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SUMMARY

Neural circuits are endowed with several forms of intrinsic and synaptic plasticity that could
contribute to adaptive changes in behavior, but circuit complexities have hindered linking specific
cellular mechanisms with their behavioral consequences. Eye movements generated by simple
brainstem circuits provide a means for relating cellular plasticity to behavioral gain control. Here
we show that firing rate potentiation, a form of intrinsic plasticity mediated by reductions in BK-
type calcium activated potassium currents in spontaneously firing neurons, is engaged during
optokinetic reflex compensation for inner ear dysfunction. Vestibular loss triggers transient
increases in postsynaptic excitability, occlusion of firing rate potentiation, and reductions in BK
currents in vestibular nucleus neurons. Concurrently, adaptive increases in visually-evoked eye
movements rapidly restore oculomotor function in wildtype mice but are profoundly impaired in
BK channel null mice. Activity-dependent regulation of intrinsic excitability may be a general
mechanism for adaptive control of behavioral output in multisensory circuits.

INTRODUCTION

Neural circuit function depends both on synaptic connectivity and on the concerted action of
ion channels that are regulated by neuronal activity. Increasing evidence implicates plasticity
of ion channel function in experience-dependent changes in the developing and mature
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nervous systems (Turrigiano, 2011; Mozzachiodi and Byrne, 2010). Several forms of
learning and memory, including associative, trace, delay, and fear conditioning have been
associated with changes in intrinsic excitability and associated ionic currents in neurons of
the cerebral cortex, hippocampus, or amygdala. Making direct connections between
plasticity of intrinsic excitability and cognitive forms of behavioral learning in vivo has been
hampered, however, by the complexities of neural circuits in the forebrain, in which
neuronal activity is indirectly related to behavioral output.

Eye movements that stabilize images on the retina provide a tractable system for linking
cellular mechanisms with behavioral outcomes (Gittis and du Lac, 2006; Kodama and du
Lac, 2016). Experience-dependent changes in eye movements occur throughout life, and the
role of neuronal firing in eye movement performance and plasticity has been studied
intensively over several decades. During self-motion, retinal image motion is minimized via
compensatory eye movements mediated by defined neural circuits in the cerebellum and
brainstem. Brainstem medial vestibular nucleus (MVN) neurons transform presynaptic
signals encoding head movements and image motion into postsynaptic modulations of firing
rate which are appropriate for generating adaptive eye movements. Cerebellum-dependent
motor learning in the vestibulo-ocular reflex (VOR) produces dramatic changes in the firing
responses of MVVN neurons (Lisberger, 1988; Lisberger et al., 1994), and restoration of VOR
function after damage to the vestibular periphery is thought to involve plastic changes in
MVN neuronal excitability (reviewed in: Straka et al., 2005; Beraneck and Idoux, 2012).

An intriguing candidate cellular mechanism of plasticity in the oculomotor system is firing
rate potentiation (FRP), in which repeated inhibition of tonically firing neurons results in
long-lasting increases in intrinsic excitability via CamKII-dependent reductions in BK
calcium-activated potassium currents (Nelson 2003, 2005; Hull 2013). MV N neurons fire
spontaneously at high rates in vivo; their firing derives from a combination of strong
excitatory drive from spontaneously firing vestibular nerve afferents, synaptic inhibition
from cerebellar Purkinje cells and local circuit neurons, and intrinsic pacemaking currents
(Lin and Carpenter, 1993; Gittis et al, 2007). We hypothesized that after peripheral
vestibular dysfunction, when excitatory synaptic drive to MVN neurons is decreased,
ongoing synaptic inhibition could trigger a reduction in BK currents via firing rate
potentiation. The subsequent increases in MVN neuronal excitability would amplify
remaining inputs and enable intact sensory signals to substitute for the loss of vestibular self-
motion information.

To determine whether FRP is critical for oculomotor plasticity, we performed behavioral and
electrophysiological analyses in mice subjected to unilateral vestibular deafferentation
(UVD), the vestibular equivalent of monocular deprivation. Eye movements, MVVN neuronal
excitability, and the capacity to induce FRP were assessed in parallel following UVD to
establish the temporal relationship of intrinsic and oculomotor plasticity. Our findings
demonstrate that vestibular loss induces robust increases in MVVN neuronal excitability,
occlusion of FRP, and reduction of BK currents, concomitant with rapid visuomotor
plasticity (increases in the gain of the optokinetic reflex) which compensates for impaired
vestibular function. A critical role for activity-dependent regulation of BK currents in
multisensory oculomotor plasticity was confirmed by the normal oculomotor performance
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but complete absence of optokinetic reflex plasticity in mice with global deletion of BK
channels.

