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Plasticity within non-cerebellar pathways rapidly
shapes motor performance in vivo

Diana E. Mitchell!, Charles C. Della Santina? & Kathleen E. Cullen’

Although cerebellar mechanisms are vital to maintain accuracy during complex movements
and to calibrate simple reflexes, recent in vitro studies have called into question the widely
held view that synaptic changes within cerebellar pathways exclusively guide alterations in
motor performance. Here we investigate the vestibulo-ocular reflex (VOR) circuitry by
applying temporally precise activation of vestibular afferents in awake-behaving monkeys to
link plasticity at different neural sites with changes in motor performance. Behaviourally
relevant activation patterns produce rapid attenuation of direct pathway VOR neurons, but
not their nerve input. Changes in the strength of this pathway are sufficient to induce a lasting
decrease in the evoked VOR. In addition, indirect brainstem pathways display complementary
nearly instantaneous changes, contributing to compensating for the reduced sensitivity of
primary VOR neurons. Taken together, our data provide evidence that multiple sites of
plasticity within VOR pathways can rapidly shape motor performance in vivo.
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lasticity within motor pathways plays an essential role in

fine-tuning the coordination and accuracy of complex

movements as well as in calibrating simple reflex
behaviours. To understand the underlying mechanisms, it is
necessary to link changes in the patterns of neural activity
with specific changes in performance. The simplicity of the
vestibulo-ocular reflex (VOR) circuitry and its precise behavioural
readout (that is, eye movements) make it an excellent model
system for demonstrating how changes in single neuron
responses lead to adaptive modification of circuit function
and motor behaviour. The direct VOR pathway is mediated by
a 3-neuron arc: vestibular afferents send head motion signals to
vestibular nuclei neurons, which directly project to extraocular
motoneurons (Fig. la)l. The VOR stabilizes i images on the retina
by generatlng compensatory eye movements during head
motion?. The VOR is capable of remarkable adaptation when
there is a mismatch between visual and vestibular stimuli>*
well as following vestibular lesions>~.

The prevailing view is that plasticity within the floccular
complex of the cerebellum initially drives VOR adaptation, which
in turn triggers longer-term synaptic changes in target neurons
within the vestibular nuclei (grey box in Fig. 1a)®. It has long
been questioned whether plasticity only occurs within this
cerebellar-dependent pathway (reviewed in refs 9,10). Notably,
repetitive stimulation of the vestibular nerve decreases the
strength of its synapse onto vestibular nuclei neurons in vitro
(red boxes in Fig. 1a)'b!2. This work suggests that synaptic
plasticity can occur within bralnstem pathways alongside synaptic
changes within the cerebellum, but to date no study has addressed
its role in guiding sensory-motor plasticity in vivo.

Here we directly tested whether activity-dependent changes in
the strength of the first central vestibular synapse contribute to
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changes in motor performance in awake-behaving monkeys.
While activating vestibular afferents within their physiological
frequency range of firing and measuring eye movements, we
simultaneously recorded from single afferents or their target
neurons in the vestibular nuclei. Behaviourally relevant patterns
of vestibular nerve activation led to a rapid and substantial
decrease in the responses of first-order central neurons that
mediate the direct VOR pathway, while the responses of
their afferent input remained unchanged. Interestingly, we
further found that stimulation caused a coincident decrease in
evoked eye movements lasting up to 8h; however, the relative
reduction was significantly less than that of the concurrent
decrease in sensitivity of the direct VOR pathway neurons.
Accordingly, we tested whether rapid compensatory changes
in the strength of indirect inhibitory brainstem pathways
balanced the reduced sensitivity of vestibular nerve-vestibular
nuclei synapses. In agreement with this prediction, we found
that the responses of local inhibitory pathway neurons remained
unchanged following stimulation of the vestibular nerve. This was
striking, given that a main source of input to these neurons in
our unilateral stimulation protocol was the first-order central
neurons whose sensitivity did decrease following repetitive nerve
activation. Overall, our results suggest that rapid plasticity within
indirect VOR pathways contributes to compensating for the
reduced efficacy in the direct VOR pathway to ensure a relatively
robust behavioural output.

Results

Rapid plasticity in the direct VOR pathway. Synaptic plasticity
leads to changes in neuronal responses that mediate changes
in behavioural performance. To assess whether and how plasticity
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Figure 1| Diagram of VOR circuitry. (a) Vestibular afferents project to PVP neurons, which in turn send projections to extraocular motoneurons. EH
neurons receive direct input from the vestibular nerve and from floccular Purkinje cells, and they project to extraocular motoneurons. (b) Schematic of
electrical stimulation protocols. Each rectangle represents a pulse train where the height is the rate and the width is the duration. During test blocks, each

pulse train lasted 1s and rates of 25-300 p.p.s. were used. During activation
Tmin at 100, 200 and 300 p.p.s.

2

blocks, 30 pulse trains, each lasting 500 ms, were delivered over the course of
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at the level of the first central vestibular synapse contributes to
changes in the VOR, we simultaneously recorded neuronal
activity (afferents or central neurons) and eye movements
during stimulation of the horizontal semicircular canal in
awake-behaving primates. We began by examining changes in
the response of neurons that constitute the primary component of
the direct VOR pathway and single afferent fibres following
behaviourally relevant patterns of vestibular nerve activation and
their linkage to changes in the eye movements. We then assessed
the effect of vestibular nerve activation on the responses of
cerebellar-pontine neurons and those that make up indirect
inhibitory vestibular pathways. Finally, we determined whether
neural and behavioural responses recover following vestibular
nerve activation.

