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Loss of �-Calcitonin Gene-Related Peptide (�CGRP) Reduces
the Efficacy of the Vestibulo-ocular Reflex (VOR)
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The neuroactive peptide calcitonin-gene related peptide (CGRP) is known to act at efferent synapses and their targets in hair cell organs,
including the cochlea and lateral line. CGRP is also expressed in vestibular efferent neurons as well as a number of central vestibular
neurons. Although CGRP-null (�/�) mice demonstrate a significant reduction in cochlear nerve sound-evoked activity compared with
wild-type mice, it is unknown whether and how the loss of CGRP influence vestibular system function. Vestibular function was assessed
by quantifying the vestibulo-ocular reflex (VOR) in alert mice. The loss of CGRP in (�/�) mice was associated with a reduction of the VOR
gain of �50% without a concomitant change in phase. Using immunohistochemistry, we confirmed that, although CGRP staining was
absent in the vestibular end-organs of null (�/�) mice, cholinergic staining appeared normal, suggesting that the overall gross devel-
opment of vestibular efferent innervation was unaltered. We further confirmed that the observed deficit in vestibular function of null
(�/�) mice was not the result of nontargeted effects at the level of the extraocular motor neurons and/or their innervation of extraocular
muscles. Analysis of the relationship between vestibular quick phase amplitude and peak velocity revealed that extraocular motor
function was unchanged, and immunohistochemistry revealed no abnormalities in motor endplates. Together, our findings show that the
neurotransmitter CGRP plays a key role in ensuring VOR efficacy.
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Introduction
Calcitonin-gene related peptide (CGRP), a 37 amino acid neuro-
active peptide, is expressed in the auditory and vestibular systems
(Wackym et al., 1993; Maison et al., 2003a; Ahn et al., 2009;
Xiaocheng et al., 2013). In the central auditory system, CGRP-
positive neurons can be found in the lateral superior olivary nu-
cleus. Retrograde injection studies have shown that these same
neurons send direct projections to the cochlea, comprising the
lateral olivocochlear component of the auditory efferent system
(Ohno et al., 1993). Similarly, in the central vestibular system,
CGRP-positive neurons located in the region rostrocaudal to the
vestibular nuclei project directly to the vestibular end-organs,
comprising the E-group of the efferent vestibular system (EVS)
(Ohno et al., 1993; Lysakowski and Goldberg, 2004). In the pe-

riphery of both systems, CGRP colocalizes with ChAT, the en-
zyme that catalyzes the synthesis of acetylcholine (ACh). This
colocalization is observed in the varicosities of efferent fibers,
suggesting that CGRP and ACh function together to modulate
peripheral auditory and vestibular sensory function. Moreover,
although CGRP expression strongly colocalizes with key compo-
nents of the vestibular and auditory efferent systems, its expres-
sion does not appear to be exclusive to these pathways. For
example, CGRP-positive neurons have also been identified in the
lateral lemniscus of the auditory system, as well as in the vestib-
ular nuclei, nucleus prepositus, and vestibular cerebellum
(Wackym et al., 1993; Ahn et al., 2009; Xiaocheng et al., 2013). To
understand how CGRP influences auditory function, Maison et
al. (2003b) tested a transgenic mouse with a targeted deletion of
the � isoform of the CGRP gene, �CGRP(�/�)-null. CGRP loss
did not affect cochlear auditory thresholds or distortion-product
otoacoustic emissions, yet mice showed a striking �20% reduc-
tion in suprathreshold cochlear nerve sound-evoked activity. It is
not yet known whether or how the loss of CGRP influences ves-
tibular system function.

Accordingly, here we examined the �CGRP(�/�)-null
mouse line. First, to assess the functional implications of �CGRP
loss, we characterized the vestibular-ocular reflex (VOR) and
found a VOR gain reduction of �50%. Immunohistochemistry
demonstrated that CGRP staining was absent in the vestibular
end-organs of �CGRP(�/�) mice, whereas ChAT staining in
both vestibular end-organs and extraocular muscles was compa-
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rable with wild-type mice. Finally, combining the analysis of
rapid eye movements and immunohistochemistry, we ruled out
the possibility that this functional deficit is the result of a nonves-
tibular effect at the level of the extraocular motor neurons and/or
their innervation of extraocular muscles. Collectively, our results
suggest that CGRP plays a key role in ensuring VOR efficacy.

