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ABSTRACT

The Hoxa5 mutation is associated with a high perinatal
mortality rate caused by a severe obstruction of the laryngotra-
cheal airways, pulmonary dysmorphogenesis, and a decreased
production of surfactant proteins. Surviving Hoxa5”~ mutant
mice also display lung anomalies with deficient alveolar septa-
tion and areas of collapsed tissue, thus demonstrating the impor-
tance of Hoxa5 throughout lung development and maturation.
Here, we address the functional consequences of the Hoxas
mutation on respiration and chemoreflexes by comparing the
breathing pattern of Hoxa5”" mice to that of wild-type animals
under resting conditions and during exposure to moderate ven-
tilatory stimuli such as hypoxia and hypercapnia. Resting
Hoxa5™”" mice present a higher breathing frequency and overall
minute ventilation that likely compensate for their reduced lung
alveolar surface available for gas exchange and their increased
upper airway resistance. When exposed to ventilatory stimuli,
Hoxa5”" mice maintain the higher minute ventilation by adapting
the tidal volume and/or the breathing frequency. The minute

Hox genes encode a highly conserved family of transcription
factors that play a crucial role in embryonic pattern formation
in a broad spectrum of species. In mammals, 39 Hox genes are
arrayed in four clusters (HoxA4 to D), each located on a different
chromosome. Based on sequence similarity and relative posi-
tion within the complex, the Hox genes have been subdivided
into paralogous groups 1-13. The group assignment also re-
flects both the organization of the Hox genes along the com-
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ventilation increase seen during hypoxia was similar for both
groups of mice; however, the dynamics of the frequency re-
sponse was genotype-dependent. The hypercapnic ventilatory
response did not differ between genotypes. These findings reveal
the strategies allowing survival of Hoxa5”" mice facing morpho-
logic anomalies leading to a significant deficit in gas exchange
capacity. (Pediatr Res 56: 553-562, 2004)

Abbreviations
Fico,, fractional concentration of carbon dioxide in the
inspired gas
Fio,, fractional concentration of oxygen in the inspired gas
Tb, body temperature
TE, expiratory duration
T, inspiratory duration
Vco,, metabolic production rate of carbon dioxide
Vo/VT, physiologic dead space to tidal volume ratio
V1/T1, inspiratory flow

plexes and their spatio-temporally coordinated expression
along the anteroposterior axis of the embryo. The smaller the
number of the paralogous group is, the earlier and the more
anteriorly are the genes expressed along the body axis (1).
Genetic analyses of Hox mutant mice have revealed a wide
variety of structures that require Hox gene function for their
proper development. Hox genes are involved in the neuronal
patterning of the hindbrain, the regional specification of the
skeleton, and the formation of several organs (2—7). Although
the function of Hox genes during embryonic development is
well established, their postnatal role remains more obscure.
Many Hox genes present a specific expression profile in adult
tissues. Furthermore, characterization of Hox mutants has re-
vealed unforeseen postnatal phenotypes, indicating the large
range of action of Hox genes throughout life (§—10). In the
mouse, Hox genes, predominantly from paralogous groups 2 to
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6, are expressed in a distinct spatio-temporal fashion during
lung ontogeny, thereby supporting their involvement in re-
gional lung specification and function (11-14). Loss-of-
function mutations for several lung-expressed Hox genes have
been generated, but the consequences on the respiratory tract
development and function have been examined for only a
handful of these Hox mutants. For example, mutation of the
Hoxal gene results in perinatal death caused by anoxia, a
problem due to alterations of hindbrain segmentation and
patterning resulting in the mis-specification of neurons in-
volved in respiratory rhythm generation (15-17).

