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5 Department of Psychological Science, Ball State University, NQ 104, Muncie, IN, 47306 USA

Abstract

Impaired responsivity to hypercapnia or hypoxia is commonly considered a mechanism of failure 

in Sudden Infant Death Syndrome (SIDS). The search for deficient brain structures mediating 

flawed chemosensitivity typically focuses on medullary regions; however, a network that includes 

Purkinje cells of the cerebellar cortex and its associated cerebellar nuclei also helps mediate 

responses to CO2 and O2 challenges, and assists integration of cardiovascular and respiratory 

interactions. Although cerebellar nuclei contributions to chemoreceptor challenges in adult models 

are well described, Purkinje cell roles in developing models are unclear. We used a model of 

developmental cerebellar Purkinje cell loss to determine if such loss influenced compensatory 

ventilatory responses to hypercapnic and hypoxic challenges. Twenty-four Lurcher mutant mice 

and wildtype controls were sequentially exposed to 2% increases in CO2 (0%-8%), or 2% 

reductions in O2 (21%-13%) over four minutes, with return to room air (21% O2 / 79% N2 / 0% 

CO2) between each exposure. Whole-body plethysmography was used to continuously monitor 

tidal volume (TV) and breath frequency (f). Increased f to hypercapnia was significantly lower in 

Mutants, slower to initiate, and markedly lower in compensatory periods, except for very high 

(8%) CO2 levels. The magnitude of TV changes to increasing CO2 appeared smaller in Mutants, 

but only approached significance. Smaller, but significant differences emerged in response to 

hypoxia, with Mutants showing smaller TV when initially exposed to reduced O2, and lower f 

following exposure to 17% O2. Since cerebellar neuropathology appears in SIDS victims, 

developmental cerebellar neuropathology may contribute to SIDS vulnerability.
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Introduction

Sudden Infant Death Syndrome (SIDS) is defined as the unexplained death during sleep of 

an otherwise healthy infant under the age of one year for which no apparent cause is 

revealed by autopsy or death scene investigation [1, 2]. SIDS is a principal cause of death in 

children in developed countries, and accounts for 22% of all infant deaths annually in the 

United States [3, 4]. With the advent of programs to encourage the supine sleeping position, 

pacifier use, and parental tobacco avoidance, the number of infants who succumb to SIDS 

has declined [5]. However, SIDS remains a leading cause of death in infants, suggesting that 

these behavioral changes, implemented to increase available O2 to the infant, or decrease 

environmental CO2 levels, only partially counteract vulnerability to this disorder [2-6].

The current consensus is that SIDS results from the intersection of several simultaneously 

occurring factors, including the presence of not-yet-described brain abnormalities, a critical 

developmental stage of the fatal event, and an inability to compensate for, and/or recover 

from, exogenous cardiovascular or respiratory stressors [2, 6-8]. Cardiac and breathing 

systems closely interact, with alterations in one system inducing changes in the other. Thus, 

an inappropriate respiratory response to a challenge can lead to an unsuitable cardiovascular 

response, possibly even hypotension and reduced perfusion, with significant consequences 

for survival.

Normal, relaxed (eupneic) breathing depends on a well-described set of central and 

peripheral processes which sense absorbed oxygen (O2), carbon dioxide (CO2) and 

mechanical distortions of the lung and thoracic wall, and integrate those signals to regulate 

homeostasis [9]. Other afferents from the cardiovascular system contribute to normal 

breathing patterns, and breathing, in turn, leads to an acceleration and deceleration of heart 

rate with inspiration and expiration; both systems depend on pontine, medullary and 

cerebellar structures for that integration[10-12]. When challenged with increased CO2 levels 

or reduced O2, the phenotypic respiratory response in both animals and humans is to 

increase the total volume of air breathed in one minute, (minute ventilation, MV), to 

compensate for rising blood CO2 levels in an effort to maintain homeostasis. Minute 

ventilation is further comprised of two components: the volume of air inhaled in each breath 

(Tidal Volume, TV) and the number of breaths per minute, (breath frequency, f) 

[Knickmeyer-27; Moosavi-40; Sherwood-9]. The ventilatory responses to hypercapnia and 

hypoxia can provide indications of stressed breathing. Furthermore, with extreme 

perturbation of respiratory or cardiovascular systems, “stressed breathing,” or exaggerated 

changes in blood pressure require particular structures to provide compensatory responses to 

such challenges. Those structures include sites regulating eupneic breathing, but may recruit 

other areas to overcome extreme, or stressed challenges [13-15].

