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Abstract

Evidence for a cerebellar role during cardiopulmonary challenges has long been

established, but studies of cerebellar involvement in eupneic breathing have been incon-

clusive. Here we investigated temporal aspects of eupneic respiration in the Atoh1-En1/2

mouse model of cerebellar neuropathology. Atoh1-En1/2 conditional knockout mice have

conditional loss of the developmental patterning genes Engrailed1 and 2 in excitatory cer-

ebellar nuclear neurons, which leads to loss of a subset of medial and intermediate excit-

atory cerebellar nuclear neurons. A sample of three Atoh1-derived extracerebellar nuclei

showed no cell loss in the conditional knockout compared to control mice. We measured

eupneic respiration in mutant animals and control littermates using whole-body unre-

strained plethysmography and compared the average respiratory rate, coefficient of varia-

tion, and the CV2, a measure of intrinsic rhythmicity. Linear regression analyses revealed

that Atoh1-En1/2 conditional knockouts have decreased overall variability (p = 0.021;

b = �0.045) and increased intrinsic rhythmicity compared to their control littermates

(p < 0.001; b = �0.037), but we found no effect of genotype on average respiratory rate

(p = 0.064). Analysis also revealed modestly decreased respiratory rates (p = 0.025;

b = �0.82), increased coefficient of variation (p = 0.0036; b = 0.060), and increased CV2

in female animals, independent of genotype (p = 0.024; b = 0.026). These results suggest

a cerebellar involvement in eupneic breathing by controlling rhythmicity. We argue that

the cerebellar involvement in controlling the CV2 of respiration is indicative of an involve-

ment of coordinating respiration with other orofacial rhythms, such as swallowing.
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1 | INTRODUCTION

The involvement of the cerebellum in cardiopulmonary function such as

blood pressure regulation and respiration has long been established and

is evidenced by a wealth of anatomical and neuropathological data.1–10

There is a clear cerebellar role in breathing during respiratory challenges,

like hunger for air and hypoxia, but a similar relationship could not be

found during normal breathing (eupneic breathing or eupnea).8,11–14
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However, recent studies have successfully focused on cerebellar

involvement in specifically the temporal aspects of eupneic

respiration,15–17 as temporal coordination is one of the key functions

assigned to the cerebellum.18 We recently investigated temporal aspects

of eupneic respiration in a mouse model with Purkinje cell

(PC) silencing.15 This mouse model lacked synaptic vesicle transmission

selectively in PCs, effectively eliminating transmission of cerebellar corti-

cal output to the cerebellar nuclei.19 The average respiratory rate and

coefficient of variation (CV) of the inter-respiratory intervals (IRI) were

not significantly affected by loss of PC transmission; however mutant

animals exhibited an increase in CV2, a measure of intrinsic rhythmicity

which compares neighboring IRIs.15,20 This result suggested a cerebellar

role in controlling temporal aspects of eupneic respiration.

Here we investigate the role of excitatory cerebellar nuclei neu-

rons (eCN) in controlling eupneic respiration. The eCN integrate syn-

aptic inputs from PCs as well as climbing fiber and mossy fiber

collaterals and are the final output neurons of the cerebellum.18,21,22

ECN project widely throughout the midbrain and hindbrain. Fujita

et al. recently identified over 60 regions, including premotor nuclei

involved in respiratory control, targeted by the excitatory neurons of

the fastigial (medial) nucleus alone using fluorescent anterograde

tracers in mice.23 Several other studies have implicated brain stem

nuclei with respiratory function as potential targets of the eCN,

including the Kölliker-Fuse nucleus, parabrachial complex, and lateral

reticular nucleus.23,24 Lu et al. have previously shown that there are

robust projections from medial cerebellar nuclei (mCN) and some pro-

jections from intermediate CN to the ventromedial reticular forma-

tion, a structure involved in respiratory and orofacial motor

control.16,25–28 In addition, they reported that a subset of mCN neu-

rons have firing patterns which were correlated with respiration, fluid

licking and whisker movements.16

To address the role of the eCN in eupneic breathing we used a

mouse model with conditional loss of the developmental patterning genes

Engrailed1/2 (En1/2) in neurons that express Atonal homolog 1 (Atoh1)

