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Postnatal changes in ventilation during normoxia and
acute hypoxia in the rat: implication for a sensitive period
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Previously, we found heightened expression of inhibitory neurochemicals and depressed

expression of excitatory neurochemicals with a sudden drop in metabolic activity around

postnatal day (P) 12 in rat brainstem respiratory nuclei, suggesting that this period is a critical

window during which respiratory control or regulation may be distinctly different. To test this

hypothesis, the hypoxic ventilatory responses (HVR) to 10% oxygen were tested in rats every

day from P0 to P21. Our data indicate that (1) during normoxia (N), breathing frequency (f )

increased with age, peaking at P13, followed by a gradual decline, whereas both tidal volume

(V T) and minute ventilation (V̇E) significantly increased in the second postnatal week, followed

by a progressive increase in V T and a relative plateau in V̇E; (2) during 5 min of hypoxia (H),

V̇E exhibited a biphasic response from P3 onward. Significantly, the ratio of V̇E(H) to V̇E(N) was

generally > 1 during development, except for P13–16, when it was < 1 after the first 1–2 min,

with the lowest value at P13; (3) the H : N ratio for f , V T and V̇E during the first 30 s and the

last minute of hypoxia all showed a distinct dip at P13, after which the V T and V̇E values rose

again, while the f values declined through P21; and (4) the H : N ratios for f , V T and V̇E averaged

over 5 min of hypoxia all exhibited a sudden fall at P13. The f ratio remained low thereafter,

while those for V T and V̇E increased again with age until P21. Thus, hypoxic ventilatory response

is influenced by both f and V T before P13, but predominantly by V T after P13. The striking

changes in normoxic ventilation as well as HVR at or around P13, together with our previous

neurochemical and metabolic data, strongly suggests that the end of the second postnatal week

is a critical period of development for brainstem respiratory nuclei in the rat.
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The regulation of ventilation is vital to survival. An
important aspect of this adjustment is the response
to hypoxia, or hypoxic ventilatory response (HVR),
which undergoes developmental regulation via various
mechanisms (Berquin et al. 2000; Waters & Gozal, 2003;
Simakajornboon & Kuptanon, 2005). Mammalian HVR
to acute hypoxia is known to be biphasic, consisting of an
initial increase in ventilation followed by a later ventilatory
suppression that is termed hypoxic ventilatory depression
(HVD) or hypoxic ventilatory roll-off (Vizek et al. 1987;
Powell et al. 1998). HVR is a complex process in which
several excitatory, inhibitory and modulatory components
are involved. The early HVR may be mediated by glutamate
and its N-methyl-d-aspartate (NMDA) receptors (Kazemi
& Hoop, 1991; Ohtake et al. 1998; Richter et al. 1999)
via the carotid body–nucleus tractus solitarii (NTS)
pathway and perhaps other central pathways (Mizusawa

et al. 1994; Ohtake et al. 2000). HVD, in general, was
postulated to be attributable to the central depressant
effect of hypoxia (Vizek et al. 1987), but peripheral
(arterial chemoreceptor) mechanism may not be excluded.
One possibility is that HVD may act by depressing
synaptic pathways activated by arterial chemoreceptors
(Powell et al. 1998). Several neurotransmitters and
neuromodulators, such as γ -aminobutyric acid (GABA)
(Kneussl et al. 1986; Taveira da Silva et al. 1987; Kazemi
& Hoop, 1991; Richter et al. 1999), serotonin (5-HT)
(Di Pasquale et al. 1992; Richter et al. 1999), adenosine
(Neylon & Marshall, 1991; Elnazir et al. 1996; Richter
et al. 1999), and platelet-derived growth factor (PDGF-β)
(Gozal et al. 2000; Simakajornboon & Kuptanon, 2005)
may play important roles in HVD. In addition, hypoxic
hypometabolism (Mortola, 1999) may contribute to HVD,
and nitric oxide has been implicated in both excitatory and

C© 2006 The Authors. Journal compilation C© 2006 The Physiological Society DOI: 10.1113/jphysiol.2006.121970



958 Q. Liu and others J Physiol 577.3

inhibitory components of the HVR (Gozal et al. 1997).
Gasping activity during hypoxia is reportedly mediated by
5-HT2A receptors (Tryba et al. 2006).

HVD differs between the neonate and the adult. In
neonatal mammals exposed to sustained hypoxia, the
minute ventilation (V̇E) gradually decreases to levels near
or below those observed in normoxia (baseline) (Eden &
Hanson, 1987; Mortola & Rezzonico, 1988; Fung et al.
1996; Cohen et al. 1997; Martin et al. 1998), whereas
in adult mammals, HVD displays a milder ventilatory
decline to levels that remain higher than the baseline
(Easton et al. 1986; Vizek et al. 1987; Gershan et al.
1994; Maxova & Vizek, 2001). However, these studies
concentrated only on a selected number of time points;
for example, in two studies (Eden & Hanson, 1987; Fung
et al. 1996), two relatively close time series covered P1, P3,
P5, P7, P14, and P1, P3, P5, P8, P13, respectively. Thus,
to date, developmental changes in HVR have not been
characterized on a day-to-day basis. It is also not known
if there is a developmental window when HVR is at its
lowest.

