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Abstract

Background—In neonatal rodents, serotonin (5-HT) neurons are critical for successful
autoresuscitation. We hypothesized that caffeine, a respiratory stimulant, would hasten the onset
of gasping and improve autoresuscitation in 5-HT-deficient, Pet-1~/~ mice.

Methods—Using a head-out system and electrocardiogram, we measured respiratory and heart
rate (HR) responses of Pet-1~/~ rodents and their littermates during episodic asphyxia at postnatal
days 8-9 (P8-9). After a baseline recording, we injected either vehicle or caffeine (i.p.) at doses of
1, 5, or 10 mg/ kg. We then induced 10 brief (~30 s) episodes of asphyxia, each interspersed with
5 min of room air to allow autoresuscitation. In addition to measuring survival, we measured the
duration of hypoxic apnea (time to initiate gasping) and time to recover eupnea and HR.

Results—Caffeine had a dose-dependent effect of hastening the onset of gasping, recovery of
breathing, and restoration of HR in Pet-1~/~(but not in wild-type) rodents, thereby improving
survival across asphyxic episodes. Increased survival was strongly correlated with hastened onset
of gasping.

Conclusion—Our data suggest that caffeine reduces mortality relating to asphyxia and 5-HT
deficiency. These findings may be relevant for efforts to reduce the incidence of sudden infant
death syndrome (SIDS), given that SIDS is associated with failed autoresuscitation and reduced
brainstem 5-HT.

Copyright © 2013 International Pediatric Research Foundation, Inc.
Correspondence: Kevin J. Cummings (cummingske@missouri.edu).
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When confronted with severe hypoxia (low oxygen (O,)) or asphyxia (low O5 and high
carbon dioxide (CO»)), young mammals, including human infants, sustain life through a
protective process termed “autoresuscitation.” Severe hypoxia and asphyxia induce apnea
and bradycardia as a result of tissue hypoxia within the brainstem respiratory centers and
sino-atrial node, as well as adjustments in autonomic tone (1). Severe hypoxia of brainstem
tissue elicits gasping, a respiratory behavior characterized by a slower frequency, greater
inspiratory neuronal activity, and reduced or absent expiratory activity (2,3). If the animal is
allowed to breathe normal air during autoresuscitation, gasping and the associated increase
in sympathetic activity are adequate to restore oxygenation, normal breathing (eupnea), and
heart rate (HR), allowing the animal to recover (4,5).

There is mounting evidence to indicate that the serotonin (5-HT) system in the brainstem is
critical for successful autoresuscitation. Neonatal mice (Pet-17/7) and rats treated with 5,7-
dihydroxytryptamine, having lost most of their 5-HT neurons, have impaired
autoresuscitation and consequently high mortality rates when exposed to episodic asphyxia
(6-8). A characteristic feature of failed autoresuscitation in these animals is prolonged
hypoxic apnea (i.e., delay in the initiation of gasping) in response to asphyxia, and a delay in
the recovery of HR and eupnea after returning to room air. In Pet-1~/~ mice this phenotype
is most evident during a critical window in postnatal development, i.e., postnatal days 7-10
(P7-10).

Caffeine is a widely used, effective drug for treating apnea of prematurity in infants (9-11).
Caffeine has also been shown to increase overall ventilation (VE) and reduce apnea
frequency in newborn rat pups (12). These effects were not brought about by an increase in
the ventilatory response to hypoxia; rather, they were attributable to the ability of caffeine to
antagonize the action of adenosine. Adenosine, a neuromodulator released during hypoxia,
potently inhibits brainstem respiratory neurons including those in the pre-Bétzinger
complex, a group of intrinsically bursting neurons that are important for inducing gasping
(13-15). Indeed, the antagonizing of adenosine receptors has been shown to improve
gasping in neonatal rat pups (16).

In the current study, we tested the hypothesis that caffeine can reverse the delay in initiation
of gasping and improve the ability of Pet-1~/~ mice to withstand episodic asphyxia in the
developmental period during which they display failure of autoresuscitation.

