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Unusually Slow Spike Frequency Adaptation in Deep
Cerebellar Nuclei Neurons Preserves Linear Transformations
on the Subsecond Timescale

Mehak M. Khan, Shuting Wu, Christopher H. Chen, and “Wade G. Regehr
Department of Neurobiology, Harvard Medical School, Boston, Massachusetts 02115

Purkinje cells (PCs) are spontaneously active neurons of the cerebellar cortex that inhibit glutamatergic projection neurons
within the deep cerebellar nuclei (DCN) that provide the primary cerebellar output. Brief reductions of PC firing rapidly
increase DCN neuron firing. However, prolonged reductions of PC inhibition, as seen in some disease states, certain types of
transgenic mice, during optogenetic suppression of PC firing, and in acute slices of the cerebellum, do not lead to large, sus-
tained increases in DCN firing. Here we test whether DCN neurons undergo spike frequency adaptation that could account
for these properties. We perform current-clamp recordings at near physiological temperature in acute brain slices from mice
of both sexes to examine how DCN neurons respond to prolonged depolarizations. DCN neuron adaptation is exceptionally
slow and bidirectional. A depolarizing current step evokes large initial increases in firing that decay to ~20% of the initial
increase within ~10 s. We find that spike frequency adaptation in DCN neurons is mediated by a novel mechanism that is
independent of the most promising candidates, including calcium entry and Na*-activated potassium channels mediated by
Slo2.1 and Slo2.2. Slow adaptation allows DCN neurons to gradually and bidirectionally adapt to prolonged currents but to
respond linearly to current injection on rapid timescales. This suggests that an important consequence of slow adaptation is
that DCN neurons respond linearly to the rate of PC firing on rapid timescales but adapt to slow firing rate changes of PCs
on long timescales.
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Significance Statement

Excitatory neurons in the cerebellar nuclei provide the primary output from the cerebellum. This study finds that these neu-
rons exhibit very slow bidirectional spike frequency adaptation that has important implications for cerebellar function. This
mechanism allows neurons in the cerebellar nuclei to adapt to long-lasting changes in synaptic drive while also remaining re-
sponsive to short-term changes in excitatory or inhibitory drive.

glutamatergic projection neurons in the deep cerebellar nuclei
(DCN), which in turn provide the output of the cerebellum.
PCs provide an extraordinary amount of ongoing inhibition to
the DCN. PCs fire spontaneously at high frequencies in vivo
(Thach, 1968; Zhou et al., 2014), and each DCN cell receives an
estimated 400 Hz to 4 kHz of inhibition (40 PCs converging onto
each DCN neuron firing at 10-100 Hz; Chan-Palay, 1973a, b;
Person and Raman, 2011). Yet, DCN cells are not silenced by
this ongoing inhibition and fire at basal rates of ~10-50 Hz in
vivo and at even higher rates during sensory or motor events

Introduction

The cerebellum participates in motor tasks, motor learning, cog-
nitive processing, social behaviors, and many other nonmotor
behaviors (Buckner, 2013; Reeber et al., 2013; Van Overwalle et
al,, 2014; Wang et al., 2014). To understand how the cerebellum
contributes to these diverse functions, it is important to under-
stand what controls cerebellar output. Purkinje cells (PCs) of
the cerebellar cortex make strong GABAergic synapses onto
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(Thach, 1968, 1970, 1975; Eccles et al., 1974; McDevitt et al.,
1987; LeDoux et al, 1998; Rowland and Jaeger, 2005, 2008).
Synchronous firing among PCs can entrain the firing of DCN
neurons and promote DCN firing (de Solages et al., 2008; Person
and Raman, 2011; Han et al., 2020). Brief pauses in PC firing can
also rapidly and transiently decrease inhibition to promote firing
(de Solages et al., 2008; Person and Raman, 2011; Han et al,
2020).
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It is not known how DCN firing is regulated on long timescales
because the firing of DCN neurons has only been studied on the
hundreds of milliseconds timescale (Jahnsen, 1986; Aizenman and
Linden, 1999; Czubayko et al., 2001; Uusisaari et al., 2007). There
are reasons to suspect that DCN neurons slowly adapt to pro-
longed changes in PC firing. In PC degeneration (PCD) mutant
mice where most PCs degenerate, it is expected that the loss of PC
synapses would lead to disinhibition and elevated spiking in DCN
neurons and in neurons of the vestibular nucleus (VN), another
major output nucleus of the cerebellum (Béurle et al, 1997).
However, in PCD mice, the firing rates of VN neurons are not ele-
vated, and rotation-evoked changes in VN neurons are much
smaller than expected (Béurle et al., 1997). This suggests that VN
neurons may adapt their responses to the long-term absence of
PC inputs. In addition, prolonged optogenetic suppression of PC
firing leads to a large transient increase in DCN neuron firing that
eventually adapts to a much smaller sustained elevation in firing
rate (Khan et al., 2021). Similarly, in acute brain slices, DCN neu-
rons fire spontaneously at moderate frequencies, although it is
expected that the elimination of PC inhibition would elevate the
firing of DCN neurons, because most PC axons are severed in
acute brain slices (Jahnsen, 1986; Llinas and Muhlethaler, 1988;
Aizenman and Linden, 1999; Czubayko et al., 2001).

Here we find that the firing rate of DCN neurons strongly,
bidirectionally, and very slowly adapts (within ~10 s) to either
increases or decreases in sustained current injection. The most
promising mechanisms for such adaptation involve action poten-
tial-mediated calcium influx and the activation or modulation of
either potassium channels or chloride channels (Ha and Cheong,
2017; Huang and Chacron, 2017), or buildup of intracellular so-
dium and activation of Na'-activated potassium channels
(Bischoff et al., 1998; Sanchez-Vives et al., 2000a). We found that
slow adaptation was not mediated by these candidate mecha-
nisms. This indicates that a novel mechanism mediates the very
slow adaptation of DCN neurons. Regardless of the mechanism,
slow adaptation could allow DCN neurons to adapt to prolonged
changes in PC firing, while allowing DCN neurons to have a lin-
ear relationship between firing frequency and input current on
subsecond timescales.

Materials and Methods

Ethics. All animal procedures were conducted in accordance with the
National Institutes of Health and Animal Care and Use Committee
guidelines and protocols approved by the Harvard Medical Area
Standing Committee on Animals (animal protocol #1493).

Animals. Postnatal day 24 (P24) to P40 C57BL/6 wild-type mice
(Charles River Laboratories) of both sexes were used for most acute slice
experiments. P24 to P34 animals, in which the genes for Na™ -activated
potassium channels Kcntl (corresponding to Slo2.2 or Slack protein)
and Kcnt2 (corresponding to Slo2.1 or Slick protein) in double-knockout
(DKO) mice of both sexes were used, (see Figs. 3, 4). These animals are
referred to as “Slo 2.1/2.2 DKO” in this article.

