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Abstract

Aging impacts the vestibular system and contributes to imbalance. In fact, imbalance pre-

cedes changes in cognition in the elderly. However, research is limited in assessing aging

mouse models that are deficient in crucial neuromodulators like Calcitonin Gene-Related

Peptide (CGRP). We studied the loss of CGRP and its effects in the aging mouse, namely

its effect on both static and dynamic imbalances. Postural sway and rotarod testing were

performed before and after a vestibular challenge (VC) in the 129S wild type and the

αCGRP (-/-) null mice. Four age groups were tested that correspond to young adulthood,

late adulthood, middle age, and senescence in humans. Our results suggest wild type mice

experience a decline in rotarod ability due to aging after they reach their prime performance

at 6–10 months of age, while the αCGRP (-/-) null mice perform poorly on rotarod early in life

but improve with age as they get older, potentially due to vestibular compensation. Our pos-

tural sway study suggests that a vestibular challenge can lead to significantly reduced CoP

ellipse areas (freezing behaviors) in older mice, and this change occurs earlier in the

αCGRP (-/-) null but requires future studies to evaluate anxiety effects. These results indi-

cate that αCGRP is an important component of proper balance and that the loss of αCGRP

can contribute to balance complications that may compound with aging.

Introduction

Aging impacts the vestibular system, and contributes to balance problems and an increased

risk of falls [1]. It is estimated that 35% of adults aged 40 and over will experience some form

of vestibular impairment, and 85% of people aged 60 and over will experience indications of

balance dysfunction [2]. Balance dysfunction causes a nearly 3-fold increase in the odds of fall-

ing, and this clinical outcome is highly prevalent in the elderly, affecting 1 in 3 adults aged

over 65 per year [3, 4]. In fact, Leach et al. found a linear relationship between day-to-day vari-

ability in postural sway and cognitive status in older adults [5], highlighting the deficits that

can occur with aging [6–10].
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Current knowledge of aging’s effects on human gait and postural control provides context

for preclinical researchers to study vestibular dysfunction and aging in mouse models. Mice

with loss of calcitonin gene-related peptide (αCGRP-KO) show notable changes in vestibular

sensory processing and behavior. The αCGRP-KO mice exhibit a 50% gain reduction in the

vestibulo-ocular reflex, shorter vestibular sensory-evoked potentials, and deficits in rotarod

ability [11, 12]. Yet, it is unclear if αCGRP loss compounds with aging effects during static and

dynamic balance conditions. We hypothesized that αCGRP-KO mice would exhibit severe

imbalance phenotypes as a function of aging compared to WT and that a vestibular challenge

would aggravate these phenotypes.

We assessed mouse postural sway and rotarod ability on a modified dowel as surrogate

behaviors for static and dynamic imbalance in the αCGRP-KO mice and their wild type of

complement. Mice were studied across four age groups: young adulthood (2.3 to 6 months),

late adulthood (6 to 10 months), middle age (10 to 15 months) and near senescence (15 to 18

months). These age groups correspond to 20 to 30 years, 30 to 40 years, 40–50 years, and 50–

70 years in humans [13]. In this study, vestibular challenges (orbital) were used to perturb

mouse behavior during static and dynamic conditions.

Methods

Animals

The αCGRP-KO and wildtype (WT) transgenic mice were produced and characterized on a

pure 129SvEv background obtained from Emeson laboratory [14]. Mice were shipped to the

Luebke laboratory as heterozygous (+/-) and genotyped using previously established protocols.

The αCGRP heterozygous (+/-) were bred to generate WT (+/+) and homozygous αCGRP

(-/-) null used in these studies. The αCGRP (-/-) null strain (referred to as αCGRP-KO) has a

targeted deletion of αCGRP due to tissue-specific alternative splicing of the calcitonin/αCGRP

gene [14]. Mice were housed under a 12 to 12 day/night cycle at the University of Rochester

under the care of the University Committee on Animal Resources (UCAR). A total of 231

mice - 106 WT (45M/61F) and 125 αCGRP-KO (59M/66F) - were used for these studies. A

table is provided to indicate the number of mice used across the factors of sex, age, and strain,

with many but not all mice repeatedly tested as they aged (Table 1). Mice were equilibrated in

the test room controlled for an ambient temperature between 22–23˚ C for at least 30 minutes

prior to testing and remained in this room until the experiment was completed. All experi-

ments were approved by the University of Rochester’s IACUC committee and once all testing

was completed, mice were euthanized by University of Rochester staff under approved

AALAC /NIH approved procedures, which involved exposure to a CO2 inhalation chamber

followed by secondary physical method. All the behavioral experiments did not require anes-

thesia nor were not pain inducing so no medications were used as anesthetics as analgesics.

Vestibular challenge–Orbital rotation

During postural sway testing, mice experienced a vestibular challenge (VC) in the form of a

steady, orbital rotation at 125 rpm for five minutes (orbital radius = 2 cm). The mice were

placed in an acrylic box attached to an orbital shaker’s surface during rotation, and the mouse’s

head is fixed in one direction and does not rotate with the axis. The mouse’s body is not fixed

but is observed to be stationary during testing, and the head follows an elliptical path. This ves-

tibular challenge is used in another study published from our group [15], and so we continued

to use this stimulus for consistency. From our initial studies, we did not see rotarod deficits

using the same orbital rotation used in sway experiments. We instead used an orbital rotation

but with a greater eccentric rotation then used in sway testing. Thus, for rotarod testing in this
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study, mice were challenged with orbital rotation, which involves rotating mice at 125 rpm at

2.0 cm from the rotational axis. The mouse’s head is oriented perpendicular to the axis of rota-

tion, so that a different stimulation is imposed on the left versus right semicircular canal

because there is a difference in distance from the rotation center to the left versus the right ear.