Previously, we conducted detailed, day-to-day studies
of various brainstem respiratory nuclei of the rat and
found that neurotransmitters and receptors underwent
distinct developmental changes. Significantly, at or around
postnatal day (P) 12, the expression of the excitatory
neurotransmitter glutamate and its NMDA receptors
precipitously dropped, while the expression of inhibitory
neurotransmitter GABA, GABAB receptors, and glycine
receptors rose sharply, concomitant with a sudden fall in
cytochrome oxidase (CO) activity, a sensitive indicator
of metabolic capacity and neuronal activity (Wong-Riley,
1989; Liu & Wong-Riley, 2002, 2003, 2005; Wong-Riley
& Liu, 2005). We hypothesized that at and around P12
is a critical period in the postnatal development of the
rat respiratory control network, during which there may
be a transient dominance of inhibitory over excitatory
neurotransmission, rendering the animal less capable of
overcoming exogenous respiratory stresses. The current
study was undertaken to test our hypothesis that the
ventilatory control system, and the HVR in particular, is
significantly altered during the presumed critical period.
Our results indicate that, indeed, respiratory development
is highly dynamic and that major changers in the HVR
can occur over a 1–2 day period at the end of the second
postnatal week. Thus, dynamic changes in neurochemical
and metabolic development have a major behavioural
impact on respiration.

Methods

Animals

All experiments and animal procedures were performed
in accordance with the Guide for the Care and Use of
Laboratory Animals (National Institutes of Health), and

all protocols were approved by the Medical College of
Wisconsin Animal Care and Use Committee.

A total of 96 Sprague-Dawley rats (Harlan, Indianapolis,
IN, USA) from eight litters were used in this study. The
litter size was 10–15 pups. Each pup was studied every
fifth day, first under room air and then when subjected
to 5 min of hypoxia (10% O2 + 90% N2). The days were
staggered such that every single day between P0 (day of
birth) and P21 was studied. Approximately 12–17 animals
from seven different litters were studied for each postnatal
day from P0 to P21. In addition, six animals from a single
litter were studied under normoxia daily from P0 to P21
to serve as a reference for the normoxic data.

Whole body plethysmography under normoxia
and hypoxia

Physiological studies were conducted in an airtight
barometric 1.27 l plethysmographic chamber for the
measurement of respiratory frequency (f ) and tidal
volume (V T) and the calculation of minute ventilation
(V̇E). For P0–P10 animals, a doughnut-shaped Styrofoam
block (0.324 l in volume) was placed in the upper part
of the chamber to reduce the ‘effective volume’ of the
plethysmographic chamber and enhance the pressure
signal. This modification allowed us to perform our
studies without substantially altering the environment
or the characteristics of the measuring system. Pressure
changes were monitored with a pressure transducer,
while temperature (T) and relative humidity (RH) were
monitored by another transducer connected to a RH/T
Transmitter (model HX93AV-RP1, Omega Engineering
Inc., Stamford, CT, USA). Pressure, RH and T signals
were computer recorded via a data acquisition device
(model DI-158 U, DATAQ Instruments, Akron, OH, USA)
connected to the transducers described above. Data were
calculated using the formulae of Drorbaugh & Fenn
(1955). The system was calibrated by applying 0.1 ml of
air into the plethysmographic chamber 10 times before
and after each animal’s recording. These applications were
done via a syringe driven by a weight to produce stable
0.1 ml injections at a speed of ∼200 min−1, comparable to
the mean frequency of respiration between P0 and P21.
Rectal temperatures of each animal were measured before
and after each recording with a 30-gauge microprocessor
thermometer (model HH21, Omega Engineering Inc.). At
each age between P0 and P21, each animal was studied
for 5 min while breathing room air (normoxia) and
then subjected to 5 min of 10% O2 + 90% N2 (hypoxia).
Approximately 4.5 l (∼3 times the chamber volume) of
the hypoxic mixture was flushed through the chamber in
30 s, during which a small vent hole (2 mm in diameter) in
the chamber was maintained at an open state from a few
seconds before to a few seconds after the flushing period to
prevent substantial pressure build-up, and pressure in the
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chamber equalized to that of room air before the chamber
was sealed and recordings began. The plethysmograph
was set on a heating pad, which maintained the floor
of the chamber above ambient temperature. Radiant
cooling from the walls and lid of the plethysmograph
prevented internal air temperatures from rising excessively.
Internal air temperature was continuously monitored,
and did not change more than 0.5◦C during any
single experiment (the mean for the entire study was
25.9 ± 0.66◦C). Body contact of the rat pups with the
warmed bottom of the plethysmograph helped maintain
the pups’ temperature at or above 34◦C. This was
confirmed by the measurement of body temperature
before and after each session. Starting at ∼30 min before
each experiment, each animal was warmed by a heating
pad to maintain the rectal temperature at or above 34◦C
before being placed on a soft pad inside the chamber.