Slice preparation. Mice were anesthetized with ketamine/xylazine/
acepromazine and transcardially perfused with warm (34°C) choline-
ACSF solution containing the following: 110 mm choline Cl, 2.5 mm
KCl, 1.25 mm NaH,POy, 25 mm NaHCO3, 25 mM glucose, 0.5 mm CaCl,,
7 mm MgCl,, 3.1 mM Na-pyruvate, 11.6 mm Na-ascorbate, 5 v NBQX,
and 2.5 um 3-[(6)-2-carboxypiperazin-4-yl]-propyl-1-phosphonic acid
(CPP), oxygenated with 95% O,/5% CO,. To prepare sagittal cerebellar
slices, the hindbrain was removed, a cut was made down the midline of
the cerebellum, and the halves of the cerebellum were glued down to the
slicing chamber. The 170-pm-thick sagittal slices were cut with a vibra-
tome (model 1200S, Leica) in warm choline-ACSF. Slices were trans-
ferred to ACSF solution containing the following (in mm): 127 NaCl, 2.5
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KCl, 1.25 NaH,POy,, 25 NaHCO;, 25 glucose, 1.5 CaCl,, and 1 MgCl,
and were maintained at 34°C for 10-12min before being moved to
room temperature for 20-30 min before beginning recordings.

Electrophysiology. Whole-cell voltage current-clamp recordings were
performed on spontaneously firing, large-diameter (20-25 um) neurons
in the lateral and interposed deep cerebellar nuclei. Borosilicate glass
electrodes were filled with an internal solution containing the following
(in mm): 150 K-gluconate, 3 KCl, 10 HEPES, 0.5 EGTA, 3 Mg-ATP,
0.5 Na-GTP, 5 phosphocreatine-tris,, and 5 phosphocreatine-Na,,
and adjusted to pH 7.2 with KOH. The osmolarity was adjusted to
300 mOsm. High-resistance (3-4 M(}) electrodes were used to mini-
mize the dilution of cytosolic components, and only recordings where
series resistance was <15 M{) were accepted. Series resistance was
compensated up to 80% for the estimated capacitance of the cell body
(5pF). In most cases, DCN neurons spontaneously fired on breaking
in at voltages between —50 to —60 mV. Hyperpolarizing current was
injected to keep cells from spontaneously spiking between experi-
mental trials. As a result, cells typically “rested” between —65 and
—75mV. Reported voltages were corrected for a liquid junction
potential of 10mV. All experiments were performed at 36°C. Synaptic
transmission was blocked with 5 um NBQX to block AMPARSs, 2.5 um
(R)-CPP to block NMDARs, 5 um SR94431 to block GABA 4 receptors,
and 1 uM strychnine to block glycine receptors.

Additional experiments were performed to assess the possibility of
the involvement of pH homeostasis using a high HEPES internal con-
sisting of the following (in mm): 125 K-gluconate, 3 KCI, 20 HEPES,
20 HEPES-K, 0.5 EGTA, 3 Mg-ATP, 0.5 Na-GTP, 5 phosphocreatine-
tris2, and 5 phosphocreatine-Na2, adjusted to pH 7.2 with KOH. We
found that adaptation had similar properties when using the standard
internal [decay time (4ecay) = 3.70 = 0.90 s; adaptation ratio =0.23 + 0.04;
n=>5 cells, N=4 animals] and high HEPES internal (fgecay = 3.44 * 0.42;
adaptation ratio=0.23 £ 0.04; n=5 cells, N=4 animals) suggesting that
pH changes were unlikely to contribute to adaptation.

For each experiment seen in Figure 3, stable responses to a 200 pA
current injection were first obtained in control conditions (1.5 mm Ca*t,
1.0 mm Mg®™). After 5min, external solution was switched to begin
washin. Control and washin solutions always included blockers of syn-
aptic transmission. The following external solutions were used: “low Ca”
(0.1 mm Ca®", 4.0 mm Mg”), “0 Ca” (0 mMm Ca®", 4.0 mm Mg“, 1 mm
EGTA), apamin (300 nm apamin added to control solution), and XE991
(10 M XE991 added to control solution). For Slo2.1/2.2 DKO animals
that lack the Na* -activated potassium channels Slo 2.1 and Slo2.2, a con-
trol external solution was used. Washin solutions were allowed to equili-
brate for at least 15 min before recording responses to current injections.
Responses to depolarizing current steps were collected with an intertrial
interval of 60 s during baseline and washin conditions.

Dynamic-clamp experiments. We performed dynamic-clamp experi-
ments to determine the response of DCN neurons to changes in excitatory
inputs and inhibitory inputs (see Fig. 8). Dynamic-clamp recordings were
performed at 20 kHz with an ITC-18 computer interface controlled by
mafPC in Igor Pro (WaveMetrics). The capacitance of DCN neurons was
70-170 pF, and the leak currents were —300 to —600 pA. We based the
number of PCs that converge on each DCN neuron (40 PCs) and the
properties of inhibitory conductances on previous studies (Person and
Raman, 2011), with a rise time of 0.1 ms, a decay time of 2.5ms, and an
amplitude of 5 nS (reflecting depression; Khan and Regehr, 2020). We
based the timing of PC firing on 10 PCs recorded in awake behaving ani-
mals, with the interspike intervals for each simulated PC determined from
randomly selected interspike intervals from one of the recorded cells (four
simulated PCs were based on each recorded PC). The average firing fre-
quency was 80 Hz, and the average frequency of all PC inputs converging
on a DCN neuron was ~3 kHz. This corresponded to an average PC con-
ductance of ~50 nS. The reversal potential for inhibitory conductances
was set at —85mV after correcting for junction potential.

Excitatory conductances were based on the AMPA component char-
acterized by Wu and Raman (2017). They recorded mossy fiber (MF)
EPSCs with a rise time of 0.28 ms, a decay time of 1.06 ms, and an ampli-
tude of 0.4 nS (reflecting depression). They estimated that 20-600 MFs
converged on each DCN neuron, with an unknown firing frequency, so
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the excitatory conductances were relatively unconstrained in our experi-
ments. We adjusted the frequency of MF EPSCs so that the firing rate of
DCN neurons was maintained at 20-40 Hz in the presence of the inhibi-
tory conductance. The average baseline excitatory conductance was 20—
30 nS. The reversal potential for excitatory conductances was set at 0 mV
after correcting for junction potential.

We examined spike frequency adaptation by either increasing the
excitatory conductance or decreasing the inhibitory conductance. For
increased excitation, we maintained average inhibition at 50 nS, and
after a 30 s baseline excitation (20-30 nS), we increased the excitatory
conductance to 40-45 nS for 30 s before returning the excitatory con-
ductance to the initial level. We assessed the effects of suppressing inhi-
bition on adaptation by maintaining the excitatory conductance for 90 s
and decreasing the frequency of inhibitory inputs by a factor of 2 for
times 30-60 s (reducing the average inhibitory conductance from ~50
to 25 nS).