To establish whether the direct VOR pathway shows plasticity
to vestibular nerve stimulation, we first quantified the responses
of the single neurons that constitute its first central stage of
processing (Fig. 2a). Notably, vestibular nerve afferents send
vestibular signals to type I position-vestibular-pause (PVP)
neurons in the vestibular nuclei, which also receive inputs from
other structures, for example, neurons within oculomotor
pathways which are vital for the accurate control of gaze
(reviewed in ref. 13). Type I PVP neurons in turn project to
the extraocular motoneurons on the contralateral side to produce
VOR eye movements®. The response of the type I PVP neuron
illustrated in Fig. 2b was typical of our sample (N=15).
Specifically, its firing rate increased for contralaterally directed
eye positions during spontaneous eye movements (inset, Fig. 2b)
and in response to ipsilateral head motion (that is, a type I
response; Fig. 2b). In addition, the neuron stopped firing or
‘paused’ during quick phases (vertical arrows in Fig. 2b).
Quantitative analysis of our type I PVP neuron population
revealed that their responses were consistent with previous
characterizations of these neurons®. Neurons displayed robust
responses to head rotation (0.8610.16 spikes per second per
degree per second) that led head velocity (6.6 + 1.3°). In addition,
they increased their activity as a function of contralateral eye
position during periods of fixation (1.06 + 0.2 spikes per second
per degree) as well as with contralateral eye position and velocity
during smooth pursuit eye movements (1.47£0.28 spikes
per second per degree and 0.4%0.09 spikes per second per
degree per second, respectively).

Figure 2c shows the response of the same example type I PVP
neuron to electrical activation of the ipsilateral vestibular nerve in
complete darkness. Notably, we evoked action potentials at
monosynaptic latencies (0.7-1.3 ms)!*1>, confirming a direct
projection from vestibular afferents (Fig. 2c). Having established
this connectivity, we next addressed our main question, namely:
does repeated activation of the vestibular nerve induce plasticity
at the first central stage of the direct VOR pathway (red boxes in
Fig. 1a)? If this is the case, then we would expect that, over time,
type I PVP neurons should show a change in their response to
repeated activation at a monosynaptic latency. Figure 2d-h verify
this prediction. To quantify the change in neuronal response, we
delivered a short test stimulus that consisted of pulse trains
ranging from 25 to 300 pulses per second (p.p.s.) (that is, test
block). While the example neuron showed a robust increase in
firing rate with increasing pulse rate for the initial test block
(for example, 194+ 1.2 versus 106 = 1.1 spikes per second for
300 p.p.s. stimulation versus resting rate, respectively; grey panel
in Fig. 2d,e), its response to the same test stimuli decreased
following each activation block. For example, following 1 min of
stimulation at 100p.p.s., the example neuron’s firing rate
response to this same test stimulation decreased to 1721 1.1
spikes per second (blue panel in Fig. 2d,e). Moreover, after
subsequent activation blocks of 200 and 300 p.p.s., the neuron

displayed an even more striking response reduction (129 +0.7
and 117+ 1.0 spikes per second, respectively; red and green
panels in Fig. 2d,e).

Figure 2f quantifies the example neuron’s response to each
pulse rate within our test stimulus. Note that our analysis was
restricted to periods of compensatory VOR eye movement, since
type I PVP neurons are silenced by the saccadic burst generator
during saccades, including the quick phases of nystagmus
(reviewed in ref. 13; see arrows in Fig. 2d). The grey line
represents the linear relationship between stimulation rate and
firing rate before the activation blocks. Although the neuron’s
firing rate still increased linearly with pulse rate after vestibular
nerve activation with 100 p.p.s., it was less sensitive (blue data
points in Fig. 2f). This decrease in sensitivity became even more
pronounced following activation at 200 and 300 p.p.s. (red and
green data points in Fig. 2f). To quantify the decrease in
neuronal sensitivity, we computed the slope of the linear
regression between firing rate and pulse rate for each of the
four test stimuli (inset in Fig. 2f). Similar results were found
across our population of recorded neurons (Fig. 2g). Notably,
neuronal response sensitivity was significantly decreased
following each activation block relative to initial values
(P<0.05). Furthermore, this finding was unaffected when we
constrained our analysis to the first 10ms and first 100 ms
following pulse train onset (Supplementary Fig. la), indicating
that response attenuation occurred rapidly and remained
constant. In contrast, there was no change in the resting rate or
resting discharge regularity (see Methods) following each
activation block for either type I PVP neurons, or any other of
the neuron classes considered below (P<0.05).

To more precisely establish the time course of the observed
attenuation of type I PVP neurons, we next computed the
cumulative probability of evoking a spike as a function of
latency following individual pulses (see Methods). We found
that responses remained monosynaptically phase-locked to the
individual pulses, and importantly were attenuated immediately,
at monosynaptic latencies (Fig. 2h and Supplementary Fig. 1b).
Moreover, the level of attenuation increased on this same
monosynaptic time scale with increasing pulse rate. Together,
these results suggest that increased activation of the vestibular
afferents induces plasticity at the afferent-PVP synapse within the
direct VOR pathway.