As compared with their littermates, Pet-1~/~ pups had lower resting HRs (A 38 beats/min; P
=0.02; Table 1) and metabolic rate (V(jz) (A 5.8 ml/min/kg; P = 0.03; Table 1), in line with
our previous findings (17). As compared with their wild-type littermates, Pet-1~/~ pups had
similar resting VE' but hyperventilated (i.e., a greater VE' relative to the underlying de (P<
0.001; Table 1)), as previously described (18). Neither vehicle nor treatment with 1 or 5
mg/kg caffeine had any significant effects on these baseline variables (Table 2). The highest
dose (10 mg/kg) of caffeine resulted in a mild (10%) increase in HR both in wild-type pups
and in Pet-17/~ pups (P = 0.02; Table 2).
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Wild-type pups demonstrated a higher survival over the course of the 10 asphyxia
challenges, irrespective of caffeine treatment (P < 0.0001; Figure 1a). The median numbers
of asphyxic episodes survived by untreated wild-type and Pet- 1=/~ animals were 9 and 2,
respectively (Figure 1a,b). Caffeine had a strong, genotype-dependent effect on survival
(genotype—caffeine interaction: P < 0.001). The median number of asphyxic episodes
survived by Pet-17/~ animals was 3 after treatment with 1 mg/kg caffeine (not significantly
different from the group receiving vehicle; post hoc: P = 0.07), 5 after treatment with 5
mg/kg caffeine (post hoc: P = 0.0004), and 5.5 after treatment with 10 mg/kg caffeine (post
hoc: P = 0.0006) (Figure 1b). The beneficial effect of caffeine in Pet-1~/~ animals was most
apparent during the first few asphyxia challenges. Treatment with 5 mg/kg caffeine
increased median survival from 0 to ~70% after the fourth episode of asphyxia (Figure 1a).
There was no significant change in the number of asphyxic episodes survived by wild-type
animals at any dose of caffeine as compared with the group receiving vehicle (post hoc P =
0.56, 0.49, and 0.06 for 1, 5, and 10 mg/kg, respectively) (Figure 1b). The marginal
difference in survival rates between wild-type pups treated with 10 mg/kg caffeine and those
receiving vehicle is attributable largely to the fact that 2 of the 17 treated subjects died
immediately, consequent to a complete failure to initiate gasping after the first asphyxic
episode. This was not observed in any other animals at any dose of caffeine.

The failure in autoresuscitation displayed by Pet-17/~ animals was preceded by prolonged
hypoxic apnea (i.e., a delay in the initiation of gasping) and a delay in the recovery of HR
and eupnea (Figure 2). On average, hypoxic apneas were fivefold longer in untreated
Pet-1~/~ animals as compared with wild-type ones, and were accompanied by a fivefold and
twofold greater delay in the recovery of HR and eupnea, respectively (P < 0.001 for all;
Figures 2 and 3a). Failed autoresuscitation of Pet-17~/~ animals was associated with a “run-
down” of gasping (Figure 2¢), but this was also observed in wild-type animals with
increasing episodes of asphyxia (data not shown). Caffeine, even at the lowest dose used in
the study, improved autoresuscitation in Pet-17/~ animals (caffeine x genotype effect: P <
0.001 for all variables; Figures 3a and 4). The quicker initiation of gasping was strongly
associated with the ability of caffeine-treated Pet-1~/~ animals to survive more episodes of
asphyxia (Figure 3b). There was no difference between vehicle- treated and caffeine-treated
Pet-1/~ pups with respect to the number of 5-HT-positive neurons identified post mortem
in the raphe magnus, a major component of the medullary 5-HT system (Figure 5).

Discussion

The novel finding in this study was that a systemically administered low dose of caffeine (5
mg/kg) restores proper autoresuscitation in Pet-1~/~ mice that have a major loss of
brainstem 5-HT neurons, thereby extending the number of asphyxic episodes they can
withstand. Our data indicate that the enhanced survival of Pet-17/~ pups after caffeine
treatment is related to a more prompt initiation of gasping. In this way, caffeine helps re-
oxygenate cardiac and brain tissue to restore HR and breathing in 5-HT-deficient Pet-1~/~
mice that are subjected to asphyxic conditions.

Untreated Pet-1~/~ mice have severe autoresuscitation defects at a critical period of
postnatal life (6,8). No untreated Pet-1~/~ animals survived past the fourth episode of
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asphyxia. In contrast, 50% of wild-type animals were alive after the 10th episode. For both
wild-type and Pet-1~/~ mice—irrespective of caffeine treatment—death is immediately
preceded by a progressive run-down of gasping, with an associated failure to reverse
bradycardia. In the raw tracings there was no evidence of atrio-ventricular block before the
run-down in gasping (Figure 2c; however, note that the detection of an atrio-ventricular
block may have been precluded by background noise). If atrio-ventricular block is indeed
absent, the autoresuscitation failure of neonatal wild-type and Pet-17/~ mice at P8-9 is
similar to the failure observed in P10-11 neonatal rats (19), but different from that described
in different strains of wild-type weanling mice (20).