Cerebellar structures appear to play significant roles in extreme challenges or stressed 

breathing. Complete cerebellectomy has little influence on eupneic breathing, but markedly 
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alters breathing responses to exaggerated reductions in O2 and increased CO2 [16, 17]. 

Cerebellar influences on stressed breathing occur via output through the cerebellar nuclei, 

including the rostral fastigial, lateral, and interposed nuclei (FNr, LCN, IN), since ablation 

of these nuclei alters the response to increases in CO2 [18]. Thus, the cerebellum 

significantly contributes to the compensation to, and recovery from, exogenous respiratory 

stressors [15, 18-20]. Although neuropathology appears in both brainstem respiratory 

regulatory areas and the cerebellum in SIDS victims, it is unclear if this damage precedes 

the fatal event, or results from hypoxemia, hypercarbia or cardiovascular changes that occur 

prior to a SIDS death [21-24].

SIDS occurs within a remarkably narrow developmental period, principally within the 2nd to 

4th month of life, and typically within the first year [25]. During that first year, brain size 

increases to nearly 70% of adult size, with the greatest growth occurring in the cerebellum 

[26-28]. Postnatal maturation of the cerebellar cortex is delayed in SIDS victims, relative to 

age-matched controls, suggesting a developmental contribution to failure in addition to an 

underlying brain pathology [29].

The third assumption in the SIDS consensus is that death results from a failure to respond to, 

compensate for, and/or recover from an exogenous respiratory or cardiovascular challenge. 

To assess SIDS susceptibility, the most frequently investigated challenges involve exposure 

to excessive CO2 (hypercapnia) or reduced O2 (hypoxia), and such evaluations typically are 

carried out during sleep and wakefulness [30], while cardiovascular challenges typically 

include tilt testing for respiratory, heart rate and blood pressure responses [31, 32].

Given the role of cerebellar structures in responding to extreme respiratory challenges, and 

evidence of excessive apoptosis of cerebellar Purkinje cells in SIDS victims [33], we 

propose that a developmental model of mouse cerebellar injury should show impaired 

compensatory responses to exaggerated ventilatory challenges. We used Lurcher mutant 

mice, which lose nearly all their cerebellar Purkinje cells during the first four weeks of life 

due to a spontaneous gain-of-function mutation in the delta-2 glutamate receptor gene 

(Grid2) [34, 35], and then measured respiratory responses during conditions of hypercapnia 

and hypoxia. Purkinje cells comprise the sole output pathway of the cerebellar cortex, and 

project through the FNr, LCN, and IN to multiple pathways to the medulla and other brain 

areas [36, 37]. We hypothesized that Lurcher mutant mice would show deficits in 

responding to and recovering from acute CO2 and O2 challenges, compared to littermate, 

wildtype mice with normal numbers of cerebellar Purkinje cells.

METHODS

Animals

Mice were bred and housed in the Animal Care Facility of the Department of Psychology at 

the University of Memphis. They were maintained in a temperature-controlled environment 

(21±1°C) on a 12:12 light-dark cycle (lights on at 0700), and given free access to food and 

water. Original Lurcher (#001046) breeders were purchased from The Jackson Laboratory 

(Bar Harbor, Maine). All experiments were approved by the University of Memphis 
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Institutional Animal Care and Use Committee, and conducted in accordance with the 

National Institutes of Health Guidelines for the Care and Use of Laboratory Animals.

Breeding

The breeding of Lurcher mice (Lc/+) entailed filial pairing of a non-ataxic female wildtype 

(WT; B6CBACa Aw-J/A-Grid2+) with a mutant ataxic male heterozygous for the Lurcher 

spontaneous mutation (Lc/+; B6CBACa Aw-J/A-Grid2Lc). This breeding strategy produced 

litters composed of both heterozygous Lc/+ and WT mice. The Lc/+ mouse is 

phenotypically distinguishable from wildtype littermates as early as postnatal day 12 (PND 

12) with cerebellar signs, including an ataxic gait, which permits the non-invasive 

differentiation of Lc/+ mice from their non-ataxic WT littermates [35].

