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ABSTRACT 
 
A group of vestibular afferent nerve fibers with irregular-firing resting discharges are thought 
to play a prominent role in responses to fast head movements and vestibular plasticity. We 
show that in C57BL/6 mice (either sex, 4-5 weeks old) normal activity in the efferent 
vestibular pathway is required for function of these irregular afferents. Thermal inhibition of 
efferent fibers results in a profound inhibition of irregular afferents’ resting discharges, 
rendering them inadequate for signaling head movements. In this way, efferent inputs adjust 
the contribution of the peripheral irregular afferent pathway that plays a critical role in 
peripheral vestibular signaling and plasticity. 
 
  



Significance Statement 
 
Vestibular end organs in the inner ear receive efferent inputs from the brainstem. Previously, 
electrical stimulation of efferents was linked to an increase in resting discharges of afferents 
and a decrease in their sensitivities. Here, we show that localized thermal inhibition of 
unmyelinated efferents results in a significant decrease in the activity of afferent nerve fibers, 
particularly those with irregular resting discharges implicated in responses to fast head 
movements and vestibular compensation. Thus, by up- and down-regulating of afferent firing 
– particularly irregular afferents – efferents adjust neural activity sensitive to rapid head 
movements. These findings support the notion that peripheral vestibular end organs are not 
passive transducers of head movements and their sensory signal transmission is modulated 
by efferent inputs.    
 
  



INTRODUCTION 
 
The vestibular system provides information critical for maintaining stable balance and eye 
movements during normal activities. Vestibular dysfunction, which affects 35% of Americans 
above 40 years of age, disrupts routine daily activities and results in significant health 
related costs (Agrawal et al., 2013). Previous studies have shown that vestibular information 
is carried in two channels: a phasic channel that encodes high frequency head movements 
and a tonic, broad band channel that provides general information about head movements 
(Sadeghi et al., 2007b; Beraneck and Straka, 2011; Eatock and Songer, 2011). In the 
vestibular periphery, neurons with regular resting discharge rates form the tonic channel and 
those with irregular discharge rates form the phasic pathway. These afferents innervate two 
types of hair cells: cylindrical type II hair cells and flask-shaped type I hair cells (Fernandez 
et al., 1995). Afferents with bouton terminals that contact only type II hair cells have highly 
regular resting discharges and those with calyx terminals that contact only type I hair cells 
have highly irregular resting discharges (Goldberg et al., 1992). However, most regular and 
irregular afferents receive inputs from both type I and type II hair cells. 
  
The vestibular organs of almost every vertebrate also receive a prominent efferent 
innervation that originates from a few hundred neurons located in the brainstem bilaterally 
(Gacek and Lyon, 1974; Goldberg and Fernandez, 1980). Each efferent axon branches 
profusely in the vestibular neuroepithelium (Purcell and Perachio, 1997) to innervate type II 
hair cells and afferent boutons and calyx terminals (Goldberg et al., 1990a). Recent studies 
have shown that cochlear and vestibular hair cells express 9 10 acetylcholine receptor 
(AChR) (Hiel et al., 1996; Katz et al., 2004) that has an inhibitory effect (Glowatzki and 
Fuchs, 2000; Wersinger and Fuchs, 2011; Zhou et al., 2013; Poppi et al., 2018). On the 
other hand, calyx terminals express excitatory 4 2 or 6 2 AChR (Holt et al., 2015). With 
efferent stimulation in mammals, the sum of the above effects results in an increase in the 
resting discharge of afferents and a decrease in their sensitivity (Goldberg and Fernandez, 
1980); an effect that is directly related to the irregularity of resting discharge (Goldberg and 
Fernandez, 1980; Plotnik et al., 2002; Sadeghi et al., 2009a).The above findings suggest 
that efferents might function to modify the firing properties of afferents. This notion is 
supported by vestibular defects in two mouse models with efferent dysfunction. Calcitonin 
gene related protein (CGRP) (Luebke et al., 2014) and α9 (Hubner et al., 2015, 2017) 
knockout mice show abnormalities in the development of the vestibulo-ocular reflex (VOR) 
response as well as its adaptation and compensation. To date, no studies have attempted to 
silence the efferents in order to observe their direct effect on the function of afferents. 
 
In the present study, we investigated the hypothesis that increasing the temperature around 
the axons of efferents would reversibly inhibit them, providing the means for studying the 
absence of their function directly. The rationale for these studies is based on the fact that 
efferent (but not afferent) fibers are thin and unmyelinated or lightly myelinated (Luebke et 
al., 2014; Holt et al., 2015; Jordan et al., 2015) and that such fibers could be inhibited by 
heat (Wakabayashi et al., 1993; Tsuchiya et al., 1994; Duke et al., 2012; Duke et al., 2013; 
Lothet et al., 2017). To test this hypothesis, we recorded from the vestibular nerve afferent 
fibers to quantify the effect of efferent inhibition via heating with LED coupled optical fibers or 
warm saline application. We observed that a rise in temperature over the vestibular nerve 
axons or brainstem midline (i.e., commissural efferents) resulted in an inhibition of afferents. 
Importantly, the magnitude of afferent inhibition was in direct relation to the irregularity of 
afferent resting discharges. Our results suggest that efferent inputs play an important role in 
adjusting the resting discharge rates of afferents, particularly those of irregular fibers that 
encode rapid head movements and are required for normal vestibular adaptation and 
compensation.  
 
MATERIALS AND METHODS 
 



Surgery 
 
Recordings were made from 97 C57BL/6 mice of either sex between the ages of P28-P35. 
Mice were deeply anesthetized by intraperitoneal injection of ketamine (80 mg/kg) and 
xylazine (10 mg/kg). Once unresponsive to toe pinch, a mouse was held in a stereotaxic 
frame on top of a turntable.  The bone was exposed through a midline incision of the skin on 
top of the head and a craniotomy was performed in the lateral part of the parietal bone. The 
lateral portion of the cerebellum was then carefully aspirated, avoiding major blood vessels, 
until the Scarpa’s ganglion and the 8th nerve were exposed. The level of sedation was tested 
at 30 – 45 min intervals via toe pinch and additional doses of anesthesia (30% – 50% of the 
original dose) were administered if necessary. All procedures were approved by the 
Institutional Animal Care and Use Committee at the University at Buffalo and carried out in 
accordance with NIH guidelines. 
 