RESULTS

VOR and OKR plasticity triggered by unilateral loss of vestibular function

During self-motion, the stability of images on the retina is maintained by two
complementary reflexes: the vestibulo-ocular reflex (VOR), which is driven by head
movements, and the optokinetic reflex (OKR), which is driven by image motion. In mice, as
in other species, these oculomotor reflexes are differentially optimized for fast and slow
motion, respectively, and their conjoint operation ensures excellent gaze stability (Stahl,
2004; Faulstich et al., 2004). As demonstrated in Figure 1A, juvenile mice (p21-26) rotated
on a turntable (1 Hz £ 5 deg) around a stationary patterned visual stimulus produced eye
movements with gains (eye speed/stimulus speed) that approached unity (i.e. perfect
compensation). In contrast, the same rotation in darkness evoked a VOR that compensated
for about 80% of head motion (gain = 0.8; Fig. 1B). The corresponding OKR, elicited by
rotation of a striped drum when mice were stationary, compensated for 20-30% of image
motion (OKR gains 0.2 — 0.3; Fig. 1C). Thus, under behaviorally relevant conditions, eye
movements are optimized by combining sensory signals originating in both the inner ear and
the retina.

Loss of inner ear function (unilateral vestibular deprivation, or UVD: see Methods) triggered
dynamic changes in eye movement performance. 8h after UVD, eye movements evoked by
rotation of mice in the presence of visual stimuli were reduced significantly (Fig. 1A, gain:
0.68+.05, p<0.001). Remarkably, within 24 hours of UVD, eye movement gain increased
rapidly, to 0.83+.05. Within 3 weeks, eye movements evoked by rotation in the light had
fully compensated for the loss of vestibular function (Fig. 1A). In control experiments, sham
manipulations had no affect on eye movements (Fig. 1A), demonstrating that disruption of
vestibular function drives plastic changes in eye movements.

Adaptive changes in both the VOR and OKR contributed to the oculomotor plasticity
induced by UVD. When measured in darkness, VOR gain dropped to 42% of pre-operative
values 8h after UVD (Fig. 1B; p<0.0001). Compensatory increases in the VOR were evident
within 3 days of UVD, and performance continued to improve gradually, with VOR gain
reaching 80% of control values within 3 weeks. These effects on VOR performance
depended on loss of vestibular function, as evidenced by the relative constancy of VOR gain
in sham-operated mice (Fig 1B).

Notably, unilateral vestibular loss triggered rapid adaptive plasticity in the OKR (Fig. 1C).
OKR gain increased within 8 h of UVD and was 2-fold higher than control within 24 h (p <
0.0001). Thereafter, OKR gain declined to a steady-state level that did not differ
significantly from control. Sham operated mice evaluated in parallel showed no change in
OKR gain. These results indicate that in juvenile mice, as in adult mice (Faulstich et al.,
2004) and primates (Fetter and Zee, 1988), the oculomotor system exhibits adaptive,
multisensory plasticity in which increases in visually-driven eye movements compensate for
loss of vestibular function.
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Plasticity of intrinsic excitability induced by unilateral vestibular dysfunction

To investigate whether experience-dependent changes in intrinsic neuronal excitability could
account for the multisensory plasticity induced by UVD, medial vestibular nucleus (MVN)
neurons were targeted for electrophysiological recordings in brainstem slices obtained from
mice subjected to UVD and sham manipulations. To control for sampling biases and
variability in tissue quality, neurons from both experimental and control mice were recorded
by each of three investigators working in parallel. Excitability was assessed 8h, 1d, 3d, 7d,
and 21d after UVD. For each time point and condition, recordings were made from an
average of 115 neurons (range 64-161). Experiments and analyses were performed blinded
to the behavioral manipulation.

UVD alters the proportion of spontaneously firing neurons

In slices from sham-operated mice, 55-70% of MVN neurons recorded with whole cell
patch pipettes fired spontaneously, typically at rates between 10 and 15 spikes/s. UVD
altered the proportion of spontaneously firing neurons but had no effect on the average rates
of neurons that fired spontaneously (Supplemental Fig. 1). The proportion of neurons firing
spontaneously was reduced 8h after UVD (p < 0.05), and was unaffected at subsequent time
points. Spontaneous firing rates were not affected by UVD at any time point. To control for
the possibility that changes in firing rates were masked by intracellular dialysis in the whole-
cell recording configuration, extracellular electrodes were used to measure spontaneous
firing rates. UVD had no effect on firing rates obtained with extracellular electrodes at any
time point (p > 0.25, N > 20 neurons for each condition).

Transient gain increases in intrinsic excitability are triggered by UVD

To provide appropriate drive to motoneurons, spike generator mechanisms in MVVN neurons
must transform synaptic signals into well-calibrated modulations in firing rate. We asked
whether UVD altered the sensitivity of spike generation by assessing firing responses to
intracellular current injection. When MVN neurons are depolarized, they respond with
proportional increases in firing rate up to several hundred Hz (Serafin et al., 1991; Sekirnjak
and du Lac, 2006). The gain of intrinsic excitability (quantified as the slope of the firing rate
to current relationship) is constant across the firing range or tends to exhibit two values with
an inflection at evoked firing rates of 80 Hz (Bagnall et al., 2007). Fig. 2A plots mean firing
rates evoked during 1 s of intracellular current injection vs stimulus amplitude for
representative MVN neurons recorded 24 h after UVD and sham operations. The gain of the
neuron recorded after UVD was higher than the control neuron's gain at firing ranges both
below and above 80 Hz. These results are quantified for the population of recorded neurons
in Figs. 2B and C. 8 h after UVD, neuronal gains did not differ between groups. In contrast,
at the 24h time point, gains in UVD neurons were significantly higher than those in sham
neurons (low range: p < 0.05, n=134 UVD, n=146 sham; high range: p < 0.005, n=131
UVD, n=142 sham). Over the next 3 weeks, neurons recorded after UVD had gains that
were slightly but not significantly higher than controls (Fig 2B and C).