Analysis. Recordings were obtained using Multiclamp 700B (Molecular
Devices), sampled at 50 kHz and filtered at 4 kHz, and collected in Igor Pro
(WaveMetrics). Data were analyzed using custom-written scripts in
MATLAB (MathWorks). Instantaneous firing rates were calculated as the
reciprocal of the interspike interval. In Igor Pro, decay times for firing rate
were determined from an exponential fit to the instantaneous firing fre-
quency during depolarizations. All summary data are shown as the mean *+
SEM unless otherwise indicated. Before comparing the adaptation ratio,
half-decay time, peak firing, steady-state (ss) firing, afterhyperpolarization
(AHP) amplitude, and AHP half-decay time between control and experi-
mental conditions seen in Figure 5, a Shapiro-Wilk test with significance
level of 0.05 was used to test whether data were normally distributed. Most
data were found to be normally distributed and subsequently were com-
pared with their baseline values obtained before the washin by a two-tailed
unpaired Student’s ¢ test. In all cases, the threshold for statistical significance
was set at p < 0.05. Control (baseline) steady-state firing rates seen in Figure
5 were found to be asymmetrically distributed and were subsequently com-
pared with steady-state firing rates of the experimental conditions using a
nonparametric Wilcoxon signed-rank test.

Results

To determine whether DCN neurons adapt on long timescales,
we determined the effects of prolonged depolarizing current
steps on the firing of DCN neurons. We recorded in whole-cell
current clamp from DCN neurons at near physiological tempera-
tures (36°C) in acute slices from juvenile (P25 to P40) mice and
injected constant depolarizing currents for 50 s. We recorded
from large DCN neurons that correspond to glutamatergic pro-
jection neurons (Uusisaari et al., 2007; Turecek et al., 2016).
DCN neurons initially fired at high frequencies, and their rate of
firing adapted very slowly (Fig. 1). This is shown for an example
cell that initially fired at 180 Hz and gradually slowed to ~23
spikes/s (Fig. 1A). We defined the ratio of steady-state to peak
firing as the adaptation ratio (steady-state firing rate/peak firing
rate, ss/peak) and the fgecay as the time constant of an exponential
function best fit to the firing rate response. In Figure 1A, the ad-
aptation ratio is 0.13 and the decay time is 7.4 s. There was vari-
ability in the time course and extent of adaptation across cells
(Fig. 1B,D), with an average adaptation ratio of 0.20 = 0.01 and
an average decay time of 4.9 = 0.2 s (Fig. 1C). For each cell, an
intertrial interval of 60 s was applied between the 50 s depolariz-
ing current steps. There was substantial variability in the adapta-
tion properties (Fig. 1D). The decay time was weakly correlated
with the peak firing rate (Fig. 1E, left: fjecay = 3.57 s + 0.0075 s x
peak firing, r* = 0.08), but the adaptation ratio was not strongly
influenced by the initial firing frequency (Fig. 1E, right) The
decay times and adaptation ratios were not significantly different
for males and females (decay time, p=0.59; adaptation ratio,
p=047; two-tailed unpaired Student’s ¢ test; Fig. 1F) or for
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different age animals over the age range studied (r, = —0.10 for
animal age vs decay time and r; = —0.25 for animal age vs adapta-
tion ratio; Spearman’s p; Fig. 1G). Indeed, we observed consider-
able variability of the properties of adaptation for different cells
from the same animal. Thus, all large glutamatergic neurons in the
DCN exhibit robust spike frequency adaptation, but the time
course and extent of the adaptation is highly variable for different
cells.

In many neurons, spike frequency adaptation is thought to
reflect the buildup of a hyperpolarizing conductance that sup-
presses spiking and also leads to an AHP after spiking is termi-
nated (Ha and Cheong, 2017; Huang and Chacron, 2017). We
found that a prominent AHP was observed in DCN neurons af-
ter the cessation of spiking (Fig. 2A). To examine the relationship
between the magnitude of the AHP and the extent of adaptation,
we delivered depolarizing current steps with a range of durations
(0.3-30 s). During 0.3 s steps, the extent of adaptation and the
amplitude of the AHP were both small (Fig. 24,B, top). As the
durations of current steps were increased, adaptation became
more prominent (Fig. 2B) and the amplitude of the AHP
increased (Fig. 2C,D). An intertrial interval of 60 s was used
between each trial for each current step duration. Longer
current steps were also followed by longer-lasting AHPs, as
measured by the time taken for the AHP to return halfway to
the initial resting potential, which is the AHP half-recovery
time (t,/,; Fig. 2C,D,F). We observed a strong negative corre-
lation between the amplitude of the AHP and the firing rate
at the end of the depolarizing step (Fig. 2E; ss/peak=1.36 -
0.12 x AHP amplitude; * = 0.93), and for AHP t,,, versus
firing rate at the end of the depolarizing step (Fig. 2F; ss/
peak = 0.99-0.23 x AHP t,,,, r* = 0.89).

Spike frequency adaptation and afterhyperpolarizations have
been shown to be mediated by a variety of mechanisms in other
types of neurons. Some of these mechanisms involve channels
for which selective antagonists are available. One possibility is
that high-frequency firing leads to a buildup of calcium and the
activation of small conductance Ca*-activated potassium (SK)
channels that suppresses firing and leads to an afterhyperpolari-
zation (Huang and Chacron, 2017; Cui and Strowbridge, 2019).
We tested the involvement of SK channels by assessing the
effects of apamin, a blocker of SK channels (Stocker, 2004).
Apamin had no effect on either the spike frequency adapta-
tion or the afterhyperpolarization, indicating that SK chan-
nels are not involved (adaptation ratio in apamin vs control,
P =0.49; taecay, p=0.19; AHP amplitude, p = 0.44; AHP recov-
ery time, p=0.68; two-tailed unpaired Student’s ¢ tests; Fig.
3, purple; also see Fig. 5, purple). In other cells, M-currents
that are mediated by K7 (KCNQ) channels, contribute to spike
frequency adaptation and afterhyperpolarization (Madison and
Nicoll, 1984; Gu et al., 2005; Otto et al., 2006). We used the
selective blocker XE991 (Wang et al., 1998) to test the involve-
ment of M-currents in spike frequency adaptation and afterhy-
perpolarization in DCN cells. XE991 did not affect either spike
frequency adaptation or the AHP, indicating that M-currents
are not involved (adaptation ratio in XE991 vs control, p=0.71;
tdecay P =0.19; AHP size, p=0.74; AHP recovery time, p =0.99;
two-tailed unpaired Student’s t tests; Fig. 3, blue; also see Fig. 5,
blue). In some cell types, the ether-a-go-go-related gene (ERG)
current (K,7) contributes to spike frequency adaptation (Sacco
et al., 2003; Pessia et al., 2008; Cui and Strowbridge, 2019). We
tested whether ERG channels might also be involved in the slow
adaptation of DCN cells. Application of the selective ERG chan-
nel blocker E-4031 had no effect on either spike frequency
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Figure 1.