Neural recording and data acquisition 
 
Single-unit extracellular recordings from the vestibular nerve were performed using glass 
electrodes with impedances of about 20 MΩ. Electrodes were fabricated from borosilicate 
glass capillaries with 1 mm outer diameters (World Precision Instruments) using a P-1000 
filament puller (Sutter Instruments) and were filled with 3M NaCl solution. The electrode was 
driven by a single axis micromanipulator (MO-10, Narishige) and positioned over the nerve, 
close to the ganglion under direct visualization through a surgical microscope (Zeiss). Only 
vestibular afferents with spontaneous resting discharge were recorded. In a few cases, once 
the unit was isolated, animals were rotated by the turntable. This was used to roughly 
identify whether these afferents were innervated by the horizontal canal, vertical canals, or 
otolith organs (Sadeghi et al. 2007a and 2009a). The velocity of the rotational movement 
was measured by a velocity sensor (DTS) attached to the table.  Signals from the nerve 
were amplified and band-pass filtered between 300 Hz and 1 kHz (EXT-02B amplifier, npi). 
An external auditory speaker was used to discern the activity of neurons. In addition, the 
voltage from the microelectrode was digitized with a 16-bit A/D converter at a sampling rate 
of 25 kHz (micro1401, CED).  All signals were then recorded on a PC for offline analysis. 

 
Optical stimulation and temperature measurement  
 
Optical stimulation was provided by LED-coupled optical fibers (Prizmatix) that provided blue 
(460 nm, 75 mW at the tip) or red (655 nm, 40 mW at the tip) light. A single-mode fiber optic 
cable with a 500 μm diameter (NA 0.63) was positioned ~0.5 mm away from the nerve or 
ganglion under direct visual observation. The duration and timing of light pulses were 
controlled by TTL pulses that were also recorded by micro1401.  Intensity of the light could 
be adjusted accurately by a 10-turn potentiometer.  
 
Temperature was measured by a thermocouple probe (CN-7823, Omega engineering) with 
a diameter of 0.5 mm. The tip of the probe was inserted into the nerve directly below the 
optical fiber, to record the temperature at the site of stimulus or at other positions along the 
nerve to record the spread of heat to those areas. Measured values were transferred to the 
computer and recorded using Omega CN7-A software and saved for further analysis. Due to 
the exposure through the craniotomy, the temperature of the vestibular nerve and ganglion 
was typically similar to room temperature at the beginning of experiments. The net energy 
absorbed (Q) during changes in temperature can be represented as Q = mcΔT, where m is 
the mass of the affected volume, c is its specific heat capacity and ΔT is the net change in 
temperature. Given that m and c are constants, we preferably used ΔT (oC, as measured by 
the probe) rather than converting it to Q (joules) for our analysis.  

 
Thermal stimulation by application of warm saline 
 



To test the effect of heating or cooling, warm or cold solutions were applied inside the 
craniotomy through a tube with a ~0.5 mm tip, positioned on the side of the craniotomy 
opening and excess solution was also suctioned at the edge of the craniotomy. The solution 
was heated using an in-line solution heater (SH-27B, Warner Instruments).  The final 
temperature was set by a controller (TC-324C, Warner Instruments) that received feedback 
from its sensor positioned near the application tip; this held the temperature relatively 
constant at the specified set values (i.e., temperature plateaus) with only minor oscillations 
of < 0.5 oC per minute.  Temperatures thus obtained could be recorded in real time via the 
A/D converter.  In a few cases we compared the difference between the actual temperature 
measured by another sensor in the nerve and the one providing feedback to the controller 
and observed a constant difference of < 0.6 oC due to loss of heat in the craniotomy. Values 
presented in the text are those measured by the controller sensor and were not corrected. In 
most experiments, flow rate was adjusted by a pump (P720 peristaltic pump, Instech), which 
affected the rate of change in temperature as well as the final steady state temperatures. 
The combination of different rates of application and set temperatures allowed us to achieve 
temperature profiles with different dynamics.  From all the different profiles tested, we used 
three that were different in both the rate of rise of temperature (dT/dt) and the final steady 
state temperature (T). Specifically, we used combinations of flow rates (μl/s) and set 
temperatures (oC) of (rate / temperature): 17 / 38 (Low), 17 / 43 (Medium), and 23 / 48 
(High). The three profiles (Fig. 7A) had peak dT/dt values of 0.06 ± 0.01, 0.1 ± 0.003, and 
0.16 ± 0.005 oC/s and temperature plateaus of about 26.5, 29.5, and 32.5 oC, respectively.  
This allowed us to investigate the effect of dT/dt and change in T on the firing rate of 
afferents.  The temperature plateau was held for at least 100 s and the return to room 
temperature was uncontrolled and achieved by turning the pump and heater off. Between 
each profile, we waited for 5 – 10 min for the temperature to return to room temperature (22 
to 24 oC). As control for any effects due to the solution itself or mechanical effects due to the 
flow of the solution, we applied room temperature saline in a few sessions and observed no 
effect on firing rates of afferents.    

 
Data analysis 
 
Data were imported into Matlab (MathWorks) programming environment for analysis.  Spike 
times were triggered by setting a voltage threshold. The firing rate was represented using a 
spike density function in which a Gaussian was convolved with the binary matrix of spike 
times (Cullen et al. 1996).  Afferents were divided into two groups based on the regularity of 
their resting discharge by calculating the coefficient of variation (CV) from at least 10 s of the 
resting discharge. Because of the dependence of CV on the interspike interval, it was 
normalized by calculating the CV at a mean interspike interval of 15 ms (CV*) (Goldberg et 
al., 1984; Lasker et al., 2008).  For gain analysis of thermal stimulation, temperature traces 
were filtered using Fourier fits of 8 terms (R2=1). Linear gains for ΔT and dT/dt were 
calculated by using the polyfit function in Matlab to yield polynomial fits of the form:  

 
est = c + a(ΔT) + b(dT/dt)   equation (1) 

 
where est is estimation of firing rate, c is a constant representing the resting discharge, and 
a and b are the respective gains of ΔT and dT/dt.  Values of a, b, and c were optimized to 
find the best fit to the recorded firing rate (fr), having the highest R2. For each afferent, 
polynomials with three or two parameters (i.e., a or b set to zero) were used in order to find 
the smallest number of parameters required to find the best estimation.  
 
Statistical analysis 
 
Data are described as mean ± SE. Statistical tests were performed using Excel (Microsoft) 
or Prism (GraphPad) software.  Student's t-tests were used to compare the average of two 



measured parameters. For comparisons of more than two conditions, one-way ANOVA with 
Tukey's post-hoc test was used. Level of statistical significance was set at α = 0.05. 
 
