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The vestibulocollic reflex is a compensatory response that stabilizes the head in space. During everyday activities, this stabilizing
response is evoked by head movements that typically span frequencies from 0 to 30 Hz. Transient head impacts, however, can elicit head
movements with frequency content up to 300 - 400 Hz, raising the question whether vestibular pathways contribute to head stabilization
atsuch high frequencies. Here, we first established that electrical vestibular stimulation modulates human neck motor unit (MU) activity
at sinusoidal frequencies up to 300 Hz, but that sensitivity increases with frequency up to alow-pass cutoff of ~70 - 80 Hz. To examine the
neural substrates underlying the low-pass dynamics of vestibulocollic reflexes, we then recorded vestibular afferent responses to the
same electrical stimuli in monkeys. Vestibular afferents also responded to electrical stimuli up to 300 Hz, but in contrast to MUs their
sensitivity increased with frequency up to the afferent resting firing rate (~100-150 Hz) and at higher frequencies afferents tended to
phase-lock to the vestibular stimulus. This latter nonlinearity, however, was not transmitted to neck motoneurons, which instead showed
minimal phase-locking that decreased at frequencies >75 Hz. Similar to human data, we validated that monkey muscle activity also
exhibited low-pass filtered vestibulocollic reflex dynamics. Together, our results show that neck MUs are activated by high-frequency
signals encoded by primary vestibular afferents, but undergo low-pass filtering at intermediate stages in the vestibulocollic reflex. These
high-frequency contributions to vestibular-evoked neck muscle responses could stabilize the head during unexpected head transients.
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Vestibular-evoked neck muscle responses rely on accurate encoding and transmission of head movement information to stabilize
the head in space. Unexpected transient events, such as head impacts, are likely to push the limits of these neural pathways since
their high-frequency features (0 -300 Hz) extend beyond the frequency bandwidth of head movements experienced during every-
day activities (0-30 Hz). Here, we demonstrate that vestibular primary afferents encode high-frequency stimuli through
frequency-dependent increases in sensitivity and phase-locking. When transmitted to neck motoneurons, these signals undergo
low-pass filtering that limits neck motoneuron phase-locking in response to stimuli >75 Hz. This study provides insight into the
neural dynamics producing vestibulocollic reflexes, which may respond to high-frequency transient events to stabilize the head.

ignificance Statement

well as faithful transmission of these signals to motoneurons to
ensure accurate motor control. The vestibular system plays a cru-
cial role in these processes via its rate and temporal coding (Ja-
mali et al., 2016, 2019), providing information about head

Introduction
To interact with the world, humans rely on accurate encoding of
biologically-relevant events by sensory receptors and afferents, as
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Recording arrangement and neural pathways of the electrically evoked vestibulocollic reflex in monkey and human. Extracellular single-unit activity of reqular and irregular canal

afferents in macaque monkeys was recorded using tungsten electrodes during sinusoidal and stochastic electrical vestibular stimulation. Single MU activity was recorded in human sternocleido-
mastoid and splenius capitis muscles and multi-unit activity was recorded in human and monkey sternocleidomastoid muscle using fine-wire electrodes during the same electrical stimuli. INC,
Interstitial nucleus of Cajal; MN, motoneurons; MRST, medial reticulospinal tract; VN, vestibular nuclei; VST, vestibulospinal tract.

movement and orientation in space that is used to control gaze,
balance and navigation (Cullen, 2019). Notably, vestibulospinal
reflexes help stabilize the head and body relative to inertial space
by sending motor commands to the axial and appendicular mus-
cles that compensate for current head-in-space motion (Wilson
and Schor, 1999; Goldberg and Cullen, 2011). These descending
signals are produced during daily activities that typically involve
head movements up to 30 Hz (Carriot et al., 2014). However,
unexpected transient events, such as those experienced during a
fall or impact, are likely to extend to higher frequencies. Indeed, a
recent study has established that direct head impacts evoke head
kinematic responses as high as 300—400 Hz (Wu et al., 2016).
Thus, the question arises whether muscle responses of vestibular
origin can be evoked at the high frequencies comprising unex-
pected head transients.

The frequency characteristics of motor responses evoked by
vestibular stimuli differ markedly across muscles (Forbes et al.,
2015). For example, vestibular-evoked responses elicited by
transmastoid electrical stimulation contribute to human lower
limb muscle activity up to frequencies of ~25 Hz (Dakin et al.,
2007), but show no signs of abating up to 75 Hz in human neck
muscles (Forbes et al., 2013). Computational modeling based on
these results has led to the proposal that pathway-dependent neu-
ral low-pass filtering contributes to these muscle-specific re-
sponses (Forbes et al., 2013). Although this is supported by
heterogeneity in the neural dynamics of both primary afferents
and central neurons within the vestibular system (Straka et al.,
2005; Jamali etal., 2016, 2019), there are several limitations to this
proposal. First, estimates of vestibulocollic reflexes evoked by
electrical stimulation rely on nonstandard high-pass filtering
(>75 Hz) and rectification of multi-unit electromyography
(EMG) signals (Dakin et al., 2014; Forbes et al., 2014). Rectifica-
tion, in particular, may induce nonlinear distortion of spectral
estimates and timing of stimulus-evoked motor unit (MU) re-
sponses (Boonstra and Breakspear, 2012; McClelland et al., 2012;
Farina et al., 2013). Such distortion would likely be problematic
at higher frequencies (>60 Hz) where the shape of action poten-
tials is more likely to influence frequency responses (Halliday and
Farmer, 2010; Ward et al., 2013). Second, the vestibulocollic re-

flex has only been examined at frequencies up to 75 Hz (Forbes et
al., 2013). Accordingly, it is unclear whether neural filtering also
limits the frequency range of vestibulocollic reflexes.

The aim of the current study was to understand the dynamic
responses (sensitivity/phase/coherence) of neck muscles and ves-
tibular afferents evoked by electrical vestibular stimuli (see Fig. 1)
at frequencies up to those reported during head impact (~300
Hz; Wu et al., 2016). We found that human neck MUs responded
to stimuli up to 300 Hz, with sensitivity peaking at ~70—80 Hz.
We then examined the neural substrates underlying these muscle
responses by characterizing the vestibular afferent activity pro-
duced by the same electrical stimuli in macaque monkeys. Pri-
mary vestibular afferents also responded to electrical vestibular
stimuli up ~300 Hz but, unlike neck MUs, sensitivity increased
with frequency to a plateau at the afferent resting firing rate
(~100-150 Hz). Further, vestibular afferents tended to synchro-
nize (phase-lock) with the increasing stimulus frequency; how-
ever, this increased synchronization was not transmitted to neck
MUs and phase-locking instead decreased at frequencies >75 Hz.
Finally, cross-species comparison of human and monkey neck
muscle responses showed similar vestibulocollic reflex dynamics.
Together our results suggest that the responses of neck motoneu-
rons to vestibular inputs are shaped through filtering by interme-
diate pathways and that their high-frequency components could
contribute to head stabilization during unexpected transient
events such as falls or head impacts.

Materials and Methods

Human subject testing

Eight healthy male subjects (age 27.4 = 3.2 years, mass 79.3 = 22.2 kg,
height 179.6 £ 4.4 cm) with no self-reported history of neurological
disorders participated in this study. The experimental protocol was ex-
plained before the experiment and all subjects gave written informed
consent. The experiment conformed to the Declaration of Helsinki and
was approved by the University of British Columbia’s Clinical Research
Ethics Board.