during development, which includes eCN and granule cells. This results in

partial loss of the eCN in the medial and intermediate CN but a near nor-

mal cerebellar cytoarchitecture despite a smaller cerebellum size.29 En1/2

encode homeobox transcription factors which have been shown to be

expressed in and essential for several aspects of mid/hindbrain

development.30–32 Furthermore, mutant mice have revealed that En1/2

are crucial in the cerebellum for normal molecular patterning of the PC

parasagittal stripes, foliation, and afferent circuit maps.33–35

The conditional mouse model used here (Atoh1-En1/2 CKOs) uses

a Cre/lox system to conditionally knock out En1/2 in rhombic lip-

derived neurons using the Atoh1 promoter. Upper and lower rhombic

lip progenitor cells express the transcription factor ATOH1 and give

rise to the glutamatergic neurons of the cerebellum, in additional to

pre-cerebellar nuclei neurons. In terms of cerebellar size and foliation,

Atoh1-En1/2 CKOs suffer proportional scaling down of neuron num-

bers in hypoplastic lobules of the anterior and central vermis and par-

avermis.29,32 In addition, the number of eCN in the medial (mCN) and

intermediate CN is reduced in mutants by about half.32 This is of par-

ticular relevance to our study, as the posterior mCN that is reduced in

mutants projects to several premotor brain stem nuclei involved in

respiratory function and orofacial control.23,36 Despite the loss of

eCN, the cytoarchitecture of the cerebellar cortex is well maintained

in mutants, setting this model apart from most other cerebellar

mutants and making it ideal for our investigation. The Atoh1-En1/2

CKOs have also been shown to have motor behavioral deficits,29,32

but eupneic breathing has not been studied.

2 | MATERIALS AND METHODS

2.1 | Animals

All animals were bred and genotyped in the lab of Dr. Alexandra

Joyner (Memorial Sloan Kettering Cancer Center, New York, NY) and

then transferred to the animal care facilities at the University of Ten-

nessee Health Science Center where they were housed in groups of

the same sex. Use of animals and all experimental procedures were

performed under the approval of the Institutional Animal Care and

Use Committee of University of Tennessee Health Science Center

and Memorial Sloan Kettering Institute. In total, 39 animals were used

for analysis (details in Table 1). The Atoh1-En1/2 CKO mice29 use a

Cre/lox system and the Atoh1 promoter to conditionally knock out the

Engrailed1/2 genes in rhombic lip-derived cells. Mutant animals

(Atoh1-Cre+; En1lox/lox; En2lox/lox) were compared to their control lit-

termates (En1lox/lox; En2lox/lox). We recorded animals at 4–5 months

old, corresponding to mature adulthood in mice.37 All experimental

procedures involving animals were performed during the light phase

of a 12-h light/dark cycle.

To examine the number of Atoh1-derived extracerebellar nuclei in

the Atoh1-En1/2 CKO mice, Atoh1-En1/2 CKO mice with a Cre-

dependent nuclear tdTomato reporter (Ai75D38) were generated

(Atoh1-Cre/+; En1lox/lox; En2lox/lox; R26LSL-nls-tdTomato/+). Mice with

Atoh1-Cre and Ai75D alleles were used as non-littermate controls

(Atoh1-Cre/+; R26LSL-nls-tdTomato/+). Four non-littermate controls and

four Atoh1-En1/2 CKOs at postnatal 30 were used for quantifications.