Hoxa3 and Hoxa5 genes are also involved in the respiratory
system morphogenesis, both being essential for the formation
of the larynx (18—-20). In addition, Hoxa5 mutant mice exhibit
a disorganized trachea with a complete occlusion of the lumen
in the most severely affected animals, and lung dysmorpho-
genesis accompanied by a reduced branching of the bronchial
tree and a decreased production of surfactant proteins. Collec-
tively, these defects underlie the high rate of perinatal lethality
of Hoxa5”" newborns (20). Hoxa$ is also strongly expressed in
adult lung from human and mouse, suggesting that it is in-
volved in the maintenance and/or the function of the organ
(21,22). This is further supported by the altered expression of
the HOXAS5 gene observed in some pulmonary pathologic
conditions in humans: whereas HOXAS5 is overexpressed in
patients suffering from primary pulmonary hypertension, its
expression is decreased in emphysematous lungs (22). The
latter data correlate with our observations of regions with
deficient alveolar septation, airspace enlargement and areas of
collapsed tissue in the lungs of surviving Hoxa5”" animals (2).
Because of its severe lung phenotype, the Hoxa5 mutation
appears to be less subject to compensation by other Hox genes,
indicating that the Hoxa5 gene may be important for the
structural and functional integrity of postnatal lung.

The airspace enlargement associated with the murine Hoxa$
loss of function decreases the lung surface area available for
gas exchange. Despite some transient growth problems in the
first weeks after birth (23), surviving Hoxa5”" mice appear to
develop normally, suggesting that these animals have adapted
their ventilatory activity to meet this anatomical limitation.
Thus, the first objective of the present study was to address
how the respiratory control system adapts and compensates for
severe deficits in gas exchange capacity by comparing the
breathing pattern of Hoxa5”" mice to that of wild-type animals
under resting conditions. Because these respiratory defects
likely compromise the ability to maintain gas exchange ho-
meostasis, we also tested the hypothesis that Hoxa5”" mice
counteract for these limitations by increasing their ability to
detect and respond to fluctuations in arterial O, and CO, levels.
To this aim, we compared ventilatory activity of wild-type and
mutant mice during exposure to moderate ventilatory stimuli
such as hypoxia (Fio, = 0.12) and hypercapnia (Fico, = 0.05).

MATERIALS AND METHODS

Mouse strain, genotyping, and husbandry. The Hoxa5 mu-
tant mouse line used in the present study was maintained in a
mixed MF1-129/SvEv-C57BL/6 genetic background. Produc-
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tion of the mutant mouse line and genotyping of the mice by
Southern analysis have been previously reported (21,24).

The functional consequences of abnormal lung development
associated with the Hoxa5 gene mutation were assessed by
comparing the respiratory function and chemoreflexes of wild-
type and Hoxa5”" mice. Measurements of ventilatory activity
were performed on 31 adult mice, including 14 wild-type mice
aged 53 + 2 d and 17 Hoxa5”" mice aged 55 + 1 d (Table 1).
Animals were supplied with food and water ad /ibitum and they
were maintained in standard laboratory conditions (20°C; 12
h/12 h light/dark cycle with light onset at 0600 h). Body and
wet lung weights were obtained by direct measurements.

Ventilatory measurements were performed under “resting”
conditions (normoxia, Fio, = 0.21; normocapnia, Fico, =
0.003) followed by exposure to either one of two ventilatory
stimuli: hypoxia (Fio, = 0.12; series I: seven wild-type and
nine Hoxa5” mice) or hypercapnia (Fico, = 0.05; series II:
seven wild-type and eight Hoxa5”"" mice). All experiments
were performed according to the guidelines of the Canadian
Council on Animal Care and approved by the institutional
animal care committee.

Measurements of ventilation. Minute ventilation of unre-
strained, unanesthetized mice was measured using a whole-
body, flow-through plethysmograph (PLY3211, Buxco Elec-
tronics, Sharon, CT). The system consisted of a 400 mL
Plexiglas experimental chamber equipped with two pneumota-
chographs with a defined resistance (25). Pressure differences
between the experimental and reference chambers were mea-
sured with a differential pressure transducer (SenSym, Honey-
well, Milpitas, CA) with a fast response time (500 us). After
amplification, the pressure signal was integrated by data anal-
ysis software (Buxco Biosystem XA). The system was cali-
brated by injecting a known volume (0.1 mL) into the chamber
with a glass syringe. The barometric pressure and the body
weight of each mouse were recorded on the day of the exper-
iment. The chamber temperature and humidity and the rectal
temperature of the animals (Tg) were also measured at the
beginning and end of each experimental period. These data