The cellular mechanism(s) through which caffeine restores autoresuscitation and promotes
survival in Pet-17/~ animals is a focus for future research. Given its ability to hasten the
onset of gasping, caffeine possibly exerts its effects by increasing the activity of Pet-1-
deficient respiratory neurons responsible for the induction of gasping (e.g., preBotzinger
Complex) (15,21,22). In adult rats, caffeine has been shown to increase brainstem 5-HT
content (23) and promote increase in VE' after repetitive hypoxia (i.e., long-term facilitation)
—a process known to be dependent on 5-HT signaling at phrenic motoneurons (12,24). In a
similar way, caffeine may also enhance excitatory drive to inspiratory neurons in Pet-17/~
mice exposed to repetitive asphyxia, acting through the Pet-1- independent subset of 5-HT
neurons retained by these animals (25,26). However, the rescue of Pet-1-deficient mice need
not be mediated via 5-HT neurons. However, caffeine’s effect on the remaining 5-HT
neurons is not its only possible mechanism of action; caffeine is a potent antagonist of
adenosine receptors, some of which (A) are expressed by, and reduce the activity of,
neurons in the preBotzinger complex during hypoxia-induced release of adenosine (13,14).
Adenosine can also suppress respiratory drive through adenosine receptors (A,a) expressed
on GABAergic interneurons (27). It is possible that caffeine forestalls adenosine-induced
suppression of respiratory activity during asphyxia by blocking both types of adenosine
receptors, with no involvement of the 5-HT system. Caffeine also has the ability to directly
modulate intracellular calcium and cyclic adenosine monophosphate levels, both of which
are second messengers utilized by 5-HT receptors and may play a role in the modulation of
respiratory rhythm (28-30).

Our data demonstrate that the positive effects of caffeine on autoresuscitation are limited to
5-HT deficient animals; in wild-type animals, neither autoresuscitation nor survival was
significantly improved by caffeine. Indeed, 2 of the 17 wild-type animals may have been
negatively affected by caffeine, failing to initiate gasping even after the highest dose.
However, because this latter effect did not reach statistical significance in our sample, we
are not certain that the deaths of these two animals were attributable specifically to caffeine
administration.

Our findings may have relevance for reducing the incidence of sudden infant death
syndrome (SIDS), a syndrome associated with reduced 5-HT (31) and failed
autoresuscitation (32,33). As has been found in Pet-1~/~ mice (6), evidence from rare
electrophysiological tracings obtained immediately before death from SIDS cases indicates
failed autoresuscitation, with gasping being ineffective at restoring normal heart rate and
normal breathing (32,33). However, the cellular phenotype of Pet-17/~ mice is distinct from
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any of the 5-HT system defects that have been identified in SIDS cases. Pet-17/~ mice show
an ~60-70% loss of brainstem 5-HT neurons (25,26), leading to a brainstem 5-HT content
of only ~80-90% (18). In contrast, infants who experience SIDS have a ~30% reduction in
5-HT content within the medullary raphe and extra-raphe nuclei, associated with other
brainstem abnormalities that are yet to be identified in Pet-17/~ mice, namely, increased
density of immature 5-HT neurons, a relative reduction in 5-HT transporter binding, and
decreased 5-HT1 and GABAA receptor binding in the medullary 5-HT network (31,34-38).
Nevertheless, the ability of small doses of caffeine to hasten the onset of gasping and
improve autoresuscitation raises the intriguing possibility that caffeine may be beneficial for
infants in whom deficiency of 5-HT is a key component of their neuropathology.

Ultimately, the treatment of the complex neurotransmitter defects in affected infants who are
at risk of SIDS may, as with other diseases involving respiratory dysfunction (e.g., Rett
syndrome) (39), require a combination of pharmacologic agents. Nevertheless, our results
suggest that small doses of caffeine are effective at reversing major defects in
autoresuscitation resulting from severe brainstem 5-HT deficiency. Caffeine could reduce
the risk of sudden death in infants with 5-HT deficiency if they were to experience severe
hypoxia from a drop in environmental oxygen content or from defects in respiratory,
cardiovascular, or arousal systems that maintain oxygen homeostasis.