DCN neurons exhibit robust, slow spike frequency adaptation. Aa, Representative cell response to a 50 s depolarizing current step (200 pA) delivered to a DCN cell in whole-cell

current clamp (top), the resulting voltage trace (middle), and the instantaneous firing frequency of spiking response (bottom). Ab, Expanded views of different periods of the voltage trace in
Aa are shown (top), as well as the corresponding instantaneous firing frequencies (bottom). Expanded views of the same time points as immediately above for instantaneous firing rate. B,
Example instantaneous firing frequencies for three different DCN cells that were depolarized for 50 s. Decay times and adaptation were determined as above. Decay times were determined
from an exponential fit to the instantaneous firing frequency during the depolarization. Adaptation ratio (ss/peak) was calculated as the ss firing rate divided by the peak firing rate (peak). C,
Average response to a 50 s current step for n = 22 DCN neurons (7 animals), with the SE overlaid and shaded in gray. D, Summary data for the peak and steady-state firing rates, decay times,
and adaptation ratios (n = 48 cells). Data from responses to current steps of 50 and 30 s. E, Decay times and adaptation ratios as a function of initial firing frequency. F, Decay times and adap-
tation ratios for male (n = 28) and female (n = 20) mice. G, Decay times and adaptation ratios as a function of age.

adaptation or afterhyperpolarization, indicating that ERG chan-
nels are not involved (adaptation ratio in E-4031 vs control,
P =0.565 tgccay> p=0.24; AHP size, p=0.92; AHP recovery time,
P =0.99; two-tailed unpaired Student’s t tests; Fig. 3, red; also see
Fig. 5, red).

Calcium entry during high-frequency firing could also acti-
vate other types of calcium-dependent conductances to produce
spike frequency adaptation and afterhyperpolarization. These
include Ca®*-activated chloride channels (Huang et al., 2012;
Zhang et al., 2017; Wang et al., 2019). The most straightforward
means of testing their involvement is to reduce calcium entry.
We initially did this using an external solution (low Ca>") that
contained 0.1 mm Ca®* and 4 mm Mg® " rather than the standard
1.5 mm Ca®" and 1 mm Mg>™ (Fig. 3, orange; also see Fig. 5, or-
ange). We also explored the effects of an external solution with
no added external Ca® (0 mm Ca**, 4 mm Mg?) supplemented
with the calcium chelator EGTA (1 mm) to buffer low levels of

contaminating Ca®" (0 Ca*"; Fig. 3, yellow; also see Fig. 5, yel-
low). This external solution severely reduces calcium entry and is
expected to disrupt any mechanism that relies on external calcium
entry. The results were similar for both external solutions. Spike
frequency adaptation and the duration of adaptation were still
intact, although the peak firing frequency and steady-state firing
frequency were both elevated (adaptation ratio in low Ca vs con-
trol, p=0.28; fgecay p=0.25; peak firing frequency, p= 0.002; and
steady-state firing, p = 0.014; adaptation ratio in 0 Ca + EGTA vs
control, p=0.41; tgecay p=0.25; peak firing frequency, p =0.004;
and steady-state firing, p = 0.00079; two-tailed unpaired Student’s
tests were used for all comparisons except nonparametric use of
the Wilcoxon signed-rank test for comparing steady-state fir-
ing in control vs low Ca and control vs 0 Ca + EGTA). The
increases in peak and steady-state firing suggest that low
Ca’* and 0 Ca®" external solutions increase the excitability
of DCN neurons independently of spike frequency adaptation. It
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Figure 2.  Prolonged spiking leads to a slow afterhyperpolarization that is depend-
ent on spiking duration. A, Firing and AHP for a DCN neuron are shown in response to
delivering depolarizing current steps of varying duration. B, Instantaneous firing fre-
quencies are shown for the spiking shown in A. C, Voltage traces showing the average
AHP following 0.3, 1, 3, 10, and 30 s current steps (N = 7 cells from 5 animals; SEs
are in gray). D, Summaries of the amplitudes and half-recovery times of the AHPs for
individual cells (circles) after current steps of the indicated durations. Half-recovery
time was calculated as half the time for the AHP to return to the initial membrane
potential before the step. N =7 cells (5 animals). One-way ANOVA was performed to
compare the AHP amplitude and the AHP half-recovery time of different current step
durations. Statistically significant differences are indicated with asterisks. £, Summary
of firing rate at the end of a depolarizing current step lasting 0.3—-30 s divided by the
peak firing of the step (ss/peak), as a function of the magnitude of the subsequent
AHP. Responses from individual neurons are shown (light gray), with the average
response overlaid in black and the SE shaded in dark gray. F, Same as in E, but ss/peak is
plotted as a function of the AHP half-recovery time.

is possible that this arises from activation of the sodium leak
channel NALCN that occurs when external Ca** is reduced
(Chua et al., 2020). Another curious effect is that the amplitude
of the AHP is reduced in low Ca*" and to a much larger extent
in 0 Ca®". This suggests that in some instances the extent of spike
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Figure 3.  The pharmacological sensitivity and calcium dependence of spike frequency ad-
aptation and the subsequent afterhyperpolarization. A, Average instantaneous firing frequen-
cies evoked by 200 pA depolarizing currents for 30 s in the indicated conditions. The effects
of apamin (300 nw; a blocker of SK (a® " -activated K channels), XE-991 [10 um; an antago-
nist of Kv7 channels (KCNQ, M-current)], and E4031 [a blocker of KCNH1 (ERG K channels)]
were assessed. Low Ca solution consisted of 0.1 mu extemnal Ca* and 4 mu external Mg>*,
0 Ca®* solution consisted of 0 Ca** and 1 mm EGTA. Control, n =18 cells (9 animals); apa-
min, n=7 cells (four animals); XE991, n=15 cells (three animals); low Ca, n=10 cells (7
animals); 0 Ca + EGTA, n=7 cells (6 animals). Shading indicates the SE. B, The average
AHPs following the current steps in A are shown for the indicated conditions. Shading indi-
cates the SE.

frequency adaptation and the amplitude of the AHP can be
decoupled.