Statistical analyses

Ventilation in normoxia and hypoxia was continuously
monitored for 5 min each. The normoxic values represent
the mean of the 5 min, while the hypoxic values were
grouped either into 30 s bins during the 5 min or expressed
as the mean of 5 min. Values that were greater than 2
standard deviations above or below the mean were deleted.
Statistical analyses were done using one-way ANOVA (to
control for the type I comparison-wise error rate) and
Tukey’s Studentized range test (between successive age
groups, e.g. P2 versus P3 and P3 versus P4, to control for
the type I experiment-wise error rate). Significance was set
at P < 0.01 for one-way ANOVA and P < 0.05 for Tukey’s
test.

Results

Postnatal development of ventilatory response
during normoxia

Postnatal developmental trends of respiratory frequency
(f ), tidal volume (V T), and minute ventilation (V̇E)
during normoxia are shown in Fig. 1. Representative
raw plethysmographic signals at various ages are
presented in Fig. 1A. Respiratory frequencies underwent
a steady increase with age, peaking at postnatal day (P) 13
(P < 0.01), then decreased significantly at P14 (P < 0.05)
and P15 (P < 0.05), followed by a statistically insignificant
decline until P21, the oldest age group studied (Fig. 1B).
Absolute tidal volume in normoxia before adjustment
to body weight displayed a plateau during the first
postnatal week, a significant increase during the second
postnatal week, especially between P7 and P8 (P < 0.05)
and between P12 and P13 (P < 0.001), followed by a
gradual increase in the third week that did not reach
statistical significance between successive days, but was
significantly higher at P21 than at P13 or P14 (P < 0.001

for both) (Fig. 1C). When V T was normalized to body
weight, it exhibited a steady decrease with age, with a small
but significant fall at P1 (P < 0.05) and P12 (P < 0.05),
a significant increase at P13 (P < 0.01), followed by a
relative plateau until P21 (Fig. 1D). The V̇E response under
normoxia shared a trend similar to that of V T, with a slight
rise during the first postnatal week (reaching significance
from P1 to P2; P < 0.05), a dramatic increase during the
second week, with a small peak at P8 (P < 0.05) and a more
prominent peak at P13 (P < 0.001), followed by a fall at
P14 and a relative plateau until P21 (Fig. 1E). When V̇E

was normalized to body weight, it presented a fluctuating
pattern from P0 through P12, with a slight dip at P7 and
P12, a significant increase at P13 (P < 0.01), followed by a
gradual decrease until P21 (Fig. 1F).

The above data were virtually identical to those of six
animals tested only for normoxia from P0 to P21 (data not
shown).

After P21, the absolute V T values exhibited significant
and progressive increases at P28, P35 and P42 (data not
shown). However, when adjusted to body weight, V T

values declined with age. Likewise, the absolute V̇E values
increased dramatically at P28, P35 and P42, but when
adjusted to body weight, the values showed significant
decline due to decreases in V T as well as in frequency (data
not shown).

Postnatal development of ventilatory response
during hypoxia

Frequency (f) changes with age during a 5 min exposure
to hypoxia. Changes in frequency (f ) every 30 s during
a 5 min exposure to hypoxia (inspired O2 fraction: 0.1)
were tested every day from P0 to P21, with individual
rats exposed to hypoxia every fifth day only. Results were
expressed as a ratio of frequency during hypoxia (f (H))
versus mean frequency during normoxia (f (N)), with the
normoxic value at each age set at 1 (Fig. 2). Data are
presented in groups for ages P0–4 (Fig. 2A), P5–9 (Fig. 2B),
P10–15 (Fig. 2C), and P16–21 (Fig. 2D). From P0 through
P11, f responses were generally above or close to the
baseline (normoxia), with the exception of P3, which was
below the baseline after the first 30 s. Starting from P12
through P21, f responses to hypoxia were lower than that
of the baseline, except between 0.5 min and 1 min when it
was close to the baseline. For most of these ages, f -values
during the first 30 s to 1 min were the highest, followed by
a decline, with some fluctuations and sometimes a further
fall after 4 or 4.5 min of hypoxia.

