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Abstract

Introduction—Sudden Infant Death Syndrome (SIDS) remains the leading cause of infant

mortality in Western societies. A prior study identified an association between hearing suppression

on the newborn hearing test and subsequent death from SIDS. This is the first finding of an

abnormality in SIDS cases prior to death. A following study identified that inner ear dysfunction

precipitates a marked suppression of the hypercapnic ventilatory response (HCVR). Failure of

arousal has been proposed to be a key component in SIDS. The objective of the present study was

to assess whether inner ear dysfunction not only weakens the hypercapnic response, but also plays

a role in suppressing the arousal response to suffocating gas mixtures.

Methods—Wild-type mice (n = 28) received intra-tympanic gentamicin (IT-Gent) injections

bilaterally or unilaterally to precipitate inner ear hair cell dysfunction. Three control groups (n =

22) received intra-tympanic saline (IT-Saline) bilaterally or unilaterally (right or left), or intra-

peritoneal gentamicin (IP-Gent). The body movement arousal responses to severe hypoxia–

hypercarbia combined (5% CO2 in nitrogen) were tested under light anesthesia 8 days following

the administration of gentamicin or saline.

Results—After injections, the bilateral and unilateral IT-Gent-treated animals behaved similarly

to controls, however the HCVR as well as the arousal movements in response to severe hypoxia–

hypercarbia were suppressed in IT-Gent-treated animals compared to control animals (P < 0.05).

Thus the HCVR was significantly decreased in the bilateral (n = 9) and unilateral IT-Gent-treated

mice (n = 19) compared to bilateral (n = 7) and unilateral IT-Saline (n = 9) control groups (p <

0.05). Arousal movements were suppressed in the bilateral IT-Gent group (n = 9) compared to
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bilateral IT-Saline controls (n = 7, P < 0.0001) and in the unilateral IT-Gent group (n = 19)

compared to unilateral IT-Saline controls (n = 10, P < 0.0001).

Discussion—The findings support the theory that inner ear dysfunction could be relevant in the

pathophysiology of SIDS. The inner ear appears to play a key role in arousal from suffocating gas

mixtures that has not been previously identified.
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INTRODUCTION

Sudden Infant Death Syndrome (SIDS) remains the leading cause of postnatal infant

mortality in Western societies. It is defined as the unexpected sudden death of a child less

than 1 year of age in which an autopsy does not show an explainable cause of death (Hauck

and Tanabe, 2008). Although the underlying mechanism has remained elusive; several

theories propose failure of respiratory and/or cardiac pathways (Guntheroth, 1995; Horne et

al., 2005; Goldwater, 2011; Garcia et al., 2013). Petechiae on autopsy of SIDS cases as well

as histological evidence of mild respiratory infection in a high percentage of SIDS victims

favor a respiratory-related related mechanism (Guntheroth, 1995; Trachtenberg et al., 2012).

Moreover, respiratory tracings and abnormalities in brainstem areas involved with cardio-

respiratory control and arousal further support the view that a failure of the infant to arouse

from a suffocating hypoxic environment is part of the terminal event in SIDS (Kinney et al.,

1995; McNamara et al., 1998; Panigrahy et al., 2000; Rand et al., 2007; Kinney, 2009;

Darnall et al., 2010.

The arousal response includes two parts: (a) a respiratory component that increases

ventilation (rate and depth) and (b) a defensive body movement component that allows an

animal or human infant to physically move away from an environment containing

suffocating gas mixtures (Phillipson et al., 1979; Mograss et al., 1994; Heydt et al., 2004).

Both components are integral for eliciting an effective arousal to the threat of asphyxia

during sleep and can occur without waking the animal or infant (Mograss et al., 1994). Thus,

if the airway were to become obstructed (e.g. by soft bedding or a pillow cushion) the body

movement component would actively move the head away to access fresh air.