Vestibular afferent responses to stimulation remain robust.
Electrical =~ stimulation of the labyrinth is thought to
predominantly act at the spike initiator zone of primary vestibular
afferents!®, yet stimulation can also directly alter the
transmembrane potential of the vestibular hair cells!”. Thus, it is
possible that our stimulation protocol caused changes at the
synapse between hair cells and vestibular afferents that contributed
to the decreased type I PVP neuron response (for example, a
reduction in neurotransmitter release and/or excitotoxicity due to
excessive glutamate release). If this were the case, then we would
expect that the response of vestibular afferents would also decrease
following repeated activation. However, this is not what we
observed when we recorded from single vestibular afferent fibres
(N=17; Fig. 3a) before and after activation. Figure 3b shows the
response of an example afferent fibre to electrical activation of the
ipsilateral vestibular nerve. Notably, action potentials were evoked
almost instantaneously (<500 ps). Moreover, in contrast to what
we observed for type I PVP neurons, we found that the response of
single afferent fibres to the test stimulus remained constant
throughout the experimental trial (Fig. 3¢,d). The example cell was
typical in that it showed a robust increase in firing rate with
increasing pulse rate for the initial test block (119+2.3 versus
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Figure 2 | Rapid plasticity within direct VOR pathways. (a) Diagram of direct VOR circuitry. (b) Firing rate of example type | PVP neuron during VOR.
Note eye velocity is inverted and the ipsilateral direction relative to side of recording is upwards. Arrows highlight when saccades occurred. Inset shows
example neuron’s eye position sensitivity. Calibrations bars, 40 ° per s, 100 spikes per s, 1s. (¢) Same example neuron’s response to single pulses of
increasing current amplitude. Red traces indicate trials during which the neuron failed to fire an action potential because the pulse occurred during its
refractory period. Calibration bar, Tms. (d) Firing rate before (grey) and after activation of the vestibular nerve with rates of 100 (blue), 200 (red) and
300 p.p.s. (green) in response to test stimuli delivered at 300 p.p.s. Note that following activation, the response of the neuron decreased. Inset shows
schematic of electrical stimulation protocols. Arrows show when saccades occurred. Calibrations bars, 100 spikes per s, 0.25s (e) Periods of firing rate
during the compensatory portion of the eye movement for the example neuron are superimposed to show the decreased response after activation of the
vestibular nerve. Calibrations bars, 50 spikes per s, 0.25s. (f) Plot of firing rate as a function of pulse rate for example neuron before and after activation of
the vestibular nerve. Inset shows normalized sensitivity (slope of firing rate versus pulse rate) for example neuron. (g) Population average of normalized
sensitivity for type | PVP neurons (n=15). *P<0.05 (Student's t-test). (h) Probability of firing as a function of latency following individual pulses for
example neuron (left) and population averages (right) before and after activation of vestibular nerve. Error bars and shaded area represent *s.e.m.
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Figure 3 | Responses of vestibular afferents remain constant following activation. (a) Diagram of direct VOR circuitry. (b) Potentials recorded from
single afferent fibres in response to single pulses delivered at different current amplitudes. Red traces indicate trials during which the neuron failed to fire an
action potential because the pulse occurred during its refractory period. Calibration bar, Tms. (¢) Firing rate before (grey) and after activation of the
vestibular nerve with rates of 100 (blue), 200 (red) and 300 p.p.s. (green) in response to test stimuli delivered at 300 p.p.s. Note that the response of the
neuron remains constant. Inset shows schematic of electrical stimulation protocols. Calibrations bars, 50 spikes per s, 0.25s. (d) Plot of firing rate as a
function of pulse rate for example neuron before and after activation of the vestibular nerve. Inset shows normalized sensitivity (slope of firing rate versus
pulse rate) for example afferent. (e) Population average of normalized sensitivity for vestibular afferents (n=7). Error bars represent +s.e.m.

43+0.6 spikes per second for 300p.p.s. stimulation versus
resting rate, respectively; grey panel in Fig. 3c). Furthermore,
following 1 min of stimulation during the activation blocks at 100,
200 and then 300 p.p.s., the example neuron’s firing rate remained
constant (122+1.6, 124+2.2 and 119% 1.5 spikes per second,
respectively, for 300 p.p.s. test stimulation; blue, red and green
firing rates in Fig. 3c).

Figure 3d quantifies the example cell’s response as a function of
the pulse rates within our test stimulus. The grey line represents
the linear relationship between stimulation rate and firing rate
before the activation blocks. Notably, following each activation
block, the relationship between the example neuron’s firing rate
and stimulation rate remained constant (compare grey, blue, red
and green data points in Fig. 3d). To quantify the neuronal
sensitivity, we computed the slope of the linear regression
between firing rate and pulse rate for each of the four test stimuli
(inset in Fig. 3d). These results were consistent for the population
of vestibular afferents from which we recorded; the neural
sensitivities were not significantly different following any of the

activation blocks (P> 0.05; Fig. 3e). Therefore, repeated activation
of the vestibular periphery does not alter the sensitivity of single
afferent fibres over the duration of our experiment.

Neuronal plasticity alters behavioural performance. The results
presented so far demonstrate that repeated activation of the
vestibular nerve reduces the efficacy of the direct VOR pathway
by altering how type I PVP neurons integrate their afferent input.
Given that type I PVP neurons project directly to extraocular
motoneurons (Fig. 2a), and principally constitute the
intermediate stage of the direct VOR pathway, it follows that the
evoked VOR eye movements should show a parallel decrease.
To test this proposal, we quantified the eye movements that were
measured simultaneously during the neuronal recordings
described above, again restricting our analysis to periods of
compensatory VOR. Initially, stimulation at each of the
pulse rates in the test stimulus produced increasingly robust
compensatory vestibular nystagmus (that is, with a slow phase
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directed contralaterally away from the side of the stimulated
nerve; Fig. 4a, grey trace in top panel) with an average velocity of
~50° per second during 300 p.p.s. stimulation (Fig. 4a, grey trace
in bottom panel). However, following the first activation block
(that is, stimulation at 100p.p.s. for 1min), the behavioural
response was diminished (blue versus grey traces in bottom panel
of Fig. 4a). Similarly, the eye movements evoked by the test
stimulus were reduced following the second and third activation
blocks (grey versus red and green traces in bottom panel
of Fig. 4a). Note, the attenuation remained relatively constant
following the additional activation of the nerve, and no post-
stimulation nystagmus was observed.

To quantify the observed change in behavioural performance,
we computed the average of the eye velocity, over epochs of
compensatory VOR, evoked by each of our seven test stimuli
(that is, range 25-300 p.p.s., Fig. 4b). Test stimuli evoked robust
responses that were linearly related to pulse rate before the

application of our activation paradigm (Fig. 4b, grey trace).
However, responses were attenuated following activation blocks
(grey versus blue, red and green traces). To assess the change in
sensitivity to nerve activation, we quantified the slope of these
curves before and after activation of the vestibular nerve, and
found that, on average, the eye movement sensitivity was
significantly decreased following activation (P<0.05; Fig. 4c),
validating our hypothesis that vestibular nerve stimulation does
in fact cause a decrease in eye movement responses. Comparable
results were also obtained when we restricted our analysis to the
first 10ms and first 100ms following pulse train onset
(Supplementary Fig. 1c), indicating that behavioural response
attenuation occurred rapidly and remained constant.