2.2 | Plethysmograph recording

We recorded respiration under eupneic conditions as described previ-

ously.15 In short, we used a plethysmograph chamber as shown in

Figure 1A, consisting of an airtight container with constant air flow and

a pressure transducer attached. Animals were recorded individually for

30–40 min. During recording an opaque covering was placed over the

entire apparatus in order to provide a calming dark environment and

reduce potential stressors. Pressure transducer output was recorded

and digitized using an analogue-to-digital converter and Spike2 software

(both Cambridge Electronic Design, Cambridge, UK). As the animal

inhales, pressure inside the chamber increases slightly, causing the pres-

sure transducer output voltage to increase (Figure 1B). Voltage peaks,

corresponding to the end of inspiration, were marked and this time

sequence of markers was used for all further analysis. Eupneic
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respiration analyzed here included breathing at rest and sniffing behav-

ior, that is, respiratory frequencies between 1 and 16 Hz. Periods with

respiratory intervals outside of the 1–16 Hz range as well as periods

showing sharp increases or decreases in voltage which were outside the

range of the transducer (clipping) were excluded from analysis. After

each recording the plethysmograph chamber was cleaned with a 70%

ethanol solution and allowed to dry.

2.3 | Tissue processing, microscopy, and image
analysis

Mice were euthanized by ketamine/xylazine and then perfused

transcardially with 1� PBS and then 4% paraformaldehyde. Brains

were dissected and post-fixed in the same fixatives overnight at 4�C

and cryopreserved in 30% sucrose in 1� PBS for 2 days at 4�C. Brains

were embedded in Tissue-Tek OCT compound (Sakura Finetek Co.,

Japan) and cryosectioned sagittally at 14 um and directly mounted on

glass slides.

Slides were processed for immunofluorescence using a procedure

described previously.32 Slides were imaged using a slide scanner

(NanoZoomer 2.0-HT, Hamamatsu Photonics, Bridgewater, NJ) and Cy3

channel for regions of interest were exported at 10� magnification.

Parabrachial nucleus, lateral reticular nucleus and pons were cropped

from images using Photoshop (Adobe, San Jose, CA) and saved as TIFF

format. Using a batch “analyze particle” function on ImageJ (National

Institute of Health, Bethesda, MD), cropped images were auto-

thresholded and the number of nuclear tdTomato-positive cells were

quantified. Every 10th section was quantified for the parabrachial and

lateral reticular nuclei and every other section was used to quantify the

pons. The number of sections quantified for each region of interest

between non-littermate control and mutants were not different.

2.4 | Statistical analysis

The raw pressure transducer voltage signal was first processed using a

software FIR Butterworth low pass filter with a cutoff at 20 Hz

(Spike2) to remove noise without distorting the respiratory data, as

suggested by Lim et al.39 To remove very low frequency (<1 Hz) drift,

the built-in Spike2 DC remove channel process was utilized (time

constant = 0.1 s). Signal peaks were marked using a minimum interval

of 0.06 s to exclude local maxima which do not correspond to the end

of inspiration, given that murine respiratory rates vary from about 1–

16 Hz (including sniffing behavior).40,41 Minimum peak height varied

based on the amplitude of individual recordings, but ranged from 0.15

to 0.35 Volts. Inter-respiratory intervals (IRI) were determined by cal-

culating the time between subsequent end-of-inspiration marks (Δt).

CV was calculated as the SD of the IRI distribution divided by the

mean. Finally CV2 which was first described by Holt et al. to analyze

intrinsic variability of spiking activity in cat visual cortex neurons,20

was calculated using (Equation 1):

CV2¼2 jΔtiþ1 –Δti j
Δtiþ1þΔti

ð1Þ

The average CV2 of a sequence of respiratory intervals is the mean of

all CV2s calculated for each adjacent pair of IRIs.

TABLE 1 Mouse group composition
and means. Shown are count and (%) or
mean and (SD), respectively, depending
on whether the variable is discrete or
continuous

All (N = 39) Mutant (N = 19) Control (N = 20)

Sex

Female 24 (61.5%) 12 (30.8%) 12 (30.8%)

Male 15 (38.5%) 7 (17.9%) 8 (20.5%)

Mean IRI (s) 0.164 (0.035) 0.156 (0.030) 0.172 (0.039)

Rate (Hz) 6.30 (1.12) 6.58 (1.06) 6.03 (1.13)

CV 0.37 (0.06) 0.34 (0.07) 0.39 (0.06)

CV2 0.23 (0.04) 0.21 (0.03) 0.25 (0.03)