Previous human and animal research supports an integral relationship between inner ear

function and respiration (Monahan et al., 2002; Thurrell et al., 2003; Miyamura et al., 2004;

Jauregui-Renaud et al., 2005; Allen et al., 2011) and a recent report identified suppressed

right sided hearing on the newborn hearing screen test in infants that later died of SIDS

when compared to control infants (Rubens et al., 2008). This implies that the involvement of

inner ear dysfunction could be a potential contributor to the occurrence of SIDS.

To better understand the potential relationship between SIDS and inner ear dysfunction, we

developed an animal model with induced inner ear dysfunction (Allen et al., 2011). Intra-

tympanic gentamicin (IT-Gent) injection is an established method for damaging inner ear

cochlear and vestibular hair cells (Husmann et al., 1998; Wanamaker et al., 1999; Hoffer et
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al., 2001; Heydt et al., 2004; Hirvonen et al., 2005; Allen et al., 2011). In a previous study,

animals with histologically confirmed inner ear damage following IT-Gent injection

displayed a suppressed hypercapnic ventilatory response (HCVR; Allen et al., 2011). The

objective of the present study was to verify these findings and to assess whether inner ear

injury also decreases the body movement arousal response to suffocating gas mixtures. If

this were the case it could be pertinent to the mechanism of SIDS. The hypothesis was that

inner ear injury would have no effect on the body movement arousal response.

EXPERIMENTAL PROCEDURES

Wild-type (CD-1) mice of both sexes were studied. The use of the animals and the

associated procedures of the study were approved by the Animal Care and Use Committee at

Seattle Children’s Research Institute.

Injection procedures

At postnatal day 18, animals underwent a hearing test as outlined in our previous study

(Allen et al., 2011). Mice were accepted for the study only if they displayed an adequate

response to the acoustic stimulus. Following the hearing test, all accepted animals were

anesthetized with 2% isoflurane in room air while breathing spontaneously. Either intra-

tympanic (IT) or intra-peritoneal (IP) injections were administered once the animal was

unresponsive. The procedure for injections was the same as outlined in our previous project

(Allen et al., 2011). For the current project we added unilateral IT-Gentin addition to

bilateral IT-Gent. The effect of inner ear injury on the respiratory response to hypercarbia

and the body movement arousal response to hypoxia–hypercarbia combined was studied 8

days after initial injection (i.e., postnatal day 26).

Gas composition and anesthesia used during experiments

All experiments were conducted in a small animal plethysmography test chamber (Buxco

Halcyon plethysmograph; Wilmington, NC, USA). Chamber temperature was maintained

between 26 and 28 °C. Air was defined as gas composition 21% O2 balanced N2. The

hypercarbia had a gas composition of 21% O2 5% CO2 balanced N2. The severe hypoxia-

hypercarbia gas mixture had a composition of 95% N2 5% CO2.

Both the HCVR and arousal tests were performed with the subject under light anesthesia. To

anesthetize the subject, sevoflurane in air was delivered into the chamber via a vaporizer

connected to the inflow chamber. The test gas independent of composition passed through

the sevoflurane vaporizer and plethysmography chamber throughout the experiment at a

continuous rate of 300 ml/min. Sevoflurane concentration was maintained with a final

concentration between 1.25% and 1.5% so that the subject was just immobile.

Inspired 1.25–1.5% sevoflurane is substantially less than the 3% needed for surgical

procedures (Liao et al., 2006; Koyama et al., 2009; De Segura et al., 2009). Animals were

thus only lightly anesthetized and would become conscious within seconds of discontinuing

the anesthesia.

ALLEN et al. Page 3

Neuroscience. Author manuscript; available in PMC 2014 April 16.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



HVCR test

Once respiration had stabilized and the animal was still, the plethysmograph was calibrated

by injection of known volumes (0.05 and 0.1 ml) of air into the chamber (Fig. 1).