 
RESULTS 
 
Recordings were made from 328 vestibular nerve afferent fibers that had spontaneous 
(resting) discharges. The electrode was positioned under direct visualization, over the 
proximal part of the nerve near the vestibular ganglion.  The average resting discharge was 
20 ± 0.6 spikes/s, with a range of 1 – 75 spikes/s.  A normalized coefficient of variation (CV*) 
was calculated as a measure of regularity of discharge with values in the range of 0.009 to 
1.46.  Similar to previous studies and based on the CV* of  the recorded afferents, which 
showed a bimodal distribution with modes separated by an order of magnitude (Fig. 1A), a 
CV* of 0.1 was used to divide afferents into regular and irregular groups, with about 50% of 
afferents in each group (Goldberg et al., 1984; Lasker et al., 2008; Sadeghi et al., 2009b; Yu 
et al., 2012).  
 
Differential effect of heat on vestibular afferents 
 
We delivered blue light (460 nm, max. power: 75 mW) via an LED-coupled optical fiber (OF) 
with a duty cycle of 90% in one of two locations: over the vestibular ganglion, located just 
outside the bone at the base of the superior canal (henceforth, position G, Fig. 1 schematic) 
or over the distal part of the vestibular nerve where the axons of the afferents and efferents 
are located (position A).  Temperature was measured using a thermocouple sensor with the 
tip positioned in the nerve or ganglion region under the OF.  At each position (A or G), with a 
10 s stimulus at maximum power, the temperature increased from room temperature (~ 22 
oC) to ~ 33 oC, with negligible spread of heat to the other position (~ 2 oC change, Figs. 1B1 
and 1B2). With the LED off, the temperature returned to room temperature in less than 1 
min. Optothermal stimulation at position G affects afferent cell bodies in the ganglion as well 
as efferent fibers passing through the ganglion. Typically, we observed a reversible increase 
in the resting discharge of afferents (Fig. 1C1). This was expected based on previous 
reports showing an increase in the activity of vestibular ganglion neurons with heat (Rajguru 
et al., 2011). While recording from the same fibers, the OF was moved from position G to 
position A, targeting the nerve bundle containing afferent and efferent fibers.  An increase in 
temperature in position A resulted in a reversible inhibition of the irregular afferent, but had 
no effect on the regular fiber (Fig. 1C2). Since electrical or rotational stimulation of efferents 
increases the resting discharges of afferents (Goldberg and Fernandez, 1980; Plotnik et al., 
2002; Sadeghi et al., 2009a), we speculated that the observed light-induced inhibition could 
be due to heat-mediated inhibition of efferent fibers. In support of this idea, a previous study 
in toadfish has shown that heat does not have a retrograde effect on afferent nerve axons 
(Rajguru et al., 2011).  As expected from a heat-mediated effect, once the OF was placed in 
between positions G and A (n = 2), where the temperature would increase over the fibers as 
well as the ganglion, the two effects cancelled each other and little or no change was 
observed in afferent firing rates (Fig. 1D).  
 
For the population of recorded afferents with the fiber optic in position A, there was a direct 
relationship between irregularity of resting discharge (quantified by CV*) and the magnitude 
of the inhibitory effect (Figs. 2A1 and 2B1).  This is similar to the trend observed for 
excitatory responses of afferents to efferent electrical stimulation (e.g., Fig. 10 of Marlinski et 
al., 2004). The relation between the magnitude of inhibition and CV* was present even for 
smaller temperature changes (~5.7 oC) with 3 s stimulation. The proportion of irregular 
afferents that were shut down during stimulation increased from 38% with 3 s stimulation to 
65% with 10 s stimulation (Figs. 2A2 and 2B2) while that of regular afferents only showed a 
slight increase from 21% to 29%.  The percentage inhibition of resting discharge (Fig. 2C) 
for irregular afferents increased from 77.39 ± 6.5% with 3 s stimulation to 91.86 ± 6.5% with 



10 s stimulation (n = 13, paired t-test, p = 0.02). For regular afferents, resting discharge 
inhibition increased from 34.62 ± 6.62% for 3 s to 54.56 ± 8.16% for 10 s stimulation (n = 32, 
paired t-test, p = 0.0002).  
 
With the OF in position G (i.e., over the ganglion), the majority of fibers (65%) showed an 
increase in the resting discharge consistent with previous studies demonstrating excitation 
with increasing temperature over the ganglion region (Dittami et al., 2011).  While most 
regular and irregular afferents showed excitatory responses, a higher percentage of irregular 
afferents (compared to regular afferents) were still inhibited (Fig. 2D).  In a small fraction of 
afferents, an inhibitory response followed by excitation was observed during stimulation. 
This variability could be due to the combination of excitation of afferent cell bodies and 
inhibition of efferent fibers that pass through the ganglion, similar to when the OF was 
between positions A and G (Fig. 1D) and as further addressed in the Discussion.   
 
Optothermal inhibition of afferents is mediated by efferents 
 
To specifically target the efferent fibers, we positioned the OF over brainstem midline in 
order to selectively affect commissural efferent fibers as shown in other mammals: squirrel 
monkey (Goldberg and Fernandez, 1980), cat (Warr, 1975), gerbil (Perachio and Kevetter, 
1989), rat (Wang et al., 2013).  This is the same position used for electrical stimulation of 
vestibular efferents at the floor of the fourth ventricle (Marlinski et al., 2004). The OF was 
advanced ventrally at the midline of the cerebellum until an effect was observed. Typically, 
responses were detected at a depth of ~4 mm from the surface, which matched our 
anatomical measurements in euthanized animals and values obtained from a mouse brain 
atlas (Paxinos and Franklin, 2004).  
 
Figure 3A shows a representative irregular afferent that was inhibited by optothermal 
stimulation over the brainstem midline (position B). The same fiber showed an increase in 
resting discharge with the OF at position G.  A change in position of the OF resulted in loss 
of inhibition (Fig. 3B), suggesting that the affected area was highly localized. In our sample 
of recordings (n = 15), the amount of inhibition was directly related to the irregularity of the 
afferent resting discharge (Fig. 3C), similar to that observed at position A (Figs. 2A1 and 
2B1). Inhibition of afferents with the OF at position B strongly implicates the involvement of 
the efferent vestibular pathway.  
 
