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Caffeine Reduces Apnea Frequency and Enhances Ventilatory
Long-Term Facilitation in Rat Pups Raised in Chronic
Intermittent Hypoxia
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ABSTRACT: The mechanisms underlying the therapeutic function
of caffeine on apneas in preterm neonates are not well determined. To
better understand these effects, we exposed rat pups from postnatal d
3-12 to chronic intermittent hypoxia (5% O,/100 s every 10 min; 6
cycles/h followed by 1 h at 21% O,, 24 h/d), a model mimicking
hypoxemic exposure in apneic neonates. Then, using whole-body
plethysmography, we evaluated minute ventilation, apnea frequency,
and duration after i.p injection of caffeine citrate (20 mg/kg) or saline
under normoxia and in response to either sustained (FiO, 12%, 20
min) or brief (FiO, 5%, 60 s, total 10 episodes of 8§ min each)
hypoxia. These tests were used to assess peripheral and central
components of hypoxic response. The latter also assessed the venti-
latory long-term facilitation during recovery (2 h). Caffeine injection
increased minute ventilation under baseline and during recovery.
This effect was correlated with a decrease in apnea frequency (not
duration). On the contrary, caffeine did not change the ventilatory
response to sustained or brief hypoxic exposure. These results
suggest that the effects of caffeine on apnea depend on increased
central normoxic respiratory drive and enhancement of ventilatory
long-term facilitation rather than on higher hypoxic ventilatory
response. (Pediatr Res 68: 105-111, 2010)

Caﬁeine, an antagonist of adenosine receptors and a potent
central nervous system stimulant, has been described as an
interesting pharmacological agent to reduce apneas in neonates
some 40 y ago (1). Caffeine now is the current therapy to treat
apneas in preterm neonates (2). To better understand this
pharmacological property, several studies have described the
effects of caffeine on the respiratory control system. These
studies have shown that caffeine increases ventilatory drive
(1,3), acts directly on the respiratory control system in the
brainstem (4), and improves the sensitivity and/or the respon-
siveness to changes in arterial O, level (1,5). Caffeine also
suppresses the respiratory depression typically observed dur-
ing hypoxia in newborn mammals (1,5,6). This later aspect is
in line with data showing that adenosine is released in the brain
during hypoxia and its inhibitory effect on neuronal activity helps to
reduce neural damages in case of hypoxemia (4,7).

Over the recent years, our knowledge on the mechanisms
underlying the high frequency of apneas in preterm neonates
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have expanded, and this may help to better understand the
implication of caffeine on these mechanisms. Neonates suffering
from recurrent apneas are exposed to repeated hypoxemic epi-
sodes (2). The resulting intermittent hypoxia elevates hypoxic
responsiveness of peripheral chemoreceptors, which may further
contribute to destabilize breathing and increase apnea frequency
(8—10). We have shown recently that in rat pups, chronic expo-
sure to intermittent hypoxia during neonatal period (n-IH) en-
hances both the ventilatory response to a brief hypoxic exposure
and apnea frequency (11). Moreover, in our model, n-IH also
blunts the ventilatory long-term facilitation (LTF, gradual in-
crease in minute ventilation following several hypoxic episodes),
which is sought to reduce the occurrence of repeated apneas in
newborn (11) and in adults (12).

To better understand the mechanisms by which caffeine
reduces apnea in newborn, we used our model of chronic n-IH
(11) to test the specific hypothesis that caffeine reduces apnea
frequency by enhancing resting respiratory drive and/or respi-
ratory LTF. We also tested the effects of caffeine on hypoxic
response induced by moderate but sustained hypoxia (FiO, =
12%; 20 min) to address its impact on the biphasic ventilatory
response to hypoxia and on the central integrative processes of
hypoxic response or during severe but brief hypoxic episodes
(FiO, = 5%; 60 s) to assess particularly the peripheral che-
moreceptor response to hypoxia.

MATERIALS AND METHODS

Ethics. The experimental protocols were approved by the Animal Care
Committee at Laval University in accordance with the Canadian Council on
Animal Care guidelines.