Ventilatory measures were then obtained while the animal was breathing air and then while

exposed to the hypercarbia gas mixture for 5 min. Instantaneous respiratory frequency (finst,

Hz) and tidal volume (TV, μl) were recorded continuously. Mean minute ventilation (Vmin,

ml/min) was calculated continuously as = TV × finst × 60/1000. The HCVR response was

reported as a normalized Vmin ratio (nVmin) and was calculated by comparing the peak Vmin

recorded during CO2 exposure to Vmin in air. Similarly, finst and TV values at peak Vmin

during hypercarbia were compared to the respective metrics in air. These comparisons were

also reported as a normalized frequency ratio (nfinst) and normalized TV ratio (nTV).

For the HCVR assessments, unilateral and bilateral IT-Gent groups were compared to

unilateral and bilateral intra-tympanic saline (IT-Saline) control groups. For the test animals,

nine mice were given IT-Gent bilaterally, 19 received unilateral IT-Gent (right 14, left 5).

Two control groups were utilized. The first control group (n = 7) received bilateral saline

injections intra-tympanically (bilateral IT-Saline). The second control group (n = 10)

received a unilateral intra-tympanic injection (unilateral IT-Saline, right 5, left, 5).

Assessment of the body movement arousal responses to severe hypoxia–hypercarbia

Immediately after testing the HCVR response, the hypercarbia gas mixture was replaced

with the severe hypoxia–hypercarbia gas mixture. The response from this point until the end

of the experiment was recorded on high definition video using a Lumix DMC-G3 Camera

(Panasonic, Osaka, Japan 2011) at a fixed height and distance from the plethysmography

chamber. Movements associated with the severe hypoxiac–hypercarbia gas stimulus were

defined as “body movement arousal”. The video recording was used to determine the onset

time of the first body movements and to measure the total distance moved during the

exposure to the severe hypoxia–hypercarbia gas mixture. The severe hypoxia–hypercarbia

challenge was terminated when the respiratory rate decreased to eight breaths/minute, at

which point air was administered until the animal recovered. If no arousal movement

occurred, the time for onset of arousal was taken when the respiratory rate reached 8/min.

The main objective was to assess if an animal was able to adequately move its head and

body away from the severe hypoxia–hypercarbia stimulus. For the measurement of distance

traveled, the center of the ear most visible to the observer was taken for the starting and end

point of the head movement in all animals. The pathway of movement was measured on a 10

× 10 grid map with individual square sizes of 1.0 × 1.0 cm (Fig. 2) by two blinded

observers. On completion of the body movement arousal assessments animals were

immediately euthanized.

In addition to the two test and two control groups outlined above for the HCVR assessments

we included two additional control groups for the arousal assessments. To control for

potential systemic absorption of gentamicin, the third control group (IP-Gent, n = 5) was

given an intra-IP injection of 0.05 ml of gentamicin, 8 mg/ml (20% of the gentamicin dose

received by the IT-Gent group given bilateral injections). Plasma concentration of

gentamicin following intra-tympanic injection is typically undetectable, but has been
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reported to be up to 4% of the dose per dl (Becvaroski et al., 2002). For the IP-Gent group,

we desired to control the possibility of systemic absorption of gentamicin leading to effects

unrelated to hair cell damage and therefore injected 20% of the intra-tympanic dose intra-

peritoneally in these animals. The fourth control group included five IP-Saline animals to

control for the IP procedure and anesthesia that animals received for the injections. (IP

control responses were analyzed in our previous study of the HCVR (Allen et al., 2011)

therefore for simplification we did not repeat that analysis here).

Statistical analysis

Statistical analysis was performed with GraphPad Prism version 4.00 for Windows

(GraphPad Software, San Diego, CA, USA). Two-way ANOVA tests were utilized for

assessment of the HCVR and arousal responses. Post hoc Bonferroni correction for multiple

comparisons was performed between saline and corresponding gentamicin-treated groups

with the site of injection (IT or IP). P < 0.05 was accepted for statistical significance. Unless

otherwise stated, data were expressed as means ± SE. Statistical comparison was achieved

for the HCVR, body arousal movements and time to onset of arousal.