Materials and Methods
Animals. �CGRP-null (�/�) and wild-type(�/�) transgenic mouse
lines were created and characterized by the Emeson laboratory on a pure
129SvEv background, shipped to the Luebke laboratory, maintained as
heterozygotes, and genotyped using methods described by Lu et al.
(1999). Mice, of either sex, have a targeted deletion of �CGRP, produced
by tissue-specific alternative splicing of the calcitonin/�CGRP gene while
leaving the highly homologous �-CGRP gene intact (Lu et al., 1999). The
loss of �CGRP in the vasculature of null animals was compensated by
�CGRP, and was not associated with abnormalities in heart rate or blood
pressure under basal or exercise-induced conditions, which could have
been confounding issues in our study. A total of 24 mice (12 females/12
males) were used in this study. The �CGRP(�/�) mice and their
�CGRP(�/�) littermates (3– 6 months old) were shipped to McGill for
eye movement and vestibular testing. Care and use of the animals were
approved by the University of Rochester Committee on Animal Re-
sources and the McGill University Animal Care Committee and were in
strict compliance with guidelines of the Canadian Council on Animal
Care, United States Public Health Service regulations, and the Federal
Animal Welfare Act.

Morphological/immunohistochemical studies. Mice were anesthetized
with ketamine (80 mg/kg)/xylazine (5 mg/kg) and perfused with hepa-
rinized PBS followed by 4% PFA. Animals were then decapitated with
head postfixed in 4% PFA overnight at 4°C. Vestibular end-organs and
eye muscles were subsequently dissected and placed in 30% sucrose
@4°C. Tissues were embedded in 12% gelatin:30% sucrose, and 40 �m
frozen longitudinal sections were cut (i.e., along the long axis of the
crista) on a freezing microtome (for canals, see Fig. 2A). Sections were
blocked with 5% normal donkey sera (Jackson ImmunoResearch Labo-
ratories) and 0.5% Triton X in 0.1 M-phosphate buffer (PB), and then
incubated with primary antibodies (see below) in PB overnight. After
washing, tissue sections were reacted with the appropriate AlexaFluor-
conjugated secondary antibodies (Invitrogen) at 1:500 in PB for 2–3 h.
To stain motor endplates in eye muscles, AlexaFluor-488-conjugated
�BTX (Invitrogen; B1342, 1:500 dilution) was added with secondary
antibodies. All sections were then washed in PB, stained with DAPI (10
�g/ml, Sigma), and mounted.

Primary antibody characterization. ChAT (Millipore; AB144P lot
JC1618187, 1:100 dilution or lot NG1780580, 1:250 –1:500 dilution) an-
tibodies, generated against the human placental enzyme, were used to
label both motor endplates in eye muscles and efferent innervation in
vestibular end-organs. CGRP (MU33) antibody (gift from Ian M. Dick-
erson, 1:500 dilution) was generated against the amidated carboxyl 7
amino acids of rat �CGRP (Rosenblatt and Dickerson, 1997). Polyclonal
antibodies against human myosin VIIa (Proteus Biosciences; #25-6790,
10 �g/ml) and rat calretinin (Millipore; AB5054 lot LV1552190, 1:500
dilution) labeled hair cells and calyx-only afferents, respectively.

Imaging/quantification. For visualization of labeled muscle tissue, an
Axioplan2 Zeiss fluorescent microscope fitted with the Apotome system
and 20� dry or 60� oil objectives were used to capture Z-stack images.
Motor endplates were manually counted from 10 fields/animal in six
animals (3 �/�, 3 �/�). For labeled cristae, an Olympus FV1000 laser
scanning confocal microscope (URSMD Light Microscopy Core) with a
PLAPON 60� oil objective and sequential scanning option was used to
capture images of labeled structures in the linear range. Maximum inten-
sity projections were created using FV1000 software, and Adobe Photo-
shop and Illustrator were used to compile figures. For counting ChAT �

varicosities, six 400 �m 2 regions were placed over areas of ChAT labeling
in single optical sections from the neuroepithelium of eight cristae (4
�/�, 4 �/�). For each canal, the number of ChAT � varicosities was

averaged from counts taken in each of the six regions. Final counts were
reported as mean � SEM.