Mating and n-IH. Dam and male Sprague-Dawley rats were obtained
from Charles Rivers (St-Constant, Quebec, Canada). The study was per-
formed on 49 Sprague-Dawley rat pups born in our animal care facility from
six virgin females and males. Only male pups were studied. Rats were
supplied with food and water ad libitum and maintained under standard
laboratory conditions (21°C, 12:12-h dark-light cycle: lights on at 07:00 h and
off at 19:00 h). On postnatal d 1 (P1), litters were culled to 12 pups, and males
were preferentially selected. Rats were exposed to n-IH between postnatal d
3-12. This period covers the developmental course of ventilatory control
system in rats (13) after the resetting of chemoreceptors, which occurs during
the first 2-3 d of life (13,14). This period also mostly parallels developmental
stages of premature infant between 20 and 40 wk postconception (15).
Chronic n-IH exposure was performed as previously described (11). Briefly,

Abbreviations: FiO,, inspired oxygen fraction; LTF, long term facilitation;
n-IH, neonatal intermittent hypoxia; Vg, Minute ventilation; Vi/VCO,, car-
bon dioxide convection ratio; Vp/VO,, oxygen convection ratio; VCO,,
carbon dioxide production; VO,, oxygen consumption



106 JULIEN ET AL.

female rats with their pups were introduced in the hypoxic room (internal
volume 0.05 m?) on postnatal d 2 to ensure adaptation to new environment;
then, IH exposure began on P3 for 10 consecutive days (P3-P12) using an
oxycycler (Biosperix, Redfield, NY). Each cycle consisted in a decrease in
oxygen from 21 to 5% in 100 s, return to 21% in 140 s, then normoxia for 6
min for a total duration of 10 min, repeated 6 times/h and followed by 1 h of
normoxia, 24 h/d (11).

Ventilatory and metabolic recordings. Respiratory and metabolic param-
eters were recorded at P12 using whole body flow-through plethysmography
(I0X; Emka technologies, Paris, France) as regularly used (11). The temper-
ature inside the plethysmograph was fixed at 30°C using a temperature-
control system (Physitemp, Clifton, NJ). Rectal temperature was measured
before and at the end of the experiment using a thermocouple for small
rodents (Harvard, Holliston, MA). Respiratory frequency and tidal volume
were recorded from the plethysmograph signal. The gas flow through the
plethysmograph was set at 100 mL/min, constantly measured with a mass
flowmeter (4140; TSI, Shoreview, MN). Respiratory gases (O, and CO,) were
continuously recorded using dedicated gas analyzers (AEI Technologies;
Naperville, IL). Tidal volume was corrected depending on barometric pres-
sure, room and body temperature, and humidity (BTPS) (16). Then, minute
ventilation (Vg = respiratory frequency X tidal volume), oxygen consump-
tion [VO, = flow X ((O,in — O,out) — (O,0ut X (CO,out — CO,in))/(1 —
O,out)], and CO, production [VCO2 = flow X (CO,out — CO,in) —
CO,out X (O,in — O,out))/(1 — CO,out)] were calculated, corrected to
STPD conditions, and used for calculation of oxygen (Vg/VO,) and carbon
dioxide (Vg/VCO,) convection ratio (17).

Experimental protocol. Pups were randomly assigned to receive intraperi-
toneal saline (n-IH + saline, 2 ul/g; n = 24) or caffeine citrate (n-IH +
caffeine, 20 mg/kg, 2 pul/g; n = 25) 30 min before starting the experiment. In
each litter, there were a roughly equal number of pups receiving saline or
caffeine. After body temperature measurement, baseline variables (FiO, =
21%) were recorded for 10 min. Then, the pup was exposed to either sustained
or brief hypoxia. 1) The sustained hypoxic test was conducted on n-IH +
saline pups (n = 13) and on n-IH + caffeine pups (n = 13). After normoxic
measurements, the inlet gas line was switched to a nitrogen tank to reach 12%
O, in ~3 min (maintained for 20 min). At the end of the recording, body
temperature was immediately measured. 2) The brief intermittent hypoxic test
was conducted on n-IH + saline pups (n = 11) and on n-IH + caffeine pups
(n = 12). After normoxic measurements, the inflowing air was switched to a
nitrogen tank allowing a rapid decrease of oxygen from 21 to 5% in 60 s,
return to 21% in 120 s, followed by 5 min normoxia (11). A total of 10 brief
hypoxic episodes were performed, with a peak-to-peak period of 8 min.