Animals were weaned at PND 25 +/− 4 days and sibling-housed in groups of 3-5 in 

ventilated polystyrene cages. The subjects consisted of 24 male mice (12 LC+ and 12 WT) 

that were PND 60 at testing onset, and weighed 20g (+/−3g). To rule out potential litter 

effects, only one mouse of each genotype from each litter was used for this study.

Whole Body Plethysmography

Data were collected using a whole body plethysmography system (WBP; Emka 

Technologies; Falls Church, VA, USA). Animals were placed, unrestrained, into a 

cylindrical Plexiglas chamber (volume ≈ 450ml). Three Allicat flow control modules 

supplied gas to the chamber (at 1.0L/min), each calibrated for a separate gas (CO2 and O2: 

MC-200SCCM-D/10M, N2: MC-1SLPM-D/10M, Tucson, AZ, USA). Gas mixtures were 

controlled using an Allicat RS32 multidrop box (model BB9; Tucson, AZ, USA), that 

received input from a standard desktop computer via Emka Technologies iOX2 software 

(2013). A transducer was mounted to the WBP, which converted pressure differentials in the 

chamber into electrical signals that were then transmitted to, and interpreted by the software. 

An outflow ventilation pump (Emka Technologies; Falls Church, VA, USA) was connected 

to the WBP to ensure constant removal of exhaled CO2 at 0.8L/min to prevent accumulation 

of this gas.

Procedure

Mice were weighed prior to placement in the chamber. The experimental room temperature 

(22°C +/− 3°C), and humidity (20% +/−5% ), were monitored daily to ensure stability 

throughout the study. Three separate programs were used to assess the subjects’ respiratory 

responses at baseline (normal room air; 21% O2, 0% CO2 and 79% N2), and under 

conditions of increased CO2 (hypercapnia) or reduced O2, (hypoxia). Mice were randomly 

assigned to either the hypercapnia or hypoxia condition on PND 60, and the second 

condition followed on PND 61. Each test day began with a 10-minute habituation period, 

followed by a four minute exposure to baseline (Room Air) period. Exposure to hypercapnic 

or hypoxic conditions followed baseline. Mice were exposed to continuously flowing room 

air at all times (0.8-1.0 L/m), during the habituation and baseline period.

Baseline—After the 10 minute habituation period, dependent variables, including tidal 

volume (TV; ml, the volume of inhaled air in one breath), and breath frequency (f , the 
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number of breaths per minute), were continuously recorded while the mice were exposed to 

room air for a total of four minutes (21% O2, 0% CO2, 79% N).

Hypercapnia—The entire hypercapnia program was 52 minutes duration, and consisted of 

one beginning baseline (four minutes) measured as described above, followed by four 

sequential challenges where CO2 was progressively increased from 2%, 4%, 6%, and 8%, 

(21% O2, N2 on balance). Each of the four CO2 challenges consisted of a two-minute 

chamber fill period (the time required for the WBP to achieve the desired gas percentages), 

followed by a four-minute exposure. To minimize discomfort of the animals, between each 

challenge, the program returned to room air (again, including a two-minute chamber refill 

period and a four-minute recovery period). At termination of the final CO2 exposure (8%), 

and return to room air, the mouse was removed from the chamber.

Hypoxia—Similar procedures were followed for hypoxia testing, with the exception that 

following the initial baseline period (four minutes), O2 was progressively reduced to 19%, 

17%, 15%, and 13%, (0% CO2, N2 on balance). As above, reduced O2 exposures were 

separated by room air chamber refills and recovery periods. Thus, the duration of hypoxia 

testing was also 52 minutes.

Variables and Data Analysis

The dependent variables in all conditions were TV and f. Both measures were averaged over 

10-s intervals during baseline, hypercapnia and hypoxia testing.

Baseline—The two baselines collected prior to the hypercapnia and hypoxia conditions 

were compared using repeated measures analysis of variance (RMANOVA). Measures of 

TV and f were separately analyzed. In both analyses, Genotype (Lc/+ and WT) served as the 

between-subjects factor, while Baseline (1 and 2), and Interval (24, 10-second intervals) 

served as the within-subjects factors.