Thus far we have eliminated the leading candidate mecha-
nisms for spike frequency adaptation that rely on calcium entry,
such as Ca”"-activated chloride channels. This leads us to the
second major candidate mechanism of spike frequency adapta-
tion, Na "-activated potassium channels. In numerous cell types,
elevated firing leads to a buildup of intracellular sodium and
the opening of Na' -activated potassium channels that in turn
suppress firing and lead to a long-lasting afterhyperpolarization
(Gustafsson and Wigstrom, 1983; Schwindt et al., 1989; Dryer,
1991; Kubota and Saito, 1991; Bischoff et al., 1998; Kim and
McCormick, 1998; Sanchez-Vives et al., 2000a,b; Wallén et al,,
2007; Barraza et al., 2009). Na™-activated potassium channels
were the favored mediators of slow spike frequency adaptation
and long-lasting afterhyperpolarization in the ferret primary vis-
ual cortex (Sanchez-Vives et al, 2000a,b). This hypothesis was
not tested because a selective antagonist of Na-activated potas-
sium channels was not available. Subsequent studies have estab-
lished that the channels Slo2.1 (Slick) and Slo2.2 (Slack) mediate
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Figure 4. Assessing the involvement of Na ™ -activated potassium channels in spike frequency
adaptation and afterhyperpolarization. A, The effect of substituting extracellular Lil for NaCl on
responses evoked by prolonged depolarization for a representative example cell. n = 5 cells (5 ani-
mals). B, Responses evoked by prolonged depolarization in the presence of 1 mm quinidine. n = 4
cells (2 animals). Ca, Average instantaneous firing frequencies evoked by 200 pA depolarizing cur-
rents for 30 s in Sl02.1/2.2 double-knockout animals. n = 9 cells (5 animals). (b, The average
AHPs following the current steps in SI02.1/2.2 double-knockout animals. Shading in C is the SE.

Na'-activated potassium currents (Martinez-Espinosa et al.,
2015). Moreover, in situ hybridization indicates that Slo2.1 and
Slo2.2 are present in neurons within the DCN (Bhattacharjee
et al., 2002, 2003). For these reasons, we decided to test the
hypothesis that Na™-activated potassium currents are re-
sponsible for slow adaptation and hyperpolarization in DCN
neurons.

We initially explored this question by determining whether
the substitution of lithium for sodium eliminated spike fre-
quency adaptation (Fig. 4A). LiCl substitution for NaCl could
allow action potential generation without engaging Na ™ -acti-
vated conductances (Wallén et al., 2007). If firing were pre-
served and adaptation eliminated, it would implicate a Na™-
dependent mechanism and be consistent with the involvement
of Na™ -activated potassium channels. We found, however, that
under these conditions, prolonged depolarizing current steps
typically evoked abnormal burst-like spiking that lasted for
hundreds of milliseconds to slightly more than a second, fol-
lowed by a plateau depolarization. This suppression of sus-
tained firing by lithium substitution indicates that that this
approach lacks sufficient specificity to provide insight into the
role of sodium influx in adaptation.

We also used pharmacological approaches to study the
involvement of Na™-activated potassium channels in adapta-
tion. When expressed in heterologous systems, Slo2.1 and
Slo2.2 currents are both completely abolished by 1 mm quini-
dine (Bhattacharjee et al., 2003). We found that 1 mm quini-
dine depolarized and eliminated spiking in DCN neurons
(Fig. 4B). Similar results were seen for a range of concentra-
tions of quinidine in other cells (1 mMm, n=4 cells; 100 um,
n=4 cells; 50 um, n=2 cells). This indicates that the lack of
specificity of quinidine compromises it as a tool to study
spike frequency adaptation in DCN neurons. The limitations

Khan etal. o Slow Spike Frequency Adaptation in the DCN

A 0.6+ D 101

ss / peak
s 3
oe-[}}—e
—4 b
T
&bk |
tpecay (s

00 T T T T T T T c

B 500- ** E 20-
*k S
£3 E 3
o ()
£ = i . i
* S
g <
o - 0

C 2501 F 107
= * _
< f )
2 é = g
© O] =
jd T

>
5 égé% 3 ES
2
R 0
© &P P LN
F & & 2N

Figure 5.  The pharmacological sensitivity, calcium dependence, and dependence on Na*-
activated potassium channels of spike frequency adaptation and the subsequent afterhyper-
polarization for single cells. A, The steady-state/peak firing rates (ss/peak) in DCN cells after
delivering 200 pA depolarizing currents for 30 s in the indicated conditions. The effects of
apamin (300 nu; a blocker of SK Ca®* -activated K channels), XE991 [10 puw; an antagonist of
Kv7 channels (KCNQ, M-current)], and E4031 [a blocker of KCNH2 (ERG K channels)] were
assessed. Low Ca solution consisted of 0.1 mm external Ca®>* and 4 mu exteal Mg>*; 0
Ca®* solution consisted of 0 Ca®" and 1 mm EGTA. Control, n = 18 cells (9 animals); apa-
min, n = 7 cells (4 animals); XE991, n = 5 cells (3 animals); E4031, n = 3 cells (2 animals);
low Ca, n = 10 cells (7 animals); 0 Ca + EGTA, n =7 cells (6 animals); Sl02.1/2.2 DKO, n =
9 cells (5 animals). The ss/peak for each experimental condition was not statistically signifi-
cant from that of the control, as assessed by two-tailed unpaired Student's ¢ tests. The
threshold for statistical significance was set at p << 0.05. B, Peak firing rates observed during
the depolarizing current step. Conditions with statistically significant differences from control
are indicated with an asterisk (low Ca, p = 0.002; 0 Ca + EGTA, p = 0.004; two-tailed
unpaired Student’s ¢ tests). All other comparisons with control were not statistically signifi-
cant. €, Steady-state firing rates observed during the depolarizing current step. Conditions
with statistically significant differences from control are indicated with an asterisk (low Ca,
p =0.014; 0 Ca + EGTA, p = 0.00079; nonparametric Wilcoxon signed-rank test). D, Decay
times for the instantaneous firing frequencies occurring during the current step. Decay time
for each experimental condition was not statistically significant compare with control, as
assessed by two-tailed unpaired Student’s ¢ tests. £, Amplitude of the AHP observed in DCN
neurons after the cessation of the depolarizing current step. Conditions with statistically sig-
nificant differences from control are indicated with an asterisk (low Ca, p = 0.049; 0 Ca +
EGTA, p = 0.015; two-tailed unpaired Student’s t tests). All other comparisons with control
were not statistically significant. F, The half-decay times for AHPs observed after each current
step. Conditions with statistically significant differences from control are indicated with an as-
terisk (Sl02.1/2.2 DKO, p = 0.017; two-tailed unpaired Student’s ¢ tests test). All other com-
parisons with control were not statistically significant.

of quinidine as a tool to study Na'-activated potassium
channels in intact cells is consistent with the observation that
it also blocks potassium rest channels, TASK and TWIK-1,
and some voltage-gated sodium channels (Campbell and
Williams, 1983; Kehl, 1991; Leonoudakis et al., 1998).