Tidal volume (VT) changes with age during a 5 min
exposure to hypoxia. Changes in tidal volume (V T)
were also analysed every 30 s during 5 min of exposure to
hypoxia. Results were expressed as a ratio of V T during
hypoxia (V T(H)) versus V T during normoxia (V T(N)), with
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the values of normoxic response set at 1. Data are plotted
for various age groups (Fig. 3A–D). From P0 through
P11, V T responses to hypoxia were generally above the
baseline (normoxia), and the trends were relatively parallel

Figure 1. Postnatal development of ventilatory response during normoxia
Representative raw plethysmographic signals at P0, P5, P10, P15 and P21 are shown (A). The developmental trends
of frequency (f ) (B), tidal volume (VT) (C), and minute ventilation (V̇E) (E) during normoxia all increased significantly
during the 2nd postnatal week, peaking at P13 (P < 0.001), after which F values fell steadily until P21 (the last
postnatal day tested), while VT and V̇E values initially fell at P14 but rose again until P21. When VT was normalized
to body weight (D), its trend decreased with age, with a significant fall from P0 to P1, and from P11 to P12 (P < 0.05
for both), and a significant increase at P13 (P < 0.01) followed by a relative plateau until a small rise at P21. The
developmental trend of V̇E normalized to body weight (F) showed minor fluctuations from P0 to P12. There was a
significant rise in V̇E at P13 (P < 0.01), followed by a gradual decrease thereafter. ANOVA within each parameter
showed significant differences among ages (P < 0.01). Statistical comparisons (Tukey’s Studentized range test)
between successive age groups:

∗
P < 0.05,

∗∗
P < 0.01,

∗∗∗
P < 0.001 (significance between one age group and its

adjacent younger age group).

to the baseline, with only minor fluctuations. From P12 to
P16, V T responses attained the highest values during the
first 30 s, followed by a gradual decrease, with the lowest
values at the end of a 5 min exposure to hypoxia. Notably,
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at P13, V T response was above the baseline during the
first minute of hypoxia, virtually at the baseline during the
second minute, but fell below the baseline during the last
3 min of hypoxia (Fig. 3C). P13 was the only time during
development when the V T(H)/V T(N) ratio fell below the
baseline. From P14 to P16, the trends were all above the
baseline, shifting successively to higher values with age.
From P17 through P21, V T responses showed the highest
value during the first 30 s, followed by a distinct fall in the
next 30 s, then minor fluctuations and a final small increase
during the last 1 or 2 min of a 5 min hypoxic exposure.

Changes in minute ventilation (V̇E) with age during a 5 min
exposure to hypoxia. Changes in minute ventilation (V̇E)
were calculated every 30 s during 5 min of exposure to
hypoxia, and results were expressed as a ratio of V̇E during
hypoxia (V̇E(H)) versus V̇E during normoxia (V̇E(N)), with
the values of normoxic response set at 1. Data are presented
for daily age groups (Fig. 4A–D). At P0–3, V̇E responses
to hypoxia were generally above and relatively parallel to
the baseline (normoxia), except for the first 30 s in P0
animals, during which the V̇E value was at baseline. From
P4 through P11, V̇E responses to hypoxia were above the

Figure 2. Frequency (f) changes with age during a 5 min exposure to hypoxia
Changes in f values every 30 s during a 5 min exposure to hypoxia (H) (inspired O2 fraction: 0.1) as compared
to normoxia (i.e. f (H) : f (N) ratio; with f (N) values = 1) are depicted for ages P0–4 (A), P5–9 (B), P10–15 (C) and
P16–21 (D). The number of animals (n), followed by the number of litters at each day tested are indicated in
brackets. Note that the values were typically higher during the first 30 s to 1 min (except for P0) than the rest of
the hypoxic period and that between P0 and P11, the ratios were generally higher than 1 (except for P3). Starting
at P12, the ratios after the first 0.5–1 min fell significantly below 1 and remained low through P21.

baseline for the entire 5 min exposure to hypoxia, with the
highest value during the first 30 s (which was sustained for
the next 30 s at P9) followed by a gradual decline. From P12
to P19, V̇E responses to hypoxia were highest during the
first 30 s, followed by a decrease with time. Significantly,
the lowest ventilatory response to hypoxia occurred at P13,
when only the first minute was close to the baseline and
the subsequent 4 min were substantially below the baseline
(Fig. 4C). The trends of V̇E responses to hypoxia started to
shift successively upwards from P14 to P19, with values of
the last 1.5–3 min still below the baseline for P14–16. At
P20 and P21, the trends became more similar to those of
P10 and P11, with all V̇E values above the baseline during
the entire 5 min exposure to hypoxia.

Early and late ventilatory hypoxic response (HVR). To
investigate the biphasic HVR further, we chose values from
the first 30 s and the last 1 min of a 5 min exposure to
hypoxia as representative of early and late phase response,
respectively. The f , V T and V̇E values are shown in Fig. 5.
In the early phase (first 30 s), the ratio of f , V T and V̇E

values during the first 30 s versus those of normoxia shared
a similar trend from P0 through P13 (Fig. 5A), with a
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relative bell-shape curve peaking at around P7 and sharply
declined at P13 (P < 0.05 for V T and V̇E at P13). From P14
through P21, V T and V̇E increased generally with age, while
the values of f declined with age, falling below the baseline
from P17 to P21.