Mice commonly exhibit a transient (1–2 second) body tremor after experiencing the eccentric

orbital rotation that is not seen with the less eccentric orbital rotation. This VC is only per-

formed for 30 seconds.

Rotarod testing for dynamic balance assessment

Dynamic balance was assessed with a rotarod (Columbus Instruments) configured with a rat

dowel (radius = 3.5 cm). The larger-sized rat dowel was incorporated to facilitate walking and

minimize gripping and trapezing behaviors. The rotarod is designed to test four mice simulta-

neously, and mice were tasked to maintain balance on the rat dowel rotating from 5 to 44 rpm

at an acceleration step of 2.4 rpm every 4 seconds. Latency to fall (LTF) is measured when

mice fall from the dowel. Two days of rotarod testing were performed. The first day was a

training day where mice were tested for 6 to 8 trials. On the second day, mice were briefly

trained for 4 trials and were then given a 15-minute rest. After the rest, mice were tested for 3

trials (pre-VC) and were then stimulated with eccentric rotation as the vestibular challenge

(see Vestibular Challenge–orbital rotation for methods). Mice were then immediately tested for

3 trials on the rotarod after the challenge (post-VC). Approximately 10–30 seconds pass in

between subsequent trials during pre-VC and post-VC tests. A schematic of the rotarod meth-

ods is shown in Fig 1A. All mice, WT and αCGRP(-/-) null, are trained on rotarod using the

same training paradigm on day 1 and day 2 to control for learning effects.

Postural Sway testing for static balance assessment

The CoP assay is used to measure mouse postural sway as a surrogate for static balance changes

[16]. The mice were weighed and placed on a force plate designed to measure the forces due to

postural changes in X, Y, Z, and its angular moments in the XY, YZ, and XZ directions

(Fig 2A). We used the AMTI Biomechanics Force platform (model HEX6x6) and its corre-

sponding AMTI automated acquisition software. An accessory plexiglass cover is placed over

the force plate to prevent mice from moving off the force plate. When placed on the force plate,

mice are given 2 to 5 minutes to acclimate to the novel environment and minimize their explor-

atory behavior. After acclimation, 10 trials of the mouse’s CoP area during the pre-VC test were

measured by the relative output of four vertical sensors (resolution per CoP trial = 300 samples

Table 1. Sample sizes of 129SvEv WT and αCGRP (-/-) null mice are depicted per age group for rotarod and center of pressure tests. Mice were tested in the range of

2.3–18 months (many were repeatedly tested to conserve overall animal count) and were categorized into four different age groups: early adulthood, late adulthood, middle

age, and senescence. The equivalent age in humans is italicized.

Age Groups Sex Rotarod—Wildtype Rotarod– αCGRP KO Center of Pressure -

Wildtype

Center of Pressure -

αCGRP KO

2.3–6 months M N = 13 13 6 4

early adulthood: 20–30 years F 15 12 8 4

6–10 months M 11 10 4 8

late adulthood: 30–40 years F 9 10 8 9

10–15 months M 10 11 10 8

middle age: 40–50 years F 9 11 16 8

15–18 months M 9 12 11 10

senescence: 50–70 years F 8 13 9 14

https://doi.org/10.1371/journal.pone.0303801.t001
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Fig 1. Differences in rotarod performance due to aging, vestibular challenge (VC), and αCGRP loss. A. Mice were

tested on rotarod configured with rat dowel (r = 3.5 cm) and were assessed for 3 trials before (pre-VC) and after (post-

VC) a 30-second eccentric rotation (r = 2 cm) across four age groups. Symbols are depicted as follows: female (F)–

orange circle, male (M)–blue square, Wildtype (WT)–closed, αCGRP-K0 –open. αCGRP-KO mice are referred to as

KO. C, E. Individual MAX LTFs were grouped and depicted as mean ± SEM per age group. B. During pre-VC rotarod,

WT(M) outperformed KO (M) by 7.6 ± 2.4 s in early adulthood (p = 0.01) and by 10.3 ± 2.6 s (p = 0.001) in late

adulthood. WT(F) outperformed KO (F) null in early adulthood by 7.0 ± 2.3 s (p = 0.0009) and appeared to

outperform in late adulthood by 5.03 ± 2.8 s, but this was not significant. WT performs similarly to KO on rotarod

after 10 months. E. Similar differences with age were seen during post-VC rotarod. In either sex, WT outperforms KO

in early and late adulthood but no differences were observed after 10 months. F-I. Before-after plots were constructed

that highlight the effects of the VC on rotarod, but VC’s effects were generally unclear. Full list of ANOVAs and F-

values can be found in S1 and S2 Tables. P-values and asterisks are listed as follow: p< 0.05, **p< 0.01, ***p< 0.001,

****p< 0.0001. Blue asterisks compare WT male versus αCGRP-KO male, and orange asterisks compare WT female

to αCGRP-KO female. The schematics were created in Biorender.com.

https://doi.org/10.1371/journal.pone.0303801.g001
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Fig 2. Postural sway (center of pressure–CoP) changes due to aging, vestibular challenge (VC), and αCGRP loss. A. AMTI Biomechanics Force platform (model

HEX6x6) and its corresponding AMTI automated acquisition software were used to measure 95% confidence CoP ellipses (cm2), and the experimental timeline involves

an acclimation period (5 minutes) followed by the experiment where 10 trials are captured before and after a 5-minute orbital rotation as the VC. Symbols and color

scheme are depicted as follows: female (F)–orange circle, male (M)–blue square, wildtype (WT)–closed, αCGRP-KO–open. αCGRP-KO are referred to as KO. D-E.