Hypercapnia and Hypoxia—For each condition, separate omnibus RMANOVAs were 

initially performed on TV and f. Genotype again served as the between-subject factor. 

Within-subjects factors included four levels of gas exposure (Hypercapnia 2%, 4%, 6%, and 

8% CO2, or Hypoxia, 19%, 17%, 15%, and 13% O2). Additionally, each gas exposure was 

subdivided into two-minute time blocks, such that the blocks corresponded to chamber fill, 

gas exposure 1, gas exposure 2, chamber refill (return to room air), recovery 1, and recovery 

2. The two-minute blocks were additionally divided into twelve, 10-second intervals to 

accurately track moment-to-moment changes in TV and f. Therefore, the omnibus analysis 

became a 2 (Genotype) × 4 (Gas Exposure) × 6 (Time Blocks) × 12 (10-second Interval) 

mixed design. Depending on the results of the omnibus RMANOVAs, additional main-

effects tests were used to analyze interaction effects.

RESULTS

An independent samples t-test revealed no significant difference in body weight between the 

two genotypes (t (22) = −1.629, p = .118).
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Baseline

Tidal volume did not differ significantly between Lurcher and WT mice across the baseline 

exposures from room air. Figure 1 (a) shows this variable, averaged over 10 s time intervals 

in Lc/+ and WT mice (Baseline, F (1, 22) = 1.15, p = ns). RMANOVA also indicated that 

TV in mice of both genotypes did not differ significantly (Genotype, F (1, 22) = 0.72, p = 

ns). Thus, average TV in Lc/+ and WT mice was, respectively, 0.162 (SE = 0.011), 0.171 

(SE = 0.011). TV remained constant between groups during exposure to room air (Group × 

Interval, F (23, 506) = 1.20, p = ns).

Breath frequency did not differ significantly across the two baselines, and was averaged 

across exposures (Baseline, F (1, 22) = 3.64, p = ns). As shown in Figure 1 (b), breath 

frequency averaged 357.8 (SE = 10.14) in LC+ mice and 358.6 (SE = 10.14) in WT mice 

over baseline. RMANOVA confirmed that both genotypes had equivalent breath frequency 

(Group, F (1, 22) = 0.01, p = ns), which remained stable between groups over baseline 

intervals (Group × Interval, F (23, 506) = 1.25, p = ns).

Hypercapnia

Figure 2 (a, b, c, d) illustrates the increase in tidal volume that occurred as a function of 

CO2, rising from 2% to 8% in LC+ and WT mice. Two patterns of change appeared: first, 

during time blocks corresponding to increased CO2 concentration (Exposure), TV 

consistently increased in both genotypes, and then declined when gas composition returned 

to room air (Refill and Recovery; Time Block F (5, 110) = 25.97, p < .001). Secondly, as 

CO2 concentration increased from 2 to 8%, the magnitude of TV progressively increased 

(Gas Exposure × Time Block, F (15, 330) = 19.18, p < .001). Although LC+ mice 

consistently showed smaller increases in TV during periods of increased CO2 concentration, 

the omnibus RMANOVA indicated that genotype-related differences only approached 

significance (Genotype, F (1, 22) = 2.14, p = 0.16), and additional interaction effects 

involving genotype were also not significant.

Figure 2 (e, f, g, h) shows the effects of increasing concentrations of CO2 on breath 

frequency. Two patterns of change were also apparent. Regardless of CO2 level, breath 

frequency increased significantly during CO2 exposure, and declined when gas composition 

returned to room air (Refill and Recovery; Time Block F (5, 110) = 15.48, p < .001). When 

considered across different levels of CO2, small but significant reductions in breath 

frequency in both groups occurred (Gas exposure, F (3,66) = 6.48, p < .001). Thus, in both 

genotypes at 2% CO2, breath frequency averaged 344.38 (SE = 22.86), but was reduced to 

316.50 (SE = 5.02), 309.59 (SE = 11.96) and 315.65 (SE = 5.88), as CO2 levels increased 

respectively to 4, 6 and 8%. RMANOVA indicated that the two genotypes responded 

significantly differently at all CO2 concentrations (Genotype, F (1, 22) = 7.85, p = 0.01), 

that varied as a function of time block (Genotype × Time Block, F (5, 110) = 2.34, p < 

0.05). Simple main-effects tests were used to specify the genotype-related differences at 

each time block, and are shown in Figure 3 a. When considered across CO2 concentrations, 

LC+ animals consistently exhibited lower breath frequencies than WT controls during 

chamber fill, gas exposure 1, gas exposure 2, chamber refill (return to room air), recovery 1 

and recovery 2. These genotypic differences were significant in all time blocks, with the 
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exception of the initial exposure to increased CO2 (exposure 1). During this time block, 

genotypic differences only approached significance (Exposure 1, F (1, 22) = 2.82, p = 0.11).