To further confirm that the inhibitory effects at positions A and B were mediated solely 
through efferents in the nerve bundle, we suctioned part of the nerve between the ganglion 
and brainstem thereby disconnecting the efferent fibers from the targets in the vestibular 
epithelium.  In order to avoid any heat dissipation between areas, a biocompatible cast 
(Kwik-Cast, WPI) was applied in the craniotomy once the OF and the electrode where in 
position.  The cast did not have any effect per se on the inhibition observed in irregular 
afferent fibers before cutting the nerve (data not shown).  After cutting the nerve, no 
inhibition was observed (Fig. 3D) in any of the recorded fibers (n = 7, control resting rate = 
14.96 +/- 2.83 spikes/s, resting rate with light stimulation = 16.06 +/- 2.84 spikes/s, paired t-
test, p = 0.12). These results further confirm the involvement of efferent vestibular pathway 
in the observed inhibition of irregular afferent fibers.  
 
We explored the interaction between the excitatory effect of heat on vestibular ganglion cell 
bodies and the inhibitory effect on efferent fibers by using two OFs, one at position G and 
one at position B (Fig. 3E).  The OF positioned over the ganglion was connected to a red 
LED (655 nm) and the one at the brainstem to a blue LED. Turning on the blue LED in 
position B (efferent fibers) inhibited the resting discharge of afferent fibers by 100% (Fig. 
3E1) whereas turning on the red LED in position G (vestibular ganglion) resulted in an 
increase in resting discharge by 76% (Fig. 3E2). When both LEDs were turned on 
simultaneously, their individual effects counteracted each other. With blue light at full power 



and red at half power, the sum of the two resulted in 50% inhibition (Fig. 3E3), suggesting 
that the stimulation of the ganglion when the afferents were shut down produced only 50% of 
the resting discharge. Assuming that the effects would interact linearly, with the blue light at 
half power and red at full power an inhibition of 12% (i.e., rr – (0.5rr)(1.76) = 0.12rr, where rr 
is resting rate) was expected. The observed inhibition was 18% (Fig. 3E4), suggesting a 
near linear and independent interaction. These results were similar to that observed with the 
fiber optic in between positions A and G (Fig. 1D). The relation between LED power and 
amount of inhibition is further addressed below. Together, these results provide strong 
evidence for efferent-mediated differential inhibition of afferents by heat.  
 
Effect of stimulation parameters on inhibitory responses 
 
The absence of sensitivity to light (rather than heat) is supported by the fact that while light 
sensitive responses in photoreceptors and optogenetic studies have short latencies of a few 
ms, response latencies in our study were in the order of a few seconds at stimulus onset and 
offset, comparable to the time scale of the change in temperature (Fig. 1B). To further 
elucidate the effect of heat on inhibition, different intensities or durations of light were used in 
order to produce a spectrum of temperatures at position A. First, we observed that for fixed 
durations, the inhibition increased as a function of intensity of the light (Fig. 4A1). In the 
same afferent, for fixed intensities, inhibition increased with increasing durations of 
stimulation (Fig. 4B1). For the population of recorded fibers under different conditions (n = 
6), average inhibition increased with increasing intensity or duration of light application (Figs. 
4A2, 4B2). Furthermore, a direct relation was observed between the maximum inhibition and 
peak temperatures attained during various protocols (Fig. 4C), which were directly related to 
the intensity and duration of the stimulation (Fig. 4D).  
 
Another important difference between heat and light mediated effects is that the latter has 
spectral sensitivity. To test for wavelength-dependent effects, we used interchangeable blue 
and red LEDs connected to an OF at position A.  Regardless of the color of the light, the 
afferent resting discharge was inhibited (Fig 5A).  The inhibition was stronger with the blue 
LED compared to the red LED for all recorded cells (Fig. 5B), which could be explained by 
the lower temperature changes elicited by the red LED (Fig. 5C).  
 
From the above results, it follows that the intensity of inhibition should, to a first order 
approximation, scale with the size of the stimulated area (i.e., higher total energy). To test 
this, we positioned two OFs, side by side over the distal part of the nerve. Although 
individual fibers showed a bias in their responses towards one or the other OF (Fig 5D), the 
population of recorded afferents did not follow a trend in this regard (Fig. 5E).  The inhibition 
was higher when a larger area of the nerve was heated by 2 OFs than the response to 
individual OFs (Fig. 5F). Interestingly, the inhibition observed with simultaneous stimulation 
by both LEDs (77.4 ± 6.29 %) was statistically less than that observed by summation of the 
inhibition of individual LEDs (83.46 ± 5.42 %, paired t-test, p = 0.005). This sublinear 
summation is most likely due to the strong afferent inhibition by each LED and the non-
linearities near zero firing rate. Together, these results show that the inhibitory response 
depends on the duration, intensity, and stimulated surface area, parameters which affect the 
amount of absorbed energy and the resultant temperature rise. 
 
Thermal stimulation by using warm saline 
 
As an alternate to OFs, we manually applied 2-3 drops of warm (~40 oC) sterile saline 
directly over the visible nerve, while recording from an afferent fiber that could be inhibited 
by OF (Fig. 6A1).  The temperature measured near the nerve fiber quickly changed from 
room temperature (~23 oC) to ~35 oC (Fig. 6A2, inset), which resulted in an inhibition of the 
afferent fiber. Interestingly, application of cold saline (~4 oC) resulted in a visible excitation of 
the cell (Fig. 6A3).  This increase in firing rate could simply be attributed to the opposite 



effect of heat on efferents (i.e., disinhibition) and is further addressed in the next section.  It 
is possible that such effects also contribute to the reported improvement of symptoms with 
cooling in patients with demyelination disorders such as multiple sclerosis (Regan et al., 
1977; Feys et al., 2005; Frohman et al., 2011). 
 
While this mode of application certainly showed the effect of temperature change, 
dissipation of heat was rapid and lasted only for ~1 s.  To overcome this problem, we used 
continuous application of saline with a pump and a temperature controller unit, which 
allowed the temperature to rise and stay at a higher temperature (Fig. 6B, top trace). This 
stimulation resulted in an inhibitory response in most afferent fibers (Fig. 6B, bottom trace). 
Notably, compared to OF stimulation, a lower rise in temperature with saline could result in 
much higher inhibitions, presumably because temperature changed over a larger surface 
area of the nerve (i.e., the length of the exposed nerve in the craniotomy), in accordance 
with the results observed in Figure 5D. For the population of recorded fibers during saline 
application, most of the afferents showed an inhibitory response to heat and included both 
regular and irregular afferents, with mean CV* of 0.1 ± 0.01 (Fig. 6C). Note that many of 
these afferents shut down for the smallest possible stimulation.  Interestingly, stabilized 
temperature plateaus showed a revival of the inhibited afferents, which will be further 
addressed in the next section. 
 