Individual average CoPs were grouped and depicted as mean ± SEM per age group. D. During pre-VC, we observed a general increase in CoP area when examining CoP

progressing from early adulthood to middle age, but differences were not seen between strains. E. For post-VC, WT (F) had larger CoPs compared to KO(F) in early

adulthood (2.3–6 m: t (p = 0.09)) and in late adulthood (6–10 m: p = 0.009), however, this difference is gone after 10 months. F-G. Middle-aged and senescent WT(F) and

WT M) exhibit reduced CoP ellipses due to the VC. H-I. KO (F) and KO(M) exhibit reduced CoP ellipses due to the VC from late adulthood to senescence, highlighting a

VC sensitivity in KO that arises earlier in age than their WT complement. See bottom halves of S1 and S2 Tables for F-statistics and p-values. The schematics were adapted

from “Mouse (anterior 1)” by Biorender.com (2024). Retrieved from https://app.biorender.com/biorender-templates. Blue asterisks compare WT male versus αCGRP-KO

male, and orange asterisks compare WT female to αCGRP-KO female. P-values and asterisks are listed as follow: p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001.

https://doi.org/10.1371/journal.pone.0303801.g002
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per second). These trials were captured when the mouse showed no active exploratory behavior

(e.g., grooming, standing) and its four paws were touching the surface of the force plate. The

mice were then subjected to VC (orbital rotation for 5 minutes) and were then placed back onto

the platform. Five minutes after the VC, an additional 10 measurements were measured. A

modified MATLAB code was used to analyze CoP data, generating a 95% confidence ellipse

that enclosed 95% of the CoP trajectory values computed in a single trial.

Statistics

Analyses were conducted in GraphPad Prism 9.5. A 10% ROUT removal was used to remove

outliers in each mouse’s test prior to calculating its average CoP. In addition, at least six differ-

ent 95% ellipse areas were used to compute the average. Then, the CoP average (cm2) per

mouse were further averaged as a mean group CoP ± SE. For rotarod, data was analyzed by

first determining the MAX latency to fall (LTF) from the three trials assessed per testing condi-

tion. The MAX LTF value(s) were grouped and computed for an average maximum LTF ± SE.

Repeated measure ANOVA (RM-ANOVA) and Bonferroni or Tukey post-hoc analyses were

the primary statistical tools, depending on which factors were compared from the generated

RM-ANOVAs. XY Curves were used to portray meaningful trends in rotarod ability and sway

across age groups for either sex or strain. To supplement these trends, we showed violin plots

to show individual animal responses and provide insight on the variability in these readouts

based on sex, age, and strain. Before-after plots were used to show changes in behavior pre and

post a vestibular challenge (VC). Significance is established at p< 0.05, and p-values and aster-

isks are listed as follow: p< 0.05, **p< 0.01, ***p < 0.001, ****p< 0.0001.

Results

Aging and αCGRP loss (-/-) on rotarod

Prior to the vestibular challenge (pre-VC), WT and αCGRP-KO (referred to as KO in figures

and statistical comparisons) were trained and later assessed for baseline rotarod ability. Two-

way RM-ANOVAs assessed the factors αCGRP loss and aging. F-statistics and p-values can be

found in S2 Table. Unlike WT, the αCGRP-KO mice tested at early adulthood had poor

rotarod ability. In Fig 1C, we simplified the violin plot in Fig 1B by averaging the MAX LTFs

per age for each sex and strain. Bonferroni multiple comparisons tests indicate that WT males

outperform αCGRP-KO males by 7.6 ± 2.4 s in early adulthood (adj. p = 0.01) and by

10.3 ± 2.6 s (p = 0.001) in late adulthood (left of Fig 1B). Similarly, WT females outperformed

αCGRP-KO females in early adulthood by 7.0 ±2.3 s (p = 0.0009) and in late adulthood by

5.03 ± 2.8 s, though not significant (right of Fig 1B). While WT mice outperform the

αCGRP-KO during the first 10 months of age, their rotarod ability declines after 10 months

and their performance resemble their similarly aged αCGRP-KO peers.

Using Tukey’s multiple comparisons test, we also assessed the differences between age

groups within a particular strain and sex. In WT males, a significant difference was observed

between 6–10 m and 10–15 m (adj. p< 0.001) and a trend to significance was observed

between 2.3–6 m vs 10–15 m (adj. p = 0.07), though we did not observe a statistical difference

between the youngest and oldest age groups in WT males (2.3–6 m vs 15–18 m). In WT

females, no significant differences were observed between age groups except for a trend to sig-

nificance when comparing 6–10 m vs 10–15 m (p = 0.09). In both WT males and females, a

drop in WT rotarod performance was observed after mice achieve their peak performance at 6

to 10 months of age. In comparison to WT, no significance differences were seen between age

groups in αCGRP-KO males even though we observe a steady increase in rotarod performance

by 4.69 ± 2.47 s from 2.3–6 m vs 15–18 m, which is the largest increase when comparing age
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groups within αCGRP-KO males. In αCGRP-KO females, we observed significant differences

when comparing 2.3–6 m vs 10–15 m (adj. p< 0.01) and 2.3–6 m vs 15–18 m (adj. p< 0.04).
Like αCGRP-KO males, we also observe a strong increase in rotarod performance in

αCGRP-KO females by about 6.40 ± 2.41 s when comparing 2.3–6 m vs 15–18 m, and by

7.69 ± 2.51 s when comparing 2.3–6 m vs 10–15 m.

