings (Fig. 3A); in whole-cell
configuration the frequency of firing was 11 & 4.7 Hz in
control conditions (n = 8, slices bathed in ACSF, Fig. 3B),
and 10.2 £ 1.4 Hz when the synaptic activity in the slices
was blocked by bath application of 2mm kynurenic
acid and 100 um picrotoxin (n =41; Fig.3C). Intrinsic
firing also persisted when the extracellular calcium
concentration was increased from 1.2 to 2 mu (the firing
frequency in the 3 neurons tested for these experiments
was 4.4 £ 0.8 Hz in 1.2 mm calcium and 7.6 + 3.7 Hz in
2 mm calcium; see the figure in the online supplemental
material) or when the intracellular solution contained
KCl (and no EGTA) instead of K-gluconate (n =15, not
shown). The robustness of the firing was further supported
by the fact that intrinsic firing persisted also when ATP
and GTP were omitted from the intracellular solution
(in recordings where the nucleotide triphosphates were
omitted the firing frequency actually increased by 37%,

Granule Cell
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n = 30). The firing frequency of UBCs was not significantly
affected even when voltage-gated calcium channels were
blocked by substituting extracellular calcium with an
equimolar concentration of cobalt (the firing frequency
in cobalt was 91 & 14% of control, n =8, P > 0.1; Fig. 4A
and B). Cobalt, however, induced significant changes
in both the spike half-width and the amplitude of the
after-hypepolarization (175 £ 24% and 48 = 9%, P < 0.05
and P < 0.01, respectively, n = 8), most likely due to the
blockade of calcium-activated potassium channels.

As shown in Figs 1 and 2, UBCs are characterized by
their prominent voltage sag in response to hyperpolarizing
current injections. However, Iy, blockers did not decrease
the ability of these neurons to fire intrinsically; on the
contrary, both ZD7288 (100 um, Fig. 5) and caesium
(3 mm, Fig. 6) unexpectedly increased the firing frequency,
although the change was not statistically significant
(frequency increased by 39 &+ 5% in ZD7288, n = 8, and by
31 + 16% in caesium, n = 3, P > 0.05 in both cases, paired
t test). The lack of effect of ZD7288 on the firing frequency
could raise questions about the efficacy of the drug, or
on the nature of the conductance underlying the ‘sag’
observed in response to hyperpolarizing current injection.
Thus, we performed whole-cell recordings to test the effect
of ZD7288. As shown in Fig. 7, the drug had the expected
effects both in voltage and current clamp. In current clamp,
7ZD7288 completely abolished the voltage sag (Fig. 7A and
B); in voltage clamp, it blocked a current with gating
properties typical of Ij, (Fig. 7C). The activation curve of
the ZD-sensitive current (Fig. 7D) shows that it had a quite
negative activation range (< —60 mV), suggesting that the
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Figure 1. Morphological and functional properties distinguish UBCs and granule cells

A and B, infrared image of a UBC and granule cells (arrowheads) in an acute cerebellar slice. The UBC could be
identified on the basis of larger ovoid soma and the typical brush. C and D, the identity of the cells was confirmed by
biocytin staining. Calibration bars = 10 um. E, current clamp recordings from a UBC and a granule cell in response
to 500 ms current injections (top inset). Note the prominent difference in the responses to hyperpolarizing current

injections.
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lack of effect on the firing frequency is due to the fact that,
during intrinsic firing, UBCs never experience membrane
potentials negative enough to effectively activate Iy,.

These data suggest that neither calcium currents nor I,
play a significant role in supporting intrinsic firing of these
neurons.

Mechanisms of intrinsic firing

Since neither I, nor voltage-dependent calcium currents
were essential contributors to the intrinsic firing in
current-clamp recordings, we focused on the possible role
of subthreshold sodium current, which has been shown to
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drive intrinsic firing in several neuronal types (Feigenspan
et al. 1998; Bevan & Wilson, 1999; Raman & Bean, 1999;
Raman et al. 2000; Taddese & Bean, 2002; Do & Bean,
2003). To test this mechanism, we designed wave-clamp
experiments in which we first recorded spontaneous action
potentials in whole-cell and then excised nucleated patches
from the recorded neurons; these patches were used for
voltage-clamp recordings in which the current-clamp
recorded voltage trajectory was used as command voltage.
Nucleated patches had a mean area of ~18 um? (estimated
from photographs of the nucleated patches and assuming
spherical shape) and an input resistance of 9.5 + 2.2 G2
(n=10). The effect of TTX (300 nm) on such a recording
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Figure 2. Intrinsic properties of UBCs and granule cells