Materials and Methods

Animals

Genotyping

We tested pups from heterozygous breeders (i.e., Pet-1*/~: possessing only one Pet-1 allele)
maintained on a genetic background composed of both C57BI/6 and 129Sv mouse strains.
All the animals were provided food and water ad libitum and were housed with a 12 h light—
dark cycle and a room temperature of 21-23°C. Autoresuscitation was tested in a total of 54
wild-type and 38 Pet-17/~ pups, from a total of 30 litters from 18 breeding pairs. Pups were
chosen from each litter randomly, with genotype unknown (experimenter blinded). Two to
four pups were selected from each litter; also, each litter was randomly assigned to either
vehicle or a specific dose of caffeine (i.e., all the pups belonging to a given litter were given
the same treatment). Data from “wild-type” animals represent both Pet-1*/* and Pet-1*/~
pups, given that the loss of one Pet-1 allele has no effect on the number of 5-HT-positive
neurons or on any other phenotype studied to date (25). The animals were studied between
P8-9, within the period when Pet-1~/~ animals display autoresuscitation failure (6). All
experimental protocols were approved by the Institutional Animal Care and Use Committee
of Dartmouth College.

Genotyping was performed from isolated DNA, using a procedure published earlier (25),
using primers: 5-CGC ACT TGG GGG GTC ATT ATC AC-3,5-CGG TGG ATG TGG
AAT GTG TGC-3 and 5’-GCC TGA TGT TCA AGG AAG ACC TCG G-3'. PCR was
performed using an initial 5-min denaturing step at 95 °C, followed by 35 cycles of 94 °C
for 1 min, 62 °C for 30 s, and 72 °C for 50 s. The PCR products generated were a WT allele
and a Pet-1~/~ allele, containing 209 and 361 base pairs, respectively.
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Experimental Setup

Measurements were made using a mask-pneumotachograph system with the animal in a
head-out configuration (Figure 6) (40). The animal chamber (volume ~ 40 ml) was
constructed from a water-jacketed glass cylinder. Body temperature, measured with a
thermocouple, was maintained at 36 + 0.5°C in all animals throughout the experiment, and
was controlled by perfusing the chamber with warmed water from a bath. The ambient
temperature was adjusted from ~32-34 °C to ~34-36 °C throughout the experiment to
counteract the effects of hypoxia on thermogenesis. The head chamber was made by fitting a
section of vinyl over the end of a syringe tube (volume ~3 ml) held in place with another
rubber gasket inside the anterior end of the chamber. The snout of the animal was placed
into a small hole in the vinyl and sealed with polyether material (Impregum F, Polyether
Impression material, 3M, St. Paul, MN).

A pump (AEI Technologies, Naperville, IL) pulled air through the pneumotach and mask at
75 ml/min. Effluent gas was drawn through a column of Drierite (W. A. Hammond Drierite
Co. Ltd., Xenia, OH) to remove moisture, followed by an O, analyzer (AEI Technologies,
Pittsburgh, PA) to determine metabolic rate (de). Asphyxia (97% N»/3% CO,) was
induced directly from a tank using a 50 c.c. syringe mounted on a stand that could be rotated
to deliver gas to the pneumotach. A two-lead surface electrocardiogram was used to measure
HR.

Inspiratory and expiratory airflows were detected by connecting both side-arms of the
pneumotachograph to a differential pressure transducer (Validyne Engineering, Northridge,
CA). Integration of the flow trace provided respiratory volume, calibrated by injecting and
withdrawing known volumes of air (0.025 and 0.05 ml) at the end of each experiment. The
pneumotachograph responded in a linear fashion to these volumes. All analog signals were
recorded and analyzed in Labchart 6 (ADInstruments, Colorado Springs, CO) using
Powerlab data acquisition system (ADInstruments).

Experimental Protocol

The experiments were performed with the investigator blinded as to genotype. The animals
were connected to electrocardiogram leads (contained in a small vest) and a rectal
thermocouple was inserted (~0.5-1 cm). The snout of the animal was then sealed into the
mask, and the animal was allowed to warm to a body temperature of ~36.0 °C (~20 min).
After a 10-min baseline recording, the animal was removed from the chamber and given an
intra-peritoneal, 50 ul injection of either vehicle (saline) or one of 3 doses of caffeine (1, 5,
or 10 mg/kg). The animal was then returned to the chamber for another 20 min to allow for
drug absorption and the restoration of body temperature to 36.0 °C. The animals were then
exposed to a maximum of 10 brief (~30 s) episodes of asphyxia (by inspiring a gas mixture
containing 97% N, and 3% CO») to elicit hypoxic apnea and gasping. Each episode of
asphyxia was followed by 5 min of exposure to room air, allowing autoresuscitation. Given
the high flow rate and low mask volume, the wash-in time for gases was ~3 s. In some
vehicle-treated Pet-1~/~ animals, the first episode of asphyxia elicited hypoxic apnea of >3
min. For these animals we allowed 10 min of exposure to room air for cardio-respiratory
variables to return to pre-challenge levels. Asphyxia was induced only until apnea ensued
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(=30 s); thereafter the syringe delivering the asphyxiainducing gas to the pneumotachograph
was removed, and the mask was immediately flushed with room air.