Quantification of the VOR and main sequence. The surgical preparation
for head implant surgery and experimental setup have been previously
described (Vidal et al., 2004; Beraneck and Cullen, 2007). Eye movement
data were recorded using an infrared video system (ISCAN) with optics
modified for the mouse. The rotational velocity of the vestibular turnta-
ble (head velocity) was measured using an angular velocity sensor (Wat-
son). Head and eye movement signals were low-pass filtered at 250 Hz
and sampled at 1 kHz.

VOR eye movement responses, evoked by sinusoidally rotating head-
restrained mice at frequencies of 0.2, 0.5, 1.0, 2.0, and 4.0 Hz, �15°/s (15
cycles of each frequency), were measured in darkness (peak head velocity
was held constant because semicircular canals mechanically integrate
head acceleration stimulus). Eye- and head-movement data were digi-
tally low-pass filtered using a 51st-order finite-impulse-response filter
(cutoff frequency � 40 Hz), and eye position data were differentiated to
obtain velocity traces. VOR gain and phase were determined by the least-
squares optimization (Beraneck et al., 2008) and are plotted as mean �
SD across animals. All mice (n � 16) were tested at each frequency.
Two-way ANOVAs and Bonferroni post tests were used to compare gains
and phases for (�/�) versus (�/�) mice, at each test frequency. Cycles
of data with quick phases were excluded from analysis of VOR dynamics.
In addition, we analyzed the quick phases of vestibular nystagmus to
characterize the linear relationship between peak quick phase velocity
and amplitude (i.e., the main sequence) (Hübner et al., 2013).

Results
Vestibular function and quantification of the VOR
The VOR is a remarkably rapid motor response mediated by a
well-defined pathway containing only three neurons. An advan-
tageous feature of the VOR is that its dynamic response proper-
ties (i.e., gain and latency) can be precisely quantified and thus
have been characterized in many species, including mice. To test
our proposal that �CGRP is critical for ensuring VOR efficacy, we
quantified VOR response dynamics over the range of natural
head movements. During exploratory activity, mice produce
head movements for which component frequencies are mostly
�4 Hz (Beraneck et al., 2008). Thus, we applied sinusoidal rota-
tions over this frequency range. Figure 1A, B shows examples of
head-velocity stimuli and eye movement responses (�/� and
�/� mice in blue and red, respectively), for 0.5 and 2.0 Hz head
oscillations. In all experiments, mice were rotated in darkness
and head velocity was kept constant at 15 °/s.

Figure 1C, D shows Bode plots quantifying the frequency re-
sponse of the VOR produced by whole-body rotation in the dark.
In (�/�) mice, the gain of evoked eye movements increased as a
function of frequency, ranging from 0.17 � 0.02 at 0.2 Hz to
1.0 � 0.05 at 4 Hz. In comparison, the VOR gains of (�/�) mice
were markedly reduced (by �50%; Fig. 1C). The gain reduction
was significant for all frequencies (Fig. 1C, inset). In contrast,
response phases were comparable for both groups of mice at all
frequencies (Fig. 1D; p 	 0.15). Notably, the VOR led the stimu-
lus at lower frequencies and was most compensatory for higher
frequencies of stimulation approaching a lag of �5° at 4.0 Hz.

Vestibular end-organ immunohistochemistry
A light-microscopic examination revealed no obvious struc-
tural abnormalities in �CGRP(�/�) or �CGRP(�/�) ani-
mals in any vestibular end-organ (i.e., semicircular canal
crista and otolithic macula), including hair cells, supporting
cells, or afferent innervation.

Longitudinal sections of semicircular canal cristae from
�CGRP(�/�) and (�/�) animals were immunostained for
CGRP and ChAT and visualized using confocal microscopy (Fig.
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2). Consistent with vestibular efferent innervation, fine (�1 �m)
ChAT� fibers and associated spherical varicosities were identi-
fied in the neuroepithelium in close proximity to the base of calyx
afferents and hair cells, labeled with calretinin and myosin7A,
respectively (Fig. 2B,C). In �CGRP(�/�) mice, there was an
extensive overlap in the distributions of CGRP and ChAT-
immunoreactive fibers and varicosities in horizontal cristae (Fig.
2D,F). The overlap can be further appreciated by the higher-
magnification image in Figure 2I, in which immunoreactive var-
icosities positive for both ChAT and CGRP appear as yellow and
orange.