Having established that both type I PVP neurons and the VOR
eye movements show rapid reduction in sensitivity following
repetitive vestibular nerve stimulation, we next directly compared
the relative magnitude and time course of these changes.
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Figure 4 | Eye movement responses decrease following activation of the

vestibular nerve. (a) Top panel: eye position traces during test stimuli at

300 p.p.s. before and after activation of the vestibular nerve. Inset shows schematic of electrical stimulation protocols. Arrow highlights example quick
phase. Bottom panels: averaged eye velocity over the 100 ms following each saccade that occurred throughout the 1s of stimulation at 300 p.p.s.
Calibrations bars, 10°, 0.5s. (b) Average eye velocity (restricted to periods of compensatory VOR) as a function of pulse rate for the corresponding eye
movements recorded with the example neuron in Fig. 2. Inset shows normalized gain (slope of eye velocity versus pulse rate). (¢) Average normalized gain
across all trials (n=61). *P<0.05 (Student's t-test). (d) Comparison between decrease in sensitivity for type | PVP and eye movement responses.

Error bars and shaded area represent +s.e.m.

6

| 7:11238 | DOI: 10.1038/ncomms11238 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

ARTICLE

The normalized changes in sensitivity of type I PVP neurons and
the eye movements are superimposed in Fig. 4d. While both
sensitivities decrease following activation of the vestibular nerve,
it is clear that neuronal responses subsequently decrease by a
greater amount. For example, following the third activation block
(that is, stimulation at 300 p.p.s. for 1 min), the average neuronal
sensitivity decreased by 42% while the behavioural sensitivity
dropped by only 17% (compare black and grey symbols).

Rapid complementary changes in inhibitory brainstem pathways.
In addition to receiving direct input from ipsilateral vestibular
afferents, central neurons in the vestibular nuclei receive indirect
contralateral input through the vestibular commissural path-
ways!'®. This input is commonly thought to help maintain
balanced activity at rest!”, as well as increase the response
sensitivity to rotational head motion?*~22, Furthermore, long-
term changes in the commissural connections between the
vestibular nuclei play a vital role in the compensation observed

following unilateral vestibular loss?>?*, Vestibular nuclei neurons
also receive input from ipsilateral inhibitory neurons, which are
thought to serve a similar role in pathway calibration and
compensation?>. If changes in these local inhibitory pathways
compensate for the reduced sensitivity of the type I PVP
neurons following repetitive vestibular nerve stimulation, then
we should see evidence for complementary changes on the same
rapid time scale.

We therefore next investigated the response of type II PVP
neurons ipsilateral to the side of stimulation. Type II
PVP neurons are modulated via local inhibitory pathways, with
the most direct being uncrossed disynaptic'>> (red solid line in
Fig. 5a) and crossed trisynaptic inhibition!*!® (red dashed line in
Fig. 5a). In addition, as is shown for the example neuron, their
responses are complementary to those of type I PVP neurons;
firing rates increased for ipsilaterally directed eye positions during
spontaneous eye movements (inset, Fig. 5b) and in response to
contralateral head motion (that is, a type II response; Fig. 5b).
Figure 5¢c compares the probability of firing an action potential in
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Figure 5 | Rapid complementary changes in indirect inhibitory brainstem pathways. (a) Diagram of local inhibitory pathway within the vestibular nuclei. (b)
Firing rate of example type Il PVP neuron during VOR. Arrows highlight when saccades occurred. Inset shows example neuron’s eye position sensitivity. Calibrations
bars, 100 ° per s, 100 spikes per s, 1s. (¢) Probability of firing as a function of latency from onset of individual pulses for vestibular afferent, as well as for type | and Il
PVP neurons. (d) Plot of firing rate as a function of pulse rate for example neuron before and after activation of the vestibular nerve. Inset shows normalized
sensitivity (slope of firing rate versus pulse rate) for example type Il PVP neuron. (e) Population average of normalized sensitivity for type Il PVP neurons (n=10). (f)
Probability of firing as a function of latency following individual pulses for example neuron before and after activation of vestibular nerve. (g) Input-output relationship
between type | and type Il PVP neurons (that is, type Il PVP example neuron firing rate as a function of average type | PVP neuron firing rate) before and after
activation of the vestibular nerve. (h) Population average of normalized sensitivity to type | input for type Il PVP neurons (n=10). (i) Population averaged probability
of firing as a function of latency following individual pulses before and after activation of vestibular nerve. Error bars and shaded area represent *s.e.m.
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response to electrical activation of the ipsilateral vestibular nerve
for the example afferent, as well as for example type I and
type II PVP neurons. Note that while we consistently evoked
action potentials almost instantaneously for afferents and at
monosynaptic latencies for type I PVPs, the same stimulation
actually reduced the probability of type II PVP firing and the
response latency was significantly longer (2.5 + 0.2 ms), consistent
with the polysynaptic inhibitory pathway shown in Fig. 5a.

Having established the indirect connection between these
neurons and the ipsilateral vestibular nerve, we next addressed
our second main question, namely: does repeated activation of
the vestibular nerve rapidly induce compensatory changes
through this indirect pathway? Figure 5d shows the same
example neuron’s sensitivity to our test stimulus before and
following each of the three activation blocks, in which stimulation
was applied at rates of 100, 200 or 300 p.p.s., respectively. During
our initial test block, this neuron was typical in that its firing rate
decreased linearly with increasing pulse rates (grey data points in
Fig. 5d). Remarkably, however, we found no change in this
relationship following any of the three subsequent activation
blocks (blue, red and green data points in Fig. 5d). Instead, the
inhibitory relationship between pulse rate and firing rate
remained constant (P>0.05, N=10). Moreover, as done above
in our analysis of type I PVP neurons and vestibular afferents, we
quantified the slope of this relationship to compute the neuron’s
sensitivity to the test stimuli (inset in Fig. 5d). As expected, type II
PVP neurons’ sensitivity did not change following repetitive
nerve activation (Fig. 5e).