F IGURE 1 Whole-body unrestrained plethysmograph recording.
(A) Custom-made plethysmograph chamber. Pressure changes due to
respiration are measured by pressure transducer (Validyne
Engineering) and reflected by voltage changes, shown in
B. (B) Inhalation caused an increase in pressure in the plethysmograph
chamber, which is reflected as an increase in the output voltage of the
pressure transducer. The times of voltage peaks were marked,

representing the end of inspiration. The sequence of these time
markers was used for all further analysis
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Periods of high signal noise, which can be caused e.g. by the

animal blocking the air in or outflow from the chamber, were

excluded from analysis.39 Thus for each mouse, the CV, CV2, and

mean IRI of five respiratory sequences (each 60 s long) were calcu-

lated independently from noise-free data segments. Since data

segments varied from mouse to mouse and given that respiratory

rate and variability may vary as the animal acclimates to the ple-

thysmograph chamber, segment start time (ST) was also included

as a predictor in all analyses (i.e., if the sequence analyzed was the

first 60 s of the recording, ST = 0 s). See Figures S1 and S2 for fur-

ther discussion of ST. All calculations and statistical analyses were

performed using MATLAB scripts (MathWorks, Natick, MA).

Response variables were tested to ensure that they were appro-

priate for linear regression. In the following tests for normality and

homoscedasticity, data for each response variable were treated as a

single group (for example, all CV data was grouped regardless of sex

or strain). First, response variables were evaluated to ensure normality

using quantile-quantile (QQ) plots, which compare the distribution of

a data set with the normal distribution. The Breusch-Pagan test was

used to evaluate the data for homoscedasticity, where the null

hypothesis is that data are homoscedastic and a p-value ≤ 0.05 indi-

cates heteroscedasticity.42,43 To determine the effect of sex, strain,

and ST on response variables (CV, CV2, and mean IRI), linear regres-

sion analysis was applied. Models were fitted to relate response vari-

ables to predictor variables (gender, strain, and ST). Nonsignificant

predictor variables (p ≥ 0.05) were removed to increase degrees of

freedom and improve the model. Model fit was confirmed using resid-

ual plots.

For image analysis of immunostained tissue from extracerebellar

nuclei, the total number of tdTomato-positive cells were compared

between each region between genotypes using the non-parametric

Mann–Whitney U test (GraphPad Prism v 9.2.0, GraphPad Software,

San Diego, CA). One control animal was excluded from the lateral

reticular nucleus quantifications as the number of sections con-

taining the region of interest was not sufficient. Data are presented

as box and whisker plots and “+” indicates the mean.

F IGURE 2 Average respiratory rate is influenced by sex and not genotype. (A) Boxplot showing the average respiratory rates of individual
mice (open circles). There was no significant effect of genotype (p = 0.064) or ST (p = 0.33) on respiratory rate. After genotype and ST were

removed from the model, sex remained a significant predictor of average rate (p = 0.025; b = �0.82). The upper, middle, and lower box limits
indicate the 75th percentile, median, and 25th percentile, respectively. The whiskers represent ±2.7σ encompassing 99.3% of the data if the
data are normally distributed. (B) Quantile-quantile plot of rate data versus standard normal distribution. Blue “+” signs indicate quantiles,
dotted red line represents the plot of the line if data has a perfectly normal distribution. (C) Plot of residuals versus fitted rate, based on the
linear model with sex as the only predictor of rate. Ideally, residuals are distributed equally for both males and females with no clear trend.
Actual data shows an apparent increased spread of residuals for female data as compared to males. Fitted rate values: all female, 5.99 Hz; all
male, 6.81 Hz
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3 | RESULTS