A, voltage traces recorded in a UBC (upper trace) and a GC (lower trace) in response to hyperpolarizing current
injection (=200 pA, 500 ms). The dotted lines depict the trace segments used for the determination of peak and
steady state input resistance. B, bar chart comparing the ratio of the peak to steady state input resistance in 58
UBCs and 15 GCs. C and D, UBCs were also characterized by considerably larger capacitance and lower input
resistance (D, measured at steady state). E, input/output relation for the two cell types. The firing frequency curve
was considered saturated when spikes after the first one were not overshooting (did not reach 0 mV). Contrary to
GCs, UBCs are intrinsically firing, as can be noted by the non-zero origin of their F~/ curve. Note also the higher
maximum frequency reached by GCs. F, the spike half-duration also differed between the two cell types. The
values shown in the bar charts were recorded in response to injections of 40 pA of current, which produced similar
firing frequencies in the two cell types (see panel E). In the plot of panel E, error bars are within the symbols.

(**P <0.01))
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1s
Figure 3. UBCs are intrinsically firing
A, cell-attached recording from a UBC in an
acute slice at 21-23°C. The pipette solution
consisted of Hepes-buffered artificial
cerebrospinal fluid (containing 2.5 mm KCl).
B, another cell, recorded in whole cell
configuration with K-gluconate internal
solution, shows similar firing frequency. C, the
firing was independent of synaptic stimulation.
The bar charts show the interspike interval from
an individual cell in control conditions and after
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is shown in Fig. 8. Although the size of the TTX-sensitive
sodium current during the interspike interval (Fig.8D)
was quite small (the average value was —1.6 + 0.5 pA at
—72 mV, n =4), it represented ~1% of the total sodium
current in the patch, a value considerably larger than in
other intrinsically firing neurons (Taddese & Bean, 2002;
Jackson et al. 2004). This suggests that the properties of the
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transmission (2 mm kynurenic acid and 0.1 mm
picrotoxin).
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UBC’s sodium current are tuned to sustain intrinsic firing.
The sodium current, however, was not the only current
active during the interspike interval. We noticed that also
when the extracellular solution contained the full cocktail
of blockers of voltage-gated currents (100 uM cadmium
or equiosmolar calcium substitution with cobalt, 3 mm
Cs, 20mm TEA, and 300 nm TTX), an inward current
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Figure 4. Intrinsic firing is unaffected by calcium replacement with cobalt

A, trace recorded in an individual UBC when the extracellular solution consisted of standard ACSF (1.2 mm
Ca?t). B, the same cell recorded after extracellular calcium was replaced by equimolar concentration of cobalt.
C, comparison of the average firing parameters obtained from 8 cells in the two conditions. Two parameters were
significantly affected by cobalt substitution: the spike half-duration, which increased by 75% and the amplitude
of the after-hyperpolarization (AHP), which decreased by 52% (*P < 0.05, **P < 0.01).
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Figure 5. ZD7288 does not affect intrinsic firing of UBCs

A, traces recorded from an individual UBC in control condition (upper trace) and in the presence of /,, blocker
ZD7288 (lower trace). No significant differences in the firing frequency were observed (paired t test, P > 0.05).
B, bar charts showing the average effects of the drug on the firing properties in 8 neurons; notice that there was
no decrease of the firing frequency (paired t test, P > 0.05).

during the interspike interval could still always be detected
(Fig. 8E). This currenthad an average size of —9.9 £ 6.3 pA
(at =72 mV, n = 10). In order to exclude that such current
was simply the result of a leakage through an imperfect
seal, we tested whether it could be blocked by substitution

of extracellular sodium with the channel-impermeable
cation N-methyl-p-glucamine (NMDG). Figure 8E shows
that NMDG blocked the inward current almost completely
(the NMDG current at —90 mV was 7% of the control
value), thus suggesting that it was not a recording artifact.
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Figure 6. Extracellular caesium does not affect Intrinsic firing of UBCs