Data Analysis

Mean data are expressed as + 95% confldence intervals. Values measured were HR, tidal
volume (V7), respiratory frequency (fg), VE (product of V1 and fg), Vo2 (Vo2 (0.21 -
fractional O, exhausted from mask) x flow (ml.min~1)/ mass (kg)), and the respiratory
equivalent (VE/VOZ) HR and breathing were analyzed using peak detection on the
respiratory and electrocardiogram traces. After each challenge, we measured (i) the duration
of hypoxic apnea (i.e., the delay in initiation of gasping), (ii) the time required to restore HR
to 90% of baseline, and (iii) the total time required to restore a regular breathing pattern
(eupnea). We plotted the number of episodes survived by each animal, as well as the median
number of survived episodes for each genotype at each dose of caffeine (+ the 95%
confidence interval).

Statistical Analyses

Student’s t-tests were used to compare resting variables (HR, VE', de, and VE'/VO'Z) between
wild-type and Pet-1~/~ pups. Two-factor, repeatedmeasures analysis of variance (ANOVA)
was used to test for any effects of caffeine on cardio-respiratory variables in room air. A
Cox proportional hazards survival model was fitted to test for differences in the number of
episodes survived (censored at 10 episodes or death) by genotype (wild-type vs. Pet-17/7),
treatment (vehicle and 1, 5, and 10 mg/kg caffeine), and their interaction (41). The
interaction term was used to test whether the effect of caffeine varied by genotype; in the
presence of a significant interaction, post hoc tests were used to compare specific groups
(e.g., wild-type vehicle receivers vs. Pet-1~/~ vehicle receivers, Pet-1~/~ vehicle receivers
vs. Pet-17/~ 10 mg/kg caffeine receivers, and wild-type vehicle receivers vs. wild-type 10
mg/kg caffeine receivers). ANOVA was used to test for differences in autoresuscitation
variables (duration of hypoxic apnea and time required to recover HR and eupnea) by
genotype, treatment, and their interaction. The correlations between the number of episodes
survived and the autoresuscitation variables were assessed using regression analyses.
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Figure 1.

Caffeine treatment significantly increased the number of episodes of asphyxia withstood by
neonatal Pet-1~/~ mice. (a) Survival curves for vehicle-treated wild-type (n = 17; solid
circles) and Pet-17/~ littermates (open symbols) given an i.p. injection of vehicle (n = 10;
circles) or caffeine at doses of 1 mg/kg (n = 9; triangles), 5 mg/kg (n = 12; diamonds), or 10
mg/kg (n = 8; squares). Survival curves for wild-type animals treated with caffeine are not
significantly different from those treated with vehicle; for the purposes of clarity of the
figure, these data are not shown. (b) Individual animals (small circles) and median number
of episodes survived (large symbols + 95% confidence interval) for wild-type animals (solid
symbols) and Pet-17/~ littermates (open circles, doses represented by same symbols as are
used in (a). *Significant interaction between caffeine dose and genotype, P < 0.001. Note
that asymmetric data distribution, given our paradigm, uses a maximum of 10 hypoxic
episodes.
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Figure 2.
Autoresuscitation failure in Pet-1~/~ mice. Raw heart rate (HR, beats/min (bpm)),

electrocardiogram (ECG), and respiratory (Resp vol) responses of wild-type mice and
Pet-17/~ littermates to asphyxia. For all traces, the period of asphyxia is denoted by “ON”
and “OFF” and by the hatched bar on the x-axis. Broken-line horizontal arrows over the HR
and respiratory traces denote the period required for the recovery of HR and eupnea. The
onset of gasping (first gasp taken) is denoted by an upward arrow. (a, top) A 2-min trace
showing cardio-respiratory responses of a wild-type pup to the first episode of asphyxia.
Black scale bar = 30 s. (a, bottom) Close-up traces showing HR and respiratory activity at
the transition from normoxia to asphyxia (left) and recovery from asphyxia (right). Black
scale bars = 5 s. (b, top) A ~6 min trace showing responses of a Pet-17/~ animal to the first
episode of asphyxia. Black scale bar = 1 min. (b, bottom) Close-up traces showing HR and
respiratory activity at the transition from normoxia to asphyxia (left) and partial recovery
(right) (black scale bars = 5 s). (c, top) Autoresuscitation failure in the Pet-17/~ animal
shown in (b) after the third episode of asphyxia. Black scale bar = 5 s. (c, bottom) Close-up
traces showing “run-down” of gasping, persistent bradycardia, and death of a Pet-17/~
animal (black scale bars =5s).
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Figure 3.
Effects of Pet-1-deficiency and caffeine on autoresuscitation. (a) Summary of