To evaluate whether conditional loss of En1/2 in rhombic lip-derived

neurons has an effect on average respiratory rate during eupnea, we

first used mean IRI as the response variable as in Liu et al.15 However,

the QQ plot of IRI data, as well as the total IRI distribution (including

all IRIs instead of averages) both showed clear right skews for both

Atoh1-En1/2 CKOs (Atoh1-Cre/+; En1lox/lox; En2lox/lox mice) and their

littermate controls (En1lox/lox; En2lox/lox mice) (see Figure S3), indicating

that the variable was not normally distributed. This could be due in

part to the artificial IRI minimum of 0.06 s, which was enforced to

exclude intervals which are physiologically impossible. In addition, the

Breusch-Pagan test revealed that IRI data were not homoscedastic

(p = 0.044). Because of this right skew and failure to meet standards

of homoscedasticity, the IRI data could not satisfy the assumptions of

linear regression. To improve the model, a nonlinear transformation

was applied by using the reciprocal of the mean IRI, which in this case

is the physiologically relevant measure of respiration rate. Again, a

QQ plot and the Breusch-Pagan test were employed, revealing that

respiration rate was homoscedastic (p = 0.055) and better approxi-

mated a normal distribution as seen in Figure 2B.

We found no significant effect of genotype or ST on average rate

(p = 0.064 and 0.33, respectively and adjusted for sex), so both vari-

ables were removed from the model to improve fit. Female animals

showed significantly slower respiratory rates (R2 = 0.128;

F1,37 = 5.45; t37 = �2.3; p = 0.025; b = �0.82 ± 0.35) than males,

independent of genotype. This result was opposite to what we

predicted in terms of sex, based on Liu et al.15 Raw residuals were

plotted against fitted values, shown in Figure 2C, which revealed that

female animals had greater residual variability than males. This can

also be seen in the spread of rate values as shown in the boxplot in

Figure 2A. Regardless, the effect of sex was modest, and average

rates were 6.81 Hz for females and 5.99 Hz for males. Our hypothesis

was supported, however, in that conditional loss of En1/2 in the

rhombic lip-derived neurons did not have a significant effect on aver-

age respiratory rate. To be sure that the effect of sex on rate did not

influence CV or CV2, rate was initially included as a predictor variable

in the remaining linear regressions. Rate was not significant in either

case (p > 0.05, data not shown) so it was removed from both models.

Next, we investigated if the conditional loss of En1/2 in rhombic

lip-derived neurons affects eupneic respiratory variability using the

coefficient of variation (CV) of IRIs. The QQ plot revealed that CV

F IGURE 3 CV of IRI distribution is influenced by both sex and genotype. (A) Boxplot showing the CV of the IRI distribution of individual mice

(open circles). Linear regression revealed a significant effect of both sex (p = 0.0036; b = 0.060) and genotype (p = 0.021; b = �0.045) on
CV. The upper, middle, and lower box limits indicate the 75th percentile, median, and 25th percentile, respectively. The whiskers represent ±2.7σ
encompassing 99.3% of the data if the data are normally distributed. (B) Quantile-quantile plot of CV data versus standard normal distribution.
Blue “+” signs indicate quantiles, dotted red line represents the plot of the line if data has a perfectly normal distribution. (C) Plot of residuals
versus fitted CV. The four groups represented in fitted values are due to the fact that there can only be four possible combinations of the
predictor variables sex and genotype. Ideally, residuals are distributed equally amongst groups with no clear trend. Actual data shows no obvious
trend, indicating good model fit. Fitted CV values: male mutant, 0.311; male control, 0.356; female mutant, 0.371; female control, 0.416
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values were basically normally distributed (Figure 3B) and Breusch-

Pagan test confirmed homoscedasticity (p = 0.65). ST was originally

included as a predictor variable but was not significant (p = 0.068)

and was removed from the model. After ST was removed, the residual

plot in Figure 3C further confirmed appropriate model fit as there was

no apparent trend to the residuals. The model was statistically signifi-

cant (R2 = 0.294; F2,36 = 7.5; p = 0.0019) and there was an effect of

both sex (t36 = 3.1; p = 0.0036; b = 0.060 ± 0.019) and genotype on

CV (t36 = �2.4; p = 0.021; b = �0.045 ± 0.018). This showed that

Atoh1-En1/2 CKOs had decreased CV as compared to their control lit-

termates and male animals had decreased CV compared to females, as

can be seen in Figure 3A. In contrast to our expectations, this indi-

cated that conditional loss of En1/2 in rhombic lip-derived neurons

significantly decreases overall respiratory variability during eupnea,

and indicated decreased variability in males compared to females.