Transient increases in neuronal excitability were also evident in response to temporally
modulated stimuli (Fig. 3), which approximate the pattern of vestibular stimulation that a
mouse would experience during head rotations. Sinusoidal modulation of input current
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evoked sinusoidal modulations in firing rate that were larger in neurons recorded 24 h after
UVD than in control neurons (Fig. 3A). Sinusoidal gains were on average 25% higher 24
hours after UVD at all frequencies tested (Fig 4B), but did not differ from control at any
other time point (Fig. 3C; p < 0.05). Other measures of intrinsic physiological properties
were not affected by UVD, including maximum firing rates, spike frequency adaptation,
input resistance, action potential width, postinhibitory rebound firing, and action potential
afterhyperpolarization (Supplemental Table 1). These data indicate that UVD is
accompanied by transient increases in intrinsic excitability that are evident within 24 hours
and are restored to control values within 3 days.

UVD occludes Firing Rate Potentiation

Synaptic inhibition or membrane hyperpolarization of MVN neurons triggers long-lasting
increases in intrinsic excitability via a process termed "firing rate potentiation” (Nelson et
al., 2003). The downstream mechanisms of firing rate potentiation include reduction of
CaMKII activity and decreases in BK type calcium-dependent potassium currents (Nelson et
al., 2003; Nelson et al., 2005; Hull et al, 2013). An example of firing rate potentiation in an
MVN neuron from a sham-operated animal is shown in Fig 4A, B. The neuron fired
spontaneously at 15 spikes/s. Following 5 min of membrane hyperpolarization with current
pulses (see Methods), the neuron's spontaneous firing rate increased to 23 spikes/s (Fig. 4A).
Concomitantly, firing response gain increased by 13% (Fig 4B). The increases in excitability
were sustained beyond the 30 min duration of the recording displayed.

As we hypothesized that firing rate potentiation might be utilized in vivo to mediate
behavioral plasticity, we next tested whether it could still be induced in slices from mice
subjected to UVD at various points during vestibular compensation. Consistent with this
hypothesis, we found that UVD transiently occluded firing rate potentiation. Fig. 4C shows
spontaneous firing rates prior to and after 5 min of membrane hyperpolarization for a
population of neurons recorded from sham and UVD slices 1 day after surgery. Although
sham neurons demonstrated robust firing rate potentiation (146 + 9%, n=8, p < 0.01), UVD
neurons exhibited no change in firing rate (92 £ 7%, n=8). Similarly, as shown in Fig. 4D,
firing response gains did not increase after UVD (104 + 2%, n =15) but did so robustly after
sham surgery (126 + 3%, n=16, p < 0.005). Together, these results demonstrate that 1 day
after vestibular deprivation, firing rate potentiation or its constituent cellular mechanisms are
occluded.

Fig. 5 summarizes the effects of the firing rate potentiation induction protocol on excitability
assessed at different time points after UVD. Potentiation of spontaneous firing was occluded
8h and 1d after UVD (p=0.006 and 0.0048, respectively) but not at later times (Fig 5A).
Potentiation of firing response gain was occluded 1d and 3d after UVD (p=0.0002 and
0.014, respectively) but was robust at later time points (Fig 5B). These results indicate that
loss of vestibular drive to central neurons transiently disrupts the signaling pathways that
mediate firing rate potentiation.
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Reduced contribution of BK currents to excitability after UVD

The concurrence of increased excitability and occlusion of firing rate potentiation suggests
the possibility that UVD triggers firing rate potentiation, with consequent increases in
excitability, leading to improved oculomotor performance. It is possible, however, that UVD
affects excitability via signaling pathways distinct from those critical for firing rate
potentiation. The downstream consequence of the reduced [Ca2+] and CaMKII levels that
trigger FRP is a marked reduction of BK currents (Nelson et al., 2005; van Welie and du Lac
2011). To determine whether BK channels are affected by UVD, we assessed the actions of
the specific BK channel antagonist iberiotoxin (IBTX) on MVN neuronal excitability, as
described previously (Nelson et al., 2005).

Application of IBTX (150 nM) to control slices resulted in a gradual increase in spontaneous
firing rate and firing response gain, as shown in a representative neuron, which more than
doubled its firing rate (Fig 6A), increased its gain by 26% (Fig 6B), and decreased the
amplitude of the afterhyperpolarization (AHP) by 4.6 mV following BK channel blockade.
Notably, IBTX had significantly less effect on excitability in slices obtained 1 day after
UVD (Figure 6C, D; n=6, p < 0.05 for firing rate and gain), and the AHP was reduced less
by IBTX in UVD vs sham (2.4+0.52 vs 4.3+0.82 mV, respectively, p < 0.05) No differences
in the effects of IBTX were observed in sham slices vs lesion slices at other time points
(data not shown). These findings support a model in which loss of vestibular function
triggers transient increases in excitability via decreases in BK currents.