The simple main effects tests also indicated that during the recovery 1 condition, genotypes 

differed as a function of CO2 concentration (Genotype × Gas Exposure, F (3,66) =2.75, p = .

05). Figure 3 b shows the results of these additional simple main effects tests restricted to 

each CO2 concentration during recovery 1, with Lc/+ mice showing significantly lower 

breath frequency than wildtype controls following exposure to 2% (F (1,22) = 11.98, p<.01) 

and 4 % CO2 (F (1,22) = 4.23, p =.05).

Hypoxia

Figure 4 (a, b, c, d) shows the effects of progressively decreasing O2 concentrations on tidal 

volume. As O2 decreased from 19 to 13%, TV progressively declined. Thus, for both 

genotypes, TV averaged 0.155 ml (SE = 0.011) at 19% O2, which progressively declined to 

0.147 (SE = 0.004), 0.136 (SE = 0.007) and 0.135 (SE = 0.008) as O2 concentration was 

reduced to 17, 15 and 13% (Gas Exposure F (3,66) = 26.77, p < .001). The omnibus 

RMANOVA indicated that, when considered across reductions in O2 levels, small, but 

significant differences appeared in TV between genotypes (Genotype × Time Block × 

Interval, F (55, 1210) = 1.61, p = 0.003). Follow-up analyses revealed that during chamber 

fill, LC+ mice had significantly smaller tidal volumes than WT controls (Fill, F (11, 242) = 

2.45, p = 0.007). As shown in Figure 4, this genotype-related difference occurred 

predominantly at O2 concentrations of 13 and 15%.

Figure 4 (e, f, g, h) indicates the effects of differing levels of hypoxia on breath frequency. 

RMANOVA indicated that in both groups, O2 reductions resulted in a progressive decrease 

in average breath frequency from 326.15 (SE = 55.32) at 19% O2 to 276.55 (SE = 5.73), 

238.72 (SE = 32.11) and 241.88 (SE = 28.94) at respectively, 17, 15 and 13% O2 (Gas 

Exposure, F (3, 66) = 36.82, p < 0.001). Genotype-related differences appeared in how LC+ 

and WT mice responded to reduced O2 (Genotype × Gas Exposure, F (3, 66) = 2.91, p = 

0.04; Genotype × Time Block × Interval, F (55, 1210) = 1.51, p = 0.01). Follow-up analyses 

revealed significant differences between genotypes at exposure to 17% O2 (17%, F (1, 22) = 

5.34, p = 0.03). As shown in Figure 4 (panel f), Lc/+ mice had significantly lower breath 

frequencies during chamber refill and recovery following exposure to 17% O2.

Discussion

At baseline, LC/+ mice and wildtype controls exhibited similar responses to normal room air 

in both TV and f, indicating eupneic breathing in both groups was equivalent (Fig 1). As 

others have shown [16, 17], this finding provides additional support for the hypothesis that 

cerebellar damage exerts little influence on eupneic breathing. Additionally, these results 

specifically demonstrate that developmental loss of cerebellar Purkinje cells has little 

influence on eupneic respiration.

However, the patterns for ventilatory challenges substantially differed between groups. 

Lurcher mutant mice exhibited significant deficits in compensating for increased CO2 in 

comparison to WT mice (Fig. 2). Both genotypes increased TV during exposure to increased 
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CO2 levels, and this increase in TV was magnified as CO2 concentration increased from 2 to 

8%. Although TV was consistently lower in LC+ mice, this difference only approached 

significance.