Single and multi-MU recording
Muscle activity was recorded primarily from the left sternocleidomastoid
with custom-made insulated fine-wire electrodes (Stablohm 800A; Cal-
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ifornia Fine Wire). Two electrodes of slightly different designs were made
and inserted for the purposes of recording both single- and multi-unit
activity. We consider single MU recordings as the gold standard mea-
surement of neck motoneuron activity because single MU recordings
have higher signal-to-noise ratios and improved temporal resolution
relative to multi-unit recordings (Johnston et al., 2010). Therefore, if
both single and multi-unit responses are in agreement, this would sup-
port the use of multi-unit (i.e., indwelling EMG) recordings to represent
the influence of vestibular inputs on the activity of multiple MUs at the
frequencies of the electrical vestibular stimuli tested here. Throughout
the manuscript we refer to single-unit recordings as single MU and
multi-unit recordings as multi-unit EMG. Single-unit electrodes were
made from paired wires wound together. The ends of the two wires were
cut to expose their cross-section (0.05 mm?) to record distinct MU ac-
tion potentials. For each subject (n = 8), we extracted a single MU.
Multi-unit electrodes were made from the same material and in the same
fashion with the exception that one of the two wires had 5 mm of insu-
lation removed to allow for the recording of multi-unit potentials. Both
electrodes were inserted under ultrasound guidance (Micromaxx; Sono-
site) within close proximity of one another and remained superficial to
the readily identifiable cleidomastoid subvolume (Kamibayashi and
Richmond, 1998). A ground surface electrode (Blue Sensor M; Ambu
A/S) was placed on the anterior surface of the left clavicle. Muscle activity
signals were amplified (X200 single-unit, X500 multi-unit; NeuroLog,
Digitimer), band-pass filtered (10-5000 Hz) and digitized at 20 kHz
together with the vestibular stimuli via a digital acquisition board (PXI-
6289, National Instruments) using a custom LabVIEW software program
(National Instruments).

To verify that high-frequency vestibular-evoked responses could be
observed in other neck muscles, we recorded single MUs from the right
splenius capitis muscle of two additional human male subjects (age 39/30
years, mass 75/75 kg, height 182/168 cm) following similar methods as
described above. For these additional data, the same experimental pro-
tocol, vestibular stimuli and single MU data analyses (see below) were
used.

Protocol

Subjects were seated with their eyes closed throughout all experiments
and performed isometric neck muscle contractions with the head fixed in
a helmet (Pro-tec; Vans). The head was pitched up such that Reid’s plane
(inferior orbital margins to external acoustic meatus) was positioned
~18° above horizontal. In this head posture, the net rotation vector
induced by electrical vestibular stimuli is orthogonal to gravity (see Sch-
neider et al., 2002; Fitzpatrick and Day, 2004; Chen et al., 2019; roll in
head-centered coordinates), and results in an inferred interaural acceler-
ation due to the integration of canal/otolith signals with an internal
estimate of gravity (Khosravi-Hashemi et al., 2019). The torso was se-
cured to a stationary backboard with Velcro straps to limit body move-
ment during the isometric neck contractions. The experiment was
divided into two blocks: single- and multi-unit recordings. Each block
was comprised of 15 trials, with each trial lasting 80 s during which
subjects were exposed to different electrical vestibular stimuli (see “Elec-
trical vestibular stimuli” section). For each block, the single- and multi-
unit signals were passed through three second order high-pass filters each
with a 300 Hz cutoff (model 440, Brownlee Precision). This filtering
approach was used to remove the artifact from the measurements
during stimulation only for online processing during the experiment
(see below).

During the single MU recordings, a single MU waveform was identi-
fied on an oscilloscope by the experimenter at the start of each trial before
delivering the stimuli. Subjects were given audio feedback of the single
MU firing to maintain the MU at a relatively constant firing rate. During
multi-unit recordings, subjects first performed a reference muscle con-
traction to define the target muscle activity for all subsequent trials
(Forbes etal., 2014). Subjects lay flat on the floor and lifted their head for
30 s to generate sternocleidomastoid muscle activity. The resulting
multi-unit EMG signal was high-pass filtered offline (phaseless eighth-
order Butterworth digital filter, —3 dB at 100 Hz) and target muscle
activity was then calculated as 40% of the root-mean-square (RMS) to

Forbes et al. ® High-Frequency Vestibulocollic Reflexes

provide subjects with real-time feedback of muscle activity. The target
level of muscle activity was sufficient to elicit the electrically-evoked ves-
tibulocollic reflex, which is only observed in active neck muscles (Watson
and Colebatch, 1998; Forbes et al., 2014). Subjects were instructed to
generate a neck flexion moment by pushing their forehead into the hel-
met. The analog filtered multi-unit signal was processed in real-time by
calculating the RMS (50 ms window), then low-pass filtering (1 Hz) the
RMS for presentation to the experimenter. The subjects were given verbal
feedback throughout the trials to help them maintain a constant level of
muscle activity. To confirm that there was no difference in the level of
muscle activity across all trials, we evaluated the RMS of the filtered EMG
using repeated-measures ANOVAs (10 stimulation conditions).

Nonhuman primate testing

Two male macaque monkeys (Macaca fascicularis, Monkeys B and H)
were prepared for chronic extracellular recording of vestibular afferents
using aseptic surgical techniques. The surgical preparation and postsur-
gery protocol for the monkeys followed the procedures described previ-
ously (Monkey B: Dale and Cullen, 2013; Monkey H: Kwan et al., 2019).
Both animals were given at least 2 weeks to recuperate from the surgery
before any experiments began. Experimental protocols for afferent re-
cordings were approved by the McGill University Animal Care Commit-
tee and were in compliance with the guidelines of the Canadian Council
on Animal Care. To validate that monkey neck muscle activity exhib-
ited similar vestibulcollic reflex (VCR) dynamics to those observed in
humans, three additional male monkeys (Monkeys A, S, and T) were
prepared for multi-unit neck muscle recordings in the left sterno-
cleidomastoid using indwelling electrodes identical to those de-
scribed for human subject testing. Experimental protocols for the
monkey neck muscle recordings were approved by the Johns Hopkins
Animal Care and Use Committee, which is accredited by the Associ-
ation for the Assessment and Accreditation of Laboratory and Animal
Care (AAALAC).

Afferent and neck muscle recordings

During afferent recordings, monkeys were head-restrained in a primate
chair mounted on top of a vestibular turntable. The left vestibular nerve
was identified using the methods described by Jamali et al. (2013).
Briefly, the vestibular nerve was approached via the floccular lobe of the
cerebellum, characterized by its eye-movement-related activity (Lis-
berger and Pavelko, 1986; Cullen and Minor, 2002). Entry to the nerve
was preceded by a silent period indicating that the electrode had left the
cerebellum. Extracellular single-unit activity of primary semicircular ca-
nal afferents was recorded using tungsten microelectrodes (7—10 M)
and 20-25 M(); Frederick-Haer). We limited our study to semicircular
canal afferents because the objective of this study was to explore the
frequency range of afferent dynamics during electrical vestibular stimu-
lation, and because canal and otolith afferents respond similarly (Kwan et
al., 2019). During neck muscle recordings, monkeys were head-
restrained in a stationary primate chair. The monkeys were encouraged
to turn their heads toward a treat against the head restriction to activate
the left sternocleidomastoid muscle. Because this procedure led to burst
of multi-unit muscle activity, it was not possible to isolate single MUs
from the recorded signals.

Afferent and neck muscle signals were bandpass filtered (300-3000
Hz) and digitized at 30 kHz while the electrical stimulation signal was
digitized at 1 kHz. Afferent and stimulation data were collected together
on a Cerebrus Neural Signal Processor (Blackrock Microsystems).