Ventilatory measurements during recovery (ventilatory LTF). At the end
of the 10 brief hypoxic episodes, ventilation was recorded for 2 h to assess LTF
(11). Body temperature was measured at the end of this period.

Apneas frequency. Two types of apneas were distinguished using stan-
dardized criteria (18). Spontaneous apneas were defined as interruption of
flow for at least two normal respiratory cycles. A breath with amplitude at
least twice the resting tidal volume preceded postsigh apneas. Apnea fre-
quency was analyzed during baseline (10 min) and the last hour recovery.
Because postsigh apneas were rare under normoxic conditions, only sponta-
neous apneas were calculated. Apnea duration was expressed in seconds.

Assessment of plasma caffeine concentration. Plasma caffeine levels were
assessed with an enzyme immunoassay (Emit Caffeine Assay; Syva, Simens,
IL) by the St-Justine biochemistry laboratory (Montreal, QC) in rats used for
measurements of ventilatory LTF. At the end of the recovery, each rat was
anesthetized with a mixture of ketamine (100 wg/100 g) and xylazine (15
ng/100 g), and blood was collected via intracardiac puncture. In rats that
received saline, caffeine level was not detectable (<1 mg/L; n = 6); whereas
in rats that received caffeine citrate (20 mg/kg, intraperitoneally n = 6), the
plasma level was 15.4 = 2.8 mg/L (range 8.7-24.1 mg/L), which is close to
that achieved in babies (1-3,5).

Data collection and statistics. Ventilatory and metabolic variables were
obtained on a minute-by-minute basis using the IOX software (version 1.8.9;
EMKA technology, Paris, France); they were averaged for the last 5 min for
the baseline and in bouts of 5 min during the recovery time, ie., at 0-5,
25-30, 55-60 and 115-120 min. For the sustained hypoxic response, venti-
latory variables were obtained on a minute-by-minute basis for the first 10
min of hypoxia while the last 10 min were averaged by epochs of 5 min each.
For intermittent hypoxic episodes, ventilatory variables were averaged every
10 s for the first 2 min (1 min hypoxia + 1 min re-oxygenation) and the last
10 s of the 3rd, 5th, and 8th minutes for each cycle. We retained values of the
Ist, 5th, and 10th hypoxic episodes to determine differences in response
between episodes and treatment. Responses to hypoxia were expressed as
percent of baseline in both saline and caffeine groups.

All results were expressed as mean = SEM. Data analyses were performed
with statview (SAS institute, Inc., Cary, NC). We used the nonparametric

Mann-Whitney U rank sum test to assess differences between groups. For the
hypoxic response and during recovery, we used the Wilcoxon signed rank test
in each group to assess changes from baseline; the level of significance was
adjusted by the Bonferroni correction. Correlations between apnea frequency
and ventilation were tested using a spearman nonparametric test on data
pooled from both groups because ANCOVA showed no significant effect of
treatment on the relationship between minute ventilation and apnea frequency
(ANCOVA p = 0.64 for baseline and p = 0.30 for recovery). Significance
was defined at p < 0.05.

RESULTS

Effects of caffeine on baseline ventilation in chronic n-IH
pups. Body weight, body temperature, baseline ventilatory,
and metabolic parameters are shown in Table 1. Vi was higher
in caffeine than in saline pups because of increased respiratory
frequency (Table 1). Although VO, was higher in caffeine
than saline pups, VCO, was similar, whereas VO, and Vg/
VCO, were not different between groups (Table 1). This likely
indicates that ventilation is regulated to match the higher
oxygen consumption rate induced by caffeine injection. Be-
cause baseline values were different, hypoxic ventilatory re-
sponses were normalized to baseline.