All afferents that showed excitation in direct relation to the change in temperature (Fig. 6D 
and 6E) were regular afferents with very low CV* values (CV* = 0.04 ± 0.005) (Fig. 6C). In 
addition to a direct effect of heat on afferent cells bodies in the ganglion, this excitation could 
be due to inhibition of inhibitory efferent inputs onto type II hair cells that provide inputs to 
regular fibers (Kong et al., 1997; Jordan et al., 2015; Poppi et al., 2018). Finally, a few fibers 
(CV* = 0.09 ± 0.026) showed no response to temperature rises, possibly due to the inhibition 
and excitation negating each other.  The salient feature of these experiments is that the 
direction of change in afferent resting discharge depends on the interplay between the 
dynamics of inhibition of efferents as well as the direct excitatory effect of heat on ganglion 
cells, as previously demonstrated using OF (Fig. 3E). Thus, the resultant excitation or 
inhibition in resting discharge of an afferent fiber provides an insight into the importance of 
efferent inputs for its normal function.  

 
Differential effect of temperature and rate of change of temperature 
 
As mentioned above, inhibition of afferents was mainly observed during the period of 
temperature change and once a steady temperature was reached, resting discharges 
revived, suggesting a more prominent role for change in temperature rather than the final 
temperature itself. To identify the most important thermal parameters, we used heating 
profiles with different rates of temperature change and different steady state temperatures. 
By using a combination of different rates of application of saline by the pump and different 
maximum set temperatures of the heater, three modes of heating profiles were achieved 
(Fig. 7A, top panel). Each profile was characterized by a distinct rate of rise and relatively 
stable plateau that lasted for > 100 s, followed by a slow uncontrolled cooling back to room 
temperature. During the temperature steady state, the firing rate of cells that were initially 
inhibited increased exponentially over time (Fig. 7B) to near baseline values, suggesting a 
recovery of efferent activity. We verified this in 2 recordings by showing that optothermal 
stimulation at position A resulted in inhibition during such temperature plateaus. In ~ 50% of 
afferents the resting rates were greater at high temperatures compared to room 
temperature.  
 
Most afferents shut down in response to the lowest heating profile.  In a subpopulation of 
afferents that did not shut down and could be held during multiple profiles, a direct relation 
was observed between peak change in firing rate and the corresponding stimulation profile 
(both heating and cooling) (Fig. 7C). Afferent resting discharges decreased during the 



temperature rise from room temperature (~ 26 oC) to either 29 oC, 32 oC, or 35 oC. As the 
nerve cooled back to room temperature, the afferents showed an initial excitation in 
response to the sharp fall in temperature and a slow subsequent reduction in firing rate. The 
similarity of the inhibition and excitation effects (Fig. 7C) suggests that the same process 
underlies both responses. A simple explanation for these effects is that efferents are 
inhibited by the rise in temperature and once the temperature drops, it results in a release 
from this inhibition or even excitation, which would increase the resting discharge of the 
same afferents.  
 
Given that firing rates started to rise once the temperatures plateaued, instantaneous 
temperature could not be the only factor governing the inhibition.  Moreover, the peak 
inhibition of firing rate (Fig. 7A, t2) preceded the peak change in temperature (Fig. 7A, t3), 
suggesting that the rate of change of temperature (dT/dt, peaked at t1) could be a 
contributing factor to the observed inhibition. Using linear polynomial fits (equation (1) in 
Methods), we found that the responses were best described by fits using both change in 
temperature (ΔT) and dT/dt (R2 = 0.81) compared to using only ΔT (R2 = 0.65) or dT/dt (R2 = 
0.04) (Fig. 7D).  Also, the lag of peak inhibition with respect to peak dT/dt decreased with an 
increase in dT/dt, supporting a causal relation between the two (Fig. 7E).  The best fit 
provided gains for ΔT and dT/dt (represented by a and b in the equation). While gains with 
respect to ΔT were nonlinear and became more positive from low through high heating 
profiles (Fig. 7F), those with respect to dT/dt were linear and remained unchanged (Fig. 7G). 
These findings strongly suggest that the rate of temperature change, as well as the net 
temperature change, contribute to the firing rate inhibition.    
 
Similarly, in another group of afferents that showed excitatory responses in direct relation to 
rises in temperature (Fig. 7H), a combination of ΔT and dT/dt provided the best fit (Fig. 7I).  
Again, gains with respect to ΔT increased from low through high temperature profiles while 
dT/dt gains remained constant (Figs. 7J and 7K).  The smaller values of the dT/dt gains and 
positive ΔT gains for excitatory responses as opposed to larger dT/dt gains and negative ΔT 
gains observed for afferents with inhibitory responses, suggest lower dependence of the 
former on efferent inputs. These results combined with results in Figure 6C suggest that only 
regular afferent resting discharges could be independent of efferent activity. 
 
Together, the above results provide strong evidence that a positive rate of temperature 
change is mandatory for inhibition of efferents, resulting in inhibition of afferents and that 
direct excitation of ganglion cells is immune to efferent mediated inhibition only in regular 
fibers.      
 
 
DISCUSSION 
 
In this study we provide evidence that the efferent vestibular pathway that innervates the 
vestibular end organs plays a critical role in modulating firing patterns of vestibular afferent 
nerve fibers. We show that inhibition of efferents results in a decrease in or complete 
inhibition of the spontaneous discharge of afferents.  Consistent with previous studies, the 
strength of the efferent-mediated inhibition was directly related to the irregularity of the 
resting discharge. This suggests that without active efferent inputs, irregular afferents may 
have zero resting discharges, resulting in decreased overall sensitivity due to the afferents 
functioning at the lower ends of their input – output curves.  Furthermore, with no resting 
discharge, responses of irregular afferents become asymmetric during head movements in 
the two directions due to elimination of their ability to encode fast head movements of 
inhibitory polarities. This would be particularly problematic since irregular afferents are 
optimal at encoding high frequency movements (Goldberg et al., 1990b; Lysakowski et al., 
1995; Ramachandran and Lisberger, 2006; Sadeghi et al., 2007b; Sadeghi et al., 2007a; 
Eatock and Songer, 2011). 