Finally, we evaluate intrinsic respiratory rhythmicity. As with rate

and CV, CV2 data was also confirmed to be normal (QQ plot in

Figure 4B) and homoscedastic (p = 0.47, Breusch-Pagan test), and

there was no pattern to the residual plot (Figure 4C). Unlike with rate

and CV, this model (R2 = 0.479; F3,35 = 10.7; p = 3.8 � 10�5) showed

that ST was a significant predictor of CV2 (t35 = 2.1; p = 0.046)

although the effect size was so small as to be negligible

(b = 4.3 � 10�5 ± 2.1 � 10�5). Similar to CV, linear regression of CV2

revealed a significant effect of both sex and genotype (Figure 4A).

Atoh1-En1/2 CKOs had significantly decreased CV2 values compared

to control littermates (t35 = �3.7; p < 0.001; b = �0.037 ± 0.010) and

males had significantly decreased CV2 values compared to females

(t35 = 2.3; p = 0.024; b = 0.026 ± 0.011). In other words, conditional

loss of En1/2 in the rhombic lip-derived neurons results in reduced

variability of intrinsic respiratory rhythmicity during eupnea.

Atoh1-derived neurons are also found in extracerebellar structures,

including nuclei implicated in respiratory control, such as the para-

brachial nucleus or the lateral reticular nucleus.44–46 We evaluated

whether loss of En1/2 in Atoh1-derived extracerebellar nuclei showed

cell loss similar to the CN in Atoh1-En1/2 CKO mice compared to con-

trols. Cell counts were performed in the parabrachial nucleus (Figure 5B,

i and ii), lateral reticular nucleus (Figure 5B, iii and iv) and the pons

(Figure 5B, v and vi) of control and mutant mice expressing nuclear

tdTomato in Atoh1-derived cells (see methods). Mutant mice suffered

from no cell loss in any of the three nuclei (parabrachial nucleus, U = 6,

p = 0.6857; lateral reticular nucleus, U = 5, p = 0.0800; pons, U = 4,

p = 0.3429) compared to control mice (Figure 5C–E).

F IGURE 4 Mean CV2 is influenced by both sex and genotype. (A) Boxplot showing the mean CV2 of individual mice (open circles). Linear
regression revealed a significant effect of both sex (p = 0.024; b = 0.026) and genotype (p < 0.001; b = �0.037) on CV2. Start time was also a
significant predictor of CV2 although the effect size was negligible (p = 0.046; b = 4.3 � 10�5). The upper, middle, and lower box limits indicate
the 75th percentile, median, and 25th percentile, respectively. The whiskers represent ±2.7σ encompassing 99.3% of the data if the data are
normally distributed. (B) Quantile-quantile plot of CV2 data versus standard normal distribution. Blue “+” signs indicate quantiles, dotted red line
represents the plot of the line if data has a perfectly normal distribution. (C) Plot of residuals versus fitted CV2. Ideally, residuals are distributed
randomly with no clear trend. Actual data shows no obvious trend, indicating good model fit
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4 | DISCUSSION

Here we report that Atoh1-En1/2 CKO mice, compared to control lit-

termates, show altered variability (CV) and intrinsic rhythmicity (CV2)

in eupneic breathing, while the average respiratory rate was similar in

controls and mutants. Our findings are consistent with previous

results from a different mouse model of cerebellar neuropathology,

which showed that genetic silencing of PC synaptic transmission in

mice caused a decrease in the CV2 of the respiratory rhythm but did

not change the average respiratory rate.15 However, this present

study differed from previous findings in that mutant Atoh1-En1/2

CKOs also exhibited a decrease in the variability (CV) of eupneic respi-

ratory rhythm.