autoresuscitation variables in wild-type mouse pups and their Pet-17/~ littermates. Group
data showing the average duration of hypoxic apnea and time required to recover heart rate
(HR recov) and eupnea (Eupnea recov) across all episodes of environmental asphyxia for
wild-type (black bars) and Pet-17/~ littermates (open bars) receiving an i.p. injection of
either vehicle or 1, 5, or 10 mg/kg of caffeine. *Significant effect of genotype (P < 0.001 for
all variables); Tsignificant genotype x caffeine interaction (P < 0.001 for all variables). The
data shown are mean values £ 95% confidence intervals. (b—d) Relationship between
number of asphyxic episodes survived and the duration of apnea in wild-type mice (closed
circles) and Pet-1~/~ mice (open circles), treated with vehicle (b; R?= 0.76 (wild-type) and
0.78 (Pet-17/7)), 1 mg/kg caffeine (c; R% = 0.75 (wild-type) and 0.70 (Pet-17/7)), or 5 or 10
mg/kg caffeine (grouped) (d; R2 < 0.001 (wild-type) and 0.34 (Pet-17/7)). *Significant
relationships, P < 0.05. Data points represent individual animals.
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Figure 4.

Normalization of autoresuscitation in Pet-1~/~ animals after administration of caffeine. In
all traces, the period of asphyxia is denoted by “ON” and “OFF” and as a hatched bar on the
x-axis. Broken-line horizontal arrows over heart rate (HR) and respiratory traces denote the
period required for the recovery of HR and eupnea. The onset of gasping (first gasp taken) is
denoted by an upward arrow. (a, top) ~8 min raw trace showing a vehicle-treated Pet-1~/~
animal’s cardio-respiratory responses to asphyxia. Black scale bar = 1 min. (a, bottom)
Close-up traces showing prolonged recovery of HR and eupnea following the initiation of
gasping. Black scale bar =5 s. (b, top) ~3 min tracing showing cardio-respiratory responses
of a Pet-17/~ animal treated with 5 mg/kg of caffeine. Black scale bar = 30 s. (b, bottom)
Close-up traces showing hastened recovery of HR and eupnea, as compared with vehicle-

treated Pet-1~/~ animal. Black scale bar = 5 s.
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Figure 5.

Relationship between number of episodes of environmental asphyxia survived and the
number of 5-HT neurons in the raphe magnus in wild-type animals receiving an
intracerebroventricular injection of vehicle (black circles) and in Pet-1~/~ animals receiving
an injection of either vehicle (open circles) or 10 mg/kg caffeine (open squares). Also shown
are the mean data (large symbols) + 95% confidence intervals.
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Figure 6.
Schematic of experimental setup used to measure cardio- respiratory responses to episodic

asphyxia in Pet-17/~ mice and littermates. The animals were placed into a glass chamber
perfused with warmed water. Respiratory activity was measured using a pneumotach (PN)
attached to a pressure transducer (PT), with the faces of the animals sealed into small masks
(volume = ~3 ml). The flow of gas (75 ml/min) through the mask originated from a
downstream pump and permitted a rapid (~3 s) wash-in of asphyxic gas, delivered via a
tank, to the surrounds of the mask and pneumotach. ECG signals were obtained using
surface electrodes embedded in a small vest. Vo'zwas determined in room air by sending the
effluent gas through a drying column and O, analyzer.
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Table 1

Resting parameters of all wild-type (WT, n = 54) and Pet-1~/~ pups (n = 38) studied

Genotype  HR (beats/min) Ve (ml/min/kg) Vo, (miimin/kg)  VelVo,

WT 538 19 1,025+ 77 48.4+35 19.8+20

Pet-17~ 500" + 23 1,098 £69 426" +3.3 268" +2.8

Shown are mean data + 95% confidence interval. HR, heart rate; VE, ventilation; V(jz, metabolic rate.

*
Significantly different than WT, P < 0.05.
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