 
While it is not possible to directly record from efferent fibers due to their scarcity and the 
difficulty of recording from thin fibers, several lines of evidence from our results suggest that 
a rise in temperature inhibits the firing of vestibular efferent fibers, which are unmyelinated or 
lightly myelinated. First, heat does not excite the efferents, since we know from previous 
studies that efferent stimulation increases the resting discharge of afferents in mammals.  
Second, the temperature-induced inhibition of afferent resting discharges was directly 
related to the irregularity of their resting discharges, in accordance with previous efferent 
stimulation studies (Goldberg and Fernandez, 1980; Marlinski et al., 2004; Sadeghi et al., 
2009a). Third, afferent inhibition was also achieved by positioning the fiber optic over the 
brainstem midline. Fourth, the inhibitory effect was annulled by cutting the nerve, effectively 
disconnecting the efferents from the end organs. Finally, direct inhibition of afferent fibers 
could not be considered since (1) an excitatory effect was observed with the OF positioned 
close to the ganglion (Fig. 1D), (2) application of heat at the midline brainstem should not 
affect the upstream afferents, and (3) cutting the nerve should not affect a direct afferent 
inhibition. On the other hand, inhibition of efferents is sufficient to explain all of our findings.  
 
Previous studies have shown heat based inhibitions in unmyelinated/ thinly myelinated fibers 
(Wang et al., 1999; Chow et al., 2009; Rojas and Gonzalez-Lima, 2011; Yan et al., 2011; 
Duke et al., 2013; Kingsley et al., 2014; Lothet et al., 2014; Lothet et al., 2017). Moreover, 
increase in body temperature in patients with demyelination disorders results in inhibition of 
these fibers and exacerbation of symptoms (Wang et al., 1999; Frohman et al., 2011). 
Although the mechanism underlying this inhibition is not understood (Cayce et al., 2011), a 
decrease in mitochondrial ATP and disruption of fast axonal flow in unmyelinated fibers 
(Chow et al., 2007) and a decrease in sodium channel open times (Schwarz and Eikhof, 
1987; Straver et al., 2011) have been proposed as possible candidates. On the other hand, 
heating typically results in excitation/ depolarization of myelinated neurons (Izzo et al., 2006; 
Izzo et al., 2008; Richter et al., 2008; Littlefield et al., 2010; Rajguru et al., 2011), consistent 
with afferent excitation when the OF was at position G.  
 
Understanding the underlying mechanisms for efferent-mediated afferent responses has 
proven to be challenging due to the complexity of efferent innervation of the different types 
of afferents. Afferents with the highest CV* values (irregularity) have only calyx terminals 
(Fig. 8, #1) (Goldberg et al., 1992) and show robust excitation to efferent stimulation, an 
effect mediated through 4 2 or 2 nicotinic receptors (Holt et al., 2015) and muscarinic 
receptors (mAChR), which inhibit KCNQ potassium channels (Perez et al., 2009; Kalluri et 
al., 2010; Holt et al., 2017; Lee et al., 2017). Inhibition of efferents should therefore have the 
opposite effect and decrease the spontaneous firing in these afferents, as observed in the 
present study. On the other hand, afferents with the lowest CV* values innervate only type II 
hair cells (Fig. 8, #4) (Goldberg et al., 1992) and show negligible excitation during electrical 
stimulation of efferents, which is probably due to: (1) hyperpolarization of type II hair cells 
through activation of 9/ 10 and muscarinic receptors, which activate calcium-dependent 
potassium channels (Kong et al., 2005; Kong et al., 2006; Zhou et al., 2013; Parks et al., 
2017; Poppi et al., 2018) resulting in shunting and subsequent decrease in neurotransmitter 
release and (2) direct efferent action on bouton terminals which can be speculated to be 
excitatory, although not much is known about the exact mechanism. Efferent inhibition 
protocols employed in the present study also show a similar lack of response in highly 
regular afferents. Finally, most afferents that lie in the middle of the regularity spectrum 
receive inputs from both type I and type II hair cells (‘dimorphic afferents’, Fig. 8, #2 and #3). 
Since the net effect of efferents on type II hair cells/ bouton terminals is small, efferent-
mediated changes in dimorphic fibers are likely to be dominated by calyx terminals. It has 
been shown that irregular dimorphic afferents have fewer bouton terminals than regular 
dimorphic afferents (Goldberg et al., 1990a; Holmes et al., 2017) and are therefore expected 
to show more robust responses to efferent inputs than regular dimorphic afferents.  This is 
consistent with the inhibition of afferents as a function of CV* observed in the present study.   



 
It should be noted that two other properties could further complicate efferent-mediated 
effects. First, in all vestibular sensory epithelia, the membrane and synaptic properties of 
hair cells and afferents differ between central regions (innervated mainly by afferents with 
higher CV*) and peripheral regions (innervated mainly by afferents with lower CV*) (Eatock 
and Songer, 2011; Lysakowski et al., 2011; Songer and Eatock, 2013; Meredith and Rennie, 
2015). Second, in addition to the quantal synaptic transmission, signals between type I hair 
cells and their calyx afferent terminals use a non-quantal transmission mediated by 
accumulation of K+, H+, and glutamate (Lim et al., 2011; Contini et al., 2012; Songer and 
Eatock, 2013; Sadeghi et al., 2014). This non-quantal transmission may be valuable for fast 
transmission of signals, which is critical for irregular afferents during fast head movements 
(Songer and Eatock, 2013). It is possible that efferent-mediated changes – for example 
mAChR modulation of the activity of KCNQ channels on the calyx inner face (Rocha-
Sanchez et al., 2007; Lysakowski et al., 2011) – could affect this non-quantal signal 
transmission.    
 
The effects described above are contingent on efferents having a resting discharge. It has 
been shown that cochlear efferents have to be stimulated at least at 10 Hz in order to 
facilitate their normally low probability of release (Ballestero et al., 2011) and it is a 
reasonable assumption that the same is required for vestibular efferents. Vestibular efferents 
in mouse brainstem slices (Leijon and Magnusson, 2014; Mathews et al., 2015; Mathews et 
al., 2017) have spontaneous resting discharges of up to 5 spikes/s. The main input to 
efferent neurons is provided by the vestibular nuclei (VN) and the spontaneous activity of VN 
neurons is ~5 times higher in alert mice (57.5 ± 4.2 spike/s (Beraneck and Cullen, 2007)) 
compared to brainstem slices (11 ± 1 spikes/s (Sekirnjak and du Lac, 2006)). Furthermore, 
the VN spontaneous rate in anesthetized rats (27.4 ± 20.9 spikes/s (Grasso et al. 2016)) is 
~1.5 times higher than slices (rat: 18.7 ± 7.1 spikes/s (Saito et al. 2008)). As such, efferents 
are expected to have an average spontaneous discharge rate of close to 10 spikes/s in 
anesthetized mice and a spontaneous release that could be inhibited by heat. It should also 
be noted that despite the low spontaneous rates of efferents, they branch out profusely so 
that cells and terminals innervated by efferents receive inputs from many terminals (Purcell 
and Perachio, 1996, 1997).  As such, under unstimulated normal conditions efferent inputs 
could profoundly influence afferent activity. Consistent with the notion that efferents have a 
significant functional role, 9 KO mice (Eron et al., 2015; Hubner et al., 2015, 2017) and 
CGRP KO mice (Luebke et al., 2014) have deficiencies in the VOR response, adaptation, 
and compensation.  
 