To establish whether this result held over a more precise time
scale time, we next computed the probability of evoking a spike as
a function of latency following individual pulses (Fig. 5f-i, see
Methods). We found that the probability of a spike occurring
following stimulation remained constant after vestibular nerve
activation with each pulse rate (Supplementary Fig. 2a). In
addition, there was no change in latency (Supplementary Fig. 2b);
the probability of firing decreased with a latency consistent with
the disynaptic/trisynaptic connectivity of type II PVP neurons to
the nerve (Fig. 5{-i).

The above finding is rather surprising, particularly in light of
the fact that type I PVP neurons, whose responses do decrease
following repetitive nerve activation (Fig. 2g), provided the
main source of driven input to type II PVP neurons in our
unilateral stimulation protocol (Fig. 5a). To better understand
the implications of this finding, we next characterized the
input-output relationship of type II neurons by plotting their
output firing rates as a function of the activation of their type I
PVP neuron input rather than test stimulation pulse rate
(Fig. 5g). Note that the slope of the input-output relationship
between type I and type II PVP neurons effectively serves as an
estimate of the efficacy of local inhibitory pathways within the
vestibular nuclei. If there were no change in the efficacy of these
pathways, then type II PVP responses should follow that of their
input (that is, type I PVP neurons), and thus become less
inhibited following vestibular nerve activation. However, we
found that the sensitivity of type II neurons actually increased
(that is, became more inhibitory) relative to its input following
activation of the vestibular nerve (Fig. 5h). Thus, taken together,
these results are consistent with the proposal that rapid changes
in local inhibitory pathways compensate for the decreased
response of the type I PVP neurons, thereby allowing the VOR
circuitry to maintain a relatively robust behavioural output.

Finally, we completed a comparable analysis of another distinct
physiological subclass of neurons in the vestibular nuclei, termed
eye-head (EH) neurons. These neurons receive strong projections
from the floccular lobe of the vestibular cerebellum in addition to
the ipsilateral vestibular nerve, and in turn project to extraocular
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motoneurons (Supplementary Fig. 3a)’. EH neurons were
identified based on their characteristic responses to gaze and
head movements in the same direction during horizontal smooth
pursuit eye movements and cancellation of the VOR, respectively
(Supplementary Fig. 3b). The input from this cerebellar-pontine
pathway is thought to complement the direct VOR pathway
to keep the performance of the VOR calibrated over time.
Accordingly, we asked whether rapid changes within cerebellar-
pontine pathways also compensate for the reduced sensitivity of
the type I PVP neurons following repetitive vestibular nerve
activation. If this is the case, then we should see evidence of
complementary changes in the responses of EH neurons on the
same rapid time scale as seen above for type I PVP neurons
(that is, Figs 2 and 5). Instead, we found that the change in
sensitivity of EH neurons was much less following repetitive
vestibular nerve activation compared with type I PVP
neurons (Supplementary Fig. 3c). Specifically, the sensitivity of
contralateral EH cells (N = 14) only showed a significant decrease
following activation of the vestibular nerve at 300 p.p.s., while
ipsilateral EH cells (N = 12) did not show any significant decrease
in their response sensitivity. Moreover, both the latency and
magnitude of the response to individual pulses remained constant
following vestibular nerve activation (Supplementary Fig. 4).
Thus, our results show that repeated activation of the vestibular
nerve does not alter the sensitivity of EH cells, indicating that
floccular projections do not make a major contribution to the
rapid plasticity observed in our experiments (see Discussion).
Taken together, the above results suggest that rapid changes
within the local inhibitory brainstem but not cerebellar pathways
compensate for the decreased response of the type I PVP neurons
to ensure a relatively robust VOR performance.

Recovery of neuronal and VOR responses. The results presented
above show that repeated activation of the vestibular nerve
rapidly depresses the sensitivity of neurons at the first central
stage of the direct VOR pathway. While these results are
consistent with previous in vitro work showing long-term
depression (LTD) at the vestibular nerve-vestibular nuclei
synapse! 12, it is also important to establish whether the plasticity
observed in our in vivo experiments persisted over a more
extended period. Thus, to establish the time course of the synaptic
depression, we continued to quantify the sensitivity of neurons
using test blocks applied every 2 min for up to 10 min following
the last activation block. We found that while the sensitivities of
type I PVP neurons were maximally attenuated 4 min following
the final activation block (Fig. 6a), after 10 min neural responses
were still significantly attenuated (40%, P < 0.05) relative to initial
values. In contrast, the responses of type II PVP neurons as well
as those of ipsi- and contra-EH cells remained relatively constant
over this time period (Fig. 6b). The only significant change
measured by the end of this interval was a decrease in the neural
sensitivity of contra-EH cells immediately after and 2min
following the most powerful of the test stimuli of 300 p.p.s.
(P<0.05). Similarly, behavioural responses remained significantly
attenuated relative to initial values over this same period (Fig. 6¢).