RESULTS

The respiratory response to hypercarbia

Vmin—The minute ventilatory response of control animals (unilateral and bilateral IT-Saline

groups) increased 3.46 and 3.32-fold in response to hypercarbia compared to baseline in air

alone. In contrast, the Vmin response of the unilateral and bilateral IT-Gent test animals was

significantly suppressed (30% and 53% decrease respectively, p < 0.05) compared to

corresponding control groups (Table 1, Fig. 3). Consequently, the combined changes in

respiratory rate and TV (which did not necessarily each reach significance in their own right,

see below) resulted in significant suppression of the minute ventilatory responses and

therefore HCVR in IT-Gent animals compared to controls (p < 0.05, Fig. 3).

Breakdown of respiratory rate and TV changes (Table 1). Respiratory rate
response to hypercarbia—Respiratory rate increased 1.93- and 1.5-fold in the unilateral

and bilateral IT-Saline controls compared to baseline. The respiratory rate responses of the

unilateral and bilateral IT-Gent groups were relatively suppressed however this did not reach

significance when compared to corresponding IT-Saline controls (p > 0.075, 0.298,

respectively).

TV—TV responses increased 1.84 and 1.63-fold in the unilateral and bilateral IT-Saline

control groups compared to baseline. The TV response was suppressed in the unilateral IT-

Gent group compared to the unilateral IT-Saline control group (p < 0.01). The TV response

was also suppressed in the bilateral IT-Gent group; however this did not reach significance

when compared to the bilateral IT-Saline control group (p > 0.062).

Body movement arousal responses to severe hypoxia–hypercarbia

The distance moved (in cm) in response to severe hypoxia–hypercarbia was suppressed in

all IT-Gent-treated groups as compared to corresponding IT-Saline control groups (Fig. 4
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and Table 2). The difference (P < 0.05) remained when all IT-Gent-treated mice (n = 28)

were compared to all controls (n = 22). Arousal was thus significantly suppressed in the

bilateral IT-Gent group compared to bilateral IT-Saline controls (P < 0.0001) and in the

unilateral IT-Gent group compared to unilateral IT-Saline controls (P < 0.0001). Unilateral

and bilateral IT-Gent animals did not differ significantly in their responses and no

significant difference was seen between the IT-saline groups and the IP-Gent group. These

data indicate that IT injection whether bilateral or unilateral significantly suppressed arousal

movements compared to the respective IT-saline control group. There was no significant

difference in body arousal movements between the IP-Gent and IP-Saline control groups (p

> 0.05, Table 2).

Time to onset of the body movement arousal response

The bilateral and unilateral IT-Gent versus IT-Saline control responses are presented in Fig.

5 and Table 3. As compared to corresponding control groups, the onset time was

significantly delayed in the bilateral and unilateral IT-Gent groups. The bilateral IT-Saline

control group had a delayed onset of arousal as compared to other control groups (P < 0.05).

Thus IT injection whether bilateral or unilateral significantly delayed arousal compared to

controls that received IT-Saline. There was also no significant difference in arousal onset

time between the IP-Gent and IP-Saline groups (p > 0.05, Table 3).

DISCUSSION

The findings indicate that the inner ear appears to play an integral function in the ability to

arouse and physically escape from suffocating gas mixtures. The study also confirmed our

previous finding (Allen et al., 2011) that gentamicin-induced inner ear injury decreases the

ventilatory response to hypercarbia. This fits well with previous studies in human subjects

and animals. The vestibular organ has been identified to have an established role in

respiratory control (Morinaka and Nakamura, 1998; Monahan et al., 2002; Thurrell et al.,

2003; Miyamura et al., 2004; Jauregui-Renaud et al., 2005; Arshian et al., 2007; Green et al.,

2008) as well as autonomic and cardiovascular regulation (Jian et al., 2005; Yates and

Bronstein, 2005).

A disturbance of the inner ear that includes the auditory system could have dramatic effects

on arousal and the autonomic response to severe hypoxia–hypercarbia (Harper, 2001; Yates

and Bronstein, 2005). In addition, neuropathological evidence from SIDS cases supports a

significant role for vestibular structures in the fatal outcome of the syndrome (Harper, 2001;

Machaalani et al., 2009; Kinney, 2009).