Protocol

During afferent recordings, the monkeys remained seated and restrained
throughout all experiments. Once a single afferent was isolated, the semi-
circular canal innervated by that primary vestibular afferent was deter-
mined based on the response to rotation along horizontal and vertical
axes. To assess whether the afferents recorded in this study have similar
sensitivity to previous studies, these afferents were exposed to whole-
body yaw sinusoidal rotation at frequencies of 1, 2, 4, 8, 10, 12, and 16 Hz
with peak velocity of ~40 deg/s. These data have previously been re-
ported in Kwan et al. (2019). Electrical vestibular stimulation was then
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applied using the signals described in the “Electrical vestibular stimuli”
section. During neck muscle recordings, the same electrical vestibular
stimuli were applied once the monkeys activated their left sternocleido-
mastoid muscle.

Data processing

Raw single and multi-unit data from the human neck muscle recordings
were first high-pass filtered using a phaseless eighth-order Butterworth
digital filter (—3 dB at 320 Hz) to remove the stimulation artifact (Forbes
et al., 2013). High-pass filters with large cutoffs are common for single-
unit recordings (Wilkinson et al., 2008; Luu et al., 2018) because they do
not affect the timing of the extracted MUs; however, their use for multi-
unit recordings is less common. To ensure that digital filtering did not
substantially alter the characteristics of our multi-unit recordings, we
examined the effect of increasing cutoffs (120, 220, and 320 Hz) using
data from the 0—-100 Hz stochastic electrical vestibular stimulation (see
“Electrical vestibular stimuli” section). From the frequency response of
multi-unit signals (sensitivity, phase, and coherence; see “Data analysis”
section), we observed only a moderate decrease in sensitivity with in-
creasing cutoff frequency, ensuring that using a cutoff of 320 Hz could
provide useful estimates of the frequency response functions. This was
further confirmed by comparing frequency responses from multi-unit
EMG and single MU recordings (see Results).

Repeated trials (stochastic stimuli only; see “Electrical vestibular stim-
uli” section) within each subject were concatenated to create single data
records for each condition and analyzed on a subject-by-subject basis.
Single MU action potentials were identified and extracted using template
matching software (Spike2; Cambridge Electronic Design). Single MU
action potentials were identified on the basis of spatial and temporal
characteristics. The algorithm designed a MU template and compared it
with the MU waveform shapes to identify which action potentials be-
longed to a specific MU. All MU action potentials were then manually
reviewed by an experienced investigator to confirm the identified units
and to include action potentials unidentified by the template matching
algorithm. Once MUs were sorted, firing times were exported as binary
MU action potential trains to MATLAB (The MathWorks). The mean
firing rate of all MUs was estimated from each single-unit recording as
the inverse of the mean interspike interval (ISI; 1/p;g;).

Primary vestibular afferents from the nonhuman primate recordings
were classified as regular or irregular based on their resting discharge.
Regularity of resting discharge was estimated using the coefficient of
variation (CV), CV = o4/ g, Where ;g and o7g; are the mean and SD
of the ISI. Because CV varies with the mean ISI, a normalized CV (CV*)
was computed using the ISI distribution to quantify resting discharge
regularity following the same procedure used by Goldberg et al. (1984).
Neurons with a CV* < 0.1 were classified as regular, whereas those with
CV* = 0.1 were classified as irregular (Sadeghi et al., 2007; Jamali et al.,
2013). The mean firing rate of each neuron was also estimated as the
inverse of the mean ISI (1/pg).

Finally, multi-unit EMG data from the monkey neck muscle record-
ings were high-pass filtered using a phaseless eighth-order Butterworth
digital filter (—3 dB at 620 Hz) to remove the stimulation artifact (Forbes
etal., 2013). A higher cutoff was used for monkey neck muscle recordings
because larger stimulation artifacts were observed compared with human
data.

Electrical vestibular stimuli

Electrical vestibular stimulation was applied to both human and monkey
participants using carbon rubber electrodes (human: ~9 cm?; monkey:
~6 cm?) in a binaural bipolar arrangement. The electrodes were coated
with Spectra 360 electrode gel (Parker Laboratories) and secured over the
participant’s mastoid processes using surgical tape. To investigate the
properties of vestibulocollic reflexes at frequencies observed during daily
activities and transient head impact scenarios (Carriot et al., 2014; Wu et
al.,2016,2017), we applied sinusoidal and stochastic signals up to 300 Hz
during both human and animal testing. Specifically, transient head im-
pacts produce acceleration profiles resembling raised cosines with peri-
ods as low as ~0.003 s (i.e.,, ~300 Hz) (Wu et al., 2016). Sinusoidal
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signals ensured that the stimulus power at individual frequencies would
be sufficient to elicit responses in neck MUs and vestibular afferents.
Stochastic signals, which distribute signal power across all frequencies,
allowed us to examine frequency responses between the isolated frequen-
cies tested with the sinusoidal signals across the entire bandwidth (0-300
Hz).

During human volunteer experiments, the stimuli were delivered as
analog signals via a data acquisition board (20 kHz; PXI-6289; National
Instruments) to an isolated constant-current stimulator (STMISOLA;
Biopac). All subjects were exposed to the same realizations of the follow-
ing current stimuli: 1) 80 s sinusoidal stimuli at frequencies of 25, 50, 75,
100, 150, 200, 250, and 300 Hz with a peak amplitude of =3 mA, and 2)
80 s stochastic vestibular stimuli with bandwidths of 0-100 and 0-300
Hz and RMS currents of ~1.70 mA (peak amplitudes of =5 mA). All
signals were generated off-line with MATLAB. Single sine waves were
delivered once and stochastic signals twice for both the single and multi-
unit recording blocks (see “Protocol” section). The 0-100 Hz stochastic
stimulus was used to evaluate the effects of our filtering approach as
mentioned above and matched previous studies characterizing frequency
responses in human neck muscles (Forbes et al., 2013, 2014, 2018).

During animal experiments, the stimuli were generated using
MATLAB and delivered as analog signals to a constant-current stimula-
tor (STMISOLA; Biopac) via a QNX-based real-time data acquisition
system (Hayes et al., 1982) or an arbitrary waveform generator (Keysight
Technologies) as has been previously described (Kwan et al., 2019). The
animals were exposed to the following current stimuli: 1) sinusoidal
stimuli at frequencies of 1, 2, 4, 8, 16, 25, 50, 75, 100, 150, 200, 250, and
300 Hz at a peak amplitude of =1 mA, and 2) 60 s stochastic stimulation
with bandwidths of 0-100 and 0-300 Hz and RMS current of 0.43 and
0.23 mA, respectively (peak amplitudes of =1 mA). The low-frequency
stimuli (1-25 Hz) were used for comparison to previously recorded af-
ferents (Kwan et al., 2019). We collected afferent data for =10 cycles for
lower frequency stimuli (1-25 Hz) and >500 cycles for high-frequency
stimuli (50-300 Hz). For monkey neck muscle responses, preliminary
testing indicated that the stochastic stimuli did not evoke sufficient neck
muscle activity to estimate vestibulocollic reflex dynamics. Therefore, we
have limited the reporting of these data to single sine responses identical
to those used in our human experiments.

Data analysis

We first examined the firing rates of human neck MUs and monkey
primary vestibular afferents evoked by the sinusoidal electrical stimuli by
plotting cycle histograms. Firing rates were visualized by dividing each
cycle into 16 equal-duration bins, calculating the average number of
spikes in each bin across repeated stimulus cycles and dividing by the bin
size. These results were used to examine the average modulation of MU
and primary afferent firing rates on a unit-by-unit basis throughout the
stimulus cycle. For the single MU data, the number of cycles contributing
depended on the baseline firing rate of the unit but varied between
~1200-3000 cycles for each subject in each trial. For the afferent data,
the number of stimulus cycles contributing to the histograms was be-
tween 10 and 20 cycles for lower frequency stimuli (1-25 Hz) and >480
cycles for high-frequency stimuli (50-300 Hz).