Breath frequency increased with exposure to increased CO2 concentrations, and then 

declined upon re-exposure to room air in both genotypes (Fig. 2 & 3). However, in Lurcher 

mice, the decline was much more rapid, except at extreme levels of hypercapnia (6% and 

8%). Together with the TV changes, this finding indicates that both groups showed initial 

typical compensatory responses to increased CO2 levels [9, 27, 38-40]. Importantly, when 

considered across all levels of increased CO2, f was consistently lower in Lc+ mice when 

compared to wildtype controls (Fig. 3). This genotype-related difference in f was significant 

during initial chamber fill while CO2 levels were rising, during the second two minutes of 

exposure to increased CO2, and throughout the refill to normal room air, and while normal 

room air was maintained.

These response patterns indicate that Lc/+ mice were impaired in responding to multiple 

aspects of this CO2 challenge. Specifically, the significantly lowered response to increasing 

concentrations of CO2 during the initial chamber fill indicates that Lc/+ mice were slower to 

initiate a compensatory increase in f in response to increasing hypercapnia. That the 

genotypes did not differ significantly during the first 2 minutes of exposure to increased 

CO2 shows that Lc/+ mice ultimately did initiate a compensatory response to the CO2 

challenge. However, Lc/+ mice then failed to maintain this compensatory increase during 

the second two minutes of exposure. The inability to maintain the compensatory response 

may indicate that Lc/+ mice were relatively insensitive to rising CO2 levels. The failure to 

maintain compensation presumably lead to higher blood levels of CO2 in LC+ mice than 

those of control [9, 12]. Thus, the subsequent genotype-related differences in f that occurred 

during chamber refill and maintenance with room air may additionally represent an inability 

to eliminate the increased blood levels of CO2. The patterns of respiratory rates at very high 

levels of CO2 (6 % and 8%) were similar in both groups, likely resulting from a ceiling 

effect for CO2.

When exposed to hypoxia, both genotypes exhibited a gradual reduction in TV and f as O2 

concentration decreased (Fig. 4). It should be noted that both the magnitude of changes in 

TV and f, as well as the pattern of ventilatory decline observed in both genotypes can be 

considered to be relatively typical. Hypoxia, especially when O2 levels do not decline below 

10%, elicits a much less robust response than hypercapnia, as the respiratory and 

cardiovascular systems tend to be more receptive to changes in CO2 than O2 [41, 42]. 

Additionally, the hypoxic ventilatory decline found across the O2 challenges in both 

genotypes is likely related to their genetic background, since that pattern is a typical 

response in C57BL/6 mice [43, 44].

Genotype-related differences were relatively small and infrequent during the hypoxic 

challenges. At 17% and 15% O2, during, respectively, the return to room air (17% O2) and 

while the chamber was refilling with 15% O2, Lc/+ mice had significantly lower f than 

wildtype controls. Thus, Lc/+ mice may have exhibited an impaired ability to recover from 

moderately reduced O2 in comparison to WT mice.
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The current results implicating cerebellar Purkinje cell loss in the differential reduction in 

responsiveness to hypercapnic conditions significantly differ from those earlier reported in 

another animal model of Purkinje cell degeneration. In Shaker mutant rats that exhibit 

varying levels of cerebellar Purkinje cell loss which begins seven weeks after birth, breath 

frequency during hypercapnia is augmented, rather than reduced [45, 46]. Aside from 

species-related differences, Shaker mutant rats also differ from Lurcher mutants in both the 

temporal and spatial patterns of Purkinje cell loss. Shaker mutant rats comprise two groups, 

mild and strong, that differentially exhibit hereditary cerebellar Purkinje cell loss [47]. The 

mild Shaker group is characterized behaviorally by ataxic gait, and exhibits cerebellar 

Purkinje cell loss that occurs randomly, primarily in the anterior lobe, begins by PND 42 to 

49, and culminates approximately by PND 90. The “strong shaker” is characterized 

behaviorally by both ataxic gait and severe body tremors, and additionally exhibits near-

complete cerebellar Purkinje cell loss in the anterior lobe that occurs by PND 90. 

Accompanying the early anterior lobe loss, Purkinje cells in the posterior lobe (lobules VIIb, 

VIII, IXa-c) continue to degenerate throughout the life of this model [45, 47].