Effects of caffeine on hypoxic ventilatory response in
chronic n-IH pups

Sustained hypoxia. Minute ventilation reached its maximal
level around the 3rd minute of hypoxic exposure in both saline
and caffeine pups (Fig. 1A). Ventilation then decreased grad-
ually to achieve a stable steady state. The frequency response
was slightly lower in caffeine than in saline at the end of
hypoxic exposure (Fig. 1B), whereas ventilation and tidal
volume responses were similar between groups throughout the
exposure (Fig. 1A and O).

At the end of hypoxic exposure, body temperature was
reduced in saline but not in caffeine pups (Fig. 2A). However,
there was no difference between groups for VO,, VCO,,
Vi/VO,, and V/VCO, (Fig. 2B).

Brief hypoxic episodes. Figure 3A and B showed schematic
representation of brief hypoxic episodes. Respiratory variables
increased to similar levels in saline and caffeine pups inde-
pendently of the hypoxic episodes (Fig. 3C-E). There was no
major difference between groups or between episodes at each
time point during the hypoxic exposure.

Table 1. Body weight, body temperature, and ventilatory and
metabolic variables in 12-d-old rats exposed to chronic neonatal
intermittent hypoxia from 3 to 12 postnatal d

Saline Caffeine
Groups (n = 24) (n =125) P
Body weight (g) 19.1 £ 0.8 19.8 £ 1.0 NS
Body temperature (°C) 343 =03 34.0 £0.2 NS
Vg(ml/min/100 g) 189 = 10 247 = 15 0.01
Respiratory frequency (min) 166 = 4 184 = 4 0.02
Tidal volume (ml/100 g) 1.1 £0.1 1.3+0.1 NS
VO,(ml/min/100 g) 53*03 62=*03 0.03
VCO,(ml/min/100 g) 3502 40*03 NS
Ve/VO, 373 392 NS
Ve/VCO, 565 62+ 4 NS

Metabolic data were measured on 13 n-IH rats of each saline and caffeine.
Data are given as mean = SEM.

Vg, minute ventilation; VO,, oxygen consumption; VCO,, carbon dioxide
production; Vp/VO,, oxygen convection ratio; V/VCO,, carbon dioxide
convection ratio.
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Figure 1. Ventilatory response to 20 min hypoxic exposure. Data are per-
centage changes from baseline for minute ventilation (A), respiratory fre-
quency (B), and tidal volume (C) in 12-d-old rats previously exposed to
intermittent hypoxia from postnatal d 3-12. O: saline group, n = 13; @:
caffeine group, n = 13; dashed line in A represents the temporal decrease in
FiO,. Data are mean = SEM *p < 0.03 vs saline; fp < 0.05 vs baseline.

Effects of caffeine on ventilation during recovery period
(ventilatory LTF) in chronic n-IH pups. In pups that received
caffeine, minute ventilation increased gradually during recov-
ery, whereas it remained stable in saline pups (Fig. 4A). This
was mostly because of a gradual increase of tidal volume (Fig.
4C), whereas respiratory frequency was slightly lower in
caffeine than in saline pups (Fig. 4B). At the end of the
recovery period, body temperature (Fig. 5A), VO, and VCO,
(Fig. 5B) were similar between groups. However, Vz/VO,
and VE/VCO, were higher in caffeine than in saline pups
(Fig. 5B).

Effects of caffeine on apnea frequency and duration in
chronic n-IH pups. During baseline recordings, apnea fre-
quency was significantly lower in caffeine than in saline pups
(p < 0.02; Fig. 6A). Apnea frequency was negatively corre-
lated with minute ventilation (p < 0.01, R> = 0.34; Fig. 6B).
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During the recovery period, apnea frequency was also lower in
caffeine than in saline rats (p < 0.02; Fig. 6C). Apnea
frequency was also negatively correlated with the percentage
changes of minute ventilation from baseline (p < 0.01, R? =
0.52; Fig. 6D), which was related to the establishment of
ventilatory LTF by hypoxic episodes. Finally, apnea duration
was not affected by caffeine in all conditions (Fig. 6A and C).