We did not study neuronal activity and can therefore only hypothesize regarding the

mechanism whereby vestibular injury would ablate the body movement arousal response to

suffocating gas mixtures. For balance adjustments, it is recognized that the vestibular hair

cells on the side toward which the head is turning are depolarized, those on the other side are

hyperpolarized (Ganong, 1999; Purves et al., 2001). We postulate that severe hypoxia–

hypercarbia could elicit a unified depolarization response in vestibular afferents on both

sides. This would distinguish it from a balance stimulus and precipitate an ‘unadjusted’ body

movement during sleep that would allow the animal to escape suffocation. In fact, evidence
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supports anoxic and ischemic insult precipitating a depolarization response in specialized

sensory neurons, including auditory and vestibular pathways (Burke, 1993; Fern and

Ransom, 1997; Kiernan and Bostock, 2000; Lin et al., 2001; Hildebrand et al., 2004;

Krishnan et al., 2005; Mercado et al., 2006; Ugawa et al., 2006; Zhang et al., 2008a,b). In

the presence of even unilateral vestibular organ damage there could be an insufficient

number of functioning vestibular neurons available to depolarize and precipitate the

movement arousal response. This coincides with our observation that a number of unilateral

IT-Gent animals appeared to make small ineffective leg movements as if attempting to

arouse, yet the body did not move from its original position.

Earlier observations corroborate that the present findings are indeed due to inner ear injury

and not from insult to surrounding neuronal structures. In a previous and similar study that

utilized the same procedure for injections, we observed a twenty-three fold decrease in the

number of hair cells in the vestibular organ of IT-Gent mice compared to IT-saline controls

(Allen et al., 2011). In five vestibular nuclei and the dorsal and ventral cochlear nuclei of the

brainstem, the neuronal counts and the degree of glial fibrillary acidic protein staining

(GFAP, a marker of neuronal degeneration) did not differ from those of control animals.

Apoptosis was not observed in any nuclei. It is also noteworthy that high concentrations of

gentamicin do not cause brainstem or cerebral toxicity (Becvaroski et al., 2002; Perletti et

al., 2008). Furthermore, intra-ventricular gentamicin is regularly utilized to treat meningitis

without deleterious effect on brainstem or cerebral function (Ragel et al., 2006). Finally, one

would perhaps expect some other behavior changes if IT-Gent did cause brainstem

dysfunction. This, however, was neither the case in the previous nor the current project. The

mice displayed no behavioral abnormalities in their daily activities and were

indistinguishable from untreated siblings or controls.

Some other findings warrant discussion. The body movement arousal response was similarly

suppressed in animals with unilateral injuries compared to those with bilateral injuries. This

suggests that a one-sided inner ear injury might be adequate to increase the risk of SIDS.

It is noteworthy, that although the HCVR in unilateral IT-Gent animals was significantly

suppressed (by 30%) compared to unilateral IT-Saline controls, the bilateral IT-Gent

animals displayed even greater HCVR suppression (53% reduction) compared to controls

(Fig. 3). Thus the HCVR of unilateral IT-Gent animals appears to lie ‘in between’ the

severely suppressed response of the bilateral IT-Gent animals and the robust HCVR seen in

control animals. Consequently, this observation suggests that the relationship between

suppressed arousal and suppressed HCVR from IT-Gent is complex and may in fact even be

independent. The interplay between these two processes clearly deserves scrutiny in future

studies.

The arousal onset was also delayed in the bilateral IT-Saline group as compared to the

unilateral IT-Saline groups (table 3). This could indicate that IT-Saline causes some

disruption of inner ear function and that this injury is more obvious after bilateral injections.

If so, one would also expect less arousal movement in the bilateral IT-Saline mice and

perhaps also a more delayed response in the bilateral IT-Gent group than in the unilateral IT-

Gent groups. This however was not the case.
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Study limitations

Measurement limitations included the absence of invasive arterial CO2 monitoring. The

hypercarbia and severe hypoxia–hypercarbia challenges were closely monitored and timed,

however because of the arousal movement assessment, arterial CO2 and O2 values could not

be obtained.