Lurcher mutants, in contrast, exhibit global loss of cerebellar Purkinje cells that begins 

almost immediately after birth as a result of spontaneous apoptosis, with nearly 100% 

Purkinje cell loss in the cerebellar cortex by PND 28 [35, 45]. The combination of 

differences in the topography and timing of Purkinje cell loss between Lc/+ mice and Shaker 

mutant rats indicates that interpretation of the role of developmental cerebellar damage on 

stressed breathing is complex, and the relationship between cerebellar Purkinje cell loss and 

the response to hypercapnia is something other than a simple correlation between Purkinje 

cell number and respiratory response. Thus, the differences in outcomes highlight the need 

for further investigation of the effects of cerebellar Purkinje cell loss and challenged 

breathing.

A number of potential mechanisms may underly the Lc/+ mice deficits in respiratory 

compensatory behaviors in response to hypercapnia, and to a lesser degree, hypoxia. It 

appears unlikely that these differences can be attributed to peripheral mechanisms. 

Diaphragm muscles in Lc/+ mice have been reported to be more fatigue resistant than those 

of WT mice, which suggests that reduced muscle capability of the mutants does not play a 

role [48]. Additionally, a motor deficit in Lc/+ mice appears unlikely, as these animals were 

capable of achieving appropriate levels of TV and f. Thus, for example, TV in Lc/+ mice at 

6% CO2 matched or exceeded TV in wildtype mice at 4% CO2 (Fig. 2 b, c).

A more likely explanation for the genotype-related differences found here involves one of 

the cerebellar nuclei, the fastigial nuclei. These nuclei facilitate compensatory respiratory 

responses to hypercapnia, and to a lesser extent, hypoxia [46, 49]. Cell body lesions of these 

nuclei had no effect on eupneic breathing, but markedly reduced respiratory responses to 

increased CO2 [50]. Purkinje cells output through all the cerebellar nuclei, including the 

fastigial nuclei, together with a small projection to the vestibular nuclei [51]. In Lc/+ mice, 

as a function of loss of Purkinje cells and associated reductions in impulse traffic, the deep 

cerebellar nuclei exhibit a 60% reduction in volume [52]. It is reasonable to assume that 

shrinkage of the fastigial nuclei that occurs in Lc/+ mice likely also involves a loss of 
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chemosensitivity that could result in an inability to respond appropriately to hypercapnic 

conditions.

Schmahmann has advanced the concept that the cerebellum plays a homeostatic role, 

minimizing sensorimotor behavioral changes from baseline; when dysfunctional, the 

outcome is dysmetria in conventional motor regulation as well as other cerebellar regulatory 

aspects, including blood pressure (20), emotion, and cognitive processes [53). The data here 

fit that hypothesis well. It could be argued that in the Lc/+ mice, this proposed dampener 

function is impaired, as much larger response variation from baseline appears to challenges 

and recovery from those challenges than in the WT controls. However, this possibility needs 

to be further examined, since cerebellar regulatory action during baseline conditions, rather 

than the challenged conditions, may follow different control patterns.

Although the current results implicate the loss of cerebellar Purkinje cells in the 

development of disordered breathing, the relationship between Purkinje cell loss and SIDS 

remains controversial. Cruz-Sanchez et al. (1997) found a delayed maturation of the external 

granule layer of the cerebellar cortex in SIDS victims, relative to age-matched controls [29]. 

However, two subsequent studies examining Purkinje cell density and volume in SIDS 

victims and controls reported no differences [54, 55]. While it is likely that the cerebellar 

area investigated, as well as methodology issues contribute to variability in these reports, the 

postmortem control brains used in these studies included those that succumbed from causes 

known to create hypoxemia prior to death, including strangulation, suffocation, carbon 

monoxide poisoning, and pneumonia. The cerebellum, and specifically, cerebellar Purkinje 

cells are highly sensitive to hypoxic insult, which results in cell death [45, 56-58]. Thus, the 

use of such control tissues may greatly reduce the likelihood of finding differences between 

SIDS victims and age-matched controls.

Disordered breathing is common across multiple disorders involving cerebellar pathology. 