Immunohistochemistry in �CGRP(�/�) mice revealed that
CGRP-immunoreactive fibers and varicosities were absent in
crista neuroepithelia (Fig. 2E,G,J). When images from CGRP
and ChAT immunostaining were merged, only ChAT� fibers

and varicosities were present (Fig. 2G,J). ChAT labeling, how-
ever, appeared similar between �CGRP(�/�) and
�CGRP(�/�) mice (Fig. 2F,G). Indeed, the number of ChAT�

varicosities per 400 �m 2 in �CGRP(�/�) mice was not signifi-
cantly different from counts taken from �CGRP(�/�) mice
(11.2 � 0.5 vs 11.3 � 0.7; Fig. 2H). Given that there is only a
difference of three amino acids between mouse �CGRP and
�CGRP peptides, it is unlikely that our CGRP antibodies distin-
guished between these two isoforms. Thus, the loss of CGRP
immunostaining in �CGRP(�/�) mice suggests that �CGRP is
no longer present in the EVS pathway and �CGRP is not upregu-
lated to compensate for the ablation of the �CGRP gene, as has
been documented for the vasculature (Lu et al., 1999). The small
CGRP� spots remaining in the null tissue may represent resident
�CGRP labeling (Fig. 2J). Similar punctate staining is also seen in
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Figure 1. Loss of �CGRP reduces VOR gain without effects on VOR phase. A–D, VOR gain but not phase is reduced in �CGRP(�/�) mice (n � 8 animals/group; 4 males/4 females). A, B,
Examples of eye- and head-velocity (black) traces for �CGRP(�/�) (red) and �CGRP(�/�) mouse (blue) at 0.5 and 2.0 Hz. C, VOR gain as a function of frequency (mean � SD). Inset, Percentage
gain reduction measured in (�/�) versus (�/�) mice. D, VOR phase as a function of frequency (mean � SD). C, D, Data are mean � SD across animals (two-way ANOVA, p 
 0.001 significance
of strain) with post hoc Bonferroni testing across frequency showing all frequencies affected. *p 
 0.05. ***p 
 0.001.
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�CGRP(�/�) cristae, but neither shows
much overlap with ChAT labeling. Com-
parable ChAT immunoreactivity between
�CGRP(�/�) and �CGRP(�/�) mice
suggests that the EVS pathway’s general
development and cholinergic innervation
were unaltered by the loss of �CGRP.

Confirmation of normal function and
histology at the level of the extraocular
motoneurons and their projections to
the eye muscles
One possible alternative explanation for
the striking deficit in the VOR gain of
(�/�) mice is that it reflects a
nonvestibular-related effect of �CGRP
loss, occurring at the level of extraocular
motoneurons and/or their innervations of
extraocular muscles. Evidence that our re-
sults were not the result of such impair-
ment was obtained from the analysis of
vestibular nystagmus quick phases (Fig.
3A, inset, arrow). Notably, vestibular
quick phases are produced by a premotor
circuit largely separate from that produc-
ing the compensatory VOR (i.e., slow
phase) (for review, see Cullen and Van
Horn, 2011). In agreement with previous
studies (McMullen et al., 2004), quick
phase amplitude was proportional to
quick phase peak velocity in (�/�) mice
(Fig. 3A, blue symbols). Moreover, we
found that this relationship was compa-
rable ( p � 0.378) for (�/�) mice (Fig.
3A, red symbols), suggesting that the
deficit observed in the VOR gain of
�CGRP(�/�) mice was not the result of a
processing impairment at the level of the
extraocular motoneurons and/or their
innervations.