During the late phase, the ratio of f , V T and V̇E values
during the last minute of a 5 min response versus those of
normoxia showed a developmental trend roughly parallel
to that of the baseline (normoxia) from P0 to P11, the main
exception being a precipitous fall in the frequency ratio at
P3 (P < 0.05) (Fig. 5B). At P12 and P13, all three ratios
were distinctly reduced below 1 (P < 0.05 for V̇E), with the
lowest V T and V̇E values for the entire first three postnatal
weeks occurring at P13. From P14 to P21, V T increased
with age, while V̇E values remained below the baseline
through P19, rising slightly above the baseline at P20 and
P21. Frequency ratios, on the other hand, remained below
the baseline from P10 through P21, with slight undulations
during the third postnatal week.

In comparing the early and the late responses (Fig. 5C),
the ratio of f , V T and V̇E during the fifth minute versus
those of the first 30 s all showed a gradual decline with age,
falling below a ratio of 1 starting at P2–P4 through P21.
The values for all three parameters during the fifth minute
are significantly lower than those in the first 30 s from P6
to P21 (P < 0.05–0.001).

Figure 3. Tidal volume (VT) changes with age during a 5 min exposure to hypoxia
Changes in VT values every 30 s during a 5 min exposure to hypoxia (H) (10% O2) as compared to normoxia (i.e.
VT(H) : VT(N) ratio; with VT(N) values being 1) are depicted for ages P0–4 (A), P5–9 (B), P10–15 (C) and P16–21 (D).
The number of animals (n), followed by the number of litters at each day tested are indicated in brackets. Note
that starting at P4, the values were generally higher for the first 30 s and lower for the rest of the hypoxic period.
Significantly, the only age when the ratio fell below 1 was at P13 (C).

Developmental changes in the mean values of frequency,
tidal volume, and minute ventilation during the entire
5 min exposure to hypoxia. The mean values of f , V T

and V̇E during the entire 5 min of exposure to hypoxia
(H) were plotted against normoxic (N) values for each
of the postnatal days from P0 to P21 (Fig. 6). From P0
to P13, H : N ratios for f , V T and V̇E shared a similar
developmental trend, with an initial slight increase with
age (except for a fall in f at P2 and P3), peaking at P6 (f
and V̇E) or P7 (V T), followed by a decline and a plateau
until a dramatic fall in f ratios at P12 (P < 0.05) and in V T

ratios at P13 (P < 0.01), resulting in a striking decrease
in V̇E ratios at P12 (P < 0.05) and a further significant
drop below the baseline at P13 (P < 0.001). From P14 to
P21, f ratios assumed a plateau that was lower than the
baseline, whereas ratios for V T and V̇E shared similar trend,
significantly increasing at P14 (P < 0.05) and thereafter.

Changes in body temperature and body weight
with age

Changes in body temperatures (Tb) with age during
normoxia and hypoxia are plotted in Fig. 7A. Under
normoxic conditions, Tb was lowest at P0–P2, increasing
significantly at P3 and P4, still rising until another peak
occurred at P13, followed by a fall at P14 and a gradual
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increase with age until P21. After 5 min of exposure to
hypoxia, Tb fell ∼1–2◦C at P0–13, but remained close to
the baseline (Tb in normoxia) thereafter, with the two
trends intersecting at P21. The body weight of animals
exhibited a steady increase with age (Fig. 7B).

Discussion

The present comprehensive, daily monitoring of
ventilation during normoxia and hypoxia throughout the
first three postnatal weeks has uncovered surprisingly
dynamic developmental and functional changes not
previously reported. These perturbations occur over a
1–2 day period at the end of the second postnatal week,
corresponding temporally with distinct neurochemical
and metabolic changes in brainstem respiratory nuclei
reported previously (reviewed in Wong-Riley & Liu,
2005). Thus, neurochemical development has a major
impact on the respiratory behaviour of the animal

Figure 4. Changes in minute ventilation (V̇E) with age during a 5 min exposure to hypoxia
Changes in V̇E values every 30 s during a 5 min exposure to hypoxia (H) (10% O2) as compared to normoxia (i.e.
V̇E(H) : V̇E(N) ratio; with V̇E(N) values being 1) are depicted for ages P0–4 (A), P5–9 (B), P10–15 (C) and P16–21 (D).
The number of animals (n), followed by the number of litters at each day tested are indicated in brackets. Note
that from P3 onwards the values were higher during the first 30 s than the rest of the hypoxic period, indicating
a biphasic response. The late phase is essentially a plateau with minor fluctuations from P0 to P9, but from P10 to
P21, the late phase shows a gradual decline with time during the 5 min period. Notably, the ratios were above 1
for most of the ages except for P13–P16, when they fell below 1 after the first 1–2 min of hypoxic exposure. The
value was the lowest at P13, but steadily increased thereafter from P14 to P21.