In the absence of suitable pharmacological tools to study
Na*-activated potassium channels, we needed a different
approach. Fortunately, global Slo2.1 and Slo2.2 DKO mice
are viable (Martinez-Espinosa et al., 2015), and we used
these mice to assess the role of Na™-activated potassium
channels in adaptation. We found that in Slo 2.1/2.2 dou-
ble-knockout mice, spike frequency adaptation was intact
and afterhyperpolarization remained prominent (Figs. 4C,
green, 5, green), establishing that they are not mediated by
Na*-activated potassium channels in DCN neurons.
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(Fig. 6B-D). This result indicates that
adaptation in DCN neurons is bidirec-
tional. DCN neuron firing slowly adapts
during periods of elevated firing and
recovers from reduced firing in a manner
that is consistent with the time course of
the long-lasting conductance that medi-
ates the AHP.

The slow adaptation of DCN neurons
and their lack of adaptation on rapid
timescales suggests that DCN neurons
respond differentially to brief and long-
lasting depolarizations. We examined this
possibility by delivering a series of depo-
larizing current steps of varying durations
to DCN neurons, with amplitudes of 50,
100, 150, 200, 150, 100, and 50 pA. In
all trials, the magnitude of the series of cur-
rent injections was similar, but the duration
of each step varied across trials. The instan-
taneous firing frequencies are shown for a

(s)

Time

-

steady state spikes/s (@]

o

' cell for steps of 1 and 30 s (Fig. 7A), and
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and the time to reach steady state for the initial current injection (fgecayr; p = 0.025).

The slow AHP we observe has the potential to reduce excit-
ability following high-frequency spiking and could also contrib-
ute to spike frequency adaptation. We examined this possibility
by using a protocol consisting of a 200 pA current injection, fol-
lowed by a 400 pA current step, and then returning to a 200 pA
current (Fig. 6). An intertrial interval of 60 s was used. As shown
for an example cell, the initial depolarization transiently elevated
spiking that then decayed to a steady-state level, and a further
increase in depolarization elevated spiking that again adapted to
a new steady-state level (Fig. 6A). In response to the additional
depolarization, steady-state spiking was elevated (11.5 spikes/s
for 400 pA vs 5.4 spikes/s for 200 pA), and the time constant of
spike adaptation was slower (6.3 s for Zgecay2 V8 3.8 s for fyccay1)-
Although the reason for the differences in the time courses of ad-
aptation are unclear, this observation indicates that in addition
to differences in adaptation between cells, an individual cell can
exhibit different time courses of adaptation. After stepping down

DCN firing bidirectionally adapts to increases and decreases in depolarization over seconds. A, Top, A three-step
depolarizing current injection protocol delivered to a DCN cell, starting with an initial 200 pA depolarization for 25 s, followed
by a step to 400 pA for 30 s, and then a 200 pA depolarization for 60 s. Middle, Voltage response during a current-clamp re-
cording from a DCN neuron. Bottom, Instantaneous firing response. B, Average instantaneous firing frequency evoked by the
three-step current injection protocol. N = 7 cells (5 animals). ¢, Summary data for the steady-state firing at the ends of the
initial depolarization, for the 400 pA step, and for the 60 s recovery. Statistical significance among steady-state firing during
initial, step, and recovery periods was assessed by one-way ANOVA and found to be statistically insignificant at a significance
level of 0.05. D, Summary data for the decay times to reach steady state for the initial current injection (£gecayn), and for the
400 pA step (fgecay2). Decay times were determined from an exponential fit to the instantaneous firing frequency during the
indicated period. In all cases, the spiking stopped when the depolarization was decreased from 400 to 200 pA, and fgq val-
ues are summarized for each cell. Statistical significance between steady-state firing during initial, step, and recovery periods
was assessed by one-way ANOVA. The only statistically significant comparison was the time taken to resume firing (tfiing)

r and last 100ms of each step, consistent
tring with minimal adaptation. Responses were
very different when the duration of each
step was 30 s. For step increases in the
depolarizing current, the initial firing was
much higher at the start of the depolariza-
tion than at the end, but when depolarizing
currents were decreased, the initial firing
was much lower at the start than at the end.
Similar experiments were performed for
0.3, 1, 3, 10, and 30 s steps for a number of
DCN neurons, with average responses as a
function of time (Fig. 7C, left) and the aver-
age firing rate in the initial 100 ms (black)
and the final 100 ms (blue) plotted for each
current step (Fig. 7C, right). The order in
which trials were delivered was random-
ized, and a 60 s intertrial interval was used. For 0.3-1 s steps, the
firing of DCN neurons tracked the magnitude of the depolariza-
tion (Fig. 7C, top). Responses to steps that lasted 1 s most faithfully
tracked the change in depolarization over time. For 3 s steps, a
small amount of adaptation is apparent, and there is a small
decrease in the firing rate by the end of the current step. Longer
steps resulted in more adaptation and increasing divergence
between initial and steady-state firing (Fig. 7C). There were no sig-
nificant differences in the steady-state firing frequencies for 30 s
current steps that had the same amplitude [for steps 1 and 7
(p=0.87), for steps 2 and 6 (p=0.87), or for steps 3 and 5
(p=0.93)], suggesting that there is a preferred setpoint for a partic-
ular level of activation. Overall, these results indicate that for short
depolarizing current steps, DCN neurons faithfully convert the
magnitude of the depolarizing current into a spike rate. For long
changes in the magnitude of depolarizing inputs, DCN neurons
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Figure 7.

The firing of DCN neurons evoked by a series of current steps. A series of current steps of increasing and then decreasing amplitude were used to stimulate DCN neurons (G, top). For different

trials, the durations of the current steps were 03, 1, 3, 10, and 30 s. These steps are delivered in addition to a 100 pA current used to maintain baseline firing at rates similar to those observed in vivo. 4,
Instantaneous firing frequencies evoked by 1's (left) and 30 s (right) current steps are shown for a DCN neuron. B, Responses of the DCN cell in 4 are shown to illustrate the differences between 1 s steps
and 30 s steps. The initial 100 ms (black) and the final 100 ms (blue) are shown for each current step. For 1 s steps, the firing frequencies at the start of current steps are proportional to the magnitude
of the cumrent step, and firing frequencies remained similar during current steps. For 30 s steps, firing frequendies slowly adapt, resulting in very different firing frequencies at the start and the end of
each step. €, Summary of the firing responses to current steps of varying duration. Plots on the left show the average instantaneous firing frequency of DCN cells in response to the depolarizing current
ramp where each step is of the indicated duration. The SE is shaded in gray. Plots on the right show the average firing rates for the initial (black) and final (blue) 100 ms (n = 7 cells, n = 6 animals).

slowly adapt and remain responsive to additional changes in the
magnitude of depolarizing currents.