Perfusion of heated saline showed that the aforementioned inhibition is dependent on both 
temperature and the rate of change of temperature. At steady state temperatures, the 
inhibition gradually decreased resulting in an increase in afferent firing rate. Although LED 
based heating shows inhibition to be proportional to the peak temperatures attained, the fact 
that afferents began to revive once temperatures plateaued during saline application, shows 
that the inhibition of efferents (and consequently afferents) is profoundly dependent on the 
rate of change in temperature. This is similar to what has previously been shown for heat 
mediated excitatory currents that depend on both absolute temperature and its rate of 
change (e.g., Green and Akirav, 2010; Shapiro et al., 2012; Rabbitt et al., 2016; Luo et al., 
2017). To our knowledge we provide the first line of evidence for thermal inhibition of thin 
fibers being a rate dependent process.  
 
Perfusion experiments showed mixed results with both excitation and inhibition of afferents.  
We suggest that the direction of change in afferent resting discharge depends on the 
interplay between the dynamics of inhibition of efferents as well as the direct excitatory effect 
of heat on ganglion cells. This, however, was different from previous studies which also 
reported mixed excitation and inhibition of vestibular nerve afferents by IR stimulation of the 
crista.  In guinea pig and rat (Rabbitt et al., 2016), the excitatory responses were attributed 



to the effect of heat on afferents and inhibitory responses were due to inhibition of hair cells.  
In toadfish, excitatory effects were observed in afferents with the lowest CVs and inhibition 
occurred in those with the highest CVs (Rajguru et al., 2011), which is comparable to the 
responses we observed with respect to regularity (Fig. 2B1 and Fig. 6C). In both cases, 
inhibition of efferents were not considered, but could have been a contributing factor to the 
inhibitory responses observed in the afferents.
 
In summary, our results clearly show that efferents are essential for normal afferent function, 
particularly the irregular/phasic peripheral pathway. This pathway encodes fast head 
movements and acts as a high frequency event detector (Sadeghi et al., 2007b).  It also 
participates in the adaptation of the vestibulo-ocular reflex (Minor and Lasker, 2009) and 
vestibular compensation (Sadeghi et al., 2007a). Our findings suggest that efferent inputs 
can affect the relative contribution of regular and irregular pathways through changes in the 
activity of irregular fibers, thus playing an important role in normal function of the vestibular 
system as well as its adaptation and compensation following vestibular dysfunction.  
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FIGURE LEGENDS 
 
Figure 1. Optothermal stimulation affects vestibular nerve afferent resting discharge 
in wild type mice.  (A) Bimodal distribution of the normalized coefficient of variation (CV*) 
for all the recorded afferents was fit using a sum of two gaussians (R2 = 0.87). Dashed line 
represents the criteria of CV* of 0.1-0.15 for separation of regular and irregular afferents.  
(B) Optical fiber (OF) positioned over the ganglion (B1, position G) or nerve axons (B2, 
position A), as shown in the schematic resulted in local temperature change with little 
spread. Recording electrode was positioned near the ganglion. Duration of optothermal 
stimulation is shown by the blue box. The schematic on top shows different positions of the 
OF used in our experiments.  (C) The effect of stimulation was dependent on OF position 
and afferent type.  (C1) Excitatory response in representative regular and irregular afferents 
with the OF in position G.  (C2) When the OF was moved to position A it had inhibitory effect 
on the same irregular fiber and no effect on the regular fiber.   (D) Example recording 
showing no effect with the OF placed between position G (excitatory response) and position 
A (inhibitory response).  
 
Figure 2. Responses of population of afferents to optothermal stimulation.  (A) 
Responses to 3 s stimulation and discharge regularity based on the CV*.  A CV* of 0.1 
(dashed line) was considered the cut-off between regular and irregular afferents.  Afferents 
that were inhibited by > 95% were considered to be shut down (fully inhibited) and are 
represented by empty circles (A1). Of the afferents that were not shut down, 27 were regular 
and 10 were irregular. (A2).  (B) Responses to 3 s stimulation and discharge regularity 
based on the CV* (B1).  Note a few regular afferents with increases in resting rate (points 
below the x-axis) and higher number of 100% inhibitions compared to 3 s stimulation.  Of the 
afferents that were not shut down, 30 were regular and 5 were irregular (B2).  (C) Irregular 
afferents showed larger mean inhibition compared to regular afferents for 3 s (t-test, P = 
0.0007) and 10 s (t-test, P = 0.0003) stimulation. (D) When located at position G, most 
afferents were excited with optothermal stimulation, the majority of which were regular fibers 
(excitation: 23 regular and 12 irregular,  inhibition: 14 regular and 14 irregular). 
 
Figure 3.  Afferents were inhibited by heating efferent fibers crossing the brainstem 
midline.   (A) An afferent that showed excitatory response to stimulation at position G could 
be inhibited when the fiber was moved over the brainstem (position B), a position used by 
others (Goldberg and Fernandez, 1980; Marlinski et al., 2004) for electrical stimulation of 
crossing efferent fibers, suggesting an efferent origin for the inhibitory effect.  (B) The 
response in position B was highly dependent on location, had spatial specificity and 
movement away from this position by 0.5 mm resulted in the loss of inhibition.  (C) The 
amount of inhibition was proportional to the irregularity of afferent discharges, further 
confirming their efferent origins. A CV* of 0.1 (dashed line) was used to divide the afferents 
into regular and irregular groups.  (D)  In an afferent with inhibitory responses at position A, 
cutting the nerve (i.e., efferent fibers) resulted in the loss of inhibition.  (E) Effect of 
simultaneous stimulation at positions G (with red LED) and B (with blue LED) with two 
optical fibers. The example afferent showed an inhibitory response to stimulation at position 
B with maximum light power (E1) and excitatory response at position G with maximum light 
power (E2). Note that the red LED had lower maximum power (see Methods).  Combination 
of the two stimuli with different maximum powers showed a combination of inhibitory 
(efferent-mediated) and excitatory (afferent-mediated) responses (E3 and E4).   
 