So far, our results show that the dynamics of the plasticity
observed in our in vivo experiments are consistent with those in
prior in vitro studies that characterized LTD at the vestibular
nerve-central neuron synapse! 12, and that, in turn, this plasticity
triggers a lasting reduction in the evoked eye movement. Given
that both neural and behavioural responses typically remained
attenuated, we next addressed (1) whether the time course of
plasticity is significantly longer and (2) what conditions might
facilitate the return of synaptic efficacy to baseline levels. Prior
in vitro studies in other pathways have reported LTD lasting for
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Figure 6 | Recovery of neuronal and behavioural responses following
activation. (a,b) Normalized sensitivity of type | PVP neurons (n=15) as
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cells (n=12) (b) over a 10-min period following activation of the vestibular
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hours to days?®?’. To determine whether the effects of our
vestibular nerve activation persist on this longer time scale, we
continued to apply our test stimuli at hourly intervals for a period
of 8h following activation of the vestibular nerve and quantified
the evoked eye movements. Notably, the evoked VOR eye
movements remained significantly attenuated throughout this 8 h
period when the animal remained stationary in the dark between
tests (Fig. 7a). In contrast, the behavioural responses recovered
within ~4h (Fig. 7b) if the animal was returned to its home cage
following each testing session. Thus, we found that the time

course of plasticity can last for up to 8h, but that stimulation of
the pathway with ‘natural motion’ facilitates recovery of the
afferent to central neuron synapse (that is, return to baseline),
restoring the VOR pathway efficacy.

Discussion

The results from this study provide new insight into the
mechanisms that mediate changes in VOR motor performance.
Behaviourally relevant rates of vestibular nerve activation caused
a decrease in the monosynaptic response of direct VOR neurons,
yielding a lasting reduction in evoked eye movements. In
contrast, we found that the response of single vestibular afferent
fibres remained unchanged when recorded under similar
conditions. Together these results establish that vestibular nerve
activation induces rapid (<1min) plasticity at the vestibular
afferent to central neuron synapse in awake-behaving primates.
Interestingly, the relative decrease in sensitivity of direct VOR
neurons was considerably more than the observed change in
motor performance. To understand this apparent discrepancy, we
recorded from neurons within the local inhibitory pathways of
the vestibular nuclei, and found evidence for an enhancement of
the relative weight of this indirect pathway on the same rapid
timescale. Thus, our findings reveal a novel mechanism for
plasticity in which remarkably rapid changes in local inhibitory
inputs offset the decreased efficacy of direct sensory-motor
pathways to enhance behavioural performance.

The time course of the plasticity observed in our in vivo
experiments was consistent with that reported in prior
in vitro studies of LTD at the vestibular nerve-central neuron
synapse! 1228 which have described effects lasting from 30 min
up to 2h. Investigations of synapses in other sensory-motor
circuits have demonstrated that LTD can persist over even longer
time scales, ranging from hours to days?®?”?°. Here our
experiments further revealed a marked and sustained reduction
in synaptic efficacy, which in turn produced a change in motor
performance that endured for up to 8 h. Importantly, behavioural
recovery was appreciably faster (<4h) when monkeys were
allowed to move freely between test blocks than when they
remained relatively stationary. This suggests that the strength of
the depressed afferent-central synapse did not passively return to
baseline, but instead its recovery was mediated by an active
process. We speculate that the sensory stimulation induced by
natural movement triggers a form of homeostatic plasticity in
which contralateral vestibular input, as well as inputs from other
modalities, help restore network activity to a set point level in
response to changes in the efficacy of vestibular input. Indeed,
extra-vestibular inputs including neck proprioceptive and motor
efference copy signals can substitute for vestibular signals at the
level of single neurons within the direct VOR pathway following
peripheral vestibular loss*®3!. This finding is likely to have
general significance, since similar changes in network activity
have been shown to produce compensatory long-term changes in
the excitability of synapses in other sensory systems including
auditory®? and visual®® cortex.

Another fundamental difference between the vestibular input
experienced in normal everyday life and our stimulation
experiments is that, in the latter case, afferent spiking activity is
synchronized since each pulse of the applied stimulation train
reliably (and nearly simultaneously) produces an action potential
in individual vestibular afferents (Fig. 3b). In contrast, during
applied head movements, vestibular afferents show little to no
synchrony*3>. This difference provides a possible explanation
for our finding that while the decrease in behavioural responses
can last for up to 8h when there is minimal natural vestibular
input, subsequent asynchronous stimulation of the pathway with
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‘natural motion’ facilitates a return to baseline (that is, Fig. 7a
versus Fig. 7b). Interestingly, we further found that the sensitivity
of cerebellar-pontine neurons did not change in response to
nerve activation—even though these neurons receive some direct
ipsilateral vestibular nerve input in addition to projections from
the flocculus?. We speculate that this is in part because the
indirect input from the cerebellum (B versus o in Fig. 1a) helps
to desynchronize the overall input to these neurons, in contrast
to type I PVP neurons that primarily receive direct input from the
vestibular nerve.

Comparison of type II and type I PVP neurons showed
that local inhibitory pathways undergo rapid plasticity that
compensates for the decreased response of type I PVP cells.
Specifically, the lack of change in the relationship between nerve
activation and type II neuron sensitivity suggests an increase in
the sensitivity of these neurons to their input from type I
vestibular nuclei neurons. A similar interplay between plasticity
mechanisms has been reported in other neural circuits. Chronic
electrical stimulation in organotypic slices of primary auditory
and somatosensory cortex show an increase in evoked
polysynaptic activity despite decreasing evoked monosynaptic
responses”. Strengthening polysynaptic connections to offset
decreased monosynaptic weights within the direct VOR circuitry
could be beneficial for motor performance. Furthermore, prior
studies in cerebellum, with protocols similar to those used in
the present study, reported an enhancement in the sznaptic
strength of inhibitory pathways following stimulation’. We
found evidence that supports such parallel changes in the
vestibular nuclei, where the depression of the monosynaptic
excitatory VOR pathway neurons ipsilateral to the stimulated
nerve is counterbalanced by complementary changes in these
polysynaptic inhibitory pathways. Notably, these pathways
include local networks within the ipsilateral vestibular
nucleus!?> as well as commissural pathways!418,

It should be emphasized that to date in vivo studies typically
characterize VOR pathways based on neuronal firing rate
responses during oculomotor behaviours, while in vitro studies
identify cell types on the basis of their projections and genetic
makeup, making it difficult to bridge these two bodies of work.
However, recent progress has been made towards elucidating the
circuitry of vestibulo-cerebellar pathways as well as local circuit
networks. For example, type I PVP neurons most likely comprise
glutamatergic neurons that project to extraocular motoneurons
as described by McElvain et al.!l. In addition, distinct subtypes
of floccular-target neurons have been identified based on their
degree of cerebellar innervation®®, Future work aimed at
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determining how these neural populations compare with the
physiologically identified subclasses presented here will have
important implications for determining the cellular mechanisms
underlying the rapid compensation observed in the present study.