A, traces recorded from an individual UBC in control condition (upper trace) and in the presence of extracellular
caesium (3 mm, lower trace). B, bar charts showing the average effects of the drug on the firing properties in 3
neurons; no significant differences in the firing frequency were observed (paired t test, P > 0.05).
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In these recordings the cationic current was
considerably larger than the persistent sodium current;
this, however, could reflect the clustering of sodium
channels in compartments other than the soma. In order
to obtain a better estimate of the size of persistent sodium
current in UBCs, we studied the effect of TTX on the
input resistance. Both voltage-clamp (not shown) and
current-clamp recordings (Fig.9A), showed that TTX
induced a large increase of the input resistance (94 = 41%
at —82 mV, n = 6, Fig. 9B), confirming that TTX sensitive
sodium channels are open at rest. Assuming a simple
equivalent circuit in which the TTX-sensitive conductance
is in parallel with another conductance, calculations show
that at —70 mV the estimated persistent sodium current
is ~100 pA.

These results suggest that TTX-sensitive sodium and
cationic current both drive intrinsic firing of UBCs. If
this is the case, application of TTX at non-saturating
concentrations could still allow spontaneous firing.
Application of 10nm TTX, which blocks roughly 50%
of the sodium currents in central mammalian neurons
(Madeja, 2000), decreased the frequency from 7.7 = 1.8 Hz
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Figure 7. ZD7288 effectively blocks Ih in UBCs

M. Russo and others

G/Gmax

J Physiol 581.2

to 6.8 = 1.3 Hz (n =5, Fig. 9C and D) but did not prevent
intrinsic firing (although it induced a significant decrease
of the spike amplitude, Fig. 9E). These data further suggest
that the TTX-sensitive current may not be the only current
to bring the neurons to threshold. For all the experiments
shown in Fig. 9 strychnine (1 M) was also added to both
the control and the TTX solutions in order to exclude
secondary effects due to the possible removal of the
glycinergic inputs to UBCs (Dugué et al. 2005).

These results support the hypothesis that the
TTX-sensitive sodium current and an unselective cationic
current are both necessary for bringing the membrane
potential to firing threshold.

Properties of the cationic background current

So far, we have shown that in UBCs a cationic current
is present during the interspike intervals in addition to
the TTX-sensitive sodium current, and therefore appears
to play a role in driving the intrinsic firing of these
neurons.
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A, whole-cell current clamp recordings showing the voltage response of a UBC to a 500 ms hyperpolarizing current
injection (top trace) in control condition (middle trace) and in the presence of ZD7288 (100 um, lower trace). Note
that ZD7288 completely abolished the voltage sag. B, plot showing the effects of ZD7288 on the ratio of the value
of membrane potentials measured at peak and after 400 ms in 5 UBCs. The voltage sag was abolished completely
by the drug. C, voltage-clamp recording of the ZD-sensitive current. The traces were obtained by digital subtraction
of the current recorded in ZD7288 from that recorded in control conditions. D, conductance-voltage relationship
of the ZD-sensitive current. No activation was detected for membrane potential values positive to —60 mV.
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To further characterize this current, voltage-clamp
recordings were obtained from nucleated patches after
pharmacological blockade of voltage gated currents.
Calcium channels were blocked either by substituting
cobalt for calcium or by addition of 0.1 mm cadmium
to the bath; 3 mm caesium was applied to block inward
rectifier potassium currents and I, and TEA (20 mm)
to block voltage-gated potassium currents; TTX 300 nm
was used to block sodium currents. Figure 10A shows
traces recorded under these conditions in response to short
10 mV voltage steps from a holding potential of —72 mV.
At this holding potential an inward current was always
detected. In this patch, the current reversed at ~—40 mV
and exhibited linear I-V relation for potentials negative
to — 40 mV. Substitution of external sodium with NMDG
resulted in the almost complete suppression of the inward
current and led to a shift of the reversal potential by
~45mV (Fig. 10A and B), suggesting that the current is
mediated by a mix of sodium and potassium ions. Because
of the possible contamination of this current by TEA- and
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caesium-insensitive potassium conductances, as suggested
by the quite negative reversal potential and the deviation
from linearity at more depolarized potentials, the reversal
potential of the cationic current was further examined by
performing experiments using a CsCl internal solution.
The recordings, obtained in whole cell configuration,
were also performed in the presence of TTX, cobalt,
caesium and TEA (Fig. 10D). Currents were normalized
to the current recorded at —100 mV and averaged. The
resulting -V relation (obtained from 5 cells, Fig. 10E) was
linear over the potentials examined and showed a reversal
potential of ~—25 mV, suggesting a low selectivity among
cations.