Finally, we obtained further evidence
that our observations were not the result
of an impairment of extraocular mo-
toneurons and/or their innervation. Im-
munohistochemical analyses (Fig. 3B–E)
and motor endplate counts (Fig. 3F) were
performed on lateral rectus extraocular
muscles. In (�/�) mice, CGRP immuno-
reactivity (red) revealed thin punctuated

Figure 2. Loss of �CGRP does not alter the cholinergic EVS projection to the vestibular end-organs. A, Plane of crista longitu-
dinal section. B, C, ChAT � varicosities, localized to the crista neuroepithelium in close proximity to calyx afferents and hair cells

4

stained with calretinin and myosin 7A, respectively. D–J, The
broad projection network of efferent terminals is made possi-
ble by having sections that encompass much of the falling
slopes of the crista (A). D, F, I, CGRP is abundantly present in
the neuroepithelium of �CGRP(�/�) mouse canal crista
with a distribution overlapping ChAT expression (F, I) as illus-
trated in the composite images. E, G, J, CGRP is absent in the
neuroepithelium of �CGRP(�/�) mouse canal crista, but
ChAT expression appears normal (G, J). H, Counts of efferent
varicosities. Blue represents nuclei; red represents staining for
CGRP; green represents staining of ChAT; yellow and orange
indicate overlap. Scale bars, 10 �m.
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axons in the extraocular musculature coursing parallel to the
muscle fibers. CGRP staining in the motor endplates was sparser
than EVS projections to vestibular end-organs (Fig. 2). Extraoc-
ular muscles were also immunostained for ChAT and �BTX to
label the presynaptic and postsynaptic components of the motor
endplate, respectively. The overlap of ChAT (green) and �BTX
labeling (purple) was comparable in both (�/�) and (�/�)
mice (Fig. 3B–E). Interestingly, in contrast to CGRP’s EVS pro-
jection, CGRP and ChAT were not overlapping in the extraocular
musculature (Fig. 3B).

Despite the lack of immunostaining for CGRP in (�/�) mice
(Fig. 3C), ChAT and �BTX labeling of presynaptic and postsyn-
aptic components of the endplate did not reveal any obvious
abnormalities in the motor endplates (Fig. 3C,E). The loss of
�CGRP did not affect the general tortuous shape or size of end-
plates. Finally, quantification of motor endplate densities in ex-
traocular muscles of (�/�) and (�/�) animals also revealed no
differences, averaging �20 endplates/100 �m 2 in each group
(Fig. 3F). Collectively, our behavioral (Fig. 3A) and histological

findings (Fig. 3B–F) provide strong evidence that the marked
reduction in VOR gain observed in (�/�) mice did not result
from a deficiency in processing at the level of extraocular mo-
toneurons or their projections to eye muscles.

Discussion
In this study, we show that mice with targeted deletion of the
�CGRP gene display a marked decrease in vestibular function.
Specifically, the loss of �CGRP in alert (�/�) mice was linked to
a 50% reduction in the VOR gain without concomitant changes
in phase. Immunohistochemistry confirmed that CGRP was ab-
sent in vestibular end-organs of (�/�) mice, whereas ChAT
staining suggested that the gross development of the EVS was
unaltered. Furthermore, histological analysis revealed no abnor-
malities in motor endplates of extraocular muscles, and analysis
of the relationship between vestibular quick phase amplitude and
peak velocity suggested that motor function was unchanged. To-
gether, our findings suggest that the neurotransmitter CGRP
plays a key role in ensuring VOR efficacy.

CGRP and EVS function
CGRP is strongly expressed in the peripheral EVS as well as in
some central vestibular neurons (e.g., vestibular nuclei, preposi-
tus hypoglossi, and vestibular cerebellum) (Wackym et al., 1993;
Ahn et al., 2009; Xiaocheng et al., 2013). Interestingly, CGRP-
positive neurons in vestibular nuclei that project to vestibular
efferent nuclei could also potentially influence the EVS
(Xiaocheng et al., 2013). In mammals, the EVS comprises �300 –
400 parent neurons that project bilaterally and branch exten-
sively in the periphery (for review, see Lysakowski and Goldberg,
2004). The functional role of the EVS remains unknown. Electri-
cal and high-velocity stimulation of the mammalian EVS gener-
ates excitatory responses that are larger for more irregularly
discharging canal afferents (Goldberg and Fernández, 1980; Mar-
linski et al., 2004; Sadeghi et al., 2009). It was initially postulated
that the EVS might inhibit afferents in anticipation of intended
movement, to preserve the peripheral coding range for unex-
pected head motion. Experiments in monkeys, however, have
provided evidence against this idea (Sadeghi et al., 2007).