during a critical window of respiratory maturation. Our
major findings are: (1) during normoxia (N), breathing
frequency (f ) increased with age, peaked at P13, and then
gradually declined; both tidal volume (V T) and minute
ventilation (V̇E) significantly increased in the second
postnatal week, followed by a progressive increase in V T

and a relative plateau in V̇E; (2) during 5 min of hypoxia
(H) (FIO2

= 0.10), V̇E exhibited a biphasic response from
P3 onward, with an initial heightened response followed
by a gradual decline. Significantly, the ratio of V̇E(H) to
V̇E(N) was generally > 1 during development, except for
P13–16, when it was < 1 after the first 1–2 min, with the
lowest value at P13; (3) the H : N ratio for f , V T and V̇E

during the first 30 s and the last minute of hypoxia all
showed a distinct dip at P13, after which the V T and V̇E

values rose again, while the f values declined through
P21; and (4) the H : N ratios for f , V T and V̇E averaged
over 5 min of hypoxia all exhibited a sudden fall at P13.
The f ratio remained low thereafter, while those for V T
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and V̇E increased again with age until P21. Thus, hypoxic
ventilatory response is influenced by both f and V T before
P13, but mainly by V T after P13.

Development of respiratory response to normoxia

Compared to published data, our normoxic V̇E values
were in the mid range, being ∼30% lower than some
reports (Eden & Hanson, 1987; Cameron et al. 2000)
but ∼40% or 74% higher than others (Mortola et al.
1986; Thomas et al. 2000). These differences may result

Figure 5. Changes in the early and late
ventilatory hypoxic responses (HVR)
with age
Changes in the ratio of frequency (f ), tidal
volume (VT), and minute ventilation (V̇E) in
the first 30 s (A) or the last minute (B) of
response to 5 min of hypoxia versus those
in normoxia showed similar bell-shaped
trends from P0 to P12 (except for a
significant fall of the f ratio at P3,
P < 0.05), with the peak at around P6–P7.
At P12, the trends shifted downward,
followed by a significant drop at P13. From
P14 onwards, values for VT and V̇E

increased with age, while that of f
decreased with age for both the first 30 s
and the last minute of HVR. C, the ratios of
f , VT and V̇E in the fifth minute versus
those in the first 30 s of HVR all decreased
gradually with age, with only minor
fluctuations in between. The values for all
three parameters during the fifth minute
are significantly lower than those in the
first 30 s from P6 to P21 (P < 0.05–0.001).

from varying experimental conditions, including animal
strains, equipment, body temperature, plethymographic
chamber temperature and relative humidity. We chose
to average the normoxic values over a 5 min period
rather than hand-select the ‘best value’, because
hypoxic responses were monitored over a 5 min period
and cross-comparisons between the two conditions would
be more comparable and objective.

The relatively small size of the neonate signifies a
greater surface area-to-body mass ratio, requiring a higher
metabolic rate per unit body weight than the older animals
to compensate for greater heat loss (Mortola, 1984). Thus,
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during normoxia, neonatal rat pups had relatively high
V T and V̇E values when adjusted to body weight. During
the first postnatal week, the absolute tidal volume in
response to normoxia changed very little, while the V T

adjusted to body weight exhibited a steady decline with age.
During the second week, both f and absolute V T sharply
increased, resulting in an increase in V̇E that peaked at
P13. This corresponds to the development of the lungs,
in which the rapid outgrowth of secondary septa is largely
completed by the end of the second postnatal week and the
surface area for gas exchange is increasing (Burri, 1974;

Figure 6. Developmental changes in the mean
values of frequency, tidal volume and minute
ventilation during the entire 5 min exposure to
hypoxia
Changes in the mean values of frequency (f ) (A), tidal
volume (VT) (B), and minute ventilation (V̇E) (C)
averaged over 5 min of hypoxic ventilatory response
versus those in normoxia indicate that their values were
all above 1 from P0 to P12, with a peak at P6 (for f and
V̇E) or P7 (for VT). At P12, the f and V̇E ratios dropped
precipitously (P < 0.05 for both), and at P13, the ratios
for VT and VE were significantly lower than those at
P12 (P < 0.01−0.001) with the VT and V̇E ratios
reaching their lowest on that day, and V̇E ratio
significantly below 1. After P13, VT and V̇E ratios both
increased with age (especially at P14, P < 0.05) while f
ratios remained below 1 through P21. ANOVA of each
parameter indicated significant differences among ages
(P < 0.01). Statistical comparisons (Tukey’s Studentized
range test) between successive age groups:

∗
P < 0.05;

∗∗
P < 0.01;

∗∗∗
P < 0.001.

Burri et al. 1974; Blanco, 1995). When adjusted to body
weight, V T still showed a small but significant increase
at P13, while V̇E reached its highest value on that day,
most likely reflecting the highest peak attained for f at
P13. From P14 onward and during the third postnatal
week, f values steadily declined, while those of absolute
V T increased, denoting the attainment of more mature,
deeper and slower breaths. At the same time, there is
an enormous thinning of the alveolar septa in the lung
(Burri, 1974), indicating a tremendous increase in the
efficiency of gas exchange. Thus, the alveolar ventilation
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is actually increasing even though the minute ventilation
stays relatively constant. The developmental pattern of f,
with rise in the first two weeks and fall in the third postnatal
week was also evident in the data of Huang et al. (2004),
although they reported only six time points.