What could be the nature of this current? It has been
recently shown in cerebellar slice recordings that tonic ATP
release stimulates spontaneous activity of molecular layer
interneurons (Casel et al. 2005). To assess the presence of
a background purinergic current in UBCs we bath applied
suramin, a non-specific P2 receptor antagonist (North &
Surprenant, 2000; von Kugelgen, 2006). Suramin (100 M,

Whole-Cell

Nucleated Patch

NMDG,TTX TEA,Cs,Co

TTX,TEACs,Co

50 ms

Figure 8. Wave-clamp recordings reveal two distinct inward currents during the interspike interval

Wave clamp recordings from nucleated patches were used to identify the currents driving the intrinsic firing of
UBCs. A, voltage recordings were obtained in whole cell configuration, and then used as voltage commands (B) for
nucleated patches obtained from the same cells. C, current recordings from a nucleated patch in control condition
(ACSF, darker line) and in the presence of TTX 300 nm. D, the TTX-sensitive current obtained by digital subtraction
of the trace in TTX from the control trace. £, In the same patch, a large cationic inward current was recorded
when cobalt was substituted for calcium and Cs* (3 mm) TTX (300 nm) and TEA (20 mm) were added in order to
block voltage-gated currents. In this condition, the net inward current was actually larger than in control, most
likely because a steady potassium current was blocked. The inward current, however, was not a recording artifact
as indicated by the fact that it was almost completely blocked upon replacement of extracellular sodium and

potassium by NMDG-CI (n = 10). Calibration bars =5 um.
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not shown), however, did not affect the firing frequency of
UBCs nor the cells’ input resistance.

A widely expressed family of cationic channels is the
TRP. Ruthenium red is a wide spectrum blocker of
channels belonging to this family (Guler et al. 2002;
Nagata et al. 2005). As shown in Fig. 11A, when bath
applied, ruthenium red (0.1 mm) blocked a considerable
fraction (71 &4%) of the subthreshold current. The
ruthenium red-sensitive current was voltage independent
and had a reversal potential ~—18 mV in our experimental
conditions (Fig. 11B). Bath application of ruthenium red,
however, was not sufficient to stop intrinsic firing. We
reasoned that this fact could arise from the increased
efficacy of the TTX-sensitive sodium current due to
the higher input resistance of the cells in the presence
of ruthenium red. If so, reducing the sodium channel
current should unmask the effect of the cationic current
on firing. Therefore, we first bath applied 10 nm TTX,
which — in this set of experiments — reduced the firing
frequency by 41%, and then tested the effect of the cationic

J Physiol 581.2

current blockade under this condition. Application of
ruthenium red in the presence of TTX strongly decreased
the firing frequency (from 11.1 £ 2.8 Hz to 2.2 £ 0.8 Hz,
n=4, P <0.05, Fig. 11C and D), confirming a role for
the cationic current in the intrinsic firing of UBCs. In
three of the four cells tested the effect of ruthenium
red on the firing frequency was partly reversible upon
washout (the frequency after washout of ruthenium red
was 4.7 £ 1.1 Hz, n = 4, Fig. 11D).

Discussion

Our results show that the electrophysiological
properties of the UBCs clearly differentiate them from
neighbouring granule cells. UBCs have larger capacitance
and show strong voltage sag in response to large
hyperpolarization; moreover, UBCs are intrinsically
firing. The analysis of the mechanisms of intrinsic
firing showed that it is likely to be driven by a
TTX-sensitive sodium current in combination with a
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Figure 9. Effects of TTX on firing and intrinsic properties