To estimate the frequencies at which neck MUs (single MU measures
from humans and multi-unit measures from humans and monkeys) and
vestibular primary afferents exhibit linear responses to electrical vestib-
ular stimuli, we first estimated the coherence between the input electrical
vestibular stimulus s(¢) and the binary spike train (or rectified multi-unit
EMG signal) r(#) during both sinusoidal and stochastic stimulation
(Rosenberg et al., 1989; Halliday et al., 1995). Coherence is a measure of
the linear relationship of the evoked response to the stimulus at a fre-
quency fand is given by C(f) = | P.,( f)]AP.(f) P,.(f)) where P_( f) is
the stimulus-response cross spectrum, P ( f) is the power spectrum of
the stimulus, and P,.( f) is the power spectrum of the spike train (or
rectified multi-unit EMG signal). Coherence was estimated using the
stimulus cycle window for sinusoidal stimuli or 1 s windows (frequency
resolution of 1 Hz) for stochastic stimuli within each single MU, multi-
unit EMG or afferent recording. Spectral estimates obtained for human
and animal data during stochastic stimulation were computed using
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multitaper estimation techniques with eight Slepian functions (Jarvis
and Mitra, 2001) as implemented previously (Sadeghi et al., 2007). At
each frequency point, coherence ranges from 0 for systems with no linear
relation to 1 for linear systems without noise (Pintelon and Schoukens,
2012). The 95% confidence limit for coherence spectra was derived from
the number of disjoint segments to indicate frequencies where coherence
was significantly different from 0 (Halliday et al., 1995). Coherence typ-
ically decreased, and eventually remained below the confidence limit,
with increasing frequencies. We estimated the bandwidth of neck MU
(single MU and multi-unit EMG) and afferent responses during stochas-
tic stimulation using the mean responses across subjects or afferents
when coherence fell below the 95% confidence limit for a frequency
range of at least 5 Hz.

To then characterize the linear component of responses from neck
motoneuron (single MU and multi-unit EMG) and vestibular primary
afferent activity across the stimulated frequencies, we estimated the mean
sensitivity- and phase-frequency responses from the transfer function
H(f) = P, (fYP.(f). Sensitivity and phase indicate the magnitude and
timing of the output neural responses (single MU, multi-unit EMG, or
vestibular afferent) relative to the input electrical stimulus at frequencies
with significant coherence. Coherence values below the 95% confidence
limit indicates a lack of a linear association between the input and output
signal, making the sensitivity and phase estimates unreliable (Halliday et
al., 1995). When this occurred, sensitivity and phase estimates for that
single MU, multi-unit EMG or vestibular afferent signal at that frequency
were removed from the group average and 95% confidence interval.
Because monkeys did not maintain continuous neck muscle activity
throughout the entire duration of each trial, we only used segments of
data where sufficient muscle activity was detected. When the maximum
of the high-pass filtered (see above), rectified EMG signal over a 1 s
window fell below the RMS of the entire filtered signal, that window was
removed from the contribution to the gain and phase estimates. This
resulted in trials ranging from 62 to 80 s of data used to estimate the
sensitivity, phase and coherence.

To determine whether human multi-unit EMG responses could be
used to extract the frequency response of human single neck MUs to
electrical vestibular stimulation, we compared the sensitivity and phase
responses during sinusoidal stimulation using a linear mixed model
(fixed effects: measurement type and frequency; random effect; subject).
Note that single MU sensitivities were first normalized to multi-unit
EMG responses at 25 Hz due to differing units between single-MU and
multi-unit EMG recordings (spk/s/mA vs uV/mA). We then determined
whether the sensitivity and phase differed between regular and irregular
primary afferents and with increasing frequency during sinusoidal stim-
ulation using a linear mixed model (fixed effects: afferent type and fre-
quency; random effect: afferent number) as previously assessed during
low-frequency stimulation (0-25 Hz; Kwan et al., 2019). We were pri-
marily interested in the difference between regular and irregular affer-
ents. Therefore, when interactions were observed, we decomposed them
to determine the effect of afferent type at each frequency using Bonfer-
roni corrected pairwise comparisons. Additional Bonferroni corrected
pairwise comparisons were made to assess the effect of stimulus fre-
quency for both afferent types. To determine whether similar features in
the vestibulocollic response dynamics were observed in both species, we
also examined the sensitivity and phase of the monkey multi-unit EMG.
Estimated sensitivities were normalized to the mean sensitivity measured
across all frequencies.

Finally, to quantify how likely human neck MUs and monkey vestib-
ular afferents fire at fixed time points within the cycle of each sinusoidal
frequency, we estimated a phase-locking index (PLI) using the entropy of
the cycle histogram (Kajikawa and Hackett, 2005) given by the following:

E()

E

PLI=1 —

max

E,= — (P(¢)log, P(¢)]

Emax = IngN
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where P(¢) is the probability of firing a spike as a function of stimulus
phase, E, is the entropy of the probability distribution, and E,_, is the
maximum entropy possible (that of a uniform distribution). This mea-
sure quantifies the degree of phase-locking and ranges between 0 and 1,
where 1 indicates fixed timing of neural firing within the stimulus cycle.
Since phase-locking is a nonlinear behavior, this also provided an assess-
ment of any nonlinear distortions on the linear estimates of sensitivity,
phase and coherence. Because PLI is sensitive to the number of cycles
used in its estimate, we limited our analysis to 10 cycles for low-frequency
sinusoidal stimuli (1-25 Hz) and 20 cycles for high-frequency sinusoidal
stimuli (50-300 Hz). Importantly, at frequencies above the resting firing
rate of the MUs and vestibular afferents many cycles of the stimulus are
missed. Therefore, cycles without spikes were skipped when constructing
the 10 or 20 cycles. The number of cycles used in the estimate was in-
creased to 50 for neck MUs (again skipping cycles without spikes) be-
cause of their lower firing rate (~15 spikes/s) compared with vestibular
afferents (~100 spikes/s). We observed high variability in the PLI esti-
mates for the 25-300 Hz frequencies due to the low number of spikes
within each cycle (often only 1 or 2) for both neck MUs and vestibular
afferents. For these higher frequencies, we therefore used a resampling
approach by repeating our analysis 20 times using windows chosen ran-
domly across our time series and took the mean as the final estimate of
PLI for each MU or vestibular afferent. Finally, to determine any changes
in phase-locking for single MUs with increasing frequency, we analyzed
the PLI using a linear mixed model (fixed effect: frequency; random
effect; subject). Similarly, we assessed any differences in phase-locking
between regular and irregular primary vestibular afferents and with in-
creasing frequency by analyzing PLIs using a linear mixed model (fixed
effect: afferent type and frequency; random effect: afferent number).

Statistics

A significance level of 0.05 was used for all analyses and all values are
expressed as mean = SEM. All statistical analyses were performed using
SPSS software (IBM).