VC’s effects on rotarod

Mice were challenged by a 30-second eccentric rotation (see methods) and were immediately

tested afterward on rotarod. Post-VC outcomes resembled pre-VC in either sex or strain

(Fig 1D). In females and males, WT mice outperform αCGRP-KO early and late adulthood

but resemble αCGRP-KO performance after 10 months of age (WT vs KO (2.3–6 m):

p = 0.004 for males and p< 0.001 for females; WT vs KO (6–10 m): p< 0.001 for males and

p = 0.009 for females) (Fig 1E). To observe the effects of VC more clearly on an individual ani-

mal’s performance, before-after plots were constructed for WT male (Fig 1F), αCGRP-KO

male (Fig 1G), WT female (Fig 1H), and αCGRP-KO female (Fig 1I). Separate 2-way RM-A-

NOVAs were used to assess VC’s effects and aging, but the VC did not appear to impact per-

formance, except for the following, particular cases: αCGRP-KO males at 10–15 m showed a

decrease of about 4.76 ± 1.50 s due to the VC (adj. p = 0.01) and αCGRP-KO females at 6–10

m showed a decrease of 3.99 ± 1.52 s (p< 0.05) due to VC (Fig 1G and 1I). Based on this data,

the effect of a vestibular challenge in bringing out aging deficits in a mouse model for dynamic

imbalance is present but is generally unclear and may require further exploration.

Tukey’s multiple comparisons test also evaluated the differences between age groups within

a particular strain/sex after the vestibular challenge. In WT males, a significant difference was

observed between 6–10 m and 10–15 m (adj. p< 0.001) and between 6–10 m vs 15–18 m (adj.
p = 0.01). Just like Pre-VC testing, post-VC showed no statistical difference between the youn-

gest and oldest age groups in WT males (2.3–6 m vs 15–18 m). In WT females during post-VC

testing, we observed differences between 2.3–6 m vs 10–15 m (adj. p< 0.005), 6–10 m vs 10–

15 m (adj. p< 0.002), and 6–10 m vs 15–18 m (adj. p< 0.04).

Post-VC comparisons indicate a drop in rotarod performance with aging that is more

aggressive than Pre-VC outcomes, but still hint at a reduced rotarod ability in both sexes of

WT after they reach their peak performance at 6–10 m of age. In comparison to WT,

αCGRP-KO males exhibited an increase in rotarod performance from 6–10 m to 15–18 m by

about 6.45 ± 2.42 s, with no other significant comparisons. αCGRP-KO females also showed

no significant differences in rotarod ability with age, but still marginally increased in their per-

formance by 4.18 ± 2.26 s from 2.3.– 6 to 15–18 m.

Aging and αCGRP loss on Postural Sway

In Fig 2B, each symbol indicates the average CoP for a particular animal. As similarly done for

rotarod, 2-way RM-ANOVAs on CoP were computed across the factors αCGRP loss and

aging during pre-VC and post-VC tests, and these analyses were done separately in males and

females (S2 Table). Group average CoPs ± SEM are depicted in Fig 2D. During the pre-VC

test, we observed a general increase in CoP area from early adulthood to middle age, but no

significant differences were observed between WT and αCGRP-KO during the pre-VC tests

(Fig 2B and 2D).

When looking at the effects of aging within a given sex and sex, we observe that CoP ellipse

areas increased from 2.3–6 m to 10–15 m of age, and then dropped when mice aged to 15–18

m. In WT males, we see a statistically significant increase in sway by approximately 1.21 ± 0.45

cm2 from 2.3–6 m to 10–15 m (adj. p< 0.04). However, this was the only comparison that
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yield statistical significance within wildtype males. We did not observe effects of aging inter-

nally within WT females, αCGRP-KO males, and females.

VC’s effects on Postural Sway

Mice were assessed for postural sway as measured by center of pressure (CoP) changes after a

5-minute orbital rotation (see methods). In females only, WT exhibited a trend of having

larger CoP ellipses at early adulthood than the female αCGRP-KO group (Fig 2C). This was

also observed at late adulthood between WT females and αCGRP-KO females (p = 0.0009).

However, this increased CoP observation is gone as the WT females age past 10 months. From

this point onward, no differences were observed between strains at middle age and senescence.

Separate 2-way RM-ANOVAs assessed VC’s effects and aging on CoP outcomes. For WT

female (Fig 2F), post-VC CoP ellipse areas were decreased at middle age by 1.32 ± 0.38 cm2

(p = 0.006) and at senescence by 1.27 ± 0.51 cm2 (t (p = 0.07)). A similar result was observed in

WT males (Fig 2G), as post-VC ellipse areas were decreased at middle age by 1.34 ± 0.31 cm2

(p< 0.001) and at senescence by 1.27 ± 0.29 cm2 (p< 0.001). Interestingly, the αCGRP-KO

showed a response to VC earlier than WT. For αCGRP-KO females (Fig 2H), post-VC CoP

ellipse areas were decreased in late adulthood by 1.12 ± 0.38 cm2 (p = 0.02), at middle age by

1.27 ± 0.40 cm2 (p = 0.01), and by 0.90 ± 0.30 cm2 (p = 0.02). For αCGRP-KO males (Fig 2I),

post-VC CoP ellipse areas were decreased in late adulthood by 0.65 ± 0.27 cm2 (t (p = 0.08)), at

middle age by 1.45 ± 0.266 cm2 (p< 0.001), and by 0.85 ± 0.24 cm2 (p = 0.006). In addition,

mice with significantly low CoP ellipse areas during the post-VC test exhibited a “freezing

behavior”, characterized by a lack of activity and a fixed gaze. This behavior is distinct from

the usual behavior observed by these mice; however, it was not further quantified in this study.