A, current clamp recordings showing the voltage response of a UBC to hyperpolarizing current injection (inset)
in control (upper trace) and in the presence of 30 nm TTX (lower trace). When the persistent sodium current was
blocked by TTX, the current injection induced a much larger voltage response that could activate /. B, plot of the
input resistance value versus TTX concentration (the input resistance was measured in voltage clamp, by delivering
5 ms long 10 mV pulses from a holding potential of —80 mV). C, recording of the intrinsic firing of a UBC in the
presence of kynurenic acid, picrotoxin and strychnine (no holding current was injected). Addition of 10 nm TTX to
the bath reduced, but did not stop, firing. A higher TTX concentration (30 nm) completely abolished intrinsic firing
and set the membrane potential of the neurons at =53 + 6 mV (n = 5). D, bar chart showing the average effect
of TTX on the firing frequency of UBCs (n =5). £, 10 nm TTX significantly decreased the UBC spike amplitude

(*P < 0.05).
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TTX-insensitive, voltage-independent, TRP-like cationic
current.

Intrinsic properties of UBCs and granule cells

UBCs and granule cells are two types of glutamategic
cerebellar interneurons situated in the granular layer
and impinged upon by mossy fibres (Mugnaini et al.
1994; Rossi et al. 1995; Nunzi et al. 2001). Albeit both
neuronal types have very small cell bodies, they differ
in average diameter by a few micrometres (Mugnaini &
Floris, 1994). The difference in membrane capacitance of
these cell types, however, is quite large (Dugué et al. 2005;
Forti et al. 2006; this paper). The capacitance values are
distributed quite narrowly around the respective means
with virtually no overlap. Thus a simple capacitance
measurement can distinguish between the two cell types
almost certainly. Most likely, the much larger capacitance
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of the UBCs is due to the extensive surface of the brush. The
capacitance value also allows to easily distinguish UBCs
from Golgi cells, which have a much larger capacitance
(about 5 times larger, Dieudonné, 1998; Forti et al. 2006).
Functionally, the more obvious difference between UBCs
and granule cells is represented by the fact that UBCs are
spontaneously firing. However, the differences between
these two types of neuron extend also to the firing patterns
recorded in response to current injections. The maximum
firing frequency of granule cells is considerably higher
than in UBCs, possibly because granule cells have larger
resurgent current than UBCs (Afshari et al. 2004). Inter-
estingly, among the four cell types examined by Afshari
et al. the UBCs were the cell type with the lowest ratio
of resurgent current to transient current, whereas granule
cells had a ratio very close to that of Purkinje neurons,
which are capable of spiking at extremely high rates both
in vitro and in vivo (Latham & Paul, 1971; Raman &
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Figure 10. Properties of the leakage current
A, current traces recorded in the presence of voltage-gated channels blockers in a

nucleated patch in response to 25 ms voltage pulses from —92 to —32 mV. B, substitution of extracellular sodium
and potassium with NMDG caused the steady current at —72 mV to shift from inward to outward. C, I~V
relations of the traces in A and B. Data points recorded in the NMDG-based solution were corrected for liquid
junction potential (6 mV) of this solution relative to control. Note the ~40 mV shift of the reversal potential
and the almost complete block of the inward component, as expected for a cationic current. D, whole-cell
voltage-clamp recording obtained from a UBC using a CsCl intracellular solution in the presence of voltage-gated
channel blockers. Cells were held at —60 mV. The step protocol was preceded by a prepulse to —20 mV to
inactivate voltage-gated currents that might have proved resistant to pharmacological block. After the pulses, the
membrane potential was returned to the holding value. £, current-voltage relationship obtained from 5 cells. The

reversal potential of the current was —25 mV.
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Bean, 1999; Hiusser & Clark, 1997; McKay et al. 2005).
However, it is well known that the properties of potassium
currents are as important as those of sodium currents
in enabling fast spiking (reviewed by Rudy & McBain,
2001). The observed differences in half-duration of the
spike could suggest that potassium currents also differ
in the two cell types. Further studies will be required to
address the properties of potassium currents in UBCs.
Another large difference between UBCs and granule cells
appears in response to hyperpolarizing current injections.
At negative membrane potentials, UBCs always present a
voltage sag, which is negligible in granule cells. Thus, the
expression of I}, also appears to differ between these cell
types. However, in spite of its prominence in UBCs, Iy,
did not contribute to intrinsic firing, probably because it
activated at voltages that were more hyperpolarized than
those associated with autonomous activity, similar to what
was described for substantia nigra pars reticulata neurons
(Atherton & Bevan, 2005). On the contrary, I}, blockers
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unexpectedly tended to increase the firing frequency of
UBCs. The most likely explanation is that these effects
were due to actions of the blockers on currents other
than I,. ZD7288 has been reported to substantially block
voltage-gated potassium currents (Do & Bean, 2003),
and caesium blocks the inward rectifier current, which is
expressed in UBCs (Harashima et al. 2006).