Results

Human neck MU responses

To characterize the frequency bandwidth of the electrically-
evoked vestibulocollic reflexes in humans (Fig. 1), we first evalu-
ated the single MU and multi-unit EMG responses from the
sternocleidomastoid muscle. We focused our analysis on the ster-
nocleidomastoid muscle because it displays consistent responses
to the electrical stimulus at high frequencies (Forbes et al., 2013,
2014). Subjects maintained neck muscle activity through a flex-
ion contraction while sinusoidal and stochastic electrical vestib-
ular stimuli were applied (see Materials and Methods). During
multi-unit EMG trials, subjects maintained constant muscle ac-
tivity (i.e., RMS of filtered EMG) that did not vary across trials
(p = 0.729, Fy63) = 0.68). During single MU trials, subjects
maintained a mean firing rate of 11.1 * 1.0 spk/s (n = 8), well
below the resting firing rate of vestibular afferents (see below)
and the lowest frequency sinusoidal stimulus (25 Hz). We then
examined the response characteristics of single MU and multi-
unit EMG recordings to sinusoidal and stochastic stimulation.
Although these two stimuli were expected to produce similar re-
sponses at overlapping frequencies, sinusoidal signals are more likely
to elicit responses in neck MUs at higher frequencies even if low-pass
filtering progressively diminishes the evoked muscle responses due
to their higher power at the given stimulus frequency. Stochastic
signals, on the other hand, which distribute power across all frequen-
cies, provide a detailed assessment of responses between and across
all of the isolated sinusoidal frequencies.

Figure 2A presents the raster plots and firing rate histograms
of example single MU data, as well as a time series of multi-unit
EMG data, evoked by 50, 100, and 200 Hz sinusoidal stimuli.
Both the single MU firing and multi-unit EMG data were mod-
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Firing behavior and response dynamics of human sternocleidomastoid muscle single MUs to high-frequency (25-300 Hz) sinusoidal electrical vestibular stimulation. 4, Raster plots

from 50 cycles of stimulus oscillation and mean firing rate histograms of example neck MUs together with multi-unit EMG responses during 50, 100 and 200 Hz stimuli. Insets next to the raster plots
are the result of the template match for the identified MU in the recording. B, Population average sensitivity, phase and coherence plotted as a function of frequency for single-unit (purple, n = 8)
and multi-unit EMG (green, n = 8) responses from sternocleidomastoid muscle activity. Error bars indicate 1 SEM. Sensitivity, phase, and coherence of human splenius capitis muscle single MUs

(n = 2) are included as insets for comparison.

ulated by the input stimulus. These responses were consistent
across our dataset. Mean coherence in both single MU (n = 8)
and multi-unit EMG responses (n = 8) was above the 95% con-
fidence interval for all sinusoidal frequencies (Fig. 2B). Further-
more, for both single MUs and multi-unit EMG, sensitivities
increased similarly (p = 0.814, F, g ;) = 0.1; normalized sensi-
tivities) over the 25-75 Hz frequency range before falling to a
plateau at higher frequencies (>100-150 Hz). Generally, phases
decreased with increasing frequencies for both single MU and multi-
unit EMG measures, and both measures decreased at a monotonic
rate with increasing frequency consistent with an ~10-13 ms delay
relative to the input. Phases, however, differed across single MU and
multi-unit EMG measures (p = 0.032, F; 100.0) = 4.7), with pairwise
comparisons revealing that multi-unit EMG phase lags were ~60—
130° lower at only 50 and 75 Hz (p < 0.008 and p = 0.030, respec-
tively, Bonferroni correction). Recordings from the right splenius

capitis muscle in two additional subjects revealed similar sensitivity
and phase responses to the electrical vestibular stimuli relative to the
sternocleidomastoid muscle (Fig. 2B, insets). Taken together, these
results suggest that (1) the bandwidth of vestibular-evoked neck
muscle responses extends as high as 300 Hz and (2) that the fre-
quency response of the vestibulocollic reflex estimated with multi-
unit EMG reflects the response of neck MU activity to vestibular
stimuli.

To provide a more detailed assessment of vestibular-evoked
neck muscle response dynamics, we next characterized single-MU
and multi-unit EMG responses to stochastic vestibular stimula-
tion. Figure 3 illustrates the coherence, sensitivity and phase re-
sponses during stochastic stimuli with data from sinusoidal
stimuli (Fig. 2B) superimposed for comparison. We observed
that mean coherence between the stochastic stimuli and neck
muscle activity was only significant up to ~120 Hz for the single
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Response dynamics of human sternocleidomastoid muscle single MUs (purple, n = 8) and multi-unit EMG (green n = 8) during sinusoidal (square and circle symbols) and stochastic

(lines) vestibular stimulation. Population averages of sensitivity, phase and coherence demonstrate a similarity in responses across the two stimuli. Sensitivity peaked at 75— 85 Hz and decreased
thereafter, whereas phase primarily decreased with frequency. Single MU sensitivity and phase observed in response to stochastic stimuli were plotted up to ~120 Hz because mean coherence fell
below the 95% confidence interval (dotted line segment in coherence plot at frequencies >120 Hz). Error bars and shaded regions indicate 1 SEM for responses to single sines and stochastic

stimulation, respectively.

MU recordings and ~150 Hz for the multi-unit EMG measure-
ments (Fig. 3, dotted line segment in right panel for single MU
measures at frequencies >120 Hz); as a result, sensitivity and
phase estimates were only plotted where significant coherence
was observed. While this reduced bandwidth differs from the
higher frequency (up to 300 Hz) neck muscle responses during
sinusoidal stimuli, it was likely due to the distributed power
among all frequencies included in the stochastic stimulus. In-
deed, where coherence was significant, sensitivity and phase for
single MUs and multi-unit EMG showed similar trends as those
evoked by sinusoidal stimuli, whereby sensitivity peaked between
50 and 75 Hz and phase progressively decreased with increasing
frequency. Altogether, our human data show that neck muscles
respond to electrical vestibular stimulation at frequencies associ-
ated with head-impact (i.e., up to 300 Hz) with sensitivities that
remain equivalent to or higher than those at frequencies typically
associated with normal head movements (i.e., 0—-30 Hz).

Primary vestibular afferent responses

Having shown that human neck muscles respond to stimulation
at frequencies up to those reported during head impacts (Wu et
al., 2016), we next sought to identify the vestibular afferent ori-
gins of the evoked motor responses. Specifically, to understand
the relationship between activation of the vestibular system and
the neck responses, we recorded from single isolated vestibular
afferents in monkeys during the same stimulation conditions
(Fig. 4A). We first recorded the spiking activity of 26 semicircular
canal afferents, and assessed the regularity of their resting firing
rate (see Materials and Methods). n = 15 afferents were classified
as regular (CV* = 0.05 = 0.01) and n = 12 afferents were classi-
fied as irregular (CV* = 0.29 % 0.05). The mean resting firing
rates were 108 * 6 spk/s for regular afferents and 73 = 12 spk/s
for irregular afferents. We then examined the response character-
istics of these afferents during sinusoidal electrical stimulation
over frequencies commonly used to assess vestibular responses
during motion and electrical stimuli (1-25 Hz). Consistent with
previous reports (Kwan et al., 2019), the input stimulus modu-
lated the firing rate of vestibular afferents across sinusoidal fre-
quencies at 1-25 Hz (Fig. 4B, insets). The sensitivity of individual

irregular afferents to the input stimulus was higher than all reg-
ular afferents at all frequencies, and the sensitivity of both afferent
types increased as a function of frequency. Analysis of the group
data confirmed these observations (Fig. 4B, insets): significant
main effects were observed for afferent type (p < 0.001, F(, 55 ) =
39.5) and frequency (p < 0.001, F(5950) = 25.0), as well as a
significant interaction of afferent type X frequency (p < 0.001,
F(59s0) = 5.2). Pairwise comparisons confirmed the higher sen-
sitivity of irregular afferents (~ 2-4 times) at all frequencies
(multiple p < 0.01, Bonferroni correction). In contrast, phase
leads of both regular and irregular afferents to these lower fre-
quency stimuli (0-25 Hz) were similar (p = 0.833, F(; 55,y = 0.1)
and both increased as a function of frequency (p < 0.001, F5 g9 5
= 19.8), with no afferent type X frequency interaction (p =
0.852, F5.90.5) = 0.4).