The reason for increased baseline ventilation at
and around P13 is not entirely clear at this time.
Many factors are expected to be involved, such as the
maturational process of neurotransmission, imbalance
of excitatory versus inhibitory synapses, conversion of
neonatal to mature forms of receptor subunit composition,
hypothalamic and other supra-brainstem influences,
maturational process of the gas exchange mechanism in the
lung, adjustment of body temperature, and maturational
process of locomotion and sleep (see below). The end
of the second postnatal week is a period of multiple
developmental changes that may impinge upon respiratory
behaviour of the animal. However, even though the
baseline ventilation is increased, the animals are less
capable of responding to hypoxia.

Figure 7. Changes in body temperature
(Tb) and body weight with age
A, under normoxic conditions, Tb was
lowest at P0–P2, increased significantly
between P3 and P4, then gradually
increased until another peak at P13,
followed by a small decline at P14 and a
gradual increase with age until P21. After
5 min of exposure to hypoxia, Tb fell 1–2◦C
from P0–15, but was close to the baseline
(Tb in normoxia) thereafter, and the two
trends intersected at P21. Statistical
comparisons (Student’s t test) between Tb
in normoxia and hypoxia:

∗
P < 0.05;

∗∗
P < 0.01;

∗∗∗
P < 0.001. B, the body

weight of animals increased steadily with
age.

Development of respiratory response to hypoxia

Since neonatal hypoxic exposure could alter hypoxic
ventilatory responses (HVR) in later life (Bavis et al. 2004),
the hypoxic challenge in the present study was presented
to individual rat pups for only 5 min every fifth day.
Responses to normoxia were essentially normal during
the period studied, indicating that there was no detectable
lasting effect of the hypoxic regimen, at least not for the
first three postnatal weeks.

In agreement with published reports (Mortola, 1984,
1999; Easton et al. 1986; Eden & Hanson, 1987; Gershan
et al. 1994; Moss, 2002), the HVR is a biphasic response.
This was clearly the case from P3 onward, with responses
during the first 30 s to 1 min being higher than the
rest of the 5 min period. The initial heightened response
is thought to be mediated primarily by the carotid
body, while the subsequent reduced response is termed
hypoxic ventilatory depression (HVD) and is attributed
mainly to a combination of central and peripheral
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mechanisms (reviewed in Bissonnette, 2000). Of special
significance is our finding that this biphasic response
underwent developmental changes during the first three
postnatal weeks. From P0 to P11, the ratio of V̇E in
hypoxia to that in normoxia throughout the 5 min period
was > 1, indicating that the system was able to respond
adequately to hypoxia. However, between P12 and P16,
much of the late phase of HVR was < 1, suggesting that
the HVD was much stronger, as the basic ventilatory drive
during normoxia is high during this time. This reduction
was due mainly to decreased frequency response, but on
P13, when HVR was at its lowest, the decrease was caused
by a distinct suppression of both f and V T. P13 was the
only time during development when the V T(H) : V T(N) ratio
fell below 1. Between P17 and P21, HVR returned to a
level above the baseline, indicating that, once again, the
system regained a better capability to cope with hypoxia.
This renewed ability was due primarily to increasing tidal
volume, despite decreasing frequency of respiration, with
age.

The most consistent and significant finding in the
present study was that, regardless of the way the data were
analysed (normoxia; every 30 s for 5 min of hypoxia; first
30 s of HVR; 5th min of HVR; and HVR averaged over
5 min), the period around P13 (P12–P15) stood out as
developmentally distinct. Both f and V̇E had reached their
highest peak at P13 under normoxia, and HVR (analysed
in four different ways) was lowest at P13, with values at
P12–P15 being lower than the rest of the three postnatal
weeks. The validity of these findings is strengthened by
the relatively large number of animals examined each day
of the first three postnatal weeks. Thus, the end of the
second postnatal week is distinctly marked as a time of
substantially reduced ability of the rat pups to respond to
hypoxia.

Another developmental perturbation occurred at P3,
the only time during the 1st postnatal week when the
breathing frequency in response to hypoxia fell below base-
line (Fig. 2A). However, HVR (V̇E) may be marginally
adequate at this time because tidal volume was above
the baseline level. Interestingly, a consistent plateau in
cytochrome oxidase activity, which reflects neuronal
activity, occurred in the pre-Bötzinger complex at P3–4
(Liu & Wong-Riley, 2001; Liu & Wong-Riley, 2002).