Impaired oculomotor plasticity in BK null mice

The results presented thus far suggest that reduction in BK currents in MVVN neurons
contributes to oculomotor plasticity after UVD. To test directly whether oculomotor
plasticity depends on BK channels, we examined oculomotor performance prior to and after
UVD in mice with a genetic deletion of BK channels (Meredith et al., 2004). Eye
movements induced by either vestibular or optokinetic stimulation alone or in combination
were similar in BK null mice and wildtype littermates (Fig. 7 and Supplemental Fig. 2),
indicating that BK channels are not required for normal oculomotor performance.

In contrast, oculomotor plasticity induced by UVD was impaired in BK null mice (Fig. 7).
Eye movements evoked by rotation in the light were significantly smaller 8h after UVD in
BK null than in WT control mice (p < 0.001). Oculomotor gains in BK null mice remained
depressed to less than half of control values for the subsequent 3 days. Within a week of
UVD, eye movements induced by rotation in the light were indistinguishable in BK null and
wildtype mice (Fig. 7A).

VOR gains measured in darkness were more severely affected by UVD in BK null mice than
in wildtype littermates (Fig. 7B); 8h after UVD, VOR gain dropped by 80+3% in BK null
mice vs 60£1% in controls (p < 0.005, n=5 each). VOR gain remained lower in BK null
mice than in controls for 3 days and then gradually increased to attain wildtype values.

Remarkably, BK null mice exhibited no OKR plasticity at any time point (Fig. 7C), whereas
control mice exhibited robust increases in OKR gain 24 h after UVD (p < 0.005). These
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results demonstrate that BK channels are required for adaptive visuomotor plasticity
following loss of peripheral vestibular inputs.

DISCUSSION

The data presented here demonstrate a behavioral role for firing rate potentiation, a form of
intrinsic plasticity in spontaneously firing neurons in which persistent hyperpolarization
triggers increases in intrinsic excitability via reductions in BK-type calcium-activated
potassium currents. In mice subjected to unilateral vestibular deprivation, impairments in
gaze-stabilizing eye movements are rapidly compensated by adaptive increases in
visuomaotor drive, as quantified by the gain of the optokinetic reflex. This multisensory
behavioral plasticity occurs concomitantly with potentiation of intrinsic excitability in
vestibular nucleus neurons. Occlusion of hyperpolarization-induced intrinsic plasticity and
reduction of BK currents indicates a mechanistic role for activity-dependent regulation of
BK channels via firing rate potentiation. Consistent with this model, mice with genetic
ablation of BK channels exhibit profound impairments in eye movement performance and
complete loss of optokinetic reflex plasticity following vestibular deprivation. These
findings indicate that experience-dependent plasticity of intrinsic excitability via reductions
in BK currents contributes to adaptive reweighting of sensory signals that drive eye
movements.

Eye movement control systems require computations of self-motion derived from several
sensory systems acting in concert, including the vestibular, visual, and proprioceptive
systems (Angelaki and Cullen, 2008; Cullen, 2012). Rapid increases in OKR gain during the
initial period of impaired vestibular function represent a form of sensory substitution (Brandt
etal., 1997; Vibert et al., 1999) in which visual inputs compensate for the loss of vestibular
inputs to restore appropriate eye movements. MVN neurons represent a key site of
convergence of self-motion signals and are essential for the performance and the adaptive
plasticity of smooth eye movements (Broussard and Kassardjian, 2004; Highstein and
Holstein, 2006). Head motion signals are transmitted to the MVVN from the vestibular nerve,
while image motion signals are conveyed via pathways from the pretectal nuclei, the nucleus
of the optic tract, the nucleus prepositus hypoglossi, and the cerebellar flocculus (Buttner-
Ennever et al., 1996; Cazin et al., 1984). Consistent with our findings of a role for firing rate
potentiation in visuomotor plasticity, field potentials evoked in the mouse MVN by
vestibular nerve stimulation are potentiated by training-induced increases in the OKR
(Shutoh et al, 2006). Because the vestibular nerve does not carry optokinetic signals (Buttner
and Waespe, 1981), this result implies that optokinetic training induces an increase in
intrinsic excitability of MVN neurons which convey visual motion signals to eye movement
motor neurons. The rapid unmasking of latent proprioceptive inputs induced by vestibular
deprivation (Sadeghi et al., 2010; Sadeghi et al., 2012) is also consistent with the increases
in vestibular nucleus neuronal excitability demonstrated here. Reductions in BK currents
may thus serve to enhance throughput of the remaining visual and proprioceptive signals
related to self-motion under conditions of compromised vestibular function.