Climbing fibre input to the cerebellum is considered to play a
major role in guidin% cerebellar LTD to induce a change in VOR
motor performance®® 4!, Our results, however, provide evidence
that synaptic changes in non-cerebellar pathways can mediate
plasticity in vivo. Specifically, we found that changes in
VOR efficacy occur as a result of depression of the direct VOR
pathway. Interestingly, the results of other recent studies have
also called into question the view that climbing fibre input and/or
plasticity within cerebellar pathways is required*?43. In addition,
motor-learning deficits are not complete in transgenic mice with
impaired cerebellar LTD*~#7. Furthermore, rapid homeostatic
plasticity within the direct VOR pathway can improve motor
performance following the loss of vestibular nerve input®®3!.
Taken together, the results of the present and previous studies
provide support for the notion that there are multiple sites of
plasticity that shape motor performance even in simple pathways
such as the VOR.

Patients with loss of peripheral vestibular function suffer from
debilitating symptoms including postural and gaze instability.
Vestibular prosthetic devices offer the promise of recovered
functionality to these individuals by activating vestibular
pathways through electrical stimulation of the vestibular nerve.
Notably, our findings have implications for the successful
implementation such devices since existing vestibular prosthetic
models stimulate the vestibular nerve at rates comparable to
those applied in this study*3~>2. Based on our results, we predict
that stimulation protocols presently used would induce plasticity
at the afferent to first-order central neuron synapse, which in
turn would result in decreased behavioural performance. Indeed,
to date, vestibular prosthetic stimulation typically produces
appropriately directed reflexive eye and head movements®*—>2,
but these responses are reduced relative to those produced by
natural stimulation. Interestingly, the brain can learn to integrate
artificial sensory signals to accomplish certain tasks or functions
(for example, somatosensory system>). Further work will be
required to develop stimulation strategies that take advantage of
how the brain processes such artificial sensory inputs, and will
likely improve the behavioural performance of the vestibular
prosthesis.

Our findings establish a link between VOR motor performance
and plasticity within different sites of the VOR circuit in vivo.
Our results suggest that indirect inhibitory brainstem pathways
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undergo rapid plasticity to compensate for the decreased weight
of direct VOR pathways ultimately allowing the maintenance of a
relatively robust behavioural output. Thus, this work provides a
foundation for understanding how coordinated plasticity within
specific sites of a simple sensory-motor pathway guides
motor learning to ensure robust performance. Finally, our work
also has implications for design of stimulation protocols used in
vestibular prostheses to treat patients disabled by loss of sensory
input from both labyrinths.

Methods

Surgical procedures. Three male rhesus monkeys (aged 4, 5 and 7 years old) were
prepared for chronic behavioural experiments. All procedures were approved by
both the McGill University Animal Care Committee and the Johns Hopkins
Animal Care and Use Committee, in addition to following the guidelines of the
Canadian Council on Animal Care and the National Institutes of Health.

Surgeries in preparation for neuronal recordings and VOR measurement were
performed as described by Sylvestre and Cullen>*. Anaesthesia was achieved by the
use of isoflurane gas (2-3% initially) and maintained for the duration of the
procedure (0.8-1.5%). A stainless steel post (used to immobilize the monkey’s
head) was attached to the skull of the animal using dental acrylic and stainless steel
screws. Two stainless steel recording chambers were attached to the implant, each
positioned to provide access to the medial vestibular nucleus or the left vestibular
nerve where it emerges from the internal auditory meatus. A 16-17-mm eye coil,
consisting of three loops of Teflon-coated stainless steel wire, was sutured to the
sclera and beneath the conjunctiva of the right eye.

Implantation of stimulating electrode array was performed similarly to
procedures described by Dai et al.>>. An electrode array was implanted into the left
labyrinth via a transmastoid approach. Specifically, under sterile conditions, a
mastoidectomy was performed. Two small holes were made at the junction of the
ampullae of the superior and horizontal semicircular canals, keeping a narrow strut
of bone intact between the two to serve as a stop when inserting the forked electrode
array. An opening was also made in the thin segment of the posterior semicircular
canal near its junction with the ampulla, into which a single electrode array was
inserted. Reference electrodes were inserted into the common crus of the labyrinth
and in extracranial musculature. Pieces of fascia were tucked around each array, and
bone chips or a small amount of dental cement was used to stabilize the electrode
leads, which were run under the periosteum to the head cap. The animals were
allowed 2 weeks to recover from surgery before any experiments were performed.

Data acquisition. During recording sessions, monkeys were comfortably seated in
a primate chair, set on a vestibular turntable. An enamel-insulated tungsten
microelectrode (8-10 MQ impedance; Frederick Haer Co., Bowdoinham, ME) was
used to record single unit activity of vestibular nuclei neurons from three animals
(Monkeys O, ] & Y). Extracellular single-unit activity of afferents innervating the
horizontal semicircular canal was recorded from one animal (Monkey Y) using
glass microelectrodes filled with 3 M NaCl, 20-25 MQ (ref. 56). Horizontal and
vertical gaze and head position (recorded using the magnetic search coil
technique), turntable velocity (measured using an angular velocity sensor (Watson
Inc.)), and target position were low-pass filtered (250 Hz, analogue 8 pole Bessel
filter), and sampled at 1kHz. Unit activity was sampled at 40 kHz. An adaptive
filter (Artifact Zapper, Riverbend Instruments) was used on-line to remove
artefacts in the neural recordings caused by stimulation of the vestibular nerve®’.
If any residual artefact remained, we performed a template deletion off-line, where
we computed an average waveform of the artefact and subtracted it from the
recording trace aligned at the onset of each stimulus pulse®. All signals were saved
using a computer-based data acquisition system (Plexon). Each unit was analysed
off-line to ensure proper isolation. Subsequent analysis was performed using
custom algorithms (Matlab, The MathWorks).