Table 1. Comparison of selected variables between wild-type and
Hoxa5~'~ mice under baseline (air) conditions

Wild type Hoxa5 '~
(n=14) (n=17)
Age (d) 53£2 55+1
Weight (g) 28.4 = 0.6 29.5 0.6
T (°C) 38.8 £ 0.1 383 +0.2
Breathing frequency (breaths/min) 168 = 6 214 = 9*
Tidal volume (mL BTPS) 0.35 = 0.03 0.38 = 0.04
Inspiratory flow (mL/s) 28*+0.2 3.8 £0.4*
Minute ventilation (mL BTPS/min) 57*4 79 = 8*
Vco, (mL BTPS) 1.9+0.2 1.89 + 0.08
Hb (g/dL) 145 £ 0.1 148 £0.3
(n=23) (n=4)
Hematocrit (%) 453 0.6 46.1 £ 0.7
(n=28) (n=4)

Data are presented as means = 1 SEM. Data were pooled from both series
of experiments (hypoxia and hypercapnia) with the exception of the Hb and
hematocrit values that were obtained from mice in which lungs were harvested
for morphometric analysis.

* Value statistically different from wild-type mice at p < 0.05.
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were used to express the tidal volume in milliliters BTPS (body
temperature, pressure standard). Fresh air (baseline) or gas
mixtures were delivered into the experimental chamber at a
constant rate with a bias flow regulator (PLY1020; Buxco
Electronics). The gas mixture flowing out of the chamber was
analyzed with a flow-through capnograph (Novametrix, Wall-
ingford, CT) for subsequent calculation of CO, production
(Vco,) with an open system according to the method and
equation described by Mortola and Dotta (26). CO, measure-
ments from the outflowing gas mixture also ensured that CO,
levels within the chamber always remain below 0.5% under
baseline conditions. Typical airflow to the chamber ranged
between 380 and 400 mL/min.

After the rectal temperature was recorded, the mouse was
placed in the plethysmography chamber with room air flowing
through. The animal would typically explore the surroundings,
groom itself, and then settle down. Baseline measurements
were made when the animal was quiet but awake, and breath-
ing room air. Then a gas mixture of either 12% O, in N, (series
I) or 5% CO, in air (series 1) was delivered to the chamber for
10 min before the chamber was opened for a final body
temperature measurement. In each series, animals were only
exposed to one respiratory stimulus. All measurements were
performed between 1000 and 1500 h.

Sample collection, histology, morphometry, and blood
measurements. After ventilation experiments, the wild-type
and Hoxa5"" mice were subjected to euthanasia by cervical
dislocation and their lungs were recovered and fixed by tra-
cheal instillation with cold 4% paraformaldehyde in PBS until
fully inflated under direct observation. Following washes in
graded ethanol and embedding in paraffin wax, samples were
sectioned (4 wm) and stained according to standard hematox-
ylin and eosin procedure. Morphometric measurements were
performed on four wild-type and six Hoxa35”" mice according
to the point counting method (27,28). The overall proportion
(% fractional area: % fx area) of respiratory parenchyma and
airspace was established for each mouse from 10 randomly
selected fields throughout the different lobes taken with a 20X
objective. Each field was transferred to a computer screen
using the METAMORPH imaging software (Universal Imag-
ing, West Chester, PA). A 180-point lattice grid was superim-
posed on each image and the number of intersections (points)
falling over respiratory parenchyma (alveoli and alveolar
ducts) or airspace was counted, excluding points falling over
bronchioles, large vessels, smaller arterioles, and venules. The
fractional area corresponds to the relative proportion of points
intersecting either the respiratory parenchyma or the airspace
relatively to the total number of points (parenchyma plus
airspace).