It has long been appreciated that peripheral vestibular dysfunction engenders plastic changes
in the excitability of vestibular nucleus neurons (Precht et al, 1966; reviewed in: Darlington
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et al., 2002), but the underlying cellular mechanisms have been unclear. Our results
implicate firing rate potentiation in mediating this plasticity. Vestibular nerve afferents to
MVN neurons fire at high baseline rates in intact animals, providing a continuous
depolarizing drive onto vestibular nucleus neurons. The loss of this excitatory drive after
UVD results in decreased firing rates of vestibular nucleus neurons in vivo (Precht et al.,
1966; Smith and Curthoys, 1989), a condition which induces firing rate potentiation /n vitro
via decreases in intracellular calcium and CaMKI| levels and a reduction in BK currents
(Nelson et al., 2003; Nelson et al., 2005; Hull et al, 2013). Consistent with a role for this
plasticity mechanism in mediating increases in excitability after vestibular loss, we found
that UVD generates a reduction in sensitivity to the specific BK channel blocker iberiotoxin
and precludes the induction of firing rate potentiation.

Although BK channels are expressed ubiquitously in MVVN neurons (Kodama et al, 2012),
CaMKII may additionally modulate several other conductances that are differentially
expressed across cell types (Smith et al, 2002; Gittis and du Lac, 2007; Kodama et al.,
2012). In cerebellar Golgi cells, CamKII-dependent firing rate potentiation results in
increases in spontaneous firing rate that do not depend on iberiotoxin-sensitive BK channels
and is only partially occluded by blocking paxilline-sensitive BK channels (Hull et al, 2013).
SK-type calcium activated potassium conductances exert a predominant influence on
excitability gain in MVVN neurons (Smith et al, 2002) but do not play a role in firing rate
potentiation (Nelson et al, 2003). Peripheral vestibular dysfunction additionally induces
dynamic changes in glucocorticoids (Cameron and Dutia, 1999), nitric oxide (Anderson, et
al, 1998; Park and Jeong, 2000), and neurotransmitter levels (Yamanaka et al., 2000; Vibert
et al., 2000; Johnston et al., 2001; Bergquist et al., 2008) which may enhance or counteract
the effects of firing rate potentiation on MVN neuronal excitability, possibly via alterations
in sodium channel gating, subthreshold potassium currents, or enzymatic regulation of BK
channels (Shao et al, 2009; van Welie and du Lac, 2011). Heterogeneity of physiological
factors that modulate spontaneous firing rate and gain differentially across MVN cell types
(Shin et al, 2011) could account for differences in our study between the time courses and
magnitudes of plasticity in measures of excitability and behavior.

Several cellular and synaptic mechanisms are likely to underlie the multiphasic timecourse
of oculomotor plasticity following vestibular loss. The reductions in BK currents and
increases in MVVN neuronal excitability demonstrated here occur transiently in parallel with
initial adaptive increases in OKR gain. Intact gradual recovery of the VOR in BK null mice
indicates that longer term vestibular compensation does not depend on firing rate
potentiation or modulation of BK channels, consistent with a role for synaptic plasticity in
the long term restoration of vestibular function (Dieringer and Precht, 1977; Dieringer and
Precht, 1979b; Dieringer and Precht, 1979a). Increases in intrinsic excitability one month
after UVD (Beraneck et al, 2003) not apparent in our study could additionally contribute to
restoration in VOR gain.

While the results presented here are consistent with decreases in BK currents in MVN
neurons contributing to rapid potentiation of the OKR, it is likely that BK channels in other
circuit elements are also important for oculomotor plasticity. BK channels are expressed in
multiple cell types in oculomotor circuits, including vestibular ganglion cells, MVN
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neurons, the inferior olive, and cerebellar Purkinje cells (Sausbier et al., 2006). A previous
study of BK channel knockout mice demonstrated alterations in cerebellar Purkinje cell
excitability and short term synaptic plasticity of their inputs onto cerebellar nucleus neurons
(Sausbier et al., 2004). In vivo, BK channel deletions produce irregular firing patterns in
Purkinje cells (Cheron et al, 2009) and aberrant responses to climbing fiber activation (Chen
et al., 2010). Interestingly, however, measures of oculomotor performance that require the
integrity of the cerebellum, including the OKR and long term plasticity in VOR gain after
UVD (Faulstich et al., 2006; Beraneck et al., 2008) are unaffected in BK channel null mice,
suggesting that the oculomotor plasticity deficits that we observed in BK null mice may
primarily reflect perturbed function in MVN neurons. Our findings demonstrate that BK
channels are critical for concomitant potentiation of neuronal excitability and OKR gain
triggered by vestibular loss; cell type-specific manipulations would clarify specific roles of
BK channels in cerebellar-dependent oculomotor learning.