Experimental paradigms. The location of the vestibular nucleus was determined
relative to that of the abducens nucleus, identified by its stereotypical discharge
pattern during eye movements'>>%. Neurons were initially recorded during
standard head-restrained paradigms to characterize their sensitivities to eye
movements and head velocity. Saccadic eye movements were elicited by stepping a
laser target that the animal was trained to follow between horizontal positions
(%5, 10, 15, 20, 25 and 30°). Smooth pursuit eye movements were evoked by
rotating a target sinusoidally in the horizontal plane with a frequency of 0.5Hz
(£40° per second). Neuronal sensitivities to head velocity were quantified by
passively rotating monkeys about an earth-vertical axis (with a frequency of 0.5 Hz,
+40° per second) in the dark. The vestibular nerve was approached through the
floccular complex, which was identified by its eye movement-related activity>®.
After the basic characterization of vestibular nuclei neurons and afferent fibres,
we recorded neuronal activity in complete darkness while monkeys were head-fixed
during the delivery of electrical pulses to electrodes implanted in the horizontal
semicircular canal. Pulses were applied using an isolated pulse stimulator
(A-M systems), which was set to deliver symmetric biphasic pulses (150 ps per

phase; Fig. 1b). Maximum current amplitudes were set to 80% of the minimum
value at which facial muscle activation was visible using biphasic pulses delivered at
300 p.p.s. Each experimental trial consisted of three ‘activation blocks” during
which we consistently activated the vestibular nerve by applying tetanic
stimulation: 30 pulse trains each lasting 500 ms were delivered every 2 s over the
course of 1 min at pulse rates of 100, 200 and 300 p.p.s. (Fig. 1b). Before and after
each activation block, we delivered 1s pulse trains with rates ranging from 25 to
300 p.p.s. to the vestibular nerve (that is, test blocks). We chose this range of pulse
rates because they fall within the physiological range of vestibular afferent firing
rates®®. These test blocks served to quantify eye movement and neuronal
sensitivities to stimulation with a vestibular prosthesis before and after the
activation blocks. We also applied our test blocks every 2 min for up to 10 min
following vestibular nerve activation with 300 p.p.s.

Analysis of neuronal discharges. Gaze, head, target and turntable signals were
digitally filtered at 125 Hz. Eye position was calculated from the difference between
gaze and head position signals. Gaze, eye and head position signals were digitally
differentiated to produce velocity signals. Neuronal firing rates were estimated
using a Gaussian window (s.d. of 10 ms)>°.

In this study, we present data from two classes of neurons in the medial vestibular
nuclei that were sensitive to yaw rotations: (i) PVP neurons, which encode eye
position during fixation, respond to smooth pursuit eye movement, and pause
during saccades, and (ii) EH neurons, which are sensitive to head velocity during
cancellation of the VOR and eye velocity in the same direction during smooth
pursuit?. To distinguish between these two types of neurons, periods of steady
fixation and saccade-free smooth pursuit were analysed using a multiple regression
analysis and correlations between firing rate and eye position/velocity were assessed.
A least squares regression analysis was then used to analyse the responses of both
classes of neurons during passive head rotations. To quantify response modulation
during whole-body rotation, we optimized the coefficients of the following equation:

r = bias + (kxeye position) + (gxhead velocity) + (axhead acceleration) (1)

where 7 is the firing rate, bias is a constant equal to the resting neural discharge, k is
the cell’s sensitivity to eye position, and g and a are constant coefficients. The
estimates of g and a were then used to calculate the neuron’s sensitivity with respect
to head velocity. Neuronal sensitivities (S in spikes per second per degree per second)
and phases (¢ in degrees) relative to head velocity were then computed using the
following equations:

S= /g + (2nfa)? 2)

@ = tan ! (%ﬁl> x (%) 3)

where f is the frequency of the sinusoidal rotation.

To quantify neuronal responses and eye movements during the test blocks,
standard linear regression techniques were used to describe the relationships between
(i) firing rate and pulse rate and (ii) horizontal eye velocity and pulse rate. Only
periods of slow-phase eye movements were included in these analyses. Then to
quantify the precise time course of neuronal responses to vestibular nerve activation,
we employed a method similar to that described by Broussard and Lisberger®.
Specifically, we measured the latency at which the first spike occurred after each
pulse (delivered at 25p.p.s.) and calculated the probability of a spike occurring as a
function of latency from pulse onset. We approximated the contribution of
spontaneous firing by overlaying a ‘fake’ pulse train (25p.p.s.) on a cell’s baseline
activity and calculating the spontaneous probability of a spike occurring as a
function of latency from pulse onset. We derived the change in probability of firing
from baseline by subtracting the spontaneous probability of firing from the raw
probability of firing (shown in Figs 2h and 5f-i). The magnitude of the response was
calculated as the difference between the maximum response after stimulation and
baseline activity. Latency was defined as the x intercept of the linear regression of the
rise or decrease in the net probability of firing. In addition, the regularity of the
resting discharge of each neuron was measured by computing its coefficient of
variation (CV), CV = %, where piqr and oygp are the mean and s.d. of the interspike
intervals (ISIs). Note, this analysis was limited to the segments of data collected when
the animal was fixating at positions of <5° relative to midline.

Throughout the Results, values are expressed as mean * s.e.m. and a Student’s
t-test was used to determine whether the average of two measured parameters
differed significantly from each other.
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