Blood was collected from eight wild-type and four Hoxa5”
mice, and the hematocrit and Hb levels were measured using a
HMX Beckman Coulter apparatus (Beckman Coulter, Inc.,
Fullerton, CA).

For histologic analyses of isolated tracheas, specimens were
dissected from adult animals (two wild-type and two Hoxa5™"
mice) subjected to euthanasia by CO, inhalation. The tracheas
were fixed and treated as above, and 4 wm sections were stained
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according to standard hematoxylin and eosin procedure. Tracheal
lumen diameter was measured using a micrometer.

Statistical analysis. A mixed model ANOVA was used with
field as random effect and genotype as fixed effect in analyses of
% Fx area. Measurements of ventilatory variables were obtained
by averaging 3—4 min of stable recording either under baseline
(air) or at the end of hypoxic or hypercapnic stimulus. Breathing
pattern comparisons between wild-type and Hoxa5”" mice under
baseline conditions (normoxia, normocapnia) was performed by
pooling ventilatory data obtained from both series of experiments.
These results were analyzed statistically using a one-way
ANOVA (genotype effect). Between-group comparisons of the
ventilatory measurements during hypoxia (series I) or hypercap-
nia (series II) were performed using a two-way ANOVA for
repeated measures (stimulus X genotype). In both series, mean
frequency data were also analyzed for each minute of the hypoxic
or hypercapnic stimulus to compare the temporal dynamics of the
response (A frequency) between genotypes with a two way
ANOVA for repeated measures (time X genotype). Responsive-
ness to ventilatory stimuli was assessed by expressing data as the
percentage change relative to baseline measurements; these data
were statistically analyzed using a one-way ANOVA. These
analyses were followed by a posthoc Fisher’s protected least
squares difference test when appropriate (p < 0.05). Statistical
analyses were done with StatView version 5.0 (SAS Institute,
Cary, NC).

A Mann-Whitney test for nonparametric data was used to
compare the mean of hematocrit and Hb concentrations.

RESULTS

Lung and trachea morphology in Hoxa5"" mice. We had
previously observed in Hoxa5"" surviving adult mice gross
anomalies at the lung periphery, suggesting septation defects
(2). The lungs were clearly diseased, with regions devoid of
pulmonary alveoli or displaying large tubular structures. Tissue
sections of lungs from adult mice showed a picture reminiscent
of lung emphysema with enlargement of alveolar airspaces,
short or inexistent septa, and oversimplified alveolar architec-
ture (Fig. 14). Morphometric analyses of lungs from Hoxa5™"
mice were consistent with the histologic data and the relative
proportion of airspace was increased by 52% (p = 0.00001) in
mutants compared with wild-type specimens. Additionally, the
percentage of fractional area of respiratory parenchyma was
diminished significantly in Hoxa5”" mice (49% parenchyma/
51% airspace versus 22% parenchyma/78% airspace for wild-
type and Hoxa5”"" mice, respectively; Fig. 1B).

We had reported a reduction of the diameter of the tracheal
lumen of Hoxa5”" newborn pups that is likely the cause of the
rapid perinatal death in the most severely affected specimens
(20). To determine the status of the trachea in adult mice, we
compared tracheal lumen diameter between genotypes by his-
tologic examinations of transverse sections. Although the mu-
tant tracheal epithelium retained its pseudostratified character-
istic, the cellular density seemed increased compared with the
wild-type one. In addition, the lamina propria was hypertro-
phied (Fig. 2). The lumen of the trachea was also narrower
(0.92 = 0.07 mm) than that of control animals from the same
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Figure 1. Comparative histologic and morphometric analyses of lungs from
wild-type (+/4) and Hoxa5 homozygous mutant (—/—) mice subjected to
euthanasia at 60 d of age. (4) Sections of lungs were stained with hematoxylin
and eosin revealing a severe emphysematous-like phenotype in Hoxa5™ lungs
characterized by an enlargement of the airspaces and an overall decrease in
septa number. The Hoxa5”~ specimen shown is representative of all the
samples analyzed. (B) Comparison of the % fractional area (% fx area) of
airspace and respiratory parenchyma between controls and mutant lungs
revealed that the % fx area of airspace is significantly increased by 52% in
Hoxa5”" lungs. "Mean value statistically different from corresponding wild-
type value at p = 0.00001. Scale bar: 100 wm.

age (1.34 = 0.22 mm), but the phenotype was less dramatic
than that reported in newborn mutant pups (20). These obser-
vations were consistent with the fact that the surviving animals
were the least affected mutants.