Potentiation of intrinsic excitability occurs during several other forms of behavioral
plasticity, including associative conditioning (Woody and Black-Cleworth, 1973; Schreurs et
al., 1998; Lorenzetti et al., 2006; Moyer et al., 1996), operant conditioning (Carp and
Wolpaw, 1994; Crow and Alkon, 1980; Mozzachiodi et al., 2008), and olfactory
discrimination (Saar and Barkai, 2003). Interestingly, reductions in calcium-dependent
potassium currents are commonly associated with behaviorally-induced excitability
increases (Alkon et al., 1985; Bekisz et al., 2010; Matthews et al., 2008). Bidirectional
modulation of BK currents by kinases and phosphatases (Reinhart et al., 1991; van Welie
and du Lac, 2011) serves as a potential substrate for their activity-dependent regulation.
Although BK channels are expressed ubiquitously in neurons throughout the sensory-motor
circuits which signal via modulations in firing rate, they are dispensable for both linear rate
coding and for burst firing, making them well suited to serve as a dynamically modifiable
gain-control knob (Nelson et al., 2003). Rapid potentiation of intrinsic excitability via
reductions in calcium-activated potassium currents may be a common mechanism for
increasing throughput in behavioral circuits and for promoting conditions for subsequent
synaptic plasticity (Zhang and Linden, 2003; Mozzachiodi and Byrne, 2010).

METHODS

Surgical Procedures

C57BI/6 mice, aged 20 to 34 days, were implanted with a headpost on the skull under deep
isoflurane anesthesia as described previously (Faulstich et al., 2004) and subjected to either
peripheral vestibular damage or sham surgery. For induction of unilateral vestibular damage,
a small incision was made behind the ear and the tissue overlying the horizontal semicircular
canal was dissected. The horizontal semicircular canal was drilled open over a length of
about 1 mm and endolymphatic fluid was drained until spontaneous flow ceased. Using a
blunt 30 gauge needle attached to a 2 mL syringe, air was flushed through the opened canal
to expel remaining endolymphatic fluid and mechanically disrupt the sensory epithelia. A
small dental paper tip (size #15; Henry Schein Dental) was introduced into the rostral canal
opening and fixed in place with bone wax which was also used to seal up the caudal canal
opening. Wounds were closed and sutured with two or three stitches of 6/0 suture. After the
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return of reflex movements, the animal was returned to its cage until use for eye movement
recordings or slice preparation. Surgical disruption of vestibular function was confirmed in
each animal by qualitative assessment of postural deficits and quantitative assessment of eye
movements. For analyses of the contribution of BK channels to oculomotor plasticity, BK-/
- (Kcnmal-/1), mice harboring a global deletion of the BK channel alpha subunit, were
maintained on a C57/bl6 background and genotyped as previously described (Meredith et al,
2004); behavioral comparisons were performed at 2-3 months of age in BK-/- mice and
wildtype littermates.

Eye movement recordings

The impact of unilateral vestibular damage or sham operation on the gain and phase of the
vestibulo-ocular reflex (VOR) and optokinetic reflex (OKR) was determined using infrared
video oculography. Experimental procedures have been described in detail previously
(Faulstich et al., 2004). In short, mice were implanted with a permanent headpost under deep
isoflurane anesthesia. For subsequent awake-behaving eye movement recordings, animals
were briefly anesthetized and restrained in a small Plexiglas tube via the headpost. To
prevent excessive pupil dilation in the dark, animals were pretreated with 0.5%
physostigmine salicylate solution. Animals were placed in the center of a vestibular turntable
and oriented such that the horizontal semicircular canals paralleled earth horizontal. An
image of the mouse's eye was acquired with a miniature infrared video camera (EImo 421R,
Elmo, USA) and fed into a commercial video eye-tracking system (RK-7261, Iscan).
Position of the pupil, pupil diameter and position of a corneal reflection induced by a
reference LED that was aligned with the camera axis was recorded at a sample rate of 60Hz.
Calibration of the system and conversion of pupil displacement into rotational angle of the
eye was performed according to Stahl (Stahl et al., 2000; Stahl, 2002). Stimuli consisted of
sinusoidal rotations of either the turntable for VORd (VOR measured in the dark) and VORI
(VOR measured in light) or an optokinetic drum displaying vertical black and white striping
(stripe width = 5 degrees) for OKR. Stimulus amplitudes were constant at 10 degrees peak-
to-peak and stimulus frequencies ranged from Hz to 1.5 Hz.

Electrophysiology

Transverse slices of brainstem were prepared as described previously (Sekirnjak and du Lac,
2002) from unilaterally labyrinthectomized and sham-operated littermates in pairs, with the
experimenters blinded to the behavioral condition of the animals. Slices were incubated in
carbogenated ACSF at 35°C for 30 minutes, then at room temperature until being placed in a
submersion chamber perfused with ACSF at 31-33°C for recordings. ACSF contained (in
mM) 124 NaCl, 26 NaHCO3, 5 KCI, 1.3 MgCl2, 2.5 CaCl2, 1 NaH2PO4, and 11 dextrose.
Kynurenic acid (Sigma, 2 mM) and picrotoxin (Sigma, 100 microM) were added to the
ACSF to block most fast synaptic transmission during electrophysiological recordings. For
intracellular recordings, electrodes were filled with a solution containing (in mM) 140 K
gluconate, 10 HEPES, 8 NaCl, 0.1 EGTA, 2 MgATP, Na2GTP.