Thus far, we have controlled firing rates by steady current
injections. However, DCN neuron firing in vivo is controlled by
the balance of strong synaptic excitation and inhibition. We used
dynamic-clamp studies to examine the properties of spike fre-
quency adaptation under conditions that approximate a balance
of strong excitation and strong inhibition (Fig. 8). We based the
properties of excitatory and inhibitory inputs on previous studies
(Person and Raman, 2011; Wu and Raman, 2017) and based the
timing and frequency of inputs on PC firing recorded in awake
behaving mice (see Materials and Methods). We initially exam-
ined spike frequency adaptation when spiking was elevated by
increasing the excitation (Fig. 8A-D). The excitatory (Fig. 8Aa)
and inhibitory (Fig. 8Ab) conductances were both very noisy, and
the resulting baseline firing was highly irregular (Fig. 8Ad).
Increasing the average excitatory conductance from 20 to 40 nS
elevated the firing, and the firing slowly adapted. The adapta-
tion of instantaneous firing frequency is not obvious because it
is so variable (Fig. 8Ad, gray), but the average firing frequency
(500ms bins) clearly shows prominent and slow adaptation
(Fig. 8Ad, black). The differences in firing are also apparent in
expanded views before the increase in excitation as well as at
the start and end of the elevation in excitation (Fig. 8B).
Following the return of the excitatory conductance to baseline
levels, firing transiently stopped and slowly recovered to base-
line levels. This suggests that the bidirectional spike frequency

adaptation is present for conditions of strong inhibition and ex-
citation. The properties of spike frequency adaptation for these
dynamic-clamp experiments were consistent for different cells
(Fig. 8C,D). We also examined the effects of decreasing inhibi-
tion and found that the effects on the firing of DCN neurons
were remarkably similar for decreases in inhibition (Fig. 8E-H)
and increases in excitation (Fig. 8A-D). These studies suggest
that slow bidirectional adaptation is prominent for dynamic-
clamp experiments with strong balanced synaptic excitation
and inhibition regardless of whether spiking is elevated by an
increase in excitation or a decrease in inhibition.

Discussion

Our main finding is that DCN neurons exhibit a robust, remarkably
slow form of spike frequency adaptation. This adaptation is so slow
that it does not impact responses on timescales of hundreds of milli-
seconds or several seconds. Consequently, the firing of DCN neu-
rons can linearly respond to changes in injected current on these
short timescales. However, on longer timescales, DCN neurons
adapt their firing in a manner that allows them to remain respon-
sive to subsequent changes in excitatory or inhibitory drive.

Previous studies of DCN neurons

There have been extensive studies of DCN neurons, but there
have been no previous descriptions of the slow spike frequency
adaptation we report here. This is likely because of differences in
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to DCN cells. See Materials and Methods for details. Ab, Inhibitory synaptic conductance (G,) delivered to DCN cells. Ac, Example of dynamic-clamp recordings of the firing response to the excita-
tory and inhibitory synaptic conductances in Aa and Ab. Ad, The instantaneous firing frequency (gray) and the average firing frequency (0.5 s bins, black) for the example cell in Ac are shown.
B, Expanded regions of the membrane potential corresponding to the trace in Ac. €, Average firing frequency evoked by increases in excitatory conductances for different cells (gray) and the av-
erage response (black) = SEM (gray). D, Summary data for the initial (0-30 s), peak, and steady-state firing rates; decay times; and adaptation ratios (n = 6 cells). E-H, As in A-D but for a

decrease in inhibition.

experimental conditions and the experimental approach. Many
previous studies used short depolarizations of hundreds of milli-
seconds (Jahnsen, 1986; Llinas and Mubhlethaler, 1988; Aizenman
and Linden, 1999; Czubayko et al,, 2001; Uusisaari et al., 2007;
Han et al., 2014; Canto et al,, 2016), and the slow spike frequency
adaption we see is not apparent during such brief steps (Fig. 1Ab,
left). Numerous studies also focused on much younger animals
than those studied here (Aizenman and Linden, 1999; Raman et
al., 2000; Czubayko et al., 2001; Uusisaari et al., 2007; Zheng and
Raman, 2009), and adaptation may have different properties in
young animals. Careful examination of DCN spiking evoked by
somewhat more prolonged depolarizations in other studies is con-
sistent with the slow adaptation we observe. In young rats (P16),
spike frequency adaption of ~20% occurred for a 5 s depolariza-
tion (Czubayko et al,, 2001). In more mature guinea pigs, a 2 s
depolarization resulted in highly variable adaptation that ranged

from a 50% reduction in firing rate to no reduction at all (Jahnsen,
1986). Although the time course of adaptation was not character-
ized in that study, it is likely that a 2 s step was insufficiently long
to reveal the full extent of spike frequency adaptation. Thus, previ-
ous studies did not use protocols that were suited to studying the
slow spike frequency adaptation present in DCN neurons.

Implications for the cerebellar processing

The properties of spike frequency adaptation of DCN neurons
have several implications for cerebellar processing. We found
that on average DCN firing adapts to 20 = 1% of initial firing
with a decay time of 4.9 = 0.20 s (Fig. 1), that DCN adaptation is
also bidirectional (Figs. 6, 7), and that adapted cells remain
remarkably sensitive to further changes in depolarization (Fig. 6,
7). On short timescales that are <1 s, DCN firing reliably enco-
des changes in PC firing. This would ensure that cerebellar
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output could preserve signals generated from short-term changes
in PC activity, such as those occurring during fine movements or
error signals generated on a subsecond timescale. However, ad-
aptation makes the DCN less sensitive to slower, more prolonged
changes in input activity. PCs are known to undergo long
periods of modulation in their excitability and activity, such as
during motor learning (Gilbert and Thach, 1977; Jirenhed et
al., 2007; Rasmussen et al., 2008; Belmeguenai et al., 2010;
Heiney et al., 2014; Yang and Lisberger, 2014; Grasselli et al.,
2016). In these situations, DCN cells could initially generate
large responses but gradually adapt to maintain a stable firing
range. Without such adaptation, DCN spiking could saturate,
and these neurons might be unable to respond to further
changes in PC activity. When PC firing rates are increased, the
adaptation of firing rates described here will act in concert
with slow depression of the PC-DCN synapse (Pedroarena,
2020). Most previous behavioral studies of the cerebellum
have been performed on the seconds timescale, and the adap-
tation described here will have little effect on the DCN
responses. Future studies performed on longer timescales
could provide insight into the behavioral consequences of
slow spike frequency adaptation.