For example, Chiari Type II malformations and Joubert Syndrome are respectively 

associated with herniation or hypoplasia of the cerebellar vermis, and both are characterized 

by sleep disordered breathing [59, 60]. This association is noteworthy, as the cerebellar 

vermis has long been recognized as significantly involved in cardiovascular regulation and 

respiratory response patterns to hypercapnia and air hunger [61-64]. Diffusion tensor 

imaging studies in children diagnosed with congenital central hypoventilation syndrome 

(CCHS), who typically hypoventilate during sleep and are insensitive to CO2, have 

identified cerebellar abnormalities, including myelin alterations of the cerebellar vermis and 

cerebellar nuclei [65]. Additionally, persons with Fragile-X syndrome, the largest 

monogenic cause of autism, exhibit focal cerebellar Purkinje cell loss and Bergmann gliosis, 

and also show an increased incidence of sleep apnea, as well as an increased likelihood of 

giving birth to children who die from SIDS [66, 67].

Throughout autism spectrum disorders (ASD), cerebellar neuropathology, including 

cerebellar hypoplasia and reduced cerebellar Purkinje cell numbers are the most consistently 

reported neuropathologies [68-76]. Although there have been no systematic comparisons of 

the incidence of breathing disorders in ASD, sleep related disorders of stressed or 

challenged breathing, as well as SIDS appear in many clinical syndromes encompassed 
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within the ASD category. These disorders include phenylketonuria, Joubert syndrome, 

Fragile X, Angelman syndrome, Rett syndrome and Mobius syndrome [67, 77-82]. 

Although neuropathologic studies of some of these disorders are rare, they appear to involve 

varying types of cerebellar abnormalities that include extensive cerebellar neuron loss [83], 

agenesis or dysgenesis of the cerebellar vermis [84], focal cerebellar Purkinje cell loss and 

Bergmann gliosis [66], cerebellar atrophy [85], gliosis, hypoplasia and progressive atrophy 

in the cerebellum, including Purkinje cell loss [86, 87], and cerebellar hypoplasia [88, 89]. 

Although these disorders also show varying degrees of neuropathology in other brain areas, 

the common features linking all of these disorders are developmental cerebellar 

neuropathology, autistic symptomatology and sleep disordered breathing. The findings here 

indicate a need to further evaluate cerebellar pathology, more specifically Purkinje cell 

pathology, as a potential contributor to respiratory responses and compensation during 

stressed or challenged breathing. The developmental nature of some of the cerebellar 

pathologies, together with the importance on strategic breathing issues of concern in SIDS, 

make damage to that structure a major concern in that syndrome.
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Fig 1. 
Baseline ventilatory data over twenty four, 10 s intervals at normal room air (21% O2, 0% 

CO2, Balance N2) in Lurcher mutant (LC+) and wildtype control mice. Values represent 

Mean ± SEM.
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Fig 2. 
Tidal volume and breath frequency in response to increasing concentrations of CO2 

(percentages indicated in the upper right corner of each panel figure). The horizontal axis in 

each figure depicts time intervals across 4 time blocks that correspond to chamber Fill with 

CO2, Exposure to increased levels of CO2, chamber Refill with room air and Recovery 
with room air maintained. Exposure and Recovery conditions were additionally subdivided 

into two, two-minute blocks (e.g. Exposure 1 & 2) for the purposes of statistical analyses. 

The vertical lines indicate the SEM.
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Fig 3. 
(a) Genotypic differences in breath frequency among the six time blocks collapsed across all 

CO2 challenges. FILL = chamber fill with CO2 (2, 4, 6, & 8%), EXP 1 = the first two 

minutes of gas exposure, EXP 2 = the second two minutes of gas exposure, REFILL = 

chamber fill to normal room air, RECOV 1 = the first two minutes of recovery, RECOV 2 
= the final two minutes of recovery. (b) Genotypic differences in in breath frequency when 

mice were re-exposed to room air following each CO2 challenge. The vertical lines indicate 

the SEM.
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Fig 4. 
Tidal volume and breath frequency in response to decreasing concentrations of O2 

(percentages indicated in the upper right corner of each panel figure). The horizontal axis in 

each figure depicts time intervals across 4 time blocks that correspond to chamber Fill with 

reduced concentration of O2, Exposure to reduced levels of O2, chamber Refill with room 

air and Recovery with room air maintained. Exposure and Recovery conditions were 

additionally subdivided into two, two-minute blocks (e.g. Exposure 1 & 2) for the purposes 

of statistical analyses. The vertical lines indicate the SEM. Note the y-axis change from 

Figure 2.
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