Neurons of the medial vestibular nucleus were visualized under differential interference
contrast optics with infrared illumination, and patched in whole-cell, current-clamp mode. A
subset of neurons were recorded extracellularly. Membrane potential was sampled at 3 kHz
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for continuous monitoring of firing rate; 40 kHz sampling was used for all other
measurements. Pipette and access resistances were bridge-balanced throughout each
recording, and voltage offsets were corrected after removing the electrode from the neuron.
A calculated liquid junction potential of —14 mV was subtracted from all membrane
potential traces.

Pharmacology

Iberiotoxin (IBTX, Alomone) was applied in the external Ringer's solution (150 nM).
Periodic measures were made until the effect of the drug had saturated, assessed as
consecutive measurements in which no additional changes were seen.

Data Analysis

Gain and phase of VORd, VORI and OKR were determined from the raw eye movement and
stimulus traces as described previously (Faulstich et al., 2004). In short, eye and stimulus
position traces acquired during the experiments were transformed into the velocity domain
by digital differentiation. Saccades were automatically removed from the traces by a velocity
threshold-based algorithm. Cycles exhibiting movement artifacts (blinks or animal motion)
were manually edited from the recordings. Gain and phase were determined from sinusoidal
fits constrained to the stimulus frequency. A forced least square sine fit was performed to the
stimulus and eye velocity traces and gain and phase relation were determined from the sine
fits.

Electrophysiology data collection and initial analyses were blinded to the behavioral
condition of the animal. Neurons in which action potential height was <30 mV or access
resistance exceeded 40 MQ were excluded from analysis. Neurons recorded for this study
resided exclusively in the rostral two-thirds of the medial vestibular nucleus. Firing response
gain, defined as the slope of the mean firing rate-current input relationship, was measured by
injecting depolarizing current steps of 1 sec over a range of amplitudes up to a point where
the neuron could not sustain firing across the step. To fully characterize cells with bilinear
firing responses (Bagnall et al., 2007), linear fits to the input-output data were separated into
a low firing range (up to 80 spikes/sec) and high firing range (from 80 spikes/sec to the
maximum firing rate). The maximum firing rate was calculated from the maximal
depolarizing current injection during which the neuron was able to fire stably across the
entire 1 second injection. Spike frequency adaptation was measured during 1 second steps,
and an “adaptation ratio” was calculated at two firing frequencies for each neuron, 40 and
150 spikes/sec, to represent adaptation in a low and high firing range. Adaptation ratio was
defined as the ratio of average evoked firing rate between 50 and 150 ms from current step
onset to that evoked between 880 and 980 ms into the step.

Sinusoidally-varying current injections were given to neurons held at approximately 30
spikes/sec baseline firing rate (with direct current injection, if necessary). Current amplitude
was adjusted to produce an amplitude of firing rate modulation of approximately 15 spikes/
sec. After data collection, a sine fit was made to the plot of interspike intervals in order to
calculate the amplitude, gain and phase of firing rate modulation.
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Input resistance was measured periodically during each recording and calculated from the
change in membrane potential evoked by small (5 to 20 pA) hyperpolarizing current steps,
500 ms in duration, applied to neurons hyperpolarized with direct current to =70 to —80 mV.
Action potential shapes were averaged from 5-second traces of membrane potential
measured when each neuron was firing 8-12 spikes/sec (held at this rate by direct current
injection, if necessary).

Following measurements of intrinsic properties, neurons with stable firing rates greater than
2 spikes/sec were used for firing rate potentiation experiments. Spontaneous firing rate was
measured continuously for 5 minutes prior to and 30 minutes following stimulation.
Measurements of intrinsic properties were then repeated at 30 minutes following
stimulation. Analyses of firing rate potentiation included only those neurons in which
baseline firing rate changed by less than 1.5% per min. Neurons were excluded if input
resistance fell by more than 15% during the course of the experiment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Optokinetic reflex plasticity is rapidly triggered by vestibular deprivation

Potentiation of intrinsic plasticity in vestibular neurons parallels OKR
plasticity

Reductions in BK currents increase excitability after vestibular loss

BK channel null mice are unable to increase OKR gain after vestibular loss
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FIGURE 1.
Unilateral vestibular deafferentation induces oculomotor plasticity. Timecourse of effect of

unilateral vestibular deafferentation (UVD: filled symbols) or sham operation (open
symbols) on (A) the vestibulo-ocular reflex (VOR) in the light, (B) the VOR in the dark, and
(C) the optokinetic reflex (OKR). Examples of evoked eye movements prior to, 1 day after,
and 3 days after unilateral vestibular deafferentation are shown to the right of each graph.
Rotational motion of the animal (A, B) and/or the visually patterned stimulus (C) was 1 Hz,
+5 deg (peak-to-peak). Each point contains data from 6 to 12 mice; error bars represent
standard deviations.
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FIGURE 2.
Potentiation of firing responses to intracellular depolarization induced by unilateral