Correlation with neurochemical and metabolic
development

The HVR is highly dependent upon modulation of
glutamatergic and the GABAergic transmission systems
(Gozal et al. 2000). A significant reduction in HVR around
P13 may indicate an intrinsic imbalance between the two
systems. We found depressed expression of glutamate and
NMDA receptor and heightened expression of GABA,

GABAB, and glycine receptors, with a sudden and drastic
drop in cytochrome oxidase activity in several brainstem
respiratory nuclei at P12 (Liu & Wong-Riley, 2002, 2003,
2005; Wong-Riley & Liu, 2005). Such a transient imbalance
between excitatory and inhibitory drives may render the
respiratory control network less capable of responding to
external stressors. At the same time, there is an apparent
switch in the predominant expression of GABAA receptor
subunits from a neonatal (α3) to an adult (α1) form
(Liu & Wong-Riley, 2004, 2006; Wong-Riley & Liu, 2005),
consistent with a developmental switch in GABA trans-
mission from a neonatal depolarizing to a more mature
hyperpolarizing mode in a number of brain regions
(Ben-Ari et al. 1989; Ritter & Zhang, 2000; Gao & van den
Pol, 2001). This may contribute further to the instability
of the transmission system because a small change in
GABA-mediated inhibition is known to profoundly alter
neuronal excitability (Mody et al. 1994). Simultaneous
changes in other neurochemicals and receptor subunit
types may also contribute to developmental perturbations,
but their roles remain to be explored.

The apparent one-day discrepancy between drastically
reduced expression of excitatory neurochemicals plus
reduced metabolic activity at P12 reported previously
(Liu & Wong-Riley, 2002, 2003, 2005; Wong-Riley &
Liu, 2005) and the marked decrease in HVR at P13
found in the present study may represent a 24-h lag
in physiological function affected by neurochemical and
metabolic changes. Alternatively, the non-correspondence
may reflect the somewhat slower maturation of the
present group of animals, even though the strain is
the same (Sprague-Dawley). Indeed, eye opening in
the present group was 1–2 days later, and preliminary
analysis indicates that the fall in cytochrome oxidase
activity occurred at P13 and not at P12 as observed
previously. However, these differences need to be
verified in detail. Suffice it to say that functional and
neurochemical/metabolic perturbations occur within a
very narrow time window of development.

Developmental changes in body temperature

The present study also indicated that the increase in
body temperature with age did not follow a smooth path,
but exhibited two distinct peaks, one at P4 and another
one at P13 (Fig. 7A). Notably, breathing frequency in
normoxia was significantly increased from P2 to P3 and
peaks at P13 (Fig. 1B). Increased core temperature could
signal a change in hypothalamic regulation and increased
thyroid hormone levels raising the basal metabolic rate
or an uncoupling of electron transport and oxidative
phosphorylation (Dussault & Labrie, 1975; Lanks et al.
1986). If the heat generation is at the expense of ATP
generation, it could result in decreased energy supply
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for neuronal activity. Exposure to hypoxia lowers the
body temperature by 1–2◦C during the first two postnatal
weeks. This may be due to hypoxia-induced decrease in
metabolic rate, especially the component of V̇O2

related to
thermogenesis (Mortola & Frappell, 2000). By the third
postnatal week, with the acquisition of a thick coat of fur,
increased body mass and reduced frequency of respiration,
the animals were able to maintain their body temperature
fairly well during 5 min of hypoxia.

Significance of the end of the second postnatal week
in rats: is there a critical period?

The overriding insight gained from the present and our
previous studies is that the end of the second postnatal
week is a highly plastic narrow window of respiratory
development. This time window may be regarded as the
‘critical period’ previously described as a period ‘devoted to
structural and/or functional shaping of the neural system
subserving respiratory control’ (Carroll, 2003). Neuro-
chemically, there is an imbalance between excitatory and
inhibitory systems (reviewed in Wong-Riley & Liu, 2005),
and physiologically, the response to hypoxia is at its weakest
(the present study). The response to hypercapnia is also
immature at this stage (unpublished observations of H.
Forster’s group). This window also marks other bodily
changes, such as the opening of eyelids, the opening
of the external auditory canal, the onset of non-REM
sleep, the onset of the power-law distribution of wake
bout distribution, the thickening of fur, a switch from
polyneuronal to mononeuronal innervation of muscle
fibres, the pruning of synapses onto Purkinje cells of
the cerebellum, and a change from crawling to walking
(Jouvet-Mounier et al. 1970; Brown et al. 1976; Crepel
et al. 1976; Hoath, 1986; Petrosini et al. 1990; Blumberg
et al. 2005). Other neurochemical and hormonal changes
may also contribute to dynamic homeostatic regulation
at this time. If such a critical period exists in humans
(weeks or months in humans instead of days in rats),
and if respiratory insults are introduced at this time
to a vulnerable infant, especially during sleep when the
respiratory control system is further suppressed (Olson &
Simon, 1996; Moss, 2002), it is possible that catastrophic
events, such as Sudden Infant Death Syndrome, may
result.
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