Mechanisms of intrinsic firing

Methodological considerations. The mechanisms of
intrinsic firing have typically been studied by testing the
effect of blockers of several currents in current clamp.
However, the interpretation of such data can be difficult
because the blockade of a current responsible for the firing
always results in the change of the voltage trajectory of
the spikes, thus affecting also all the other voltage-gated
channels present in the membrane. On the other hand,
more direct methods, such as the action potential clamp
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A, whole-cell voltage-clamp recording obtained from a UBC with caesium-based intrapipette solution in response to
a slow voltage ramp (0.03 mV ms~", upper trace). The current (control, lower trace) was recorded in an extracellular
solution containing 2 mm caesium, 5 mm TEA, 300 nm TTX and in which calcium was completely substituted by
cobalt. Note the strong blockade induced by ruthenium red (0.2 mm, middle trace). B, -V relationship of the
ruthenium-red sensitive current. The inset shows the current traces (obtained by digital subtraction) recorded in
response to 10 mV steps from —100 to 0 mV. C, current clamp recordings of intrinsically firing UBCs obtained in the
presence of normal ACSF plus synaptic blockers and 10 nm TTX (upper trace). Under these conditions, ruthenium
red consistently reduced the firing frequency (middle trace and panel D). The effect of ruthenium red was partially
reversible upon wash-out in 3 of 4 cells; in the washout condition (lower trace and panel D), only ruthenium red

was omitted, and cells were still bathed in TTX.
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(Llinds et al. 1982; de Haas, 1989), require optimal
voltage-clamp conditions, which are not achievable in slice
recordings. We have combined whole-cell current-clamp
recordings in slice with nucleated patch recordings
in which the voltage command was provided by the
spikes previously recorded in whole-cell from the very
same neurons. Thus, we could combine current-clamp
recordings from identified cells in slices to voltage-clamp
recordings in almost ideal clamp conditions (Martina &
Jonas, 1997; Baranauskas & Martina, 2006). Obviously,
this method has limitations too; one is that nucleated
patches do not usually comprise axon and dendrites, and
consequently have lower sodium channel density than
whole cells recorded in slice or even acutely dissociated
neurons. Thus, although the UBC has an extremely
short dendrite and therefore represents a system in
which nucleated patches are more representative of the
intact cell situation than for most other neurons, the
relative amplitude of the sodium and the TRP-like current
recorded during the interspike intervals should still be
interpreted cautiously because of the likely clustering of
sodium currents in non-somatic compartments.

The nature of the interspike current of UBCs.
Current-clamp recordings showed that blockade of
calcium currents by replacement of calcium with cobalt
did not have any detectable effect on the intrinsic firing
frequency of UBCs. Blockade of Iy, current either by
caesium or by ZD7288 also produced no significant
effect, in agreement with the observation that the voltage
sag observed in response to current injections appears
at membrane potentials more negative than those
experienced during tonic firing.

These data suggested that, similarly to tubero-
mammilary (Taddese & Bean, 2002) and subthalamic
nucleus neurons (Do & Bean, 2003), the current
responsible for the intrinsic firing of UBCs could be
mediated mainly by TTX-sensitive sodium channels.
Wave-clamp recordings confirmed the presence of
TTX-sensitive current during interspike intervals,
although it was not the only current in this phase of the
spiking cycle. A voltage-independent, cationic, inward
current was also always detected during the interspike
interval, and thus contributed to the drive toward firing
threshold.

What can be the molecular basis of this current? The
voltage-independent cationic channels most commonly
expressed in the nervous system belong to the TRP
family. In agreement with the possibility that such
channels contribute to the cationic current, ruthenium
red blocked about 70% of the current. In the presence
of low concentration of TTX, ruthenium red promptly
and reversibly reduced the firing frequency (in one cell it
completely and reversibly abolished firing).
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It is interesting that when intrinsic firing was blocked
by TTX UBCs had a resting potential of ~—55 mV, which
is less positive than could be expected on the basis of
the relatively large cationic current. This difference could
be explained by the persistent activation of potassium
conductances. For instance, it could be suggested that
in nonsomatic compartments of the UBCs (such as
the brush), potassium-selective leak channels could
be expressed together with the non-selective cationic
channels. These hypotheses are supported by the fact
that UBCs express G protein-coupled inwardly rectifying
potassium currents (GIRK, Knoflach & Kemp, 1998) and
by recent data showing that GIRK2 expression in UBCs is
particularly strong in the brush (Harashima et al. 2006).