To establish how afferents respond to high-frequency electri-
cal stimulation (i.e., > 25 Hz), we examined the response char-
acteristics in the same group of neurons during sinusoidal stimuli
up to 300 Hz. Figure 4A shows the raster plots and firing rate
histograms of example regular and irregular afferent responses
evoked by 50, 100 and 200 Hz sinusoidal electrical vestibular
stimuli. The evoked activity of individual afferents at high fre-
quencies was consistent with low-frequency afferent responses to
electrical stimulation: (1) firing rates of both afferent types mod-
ulated with the input stimulus, and (2) irregular afferents had a
greater sensitivity compared with regular afferents. These results
were confirmed across our dataset for all afferents. Mean coher-
ence was above the 95% confidence limit at all frequencies for
both irregular and regular afferents (Fig. 4B). For response sen-
sitivities, significant main effects were observed for afferent type
(p <0.001, F, 55y = 28.1) and frequency (p < 0.001, F(,, 53, 5)
= 33.1), as well as a significant interaction of afferent type X
frequency (p < 0.001, F(;5 315, = 3.4). Decomposition of the
interaction revealed that, except for 100 and 300 Hz stimuli, sen-
sitivity for the irregular afferents was ~2—4 times higher than
regular afferents (Fig. 4B) (p < 0.05 for all frequencies except 100
and 300 Hz, Bonferroni correction). For frequencies > 100 Hz,
however, sensitivities in both afferent types plateaued (Fig. 4B)
and no effect of frequency was observed from 150 to 300 Hz (all
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Firing behavior and response dynamics of monkey vestibular afferents to high-frequency (0300 Hz) sinusoidal electrical vestibular stimulation. A, Raster plots from 50 cycles of

stimulus oscillation and mean firing rate histograms of example reqular (blue) and irregular (red) afferents at 50, 100, and 200 Hz stimuli. The majority of afferents responded to the electrical
stimulus by modulating their firing rate, however, some irregular vestibular afferents tended to lock their firing to specific phases of the input stimulus (insets), particularly when the stimulus
frequency exceeded ~100 Hz. B, Population average sensitivity, phase and coherence plotted as a function of frequency for regular (blue, n = 10—15) and irreqular (red, n = 8 -12) afferents.

Responses at low frequencies are included as insets for comparison. Error bars indicate 1 SEM.

pairwise comparisons p > 0.05). Phase responses at high frequen-
cies (> 25 Hz) in both afferents also differed from low frequen-
cies: phase leads continued to increase reaching ~40° at 50-75
Hz, however, at frequencies > 75 Hz the phase began lagging the
input stimulus and reached ~—135° at 300 Hz. Significant main
effects were observed for afferent type (p = 0.003, F, 145, = 11.5)
and frequency (p < 0.001, F(;;,3,0) = 129.5), as well as a sig-
nificant interaction of afferent type X frequency (p = 0.002,
F(12232.9) = 2.7). Decomposition of the interaction revealed that

phase between the two afferent types differed only at 75 Hz (p =
0.009) and 250 Hz (p = 0.003). At these two frequencies, how-
ever, the mean differences in phase (75 Hz: 33.3 = 8.5% 250 Hz:
46.2 £ 9.7°) represent a time difference of 1.2 and 0.5 ms, respec-
tively, in their response to the electrical input stimulus. Overall,
these results demonstrate that afferents are capable of responding
to high frequency (up to 300 Hz) transmastoid electrical stimuli.

We next examined the sensitivity- and phase-frequency esti-
mates during stochastic vestibular stimulation in a second group
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the dotted gray lines depict the unity relationship.

of afferents (regular, n = 31; irregular, n = 16) and compared
their responses to those evoked during sinusoidal vestibular stim-
uli (Fig. 5A). The CV* (regular: 0.06 * 0.01, irregular: 0.23 =
0.04) and mean resting firing rates (regular: 111 = 4 spk/s, irreg-
ular: 94 = 10 spk/s) of these afferents were comparable to those
recorded during sinusoidal vestibular stimuli (Student’s ¢ test:
regular both p > 0.05, t,4) < 0.87; irregular both p > 0.05, t,,, <
1.4). Primary vestibular afferent activity evoked by the stochastic
stimuli produced significant responses spanning a frequency
range from 0 to 250 Hz. Comparison with responses to sinusoidal
stimuli over this range revealed similar general trends, namely
increasing sensitivity and phase lead up to ~75 Hz, as well as a
plateau in sensitivity and decreasing phase above 100 Hz for both
afferent types. Differences in phase at high frequencies (>100
Hz), however, were observed between stochastic and sinusoidal
stimuli (see nonoverlapping confidence intervals Fig. 5A, mid-
dle). Above 100 Hz, the phase between afferent activity and sto-
chastic vestibular stimuli varied but remained around ~0°, while
the phase between afferent responses and sinusoidal stimuli
reached lags up to ~—135° at 300 Hz. More notably, stochastic
electrical stimuli elicited substantial peaks in sensitivity at fre-
quencies between 100 and 150 Hz in both regular and irregular
afferents (but more defined in regular afferents) that were not

observed in the mean response to sinusoidal stimuli (Fig. 5A4). On
average, these sensitivity peaks were ~8 and 2 times higher than
the sensitivity at surrounding frequencies during sinusoidal stim-
ulation (100 and 150 Hz) for regular and irregular afferents, re-
spectively. These peaks also occurred on average at frequencies of
112 * 20 Hz for regular afferents and 121 = 38 Hz for irregular
afferents, which, for the regular afferents, was similar to their
resting firing rate (111 =+ 4 spk/s). The frequency at which sensi-
tivity peaked also aligned with the shift in phase where afferent
firing rate began to lag the stimulus. These results suggest, at least
for regular afferents, that the frequency of peak sensitivity is
linked to the afferent resting discharge regularity.

To test this possibility, we plotted the frequency at which peak
sensitivity was identified against the resting firing rate of each
afferent together with its CV* (with CV* depicted as symbol size)
(Fig. 5B,C). As shown in Figure 5B, we found a strong positive
linear correlation for regular afferents (R* = 0.89, p < 0.001;
solid black line), which with the exception of a single afferent was
characterized by a unity relationship (dotted gray line) between
the frequency of peak sensitivity and resting firing rate. Figure 5C
illustrates this same relationship plotted for irregular afferents.
Although there was no significant correlation between the fre-
quency of peak sensitivity and resting firing across all irregular



Forbes et al. ® High-Frequency Vestibulocollic Reflexes

J. Neurosci., February 26, 2020 - 40(9):1874—1887 « 1883

A 04 — Regular afferent _ Irregular afferent B 04 - Motor unit
0.1
- r r splenius
capitis
0.3 - - 03 Al

x x //\\\

3 S / \jx\\,(
£ B [ < sternocleido- N
o o mastoid

i= £

S 0.2 - = S 0.2

o o

- -

® L L © L

17} - 0

© 4 _ ©

= S £

0.1 - 0.1
0 & 1 1 1 z 1 1 1 0 1 1 ]
0 100 200 300 O 100 200 300 0 100 200 300
Frequency [Hz] Frequency [Hz] Frequency [Hz]

Figure 6.