For sway, we did not observe aging effects within WT males, αCGRP-KO males, and

αCGRP-KO females after the VC. However, post-VC outcomes in WT females showed higher

sway at 2.3–6 m and 6–10 m than when they were older (2.3–6 m vs 10–15 m, adj.p< 0.002;

2.3–6 m vs 15–18 m, adj. p< 0.001; 6–10 m vs 10–15 m (adj.p< 0.001); 6–10 m vs 15–18 m

(adj.p< 0.001)).

Sex differences in Rotarod and Sway across age, sex, and strain

Using the same MANOVA analyses conducted in this study, we used Tukey post-hoc compar-

isons to evaluate sex-specific differences in rotarod and sway within strain and age groups,

before and after the VC. We observed no statistical differences when comparing pre-VC

rotarod, post-VC rotarod, and pre-VC sway for WT females versus males and αCGRP-KO

females versus males at any age group. However, post-VC, sway emphasized a significant dif-

ference between WT male’s vs WT females at 2.3–6 m (adj. p< 0.001) and at 6–10 m (adj.
p< 0.001). This difference is due to significantly larger CoP ellipse areas observed in WT

females than is observed in WT males at these age groups.

Discussion

The vestibular system’s ability to maintain balance and coordination deteriorates as a function

of aging. Previous findings show aging’s detrimental effects on balance control in humans and

rodents can arise from changes in the vestibular endorgans and vestibular nerve [17–20],

chemical imbalances in the inner ear [21], and age-related musculoskeletal deterioration [22,

23]. Mouse models provide an opportunity to assess aging’s effects on behavior when an essen-

tial neuromodulator like CGRP is removed from birth.

CGRP is present in the inner ear [12], the trigeminal ganglion, the vestibular nuclei of the

hindbrain, cerebral cortical vessels [24], and the cerebellum [25]. We have recently shown that
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systemic CGRP–delivered intraperitoneally - impacts auditory brainstem responses (ABRs)

and vestibular sensory evoked potentials (VsEPs) in the C57BL/6J mouse [15], thus providing

evidence that systemic CGRP can modulate inner ear afferent signaling to subcortical and cor-

tical structures. Interestingly, the cerebellum has the most CGRP binding sites in the central

nervous system [26]. Aging is associated with a reduction in cerebellar Purkinje cells [27].

Immunostaining studies have indicated CGRP’s presence in motor neurons and cerebellar

Purkinje cells of rats, and CGRP signaling is hypothesized to exert a role in cerebellar plasticity

which may decline with aging [28]. The αCGRP-KO mice are characterized with a reduced

efficacy of the vestibulo-ocular reflex [11], an enhanced activation timing of primary vestibular

afferents, a lack αCGRP expression in otolith organs, and a poor rotarod ability at an early age

[12]. Since CGRP is present in the vestibular nuclei and the cerebellum [29, 30], losing CGRP

from birth is hypothesized to strongly affect the upstream pathways to these structures that

ultimately integrate vestibular and motor signals for later conscious perception. Thus, we

showed an interest in assessing aging’s effects on the balance behavior of αCGRP (-/-) null

mice and extend the current, collective knowledge regarding this novel mouse strain.

Rotarod performance is a mouse surrogate for dynamic imbalance. Our results show that

wildtype (WT) mice perform better on the rotarod than αCGRP-KO mice from 2.3 to 10

months, but the difference disappears after 10 months. Our results in the WT correlate with a

previous report assessing rotarod and balance beam on the aging C57BL/6 mouse tested at

one, nine, and thirteen months of age [31]. In this prior study, a reduction in rotarod perfor-

mance was observed at nine months and longer latencies to traverse a balance beam were mea-

sured at nine and thirteen months of age. Comparatively, the αCGRP-KO mice have poor gait

and dynamic balance early in life.

Cognitive and motor deficits in mice that arise with aging can be associated with deficits in

signaling of neurotransmitters such as acetylcholine and serotonin [32]. Paired with age-

related skeletal muscle mass decline [33] and age-related reduction in cerebellar plasticity [34],

these effects can explain the rotarod deficits we observed in older wildtype mice. CGRP co-

expresses with acetylcholine in motor neurons [35] and enhances the expression of acetylcho-

line receptors, and CGRP expresses in the thalamus [36] and cerebellum [37]. Poor rotarod

ability in the young αCGRP-KO may be due to changes in interactions between CGRP and

acetylcholine on motor control or due to lower Insulin-Like Growth Factor-1 levels which

causes impaired spatial learning and cognitive impairments [38]. However, in our study, the

αCGRP-KO mice modestly improve their rotarod ability as they get older, with age-related

improvements seen in rotarod regardless of provocation by a vestibular challenge. The thala-

mus is an integrative center for multisensory inputs (vestibular, motor, and visual) and recent

evidence suggests cerebellar projections from all three cerebellar nuclei reach most thalamic

nuclei [39]. The rat thalamus has been shown to experience adaptive plasticity to bilateral laby-

rinthine loss [40]. While the cerebellum has the most CGRP binding sites in the brain and

CGRP loss may significantly impact cerebellar activity, multisensory compensation mediated

by the thalamus may result in recalibrated networks that can explain the modest rotarod

improvements in the αCGRP -KO as they age.