Figure 4.  Inhibition intensity was directly related to the light intensity and duration.  
(A) Increase in inhibition of an irregular afferent (CV* = 0.102) with an increase in the LED 
power for a 10 s stimulus (A1).  For the population of afferents (A2), light intensities of 30%, 
50%, and 100% resulted in 55.5 +/- 6.27 %, 49.7 +/- 5.45 %, and 38.02 +/- 4.05 % inhibition, 
respectively (repeated measure ANOVA, P < 0.0001, Tukey’s post-hoc test). ** denotes P < 
0.001 and *** denotes P < 0.0001.  (B) Inhibitory effect increased with an increase in the 



duration of stimulation at maximum light intensity as shown for an example afferent (B1) and 
for the population of afferents recorded (B2).  Stimulus durations of 3 s, 5 s, and 10 s 
resulted in 61.8 +/- 6.32 %, 44.59 +/- 5.29 %, and 36.84 +/- 4.21 % inhibition, respectively 
(ANOVA, P = 0.0074, Tukey’s post-hoc test), *** denotes P < 0.0001.  (C) Percent inhibition 
was directly related to the maximum change in temperature. Four afferents with at least 6 
instances of heating are shown.  The 4 linear fits to the data had R2 > 0.6. Fit equations: 
circles: – 14.28x +5.39; squares: – 9.25x +15.35; diamonds: – 9.56x -8.21; triangles: – 9.56 
+14.36. (D) Temperature increased in proportion to the increase in duration with fixed 
intensity (left panel) or increase in intensity with fixed duration (right panel). 
 
Figure 5.  Heat mediated inhibitory effect was not dependent on the wavelength of the 
light, but was affected by the size of the stimulated area.  (A) An example irregular 
afferent inhibited by blue (460 nm) or red (655 nm) LEDs of different intensities (10 s 
duration) at position A.  (B) Blue and red light both resulted in inhibition in 16 afferents (CV* 
range 0.023 – 0.25).  The effect of red light was less (i.e., all points lie under the y=x dashed 
line) due to the lower power of the red LED.  (C) Different intensities and durations of 
stimulation with red light resulted in smaller temperature changes compared to blue light 
(data from Fig. 4).  (D) A representative irregular afferent that was inhibited by each of the 
two OFs positioned over the nerve near the brainstem. Inhibition increased with 
simultaneous stimulation by the two OFs (i.e., increased size of the stimulation area).  (E) 
Population of 14 afferents recorded with two LEDs showed a range of inhibitions with no 
bias towards either LED.  (F) The inhibition observed by two LEDs was higher than that 
observed for each LED individually (i.e., points lie above the y=x dashed line).   
 
Figure 6.  Responses to thermal stimulation by application of saline were comparable 
to optothermal stimulation.  (A) In an afferent that was inhibited by optothermal stimulation 
at position A (A1), application of warm saline also inhibited the resting discharge (A2).  
Application of cold saline had the opposite effect and resulted in an increase in resting 
discharge of this afferent (A3). Insets show temperature change; scale bar equals 1 s.  (B) 
Example of inhibition in an afferent using a precision-controlled increase in temperature to a 
plateau.  The firing rate recovered to the resting discharge during the temperature plateau.  
(C) For the population of recorded afferents, both regular and irregular afferents could be 
inhibited, while excitatory effects were observed in afferents with regular resting discharge 
(i.e., CV*<0.1).  Some afferents did not show any response to warm saline, presumably due 
to the cancellation of the excitatory effect (on ganglion cells) and inhibitory effect (on 
efferents).  (D) Example of increase in resting discharge of a regular afferent (CV* = 0.026) 
with increase in temperature.  (E) For the population of afferents with excitatory responses, 
the increase in firing rate was in direct relation to the rise in temperature (n = 6, paired t-test, 
P = 0.016).  The high and low temperatures were in the range of 23 – 24 oC and 33 – 37 oC, 
respectively.  
 
Figure 7.  Temperature change and its rate contribute to the observed effects on 
afferent resting discharges.  (A) Temperature profiles and changes in firing rate of a 
representative irregular afferent. Top traces show temperature change (∆T) and its rate of 
change (dT/dt). Bottom traces show corresponding firing rates, color coded for each profile. 
Horizontal black line represents zero for all traces. Dashed lines at t1, t2, and t3 mark peak 
dT/dt, fr inhibition, and ∆T, respectively.  (B) During plateau temperature, firing rate 
exponentially recovered to near baseline values. Final stable firing rate was estimated from 
the exponential fit at tinfinity. Dashed horizontal line represents zero for both traces. (C) In 4 
afferents (different colors) recorded during at least 5 of the different heating profiles and 
subsequent uncontrolled cooling, a direct relation was observed between peak change in 
firing rate and the corresponding stimulation profile (One-way ANOVA and Tukey’s post-hoc 
test), ** denotes P < 0.001.  (D) A linear polynomial fit was used to estimate the firing rate. 
Using both ∆T and dT/dt provided the best fit compared to using only dT/dt or only ∆T. 
Horizontal black line represents zero for all traces. vertical scale bar = 10 spk/s, 3.13 oC, 



0.09 oC/s.  (E) Response lags (with respect to dT/dt) decreased with increasing dT/dt. Scale 
bar: 12 spk/s, 4 oC, and 0.1 oC/s.  (F) Estimated gain for ∆T increased as a function of ∆T 
(ANOVA, p = 0.0058, Tukey’s post-hoc test only significant for L vs H, P < 0.01), suggesting 
a nonlinear effect of ∆T on firing rate.  (G) Estimated gain for dT/dt showed a linear effect of 
dT/dt on firing rate (ANOVA, P = 0.81).  (H) Increase in resting discharge of an example 
regular afferent with different heat profiles. Horizontal black line represents 0.  (I) Excitation 
could best be described by using both ∆T and dT/dt. Horizontal black line represents 0. 
Scale bar: 10 spikes/s, 6 oC, and 0.1 oC/s.  (J) Estimated gain for ∆T increased as a function 
of ∆T (ANOVA, P = 0.03, Tukey’s post-hoc test only significant for H vs L, P < 0.05), 
suggesting a nonlinear effect.   (K) Estimated gain for dT/dt showing a linear effect (ANOVA, 
P = 0.61).     
 
Figure 8.  Schematic representing the different types of efferents inputs to regular and 
irregular afferents.  Irregular afferents are presented as either calyx-only (#1) or dimorphic 
(#2) and regular afferents as dimorphic (#3) or bouton-only (#4). Efferent inputs to the calyx 
terminals are excitatory and those to type II hair cells are inhibitory.  Efferent receptors and 
their effect on afferent boutons have not been studied directly. Note that in mammals, 
efferent stimulation results in excitation of all four afferent types.      
 
 


