Spike frequency adaptation of DCN neurons is well suited to
protecting against the loss of PC inhibition. Many types of ataxia
involve a long-term decrease in PC inhibition of the DCN, often
as a result of chronic decreases in PC firing, decreases in the
strength of PC synapses, or PC death. PCs are also susceptible to
hypoxia (Welsh et al., 2002; Au et al., 2015). PCs fire at such high
frequencies (10-100 Hz), their inputs are sufficiently large (30 nS
on average; Khan and Regehr, 2020), and so many (~40) con-
verge onto each DCN neuron that if PCs fire asynchronously,
they provide a noisy inhibitory tone that strongly suppresses the
firing of DCN neurons. If this inhibition is removed, there is
expected to be a large (~10-fold) and immediate increase in the
firing of DCN neurons (Person and Raman, 2011). It is possible
that if spike frequency adaptation did not occur, and if such fir-
ing-rate increases were sustained, excitotoxicity might develop
and harm DCN neurons, compromising the ability of the cere-
bellum to influence the rest of the brain. However, DCN neurons
can survive in rodent models with strong reductions in PC inhi-
bition (Béurle et al., 1997; Au et al., 2015), and spike frequency
adaptation likely helps to prevent such large, sustained increases
in DCN firing. It is clear that spike frequency adaptation cannot
overcome profound deficits in PC inhibition and spare all cere-
bellar-dependent behaviors, as is apparent in motor deficits that
accompany PC loss (Kordasiewicz and Gomez, 2007; Hurlock et
al., 2008; Shakkottai et al., 2009, 2011; Hourez et al, 2011;
Dougherty et al.,, 2012, 2013; Bosch et al., 2015; Jayabal et al.,
2016; Lariviere et al., 2019; Tsai et al., 2018). It is also likely that
in brain slices, spike frequency adaptation prevents DCN neurons
from firing at high rates in the absence of PC inputs. Finally, spike
frequency adaptation likely contributes to the observation that
acutely increasing PC activity or decreasing DCN activity reduces
aggression (Reis and Ross, 1973; Cooper et al., 1976; Heath, 1977;
Jackman et al., 2020), whereas chronically removing PC inhibition
by lesioning the cerebellar cortex, which would be predicted to
increase DCN firing, similarly reduces aggression (Sprague and
Chambers, 1959; Berman, 1997).

Comparison to spike frequency adaptation AHP in other cell
types

Spike frequency adaptation and AHPs have been described in
many types of neurons. In most cases the timescales are much
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faster than we observed in DCN neurons, lasting tens or hun-
dreds of milliseconds (Madison and Nicoll, 1984; Schwindt
et al., 1988; Foehring et al., 1989; Nishimura et al., 1989;
Pedarzani and Storm, 1993; Sawczuk et al., 1995; Fleidervish
et al., 1996; Safronov and Vogel, 1996; Bischoff et al., 1998;
Pineda et al., 1999.; Faber and Sah, 2002; Sacco et al., 2003;
Higley and Contreras, 2006; Khawaja et al., 2007; Tzingounis
et al., 2007; Hardman and Forsythe, 2009; Ha et al., 2016).
There are several types of cells that exhibit slow spike
frequency adaptation: visual cortical neurons, subthalamic
nucleus neurons, and fast-spiking GABAergic cortical in-
terneurons (Sanchez-Vives et al., 2000a,b; Descalzo et al.,
2005; La Camera et al., 2006; Barraza et al., 2009). In V1
neurons, slow spike frequency adaptation allows neurons to
adapt to constant stimuli, while preserving their ability to
respond to rapidly changing stimuli (Sanchez-Vives et al.,
2000a,b). In subthalamic nuclei, it has been proposed that
slow adaptation removes slow trends in the average rates
of inputs (Barraza et al., 2009). Major questions remain
regarding the mechanisms of slow spike frequency adapta-
tion in all types of neurons where this phenomenon has
been observed. The mechanism responsible for slow adapta-
tion of fast-spiking cortical neurons is not known (La
Camera et al., 2006). In V1 neurons, an AHP produced by a
potassium current is implicated, and it has been proposed
that a buildup of intracellular calcium and/or sodium may
activate this current (Sanchez-Vives et al., 2000a,b), and
Na"-activated potassium channels were the favored media-
tors. In subthalamic nuclei neurons, a potassium current is
also implicated, but it is thought to be independent of cal-
cium and sodium (Barraza et al., 2009). For DCN neurons,
we also think that a hyperpolarizing current is involved, but
we were unable to eliminate adaptation by eliminating cal-
cium entry, by eliminating Na™-activated potassium chan-
nels in Slo2.1/2.2 DKO mice, by blocking M-current, or by
blocking SK Ca”"-activated potassium channels. It remains
possible that these different types of neurons share a com-
mon mechanism of spike frequency adaptation that has yet
to be determined. It is also likely that slow spike adaptation
is more common than is currently appreciated. Just as we
revealed slow adaptation here in DCN neurons by using
prolonged depolarizations, it is likely that extending the du-
ration of depolarization in other cell types will reveal slow
adaptation in some other types of cells.

Although we have not determined the mechanisms underly-
ing slow spike frequency adaptation, we have eliminated the
most promising candidate mechanisms. Based on the correlation
between the buildup of the hyperpolarizing current and the
reduction in firing (Fig. 2), it seems likely that the primary mech-
anism is the use-dependent activation of a slow outward current.
It is possible that slow sodium channel inactivation could also
contribute to spike frequency adaptation (Powers et al., 1999;
Barraza et al., 2009; Milescu et al., 2010). Unfortunately, we were
unable to directly determine the contributions of this mechanism
because we could not voltage clamp sodium currents in DCN
neurons at near physiological temperatures in brain slice.

Implications for the optogenetic manipulation of activity

The bidirectional spike frequency adaptation we observe that
opposes long-term changes in the firing of DCN neurons has im-
portant implications for optogenetic and chemogenetic manipu-
lations of cerebellar outputs and deep brain stimulation of the
cerebellar nuclei, which is a promising approach for treating
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dystonia, ataxia, essential tremor, and a variety of other neuro-
logic and neuropsychiatric disorders (Kim et al., 2021; Miterko
et al., 2021; Ponce et al., 2022). Numerous studies have used
these approaches to investigate the involvement of the cerebel-
lum and specific regions of the cerebellar cortex in behaviors
(Stoodley et al., 2017; Darmohray et al., 2019; Prestori et al.,
2020). We have shown previously that prolonged optogenetic
suppression of PC firing results in large transient increases in the
firing of DCN neurons, and then a slow adaptation of firing to
slightly elevated levels (Khan et al.,, 2021). The properties of the
spike frequency adaptation are suited to contribute to such in
vivo adaptation and could also occur during sustained optoge-
netic increases in PC firing. Slow spike frequency adaptation has
not been examined in most cell types, and it is possible that it is
much more prevalent than has been appreciated and may be an
important factor in optogenetic and chemogenetic studies that
examine the roles of specific brain regions or cell types in
behavior.
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