We did not observe a significant impact of the vestibular challenge (VC) on rotarod perfor-

mance for either strain. While not shown in this study, we additionally analyzed the post-VC

trials individually, and commonly observed that after the VC, the first trial–when mice are

placed on the rotarod dowel approximately 30 seconds after stimulation - is typically associ-

ated with a lower LTF than the second and third trials tested subsequently after. This is com-

mon in all WT and αCGRP-KO mice tested regardless of sex and age. However, mice quickly

recover and that is why their MAX LTF, post-VC does not significantly differ from their MAX

LTF, pre-VC, which was the main analysis in this study. It is known that an organism’s
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vestibular system adapts quickly to changes in its environment, and mice can recover from a

vestibular challenge almost immediately [31]. This quick recovery provides a rationale as to

why we detected no significant impact of the vestibular challenge on max LTFs (a given

mouse’s best effort on the rotarod) and highlights the adaptability of the vestibulo-muscular

systems in responding to brief but intense vestibular perturbations. The short-term compensa-

tion that arises in mice after the vestibular challenge has been shown before in another study

evaluating VC effects in rotarod in the C57BL/6 strain [31], and because compensation does

not appear compromised due to age or CGRP loss, we did not focus on this phenomenon in

this study.

While we did observe the effects of VC on rotarod in αCGRP-KO males at 6–10 m and

αCGRP-KO females at 10–15 m, these effects were not further observed in αCGRP-KO males

older than 10 months or in αCGRP-KO females older than 15 months. It is hard to establish a

role of age or sex on this assay when the later or earlier age groups do not follow in trends. Due

to a lack of meaningful trends in rotarod ability after the VC, we found it appropriate to claim

that there was no significant impact of the VC on rotarod performance for either strain.

In postural sway testing, we observed WT females exhibited larger CoP sway ellipses in

both early and late adulthood than compared to αCGRP-KO females and to WT and

αCGRP-KO males. However, this increased CoP observation in WT females is no longer pres-

ent as mice age past 10 months. In response to the vestibular challenge (VC), mice exhibit a

“freezing” behavior characterized by a lack of movement and a fixed gaze, and we attribute this

freezing behavior to an anxiety response. Aging, anxiety, and chronic stress are associated with

greater difficulty in performing cognitive tasks in everyday life for patients and especially

patients with vestibular disorders [41, 42]. However, we have not evaluated anxiety responses

in the 129S WT or αCGRP-KO mice before or after the vestibular challenge (VC) in this study.

In future studies, we intend to explore elevated plus maze or open field activity in these mice

as readouts for anxiety to supplement this current study and better assess this freezing behavior

we observe in mice after the VC. We understand that a reduction in CoP confidence ellipses

usually reflects better balance and competes with our hypothesis and analysis. In preclinical

and clinical literature, postural sway is associated with postural instability. Clinical studies fre-

quently cite that tight CoP ellipse areas corresponds to a functioning vestibular system, and

that increased CoP ellipse areas typically correspond to a neurological disorder like Vestibular

Migraine [43] or neurodegenerative disease like Parkinson’s [44]. In mouse models, the center

of pressure assay was previously used to detect increases in postural sway in mice with increas-

ing doses of harmaline, a tremor inducing agent, that returned to control values after recovery

[16]. Stress is also correlated with increased postural sway in young men [45], and a stiffening

strategy is observed in response to postural threats to one’s standing posture and involves co-

contraction of the lower body muscles [46]. It is unclear in this study if the tight CoP ellipse

areas observed in mice post-vestibular challenge are due to a unique coping mechanism

employed by quadrupedal species like mice, whereas bipedal species would still exhibit sway.

However, this assessment requires additional experimentation of muscle co-contraction and

anxiety which is out of this study’s scope.

When evaluating sex-specific differences in behavior, a confounding variable is the effects

of menstrual cycle phases on vestibular performance. While limited in number, there is litera-

ture to suggest that changes in hormonal levels during menstrual phases may affect inner ear

activity and vestibular networks involved in vestibular perception and performance [47]. In

example, progesterone and estrogen are found in the inner ear sensors [48], vestibular nerve,

and vestibular nuclei [49], and calcitonin gene-related peptide (CGRP) and its receptor are

also found in these regions. CGRP and sex hormone receptors are expressed in the trigemino-

vascular system, and crosstalk between estrogen and CGRP appear to be involved in migraine
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[50, 51]. Circulating levels of progesterone and estrogen increase fluid retention during the

luteal phase of the menstrual cycle and are associated with peripheral vestibular changes [52].

However, these studies are largely correlative and very few clinical studies have been con-

ducted to establish a link between vestibular performance and systemic hormone levels. In the

αCGRP-KO mice, αCGRP loss impacts vestibular sensory processing and performance and

this may also be confounded by menstrual cycle phase, but we did not study this question.

Future studies are required to tease out the crosstalk between CGRP and hormones on vestibu-

lar sensory processing, and if there are significant changes with αCGRP loss. However, the

likelihood of differences to be observed in vestibular performance or anxiety of 129S WT or

αCGRP-KO mice due to menstrual cycle effects is not currently supported by strong evidence.

In example, the timing of the menstrual cycle had no effect on anteroposterior sway or optoki-

netic function in young women [53]. In addition, young women evaluated for vestibulo-ocular

reflex (VOR) gain function and symmetry across their menstrual cycle phases showed no evi-

dence of gain changes or asymmetry [54]. In mouse models, the effects of the menstrual cycle

on vestibular performance are even less explored and less understood. We have not found any

pertinent studies in mice that correlate menstrual cycle with vestibular function and cannot

comment on this feature with confidence. There have been attempts to correlate menstrual

cycle phases with anxiety in mice, but results are confusing and not uniform. Some studies sug-

gest differences in mouse anxiety between proestrus, estrus, and diestrus phases [55, 56],

whereas other studies showed no effect [57].