Phase-locking index of monkey single vestibular afferents (4) and human sternocleidomastoid muscle single MUs (B) plotted as a function of frequency. 4, Phase-locking indices

estimated for reqular (blue) and irregular (red) vestibular afferents increased to a plateau at ~150 and ~100 Hz, respectively. Error bars indicate 1SEM (reqular:n = 10-15; irreqular:n = 8 -12).
B, Phase-locking index estimated for MUs reached a peak of ~0.1at 75 Hz after which it progressively decreased with frequency. Error bars indicate 1 SEM (n = 8). Phase-locking index of human

splenius capitis muscle single MUs (n = 2) are included as insets for comparison.

afferents (R* = 0.28, p = 0.30; solid gray line), there was a posi-
tive linear relationship (R* = 0.99, p < 0.001; solid black line)
when we considered neurons with lower coefficients of variation
(i.e., CV* < 0.3: n = 12). Specifically, when we excluded the 4
afferents with the highest resting rate variability (i.e., n = 4; larg-
est circles), the frequency of peak sensitivity and resting firing was
again described by a unity relationship (cf. dotted gray lines in
Fig. 5B, C). Further, the sensitivity of the four excluded, highly
irregular, afferents did not display distinct peaks across the stim-
ulated bandwidth but rather progressively increased to a plateau
around 100—150 Hz. Thus, taken together our results suggest that
the frequency of a given afferent’s resting firing rate (when dis-
tinct) is linked to the frequency at which it will exhibit peak
sensitivity to an electrical vestibular stimulus.

Nonlinear responses in monkey vestibular afferents and
human neck MUs

Although most vestibular afferents responded to the high-
frequency electrical stimulation through modulation of their fir-
ing rate (Fig. 4A), examination of individual irregular afferent
firing rate histograms revealed their firing tended to align (or
lock) to specific phases of sinusoidal stimulus, particularly for
frequencies >~100 Hz (see, insets in Fig. 4A, irregular afferent
firing rate histograms). To quantify the extent of this phase-
locking, we calculated the PLI (see Materials and Methods) in
response to sinusoidal electrical stimuli up to 300 Hz. As shown
in Figure 6A, the average PLI for regular and irregular afferents
increased as a function of frequency (main effect: p < 0.001,
F15548) = 52.1) and reached a plateau of ~0.14 and ~0.18 at a
stimulus frequency of ~150 and ~100 Hz, respectively. On av-
erage, irregular afferents demonstrated higher PLIs than regular
afferents at all frequencies but the difference in phase-locking
between the two afferent types was not significant (p = 0.158,
F(1.109) = 2.2). More notably, the frequency at which PLIs pla-
teaued for both afferent types matched the approximate frequency
where sensitivity also plateaued and phase shifted from alead to alag
response (Fig. 5A). This suggests that these changes in sensitivity and
phase at high frequencies are linked to the increased tendency for
afferents to phase-lock to the input stimulus.

Based on these results, we then examined whether we could
observe any evidence of this vestibular afferent phase-locking in
the downstream vestibularly-driven responses of neck motoneu-
rons. We found that phase-locking in sternocleidomastoid MUs
(Fig. 6B) increased with stimulus frequency only up to 75 Hz and
then steadily decreased to a value of ~0.050 for the 300 Hz stim-
ulus (p < 0.001, F; 450y = 9.703). Similar responses were also
observed in splenius capitis MUs in two subjects (Fig. 6B, inset).
These results contrast with our above findings for vestibular af-
ferents, which showed increasing phase-locking up to frequencies
of ~100-150 Hz. Further, it is noteworthy that the decreasing
tendency for neck MUs to phase lock at frequencies >75 Hz
aligned with the low-pass cutoff at ~70—80 Hz observed in their
response sensitivity (Fig. 3). Finally, the average PLI observed in
sternocleidomastoid MUs across all equivalent frequencies (25—
300 Hz) was only ~41-52% of the average PLI observed for
vestibular afferents (Student’s ¢ tests: p < 0.002, Bonferroni’s
correction for multiple comparisons; 0.061 £ 0.004 vs 0.154 *+
0.007 and 0.116 = 0.007, for irregular and regular afferents, re-
spectively). Overall, our results demonstrate that vestibular affer-
ents show increasing sensitivity and phase lead with frequency in
response to electrical stimulation up to the resting firing rate of the
afferent (100—150 Hz), but thereafter sensitivity plateaus and affer-
ent firing tends to phase-lock with the input stimulus. Further, we
found that there is limited transmission of this high-frequency
phase-locking observed in vestibular afferents to neck MUs.

Human and monkey exhibit similar vestibulocollic

reflex dynamics

Thus far, we have shown that human vestibulocollic reflexes can
be evoked by high-frequency vestibular afferent activity, but un-
dergo low-pass neural filtering that diminishes their influence at
frequencies above 75 Hz. To validate our approach combining
human neck muscle and nonhuman primate vestibular afferent
responses, we next recorded multi-unit neck muscle activity in
three monkeys during sinusoidal electrical stimuli. We found
qualitatively similar results in the sensitivity and phase responses
in monkeys relative to our human data (Fig. 7, top). Specifically,
sensitivity increased with frequency to a peak before decreasing at
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Figure 7.

Schematic depicting the neural low-pass filtering observed in the monkey vestibulocollic reflex and the potential neural substrates responsible. Sensitivities from each monkey (gray

lines in the top plot, n = 3) were normalized to the mean sensitivity across all frequencies. Error bars indicate 1 SEM. The proposed filtering mechanisms limit both the increasing sensitivity of
vestibular afferents at high frequencies and the tendency for vestibular afferents (regular: blue; irregular: red) to phase-lock at frequencies above the resting firing rate. Vestibular afferent dynamics
during the stochastic stimulus are plotted together with transfer functions (dashed lines) obtained from Kwan et al. (2019).

higher frequencies, whereas phase decreased monotonically with
frequency. On average, the sensitivity of vestibulocollic reflex
responses recorded in the monkey sternocleidomastoid muscle
peaked at ~100-150 Hz, corresponding to frequencies that were
higher than the peak we observed for this same muscle in humans
(~70-80 Hz). Furthermore, response phases were comparable
across species. These results suggest that the afferent and neural
pathway dynamics subserving the VCR in humans and monkeys
are similar, but that monkey VCRs can function across a higher
frequency bandwidth compared with humans.

Discussion

The primary aim of this study was to gain new insight into the
neural mechanisms that stabilize the head via the vestibulocollic
reflex at high frequencies generated by dynamic events such as
head impacts. We first found that human neck motoneurons
responded to stimulation up to 300 Hz, well above the highest
frequencies reported to produce vestibular-evoked neck muscle
activity (75 Hz) (Forbes et al., 2013). Sensitivities peaked at a
cutoff of ~70—80 Hz and then decreased at higher frequencies,
while phase primarily decreased (i.e., lagged) across the entire
bandwidth. Human single neck MU responses matched neck
multi-unit EMG responses, confirming that the latter provides a
robust estimate of vestibular-evoked neck muscle activity (Forbes
et al., 2014, 2018). We next recorded from primary vestibular
afferents in monkeys during comparable stimulation and found
that they also responded to stimulation up to 300 Hz. In partic-
ular, afferent sensitivities and phases increased (i.e., led) with
frequencies up to values approaching their resting firing rates
(~100 spk/s). At higher frequencies, afferent sensitivities pla-
teaued and responses tended to phase-lock with the input stim-
ulus. Notably, this feature of afferent responses was not observed

in human neck motoneurons, which instead showed significantly
less phase-locking that also decreased (rather than increased) at
frequencies >75 Hz. Finally, we recorded monkey neck muscle
activity during vestibular stimulation and revealed qualitatively
similar vestibulocollic reflex dynamics to those observed in hu-
mans. Taken together, our results indicate that the vestibular
system is capable of transducing and transmitting high-
frequency information that subsequently evokes neck muscle re-
sponses via vestibulocollic reflexes.