Another consideration is that anesthesia, even at low concentration, is not equivalent to

natural sleep. SIDS occurs predominantly during sleep (Harper, 2001). Our aim was to

create a state of unconsciousness from which a subject could reliably be aroused after severe

hypoxia–hypercarbia stimulus.

It is important to keep in mind that suppression of arousal in IT-Gent animals, and perhaps

also SIDS cases (Rubens et al., 2008), may occur at least in part from a hearing deficit. To

prevent sound stimuli from contributing to the arousal response, extraneous sounds were

carefully controlled during the experiments. There was a barely audible continuous noise

from the gas delivery system. The noise changed pitch when the gas mixtures were changed

but arousal responses did not occur at this time in Control or IT-Gent animals.

Potential application to SIDS

The peak incidence for SIDS occurs at an age of 2–4 months (Guntheroth, 1995). In mice,

this would correspond to an age of approximately 8–12 days (P8–12). (Cummings et al.,

2011). At that age, we could not reliably access the tympanic membrane through the ear

canal to perform the injections. Although it seems unlikely that younger mice would be

more resistant to inner ear injury, it should thus be noted that the model is not entirely age

appropriate. Nevertheless, the present animal model has characteristics that seem to

correspond well with SIDS cases. Similar to SIDS infants, IT-Gent animals are

indistinguishable morphologically and in their general waking behavior from others

(Guntheroth, 1995). Additionally, a decreased arousal response to severe hypoxia–

hypercarbia could increase the risk of sudden death during sleep. Notably, autopsy of SIDS

cases that included temporal bone analysis have demonstrated bleeding and inflammation in

the inner ear (Josset et al., 1985) that could be associated with inner ear dysfunction.

Although SIDS could fit well with an inner ear injury, this does not exclude other

mechanisms. A predisposing insult could precipitate inner ear as well as brainstem

dysfunction. SIDS cases display serotonergic deficits on postmortem analysis of the

vestibular nuclei as well as other areas of the brainstem (Kinney et al., 1995; Panigrahy et

al., 2000; Kinney, 2009; Machaalani et al., 2009).

Implications for future studies

In our experiments, control animals instigated vigorous arousal movements. In another

setting this response could have physically removed them from a suffocating environment.

In contrast, IT-Gent animals would remain in the asphyxiating surroundings due to an

impaired arousal response. This would predispose individuals with inner ear injury to

repeated episodes of hypoxic insult with further blunting of the arousal response. This

coincides with the finding that SIDS victims are often exposed to repeated episodes of

hypoxia before death (Rognum and Saugstad, 1991; Guntheroth, 1995; Prandota, 2004;
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Darnall et al., 2010). We therefore plan to study the effect of repeated bouts of hypoxic gas

mixtures with and without hypercarbia in IT-Gent animals under natural sleep conditions.

CONCLUSION

Suppression of the body movement arousal response to severe hypoxia–hypercarbia

stimulus from unilateral or bilateral inner ear insult is an important finding. The inner ear

appears to play a key role in respiratory control and arousal from suffocating gas mixtures

that has not been previously identified. Further studies are needed to elucidate how the inner

ear affects respiratory control and the arousal response and to determine if these mechanisms

can explain sudden infant deaths.
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finst instantaneous respiratory frequency

HCVR hypercapnic ventilatory response

IP-Gent intra-peritoneal gentamicin

IP-Saline intra-peritoneal saline

IT-Gent intra-tympanic gentamicin

IT-Saline intra-tympanic saline

nTV normalized tidal volume

SIDS Sudden Infant Death Syndrome

TV tidal volume

Vmin minute ventilation
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Fig. 1.
Small animal plethysmography test chamber.
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Fig. 2.
Representative path of movement (red lines) of individual subjects receiving either bilateral