In this study, we observed a stark difference in rotarod ability between 129S WT and

αCGRP-KO mice in the following age groups: 2.3–6 months and 6–10 months. In the future,

we will consider delivering CGRP intraperitoneally or intracerebroventricularly into the

αCGRP-KO to observe for reversal effects, and to discern if reversal is mediated peripherally

or centrally. In contrast, we did not see strong differences in rotarod between strains in the

older age groups, nor did we see a strong effect of strain on postural sway outcomes. In these

cases, exploring reversal effects are not worthwhile.

CGRP’s role in inflammation, pain transmission, and in evoking sensory hypersensitivities

has supported therapeutic efforts to block CGRP signaling for migraine [58] and COVID ther-

apy [59]. Yet others have found CGRP to act as a neuromodulator with neuroprotective effects

[60]. Sensorimotor dysfunction either caused by or resulting in αCGRP loss may require an

alternate strategy of re-establishing CGRP signaling in peripheral and central multisensory

networks and should be evaluated preclinically in models for sensorimotor deficits due to

aging or disease.

To conclude, we investigated the association between aging and balance in both sexes of

WT and αCGRP-KO mice. We observe that 129 Sv/Ev WT mice exhibit reduced rotarod abil-

ity due to aging and that αCGRP-KO exhibit poor rotarod early in age but improve potentially

due to vestibular compensation. In sway, we observed that after the vestibular challenge, wild-

type females exhibit higher sway than wildtype males and both sexes of αCGRP-KO. In addi-

tion, a vestibular challenge can induce tight CoP ellipse areas that may associate with freezing

behavior. These findings instill a better understanding of CGRP’s role in rodent balance con-

trol during aging.

Supporting information

S1 Table. Separately done in males and female mice, rotarod and postural sway data dur-

ing pre-vestibular challenge (VC) and post-VC tests were analyzed with two-way repeated

measures ANOVA to assess the factors aging and αCGRP loss. Bonferroni post hoc analyses

computed the difference between wildtype and αCGRP KO at each age group. F-values are
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listed with respect to degrees of freedom (DFn, DFd) and p-values are listed accordingly.

(DOCX)

S2 Table. Analyzes were separately performed in males and females. To determine the

impact of a vestibular challenge (VC) on these balance behaviors, rotarod and postural sway

data were further analyzed with two-way repeated measures ANOVA to assess the factors

aging and VC effects in wildtype or αCGRP KO data. Bonferroni post hoc analyses computed

the differences between pre-VC and post-VC outcomes at each age group. F-values are listed

in degrees of freedom (DFn, DFd) and p-values are given.

(DOCX)

Author Contributions

Conceptualization: Anne E. Luebke.

Data curation: Shafaqat M. Rahman, Catherine Hauser.

Formal analysis: Shafaqat M. Rahman, Anne E. Luebke.

Funding acquisition: Anne E. Luebke.

Investigation: Catherine Hauser, Anne E. Luebke.

Methodology: Catherine Hauser, Anne E. Luebke.

Project administration: Anne E. Luebke.

Resources: Anne E. Luebke.

Supervision: Anne E. Luebke.

Validation: Anne E. Luebke.

Writing – original draft: Shafaqat M. Rahman, Anne E. Luebke.

Writing – review & editing: Anne E. Luebke.

References
1. Wagner AR, Akinsola O, Chaudhari AMW, Bigelow KE, Merfeld DM. Measuring Vestibular Contribu-

tions to Age-Related Balance Impairment: A Review. Front Neurol. 2021; 12:635305. Epub 2021/02/27.

https://doi.org/10.3389/fneur.2021.635305 PMID: 33633678; PubMed Central PMCID: PMC7900546.

2. Agrawal Y, Carey JP, Della Santina CC, Schubert MC, Minor LB. Disorders of balance and vestibular

function in US adults: data from the National Health and Nutrition Examination Survey, 2001–2004.

Arch Intern Med. 2009; 169(10):938–44. Epub 2009/05/27. https://doi.org/10.1001/archinternmed.

2009.66 PMID: 19468085.

3. Agrawal Y, Ward BK, Minor LB. Vestibular dysfunction: prevalence, impact and need for targeted treat-

ment. J Vestib Res. 2013; 23(3):113–7. Epub 2013/11/02. https://doi.org/10.3233/VES-130498 PMID:

24177344; PubMed Central PMCID: PMC4069154.

4. Vanspauwen R. Dizziness and (Fear of) Falling in The Elderly: A Few Facts. J Int Adv Otol. 2018; 14

(1):1–2. Epub 2018/05/17. https://doi.org/10.5152/iao.2018.0201815 PMID: 29764772; PubMed Cen-

tral PMCID: PMC6354480.

5. Leach JM, Mancini M, Kaye JA, Hayes TL, Horak FB. Day-to-Day Variability of Postural Sway and Its

Association With Cognitive Function in Older Adults: A Pilot Study. Front Aging Neurosci. 2018; 10:126.

Epub 2018/05/22. https://doi.org/10.3389/fnagi.2018.00126 PMID: 29780319; PubMed Central

PMCID: PMC5945980.

6. Kim JW, Eom GM, Kim CS, Kim DH, Lee JH, Park BK, et al. Sex differences in the postural sway char-

acteristics of young and elderly subjects during quiet natural standing. Geriatr Gerontol Int. 2010; 10

(2):191–8. Epub 2010/01/27. https://doi.org/10.1111/j.1447-0594.2009.00582.x PMID: 20100287.