In both decerebrate and alert behaving animals, vestibular
activity generated by imposed head motion (or electrical stimu-
lation) evokes neck muscle responses that drive corrective head
movements in the opposite direction (Ezure and Sasaki, 1978;
Bilotto et al., 1982; Peterson et al., 1985; Goldberg and Peterson,
1986; Guitton et al., 1986; Dutia and Price, 1987; Wei and Ange-
laki, 2004; Forbes et al., 2014). Originating from both canal and
otolith end organs (Sugiuchi et al., 2004; Uchino et al., 2005;
Shinoda et al., 2006; Uchino and Kushiro, 2011), these VCR re-
sponses contribute to stabilization of the head in space. Notably,
control systems analysis of the head-neck system lead to the sug-
gestion that the VCR helps dampen the underdamped mechanics
of the head-neck over a narrow band near the resonant frequency
(1-3 Hz), while vision and head inertia make more significant
contributions to head stabilization at lower and higher frequen-
cies, respectively (Peng et al., 1996, 1997, 1999). Accordingly, the
majority of studies investigating the VCR have been limited to
frequencies up to ~4 Hz. Here, we further our understanding of
the VCR by using an electrical stimuli to characterize vestibular
afferent responses in monkeys as well as neck muscle responses in
monkeys and humans up to frequencies reported during tran-
sient head-impacts (~300 Hz; Wu et al., 2016). Specifically, the
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increasing sensitivity of neck muscles to vestibular stimuli up to
~70-80 Hz in humans and ~100-150 Hz in monkeys demon-
strates that peak VCR contributions to neck muscle activity oc-
curs at frequencies likely produced by head transients (and not
the resonant frequency of the head). Further, our current results
suggest similarities in human and monkey neck muscle responses
that help establish a nonhuman primate model for investigating
VCR reflex pathways. This correspondence aligns with parallel
observations in the statistics of natural vestibular stimuli experi-
enced by both species (Carriot et al., 2017), as well as neck muscle
recruitment profiles during eye-head gaze shifts (Corneil et al.,
2001; Goonetilleke et al., 2015) and the morphology and function
of many neck muscles (Kamibayashi and Richmond, 1998; Rich-
mond et al., 2001).

As noted above, before this study the VCR has only been
probed over a limited frequency range, and thus the response
dynamics of the vestibulocollic pathway were not known (Fig. 7).
Here, we found that primary vestibular afferents respond to ves-
tibular stimuli up to 300 Hz, whereas neck MUs comparatively
demonstrate low-pass neural filtering of this input. This leads to
the question: where does this filtering occur? In addition to direct
projection from the vestibular nuclei, several indirect neural
pathways transmit vestibular afferent signals (via the vestibular
nuclei) to neck motoneurons, including the reticular formation
and the interstitial nucleus of Cajal (Fig. 1) (for review, see Wil-
son and Schor, 1999; Goldberg and Cullen, 2011). Vestibular
nuclei neurons, however, are an unlikely source of the observed
neuronal filtering since similar to irregular vestibular afferents
they tend to discriminate and encode self-motion stimuli
through the precise timing of spikes (i.e., phase-locking) (Jamali
et al., 2016; Jamali et al., 2019). An alternative possibility is that
the indirect rather than direct vestibulospinal pathways are the
main contributor to limiting the bandwidth of evoked neck mo-
tor responses since cutoffs of descending vestibular signals vary
substantially across muscles (e.g., neck vs lower-limb muscles)
(Forbes etal., 2013, 2015). Indeed, previous studies have empha-
sized that indirect pathways transmitting vestibular signals to the
neck motoneurons make a dominant contribution to vestibulo-
collic reflexes (Shinoda and Yoshida, 1974; Wilson and Maeda,
1974; Fukushima et al., 1977; Ezure et al., 1978; Peterson et al.,
1980; Bilotto et al., 1982; Fukushima et al., 1994). Further studies
including multiple recordings along the different vestibulocollic
pathways, will be required to parse these separate effects on the
evoked neck muscle responses.

During most daily activities, the frequency content of head
movements is limited to the physiologically relevant range of
0-30 Hz (Grossman et al., 1988; Huterer and Cullen, 2002; Car-
riot et al., 2014). The biomechanics and neural control of the
body filter externally-induced environmental motion, causing
the spectral power of head movement to rapidly decrease at fre-
quencies above ~5-10 Hz (Carriot et al., 2014). This occurs de-
spite interactions with our environment, such as heel strikes
while walking, that can produce vibrations in the foot with fre-
quency content as high as 75 Hz (Simon et al., 1981). Direct head
impacts and riding a roller coaster, however, can evoke head
kinematics at frequencies above 100 Hz (Kuo et al., 2017; Wu et
al., 2017). Massot et al. (2011) postulated that the increasing
sensitivity of vestibular primary afferents with frequency, as also
seen here up to their resting firing rate (~100-150 Hz), compen-
sates for the decreasing spectral power of vestibular input, thus
broadening the capacity for vestibular afferents to encode high-
frequency head movements. Indeed, both vestibular afferent and
nuclei neurons encode natural self-motion through whitening
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over a 0 to 20 Hz bandwidth (i.e., maintaining constant spectral
power across frequencies), a mechanism dependent on the in-
creasing neural sensitivity and variability with frequency (Mitch-
elletal.,2018). The increased afferent and neck muscle sensitivity
to the input stimulus from 0 to 100 Hz suggests that the mecha-
nism underlying whitening in vestibular pathways could extend
beyond the physiological range of head movement (0-30 Hz).

Our results have additional implications for the encoding
strategies used by the different vestibular afferents as well as the
neck MUs in response to the electrical stimulus. First, by stimu-
lating vestibular afferents with a stochastic signal, we found a
large peak in sensitivity for each afferent that corresponded to its
resting firing rate, with the exception of highly irregular afferents
(CV* > 0.3) for which sensitivity progressively increased to a
plateau. We speculate that an afferent’s tendency to fire at a spe-
cific rate makes it inherently sensitive to input stimuli at that
frequency. This may also explain why irregular afferents are more
sensitive across all frequencies compared with regular afferents
(e.g., Goldberg et al., 1984; Kwan et al., 2019). The tendency for
irregular afferents to fire across a wide frequency bandwidth
when at rest (Sadeghi et al., 2007; Massot et al., 2011) could make
them more responsive to a wide range of frequencies compared
with regular afferents. Second, the low-pass filtering behavior in
the vestibulocollic pathways at frequencies above ~75 Hz in hu-
mans (and ~100-150 Hz in monkeys) may explain why phase-
locking in neck motoneurons is relatively diminished compared
with the plateau observed in the afferents at frequencies >100—
150 Hz. Although recent evidence indicates that temporal coding
may be important for motor control (Sober et al., 2018), our
findings suggest a minimal role for neck motoneuron phase-
locking relative to rate coding in generating vestibulocollic re-
flexes over the large frequency range tested. Similar responses are
expected across additional neck muscles given that high-
frequency VCR responses are observed in deep and superficial
neck muscles (Forbes et al., 2018).

Our present findings provide a new perspective on the contri-
butions of vestibulocollic pathways to head stabilization in re-
sponse to high-frequency transient head movements. Given the
widespread influence of vestibular signals over all neck muscles
(Forbes et al., 2018), which extends well beyond the highest fre-
quencies of natural head movements (~30 Hz; Grossman et al.,
1988; Carriot et al., 2014), we propose that the transmission of
high-frequency vestibular activity may serve to respond to tran-
sient events, such as those experienced during extreme sports or
head impacts (Wu et al., 2017).
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