vestibular deafferentation. A. Examples of average firing rate evoked during 1 sec of
intracellular depolarization as function of current amplitude in a neuron recorded from a
deafferented mouse (filled circles) and a neuron recorded from a mouse with sham surgery
(open squares). B. Slope of the current to firing rate relationship for evoked firing rates <80
spikes/s are plotted vs day after surgery for neurons recorded in mice with unilateral
vestibular deafferentation (filled circles) vs sham operation (open squares). The number of
neurons recorded at successive time points (8h, 1d, 3d, 7d, 21d) from UVD mice,
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respectively, were 158, 110, 105, 99 and 64 and for sham mice were 148, 123, 85, 109, and
64. C. Slope of the current to firing rate relationship for evoked firing rates > 80 spikes/s are
plotted vs day after surgery for neurons recorded in mice with unilateral vestibular
deafferentation (filled circles) vs sham operation (open squares). The number of neurons
recorded at successive time points (8h, 1d, 3d, 7d, 21d) from UVD mice, respectively, were
156, 131, 112, 96 and 62 and for sham mice were 140, 142, 91, 105, and 63. All data are
displayed as mean +/— SEM.
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FIGURE 3.
Firing responses to sinusoidally modulated inputs are transiently potentiated by unilateral

vestibular deafferentation. A. Examples of firing rate responses, plotted as instantaneous
firing rate as a function of time, to sinusoidally modulated current (1 Hz, +30 pA) in
exemplar neurons recorded from a deafferented mouse (lesion; gain=303 (spikes/s)/nA) or
sham operated mouse (sham; gain =212 (spikes/s)/nA), 24 h after surgery. B. Average firing
response gain as a function of sinusoidal stimulation frequency for neurons recorded 24h
after surgery from deafferented mice (filled circles: n=53) or sham operated mice (open
squares; n=56). C. Average gain recorded in response to 1 Hz intracellular sinusoidal current
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injection is plotted vs day after surgery for neurons recorded from deafferented mice (filled
circles) and sham operated mice (open squares). The number of neurons recorded at
successive time points (8h, 1d, 3d, 7d, 21d) from UVD mice, respectively, were 122, 53, 52,
59 and 47 and for sham mice were 108, 56, 53, 68, and 48. All data are displayed as mean +/
- SEM.
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FIGURE 4.
Firing rate potentiation is occluded by unilateral vestibular deafferentation. A. Spontaneous

firing rate is plotted as a function of time for a representative control neuron subjected to 5
minutes of periodic intracellular hyperpolarization (see Methods) during the period indicated
by the grey bar. Insets show spontaneous firing during the pre-stimulation and post-
stimulation periods. B. Average firing rate evoked during 1s of depolarization is plotted as a
function of stimulus amplitude for the same neuron shown in A before (open circles) and
after (filled circles) 5 min of hyperpolarization. The neuron’s firing response gain (slope of
the current to firing rate relationship) increased from 202 to 223 (spikes/s)/nA. C.
Spontaneous firing rate, normalized to each neuron’s baseline values, is plotted as a function
of time prior to and after 5 min of hyperpolarization (grey bar) for populations of neurons
recorded 24 hours after UVD (filled circles; n=7) or sham operation (open squares; n=6). D.
The firing response gain measured 30 min after the hyperpolarizing induction stimulus,
normalized to baseline gain for each neuron, is plotted for the populations of neurons
recorded 24h after UVD (n=15) or sham (n=16) operations. Gain was measured for firing
rate responses < 80 spikes/s. All data are displayed as mean +/— SEM.
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Timecourse of effects of unilateral vestibular deafferentation on the induction of firing rate
potentiation. The ratio of post-stimulation to baseline values of spontaneous firing (A) or
firing response gain (B) to a hyperpolarizing induction stimulus is plotted as a function of
time after operation for populations of neurons recorded from mice receiving UVD (filled
circles) or sham operation (open squares). The number of neurons recorded at successive
time points (8h, 1d, 3d, 7d, 21d) from UVD mice, respectively, were 16, 15, 18, 12 and 11
and for sham mice were 13, 16, 11, 16, and 11. All data are displayed as mean +/— SEM.
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FIGURE 6.

Pharmacological blockade of BK channels evokes increases in excitability that are occluded
by unilateral vestibular deafferentation. A, B. Effect of the specific BK channel blocker
iberiotoxin (150 nM, grey bar) on spontaneous firing rate (A) and firing response gain (B) in
a representative control neuron. C. Effect of iberiotoxin on spontaneous firing rate,
normalized to control levels, for populations of neurons recorded from sham operated and
UVD mice. D. Effect of iberiotoxin on gain for the same population of neurons shown in C.
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BK channel null mice exhibit impaired oculomotor plasticity. Time course of effect of
unilateral vestibular deafferentation on BK null mice (open symbols) or wildtype littermates
(filled symbols) on (A) the vestibulo-ocular reflex (VOR) in the light, (B) the VOR in the
dark, and (C) the optokinetic reflex (OKR). Rotational motion of the animal and/or the

visually patterned stimulus

was 1 Hz, +5 deg (peak-to-peak). Each point contains data from

5 mice; all data are displayed as mean +/- SD.
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