PLOS ONE CGRP loss, aging, and a vestibular challenge led to balance deficits

PLOS ONE | https://doi.org/10.1371/journal.pone.0303801 June 12, 2024 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0303801.s002
https://doi.org/10.3389/fneur.2021.635305
http://www.ncbi.nlm.nih.gov/pubmed/33633678
https://doi.org/10.1001/archinternmed.2009.66
https://doi.org/10.1001/archinternmed.2009.66
http://www.ncbi.nlm.nih.gov/pubmed/19468085
https://doi.org/10.3233/VES-130498
http://www.ncbi.nlm.nih.gov/pubmed/24177344
https://doi.org/10.5152/iao.2018.0201815
http://www.ncbi.nlm.nih.gov/pubmed/29764772
https://doi.org/10.3389/fnagi.2018.00126
http://www.ncbi.nlm.nih.gov/pubmed/29780319
https://doi.org/10.1111/j.1447-0594.2009.00582.x
http://www.ncbi.nlm.nih.gov/pubmed/20100287
https://doi.org/10.1371/journal.pone.0303801


7. Hageman PA, Leibowitz JM, Blanke D. Age and gender effects on postural control measures. Arch

Phys Med Rehabil. 1995; 76(10):961–5. Epub 1995/10/01. https://doi.org/10.1016/s0003-9993(95)

80075-1 PMID: 7487439.

8. Baloh RW, Fife TD, Zwerling L, Socotch T, Jacobson K, Bell T, et al. Comparison of static and dynamic

posturography in young and older normal people. J Am Geriatr Soc. 1994; 42(4):405–12. Epub 1994/

04/01. https://doi.org/10.1111/j.1532-5415.1994.tb07489.x PMID: 8144826.

9. Yamamoto T, Smith CE, Suzuki Y, Kiyono K, Tanahashi T, Sakoda S, et al. Universal and individual

characteristics of postural sway during quiet standing in healthy young adults. Physiol Rep. 2015; 3(3).

Epub 2015/03/18. https://doi.org/10.14814/phy2.12329 PMID: 25780094; PubMed Central PMCID:

PMC4393163.

10. King MB, Judge JO, Wolfson L. Functional base of support decreases with age. J Gerontol. 1994; 49

(6):M258–63. Epub 1994/11/01. https://doi.org/10.1093/geronj/49.6.m258 PMID: 7963278.

11. Luebke AE, Holt JC, Jordan PM, Wong YS, Caldwell JS, Cullen KE. Loss of alpha-calcitonin gene-

related peptide (alphaCGRP) reduces the efficacy of the Vestibulo-ocular Reflex (VOR). J Neurosci.

2014; 34(31):10453–8. https://doi.org/10.1523/JNEUROSCI.3336-13.2014 PMID: 25080603; PubMed

Central PMCID: PMC4115147.

12. Jones SM, Vijayakumar S, Dow SA, Holt JC, Jordan PM, Luebke AE. Loss of α-Calcitonin Gene-

Related Peptide (αCGRP) Reduces Otolith Activation Timing Dynamics and Impairs Balance. Front Mol

Neurosci. 2018;11:289-. https://doi.org/10.3389/fnmol.2018.00289 PMID: 30197585.

13. Dutta S, Sengupta P. Men and mice: Relating their ages. Life Sci. 2016; 152:244–8. Epub 2015/11/26.

https://doi.org/10.1016/j.lfs.2015.10.025 PMID: 26596563.

14. Lu JT, Son YJ, Lee J, Jetton TL, Shiota M, Moscoso L, et al. Mice lacking alpha-calcitonin gene-related

peptide exhibit normal cardiovascular regulation and neuromuscular development. Mol Cell Neurosci.

1999; 14(2):99–120. https://doi.org/10.1006/mcne.1999.0767 PMID: 10532808.

15. Shafaqat MR, Benjamin L, Stefanie F, Elana F, Raajan J, Joseph CH, et al. Systemic Calcitonin Gene-

Related Peptide (CGRP) modifies auditory and vestibular endorgan electrical potentials, and increases

auditory and vestibular hypersensitivities: Implications for vestibular migraine. bioRxiv.

2023:2022.06.03.494764. https://doi.org/10.1101/2022.06.03.494764

16. Hutchinson D, Ho V, Dodd M, Dawson HN, Zumwalt AC, Schmitt D, et al. Quantitative measurement of

postural sway in mouse models of human neurodegenerative disease. Neuroscience. 2007; 148

(4):825–32. Epub 20070721. https://doi.org/10.1016/j.neuroscience.2007.07.025 PMID: 17764851;

PubMed Central PMCID: PMC2175386.

17. Johnsson LG. Degenerative changes and anomalies of the vestibular system in man. Laryngoscope.

1971; 81(10):1682–94. https://doi.org/10.1288/00005537-197110000-00016 PMID: 4255919.

18. Park JJ, Tang Y, Lopez I, Ishiyama A. Age-related change in the number of neurons in the human ves-

tibular ganglion. J Comp Neurol. 2001; 431(4):437–43. https://doi.org/10.1002/1096-9861(20010319)

431:4<437::aid-cne1081>3.0.co;2-p PMID: 11223813.

19. Alidina A, Lyon MJ. Aging rat vestibular ganglion: I. Quantitative light microscopic evaluation. Am J Oto-

laryngol. 1990; 11(3):174–81. https://doi.org/10.1016/0196-0709(90)90034-s PMID: 2382785.

20. Paplou V, Schubert NMA, Pyott SJ. Age-Related Changes in the Cochlea and Vestibule: Shared Pat-

terns and Processes. Frontiers in Neuroscience. 2021;15. https://doi.org/10.3389/fnins.2021.680856

PMID: 34539328

21. Jiang H, Talaska AE, Schacht J, Sha SH. Oxidative imbalance in the aging inner ear. Neurobiol Aging.

2007; 28(10):1605–12. Epub 20060822. https://doi.org/10.1016/j.neurobiolaging.2006.06.025 PMID:

16920227; PubMed Central PMCID: PMC2453750.
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