To date, our understanding of the functional role of the
brain’s efferent projection to the inner ear is largely limited to
innervation of auditory periphery. The auditory efferent system
can be divided into the medial (MOC) and lateral olivocochlear
(LOC) systems (Warr and Guinan, 1979). MOC pathway stimu-
lation releases ACh to hyperpolarize cochlear outer hair cells via
activation of �9/�10 nAChRs (Ballestero et al., 2011). In contrast,
the LOC pathway innervates the dendrites of cochlear afferents
just beneath inner hair cells, and its effect is mediated by the
release of ACh, GABA, and CGRP (Maison et al., 2003a).

Whereas the MOC pathway is thought to play a primary role
in protecting the cochlea from acoustic trauma (Maison et al.,
2002), the LOC pathway appears to play an important role in
maintaining balance between inputs from each ear (Darrow et al.,
2006). The loss of �CGRP has no effect on the cochlea’s sensitiv-
ity to damage from acoustic trauma consistent with the lack of
�CGRP’s role in the MOC pathway. However, loss of �CGRP
produces a substantial (20%) reduction of auditory nerve activity
(Maison et al., 2003b). Interestingly, as in the vestibular system,
CGRP and acetylcholine are colocalized in the LOC. It is thus
notable that, in the present study, no changes were observed in
the cholinergic EVS projection and varicosities of animals lacking
�CGRP. This finding is analogous to studies of the auditory sys-
tem of �CGRP(�/�) mice, reporting normal cochlear structure,

Figure 3. Loss of �CGRP does not affect saccadic eye movement main sequence relation-
ships or extraocular motor endplate densities. A, Fast phase main sequence relationships are
not affected by the loss of �CGRP (compare �CGRP(�/�) (red) and �CGRP(�/�) (blue)).
Inset, Nystagmus quick phase (arrow). B–E, Extraocular lateral rectus motor endplates stained
for CGRP and ChAT (B, C), and �BTX (D, E), with only CGRP reactivity absent in �CGRP(�/�)
mice (C, E). Scale bars, 10 �m. The density and structure of extraocular motor endplates are
similar qualitatively between �CGRP(�/�) (B, D) and (�/�) animals (C, E). F, Numbers of
�BTX-labeled motor endplates per 100 �m 2 are not affected by the loss of �CGRP (n � 3
animals/group; 2 males/1 female/group; 10 fields/animal).
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cochlear auditory brainstem response, and distortion product
otoacoustic emission thresholds.

Thus, there are parallels between the auditory and vestibular
efferent pathways. On the one hand, similar to the MOC system,
the EVS is characterized by the presence of �9/�10 nAChRs on
Type II hair cells (Luebke et al., 2005; Zhou et al., 2013). On the
other hand, similar to the auditory LOC system, CGRP is widely
expressed in the EVS. Moreover, the loss of �CGRP in both the
LOC and EVS is linked to a decrease in functional efficacy (i.e.,
quantified by a reduction in afferent nerve response and VOR
gain, respectively). This then raises the question of whether our
current understanding of the LOC might provide insight into the
function of the EVS.

Our results further suggest that the perturbations of the EVS
preferentially influence the gain of the VOR while having mini-
mal impact on its dynamics (i.e., phase). Interestingly, this par-
allels experimental observations in other species that vestibular
afferent gain decreases during selective stimulation of efferent
fibers, without concomitant dynamic changes (Goldberg and
Fernández, 1980; Boyle and Highstein, 1990). However, it is also
important to note that, although �CGRP loss is most striking in
the periphery, CGRP-dependent effects in central vestibular cir-
cuitry likely also contribute to reduced efficacy of the VOR. No-
tably, CGRP is present in some vestibular nuclei cells that project
to the EVS and likely regulate its function (Wackym et al., 1993;
Chi et al., 2007; Ahn et al., 2009). Further, �CGRP loss from birth
may also impair upstream mechanisms that mediate VOR plas-
ticity (e.g., in the cerebellum) and/or compensation via changes
to the peripheral and/or central pathways. Future experiments,
aimed at understanding the role of �CGRP in central vestibular
function, will be required to fully elucidate the role of CGRP-
dependent modulation of the VOR.
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