IT-saline (left) or bilateral IT-Gent (right). The grid represents the two dimensional view

looking down on the animal in the plethysmography chamber (boundaries of the circle)

during the body movement arousal attempt to the anoxia-CO2 stimulus taken from the

midpoint of the ear. Triangle: starting point; diamond: end point. All control group animals

(IT- Saline, or IP-Saline/IP-Gent) displayed significantly increased arousal movements

compared to all IT-Gent test animals. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 3.
Normalized minute ventilation (nVmin, mean + SE) during exposure to hypercarbia (ratio of

the peak minute ventilation compared to baseline). *The HCVR of the unilateral IT-Gent

was significantly suppressed compared to the unilateral IT-Saline control group (p <

0.05). #The HCVR response of the bilateral IT-Gent group was significantly suppressed

compared to the bilateral IT-Saline group and also more suppressed than the unilateral IT-

Gent group (p < 0.05).
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Fig. 4.
Distance of arousal movements in response to severe hypoxia–hypercarbia stimulus in

unilateral and bilateral IT-Gent-treated animals compared to corresponding IT-Saline and

IP-Gent control groups. Data show individual animal responses. Bil: bilateral IT; Uni:

unilateral IT; IT: intra-tympanic injection; IP: intra-peritoneal injection. For numerical data,

see Table 2.
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Fig. 5.
Arousal onset time in response to severe hypoxia–hypercarbia stimulus in unilateral and

bilateral IT-Gent-treated animals compared to corresponding IT-Saline and IP-Gent control

groups. Data show individual animal responses. Bil: bilateral IT; Uni: unilateral IT; IT:

intra-tympanic injection; IP: intra-peritoneal injection. For numerical data, see Table 3.
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Table 1

Normalized minute ventilation, respiratory frequency and tidal volume values during the 5 min-exposure to

hypercarbia expressed as a fraction of the baseline value (in air alone) and given as mean ± SE (n)

Intervention Normalized minute ventilation (Vmin) Normalized respiratory frequency
(nfinst)

Normalized tidal volume (nTV)

Saline Gentamicin P

value
1

Saline Gentamicin P

value
1

Saline Gentamicin
P value

1

Unilateral
IT

3.46 ±
0.50 (9)

2.42 ± 0.18
(19)

0.009* 1.93 ±
0.20 (9)

1.59 ± 0.10
(19)

0.075 1.84 ±
0.18 (9)

1.40 ± 0.07
(19)

0.010*

Bilateral IT 3.32 ±
0.44 (7)

1.56 ± 0.06 (9) 0.001* 1.50 ±
0.26 (7)

1.26 ± 0.06 (9) 0.298 1.63 ±
0.24 (7)

1.17 ± 0.07 (9) 0.062

*
P < 0.05.

1
P value calculations included post hoc Bonferroni correction indicating whether bilateral and unilateral IT-Gent group differed from

corresponding control groups.
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Table 2

Movement in centimeters during the arousal response to severe hypoxia–hypercarbia (Fig. 4). IT: intra-

tympanic. IP: intra-peritoneal injection. P-values were adjusted for multiple comparisons

Intervention Saline Gentamicin Bonferroni multiple comparisons P value

Mean ± SE N Mean ± SE N

Systemic IP 45.5 ± 5.6 5 49.2 ± 3.9 5 >0.05

Unilateral IT 43.5 ± 7.7 10 2.0 ± 0.6 19 <0.001

Bilateral IT 29.7 ± 3.6 7 1.6 ± 0.5 9 <0.0001
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Table 3

Time to onset of arousal in seconds (mean ± SE) after commencement of the severe hypoxia–hypercarbia

stimulus (Fig. 5). IT: intra-tympanic. IP: intra-peritoneal injection

Intervention Saline Gentamicin Bonferroni multiple comparisons P value

Mean ± SE N Mean ± SE N

Systemic IP 85 ± 5 5 89 ± 5 5 >0.05

Unilateral IT 85 ± 5 10 156 ± 10 19 <0.001

Bilateral IT 120 ± 8 7 164 ± 12 9 <0.01
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