DISCUSSION

This study shows that caffeine failed to increase the hypoxic
ventilatory response but enhanced baseline metabolic rate,
basal ventilation, and ventilatory LTF in 12-d-old rat that have
previously been exposed to intermittent hypoxia from postna-
tal d 3—12. The decrease in apnea frequency was positively
correlated with the increase of normoxic minute ventilation
induced by caffeine. During the recovery period, apnea fre-
quency was positively correlated to the changes in minute
ventilation reflecting the establishment of ventilatory LTF
induced by hypoxic episodes. This suggests that caffeine
reduces apnea frequency by augmenting respiratory drive
(independently on hypoxic chemoreflex) and by enhancing
ventilatory LTF.

Caffeine and hypoxic ventilatory response. The current data
failed to show any eftects of caffeine on the ventilatory response
to hypoxia under sustained or brief exposures. This result contrast
with several studies obtained in different animal species (19,20)
and in preterm babies (1,5) in which caffeine administration
increases the hypoxic ventilatory response. The release of aden-
osine during hypoxia contributes to reduce ventilation during the
second phase of the hypoxic exposure, and it has been shown that
this effect is antagonized by caffeine or xanthine derivatives in
newborn rats, rabbits, piglets, or lamb (7,19-22). The difference
between our data and the well-known ventilatory effects of
xanthines may be related to the experimental approaches. In
particular, we used rats that were chronically exposed to inter-
mittent hypoxia, which may have impaired the neurotransmitters
pathways (either at peripheral chemoreceptors or in the central
nervous system) involved in respiratory control including the
adenosinergic transmission system (6). Indeed, n-IH exposure for
10 d enhances the hypoxic ventilatory response (11); in this
context, caffeine may not be able to further improve this re-
sponse. Another aspect might be related to the age of the animals
(12 d) and length of n-IH exposure, both of which may affect the
extent to which caffeine can improve hypoxic ventilatory response.

Figure 2. Body temperature (A) and met-
abolic variables (B) response to 20 min
hypoxic exposure. Data are absolute dif-
ference (A) or % changes (B) vs. baseline
in 12-d-old rats previously exposed to in-
termittent hypoxia from postnatal d 3—12.
[: saline group, n = 13; M: caffeine group,
n = 13. Data are mean = SEM *p < 0.03
vs saline.

Ve/VO, Ve/VCO,
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Figure 3. Ventilatory response to brief hypoxic exposures. Representation of the hypoxic episodes (A); temporal decrease of oxygen during one hypoxic episode
(B); and, % changes from baseline of minute ventilation (C), respiratory frequency (D) and tidal volume (E) for the 1st, 5th, and 10th hypoxic episodes. These
measures were performed in 12-d-old rats previously exposed to intermittent hypoxia from postnatal d 3—12. O: saline group, n = 11; @: caffeine group, n =
12. Data are mean = SEM *p < 0.04 vs saline; fp < 0.05 vs baseline.

It might also be worth mentioning that the effects of caffeine
on carotid body function are still controversial. In developing
kitten, in vivo recording of afferent fibers of the carotid sinus
nerve showed that caffeine (either at low therapeutic or high
toxic doses) does not affect the carotid body chemosensory
response to hypoxia (23). However, in vitro, a very high
concentration (10 mM) of caffeine was needed to depress the

carotid sinus nerve chemosensory activity in adult rats (24).
Finally, it should also be mentioned that we used a single dose
of caffeine, which contrasts with its chronic clinical use to
treat apnea in newborn (1,2,5).