Our findings are consistent with previous results showing that cere-

bellar dysfunction caused by loss of Purkinje cell synaptic transmission

reduced the CV2 of eupneic respiration.15 The reduced variability of

intrinsic rhythmicity suggests that the healthy cerebellum introduces

variability to the respiratory rhythm, and specifically to the intrinsic

rhythm, that is, selectively modulating individual IRIs. Specifically, we

suggest that modulation of intrinsic rhythmicity serves to adjust select

F IGURE 5 Atoh1-derived extracerebellar nuclei neurons show no cell loss. (A) Sagittal schematic of Atoh1-derived extracerebellar nuclei

quantified. i, ii = parabrachial nucleus; iii, iv = lateral reticular nucleus; v, vi = pons. (B) Representative immunofluorescence for Atoh1-derived
nuclear tdTomato (Atoh1-nls-tdTomato) and Hoechst for each brain region in control and mutant mice. Dotted white line indicates the
corresponding brain region. Scale bar = 250 um. (C) Boxplot showing the median and the 1st and 3rd quartile for the cell counts of Atoh1-derived
En1/2 neurons expressing tdTomato in the parabrachial nucleus of control (n = 4) and mutant mice (n = 4). The “+” sign indicate the mean and
horizontal lines the maximum and minimum values of counts. The number above the bracket represents the p-value (Mann–Whitney U test).
(D) As in C) but for cell counts in the lateral reticular nucleus of control (n = 3) and mutant (n = 4) mice. (E) As in (C) but for cell counts in the pons
of control (n = 4) and mutant (n = 4) mice
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respiratory intervals to coordinate respiration with other orofacial move-

ments such as swallowing, which requires respiration to pause (i.e., the

current IRI to be prolonged) while swallowing is completed.47

The Atoh1-En1/2 CKO mutant is known to affect cerebellar gran-

ule cells and the eCN in the cerebellum,29 but potentially also affects

other Atoh1-derived rhombic lip neurons. To address this question,

we compared cell counts in three Atoh1-derived extracerebellar nuclei

and found no cell loss in mutant compared to control mice, suggesting

that cell loss in the mutants might thus be limited to or predominantly

occur in the CN.

We found sex differences in all three response variables, with

females having increased CV and CV2 values and decreased average

respiratory rates as compared to males, irrespective of genotype. A

modest effect of sex was also found in Liu et al. for both respiratory

rate and CV2, although no effect of sex was found for CV in that

study.15 Sex differences in the average respiratory rate are also

observed in humans, with males having a slower respiratory rate than

females.48 A study in rats by Holley et al. suggests that sex-

differences in the average respiratory rate change throughout devel-

opment.49 Whether this applies to mice as well and whether or how

the CV and CV2 of respiration are altered in sex-specific ways during

development remains to be shown.

The vast reciprocal connections between the cerebellum and

brainstem provide a putative anatomical substrate for a cerebellar coor-

dination of orofacial and respiratory rhythms.16,50–54 Inappropriate coor-

dination of swallowing and respiration can have detrimental effects, as

in aspiration pneumonia due to dysphagia in patients with cerebellar

ataxia.50 Additional studies are needed to test this hypothesis by simul-

taneously tracking respiration and other rhythmic orofacial behaviors

such as licking, swallowing, and whisking.

The recent consensus paper by Bareš et al. emphasized three

important aspects of the cerebellum which make it suited for its time-

keeping role: microcircuitry, neuronal density, and vast extracerebellar

interconnectivity.55 The Atoh1-En1/2 CKO mutants specifically affect

cerebellar output neurons and thus connectivity of the cerebellum

with downstream structures, rather than an intrinsic cerebellar net-

work deficit. These mutant mice have largely normal neuronal density

in the cerebellar cortex, despite its proportionally decreased neuronal

number in certain hypoplastic lobules.32 Additionally, the regions of

the mCN identified in Lu et al. as projecting to areas containing respi-

ratory generating circuits largely overlap with CN regions which

exhibit reduced eCN number in the Atoh1-En1/2 CKOs.16,32 There-

fore, we propose that the altered respiratory rhythmicity may be due

to a deficit in the highly organized and extensive extracerebellar inter-

connectivity, in this case between the cerebellum and brain stem cir-

cuits involved in respiratory pattern generation. In summary, these

results support a role of the cerebellum in eupneic respiration and a

possible involvement of the cerebellum in coordinating the respiratory

rhythm with other orofacial movements.
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