Low specific membrane resistance and intrinsic firing.
UBCs are small neurons with a capacitance of ~20 pF.
Nevertheless, these cells have relatively low input
resistance (~500 M2). These values correspond to
a specific membrane resistance of ~11kQ cm?. This
value is quite low compared to typical neuronal types
such as hippocampal pyramidal cells (25-27 k2 cm?;
Antic, 2003; Taverna et al. 2005), hippocampal OLM
interneurons (48 kQ cm?; Taverna et al. 2005) and,
particularly, intrinsically firing neurons as the Golgi
cells (~85kS2 cm?, calculated from the data reported in
Forti et al. 2006). This observation leads to two distinct
considerations. First, the leakage current of UBCs does not
appear to be primarily mediated by members of the KCNK
family, contrary to most other neuronal types (Millar
et al. 2000; Talley et al. 2000; Meuth et al. 2003; Taverna
et al. 2005), because a high density of such channels
would effectively prevent intrinsic firing by maintaining
the membrane potential at more hyperpolarized levels.
Second, the low input resistance implies that, although the
UBCs are small cells, the current needed to effectively drive
intrinsic firing must be considerably larger than the few
picoamperes that are sufficient to drive the firing of high
input resistance neurons (Taddese & Bean, 2002; Jackson
et al. 2004). Thus, the TTX-sensitive sodium current
flowing between spikes, although quite large in proportion
to the total sodium current, might not be sufficient for the
task. Because neither I, nor voltage-gated calcium currents
seem to contribute to intrinsic firing in these cells, the
current active during the interspike intervals might be the
same TRP-like current that is also responsible for the low
input resistance.

The combination of high input resistance with the
standard biophysical properties of mammalian neuronal
sodium channels (Taddese & Bean, 2002) appears to
be ideally suited to ensure intrinsic firing in small
neurons. Yet, contrary to other small neurons, UBCs
have developed a mechanism for intrinsic firing that
accommodates their remarkably low specific membrane
resistance. What could be the reason for this difference?
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One possible answer could be found in the peculiar
synaptic response of UBCs to synaptic excitation (Rossi
et al. 1995). Due to the anatomical properties of the
mossy fibre—UBC synapse, the glutamatergic response
of the UBCs is unusually long-lasting. In a high input
resistance neuron, such currents could result in extreme
depolarizationsand complete inactivation of voltage-gated
sodium and potassium channels. In UBCs from young rats,
on the other hand, these prolonged excitatory synaptic
potentials did not result in extreme depolarizations but
rather generated bursts of high frequency spikes (Rossi
et al. 1995). UBC properties could alternatively be related
to the developmental history of these neurons. It has been
speculated that UBCs constitute a subclass of cerebellar
nuclear neurons that migrate up to the cortex during
development, bringing to mind the piscine cerebellar
eurydendroid cells (Mugnaini & Floris, 1994; lijic et al.
2005). Interestingly, presumed glutamatergic neurons
of the cerebellar nuclei have also been shown to rely
on a combination of unspecific cationic currents and
TTX-sensitive persistent current to achieve spontaneous
firing (Raman et al. 2000).

Finally, it is notable that the cerebellum is endowed with
a particularly high number of intrinsically firing neuronal
types. Indeed, UBCs, Purkinje neurons (Gruol & Franklin,
1987; Raman & Bean, 1999), molecular layer interneurons
(basket and stellate cells, Hiusser & Clark, 1997; Carter
& Regehr, 2002), cerebellar nuclei neurons (Raman et al.
2000; Molineux et al. 2006), and Golgi cells (Forti et al.
2006) all are capable of autorhythmic firing. The reason
for this peculiarity of the cerebellar network remains
unclear, but it could be suggested that this background
activity allows a quicker response of the system to external
inputs.
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