Caffeine and apnea. The assumption that caffeine reduces
apnea frequency by enhancing hypoxic ventilatory response is
not supported by our data. However, our results are in line
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Figure 4. Ventilatory LTF during recovery. Percentage changes from baseline for minute ventilation (A), respiratory frequency (B), and tidal volume (C) during
recovery measured in 12-d-old rats previously exposed to intermittent hypoxia from postnatal d 3—12. O: saline group, n = 11; @: caffeine group, n = 12. Data

are mean = SEM *p < 0.05 vs saline; tp < 0.05 vs baseline.
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with the evidence that caffeine efficacy on apnea and periodic
breathing relies on stimulation of central respiratory drive
(1,5,6,25). In n-IH rat pups, caffeine enhanced basal metabolic
rate and ventilation mainly through an increase in respiratory
frequency under resting condition. Most notably, caffeine
allowed the expression of ventilatory LTF during recovery

after acute hypoxic episodes. In addition, there was a clear
correlation between higher level of ventilation and lower
apnea frequency (not duration) in both cases. These results
support the hypothesis that suppression of respiratory LTF as
observed in n-IH rat pups (11) contributes to enhance apnea
frequency and suggests that caffeine reduces apneas, at least
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partly, by allowing the expression of ventilatory LTF. The
lack of effects of caffeine on hypoxic ventilatory response may
explain its lack of effect on apnea duration, because apneas are
terminated by the activation of peripheral and central chemo-
receptors as critical blood gas values are reached (26). Finally,
other mechanisms might have been implicated such as an
effect of caffeine on lung mechanic (27). It is worth to note
that babies receiving caffeine show better success for weaning
from mechanical ventilation and shorter duration for contin-
uous positive airway pressure support (28).

Caffeine and adenosinergic system. Caffeine as antagonist
of adenosine A, and A,, receptors stimulates respiration
(4,7,19-22). The observation that caffeine enhanced baseline
ventilation and ventilatory LTF supports its central action in
n-TH rats. Adenosine is released in response to hypoxia and
interacts with many neurotransmitter systems that play signif-
icant role in the respiratory control maturation such as GABA,
glutamate, serotonin, and adrenergic system. The available
data show that these interactions are highly sensitive to ad-
verse conditions during neonatal period such as chronic ex-
posure to hypoxia or hyperoxia (4,6). For instance, prenatal
hypoxic exposure alters the carotid body and brainstem ty-
rosine hydroxylase content and ventilation in young rats (3-21
d), but these effects do not persist at 2 mo of age (29). The
underlying mechanisms of ventilatory control disruption be-
cause of chronic neonatal intermittent hypoxia exposure are
not fully understood. Interestingly, a recent study in anesthe-
tized adult rats showed that inhibition of spinal cord A,,
receptors (but not A,) enhances phrenic LTF induced by
intermittent hypoxia (30).

Experimental limitations. The use of whole-body plethys-
mography to estimate ventilation in unrestrained and nonanes-
thetized newborn is subject to experimental errors related to
the accuracy in the assessments of tidal volume. This point has
been previously discussed in details (11). Despite the limita-
tions inherent to tidal volume measurements, all experimental
groups were studied under similar conditions. Another limi-
tation in our experimental design is that we did not take into
consideration the sleep-wake state during recordings and we
have no data whether n-IH per se affects sleep organization.
Sleep/wake cycles are very brief during the first postnatal
week in newborn rats (31) and contradictory effects of caffeine
are reported in premature infants with either no effects (32) or
sleep deprivation (33). Although caffeine may have reduced
sleep time in rat pups, it is unlikely that this would interfere
with ventilatory LTF expression.

CONCLUSION

Our results show that caffeine has no effect on hypoxic
ventilatory reflexes in newborn rats raised under chronic
neonatal intermittent hypoxia. However, they support the
hypothesis that caffeine reduces apnea frequency through
central stimulation of respiration and by enhancing the expres-
sion of ventilatory LTF. Caffeine treatment is frequently pro-
longed for several weeks or months in human preterm neo-

nates (1). It is worth mentioning that both prenatal nicotine
(34) and alcohol exposure (35) inhibit LTF establishment in
rat pups and that caffeine might also be helpful to establish
LTF in these cases.
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