At the time of experimentation (around 8 wk of age), the
body weight of the animals was not significantly different
between wild-type and Hoxa5”" mice (Table 1), in accordance
with our previous observations (23). In addition, no significant
difference was observed in lung weight-to-body weight ratio
between both genotypes (p = 0.95; data not shown), indicating
that despite a decreased lung surface area, the Hoxa5”" mice
were able to develop as well as their wild-type littermates.

Resting breathing pattern and blood respiratory variables
in wild-type and Hoxa5 mutant mice. To determine whether
the abnormal lung morphology associated with the Hoxa5
mutation affects breathing pattern, we first measured the respi-

KINKEAD ET AL.

ratory cycle of both mouse lines in resting conditions. While
breathing air, minute ventilation of Hoxa5”" mice was 39%
greater than that of wild-type animals (p = 0.03; Table 1). This
enhancement of basal ventilatory activity was due exclusively
to higher breathing frequency (p = 0.0003; Table 1), as tidal
volume was not significantly different between both genotypes
(p = 0.63; Fig. 3). Figure 3 shows representative plethysmo-
graphic recordings obtained for both genotypes, and compares
spirograms for a single respiratory cycle between wild-type
and Hoxa5"" mice. These data show that the higher breathing
frequency of Hoxa5 mutants was due to a shortening of the
respiratory cycle; that is, both inspiratory (Tr) and expiratory
(Te) times of Hoxa5”" mice were shorter than those of wild-
type animals (p = 0.0002 and p = 0.003 for Ti and Tk,
respectively). Thus, to achieve a tidal volume comparable to
that of wild-type mice, Hoxa5 mutants had to generate a higher
inspiratory flow (p = 0.04; Table 1; Fig. 3).

Analysis of blood hematocrit and Hb concentration revealed
no significant differences between groups, thereby suggesting
that O, carrying capacity was similar for control and Hoxa5™"
mice (p = 0.50 and p = 0.44 for hematocrit and Hb concen-
trations, respectively; Table 1). In addition, mean CO, produc-
tion was not different between the two genotypes (p = 0.80;
Table 1).

Series I: Ventilatory response to hypoxia. Genetic factors
have been associated with the wide variability in the magnitude
of ventilatory responses to hypoxia and hypercapnia (29).
Therefore, we tested whether the Hoxa5 gene was functionally
involved in the respiratory control system. In the minutes that
followed initiation of hypoxia, mice showed a progressive
increase in breathing frequency (time effect: p < 0.0001; Fig.
4). Although breathing frequency change did not differ be-
tween both mouse lines (p = 0.95), the between-factor inter-
action was significant, thus indicating that the dynamic of the
response was genotype-dependent (genotype X time: p =
0.0015; Fig. 4). Unlike wild-type mice, Hoxa5”" animals could
not sustain their initial frequency increase throughout the entire
hypoxic episode.

Ventilatory measurements obtained at the end of the hypoxic
episode showed that minute ventilation was higher than the
baseline (Fig. 54; p < 0.0001). Although minute ventilation
seemed higher in Hoxa5”" than in wild-type mice, the differ-
ence was not statistically significant (Fig. 54; p = 0.07).
Breathing frequency also increased for both genotypes during
hypoxia to reach a similar value (Fig. 5B; p < 0.0001). The
increase in breathing frequency for both wild-type and Hoxa5™""
mice was due to a shortening of Tt axo Tk (p = 0.003 and p =
0.0004, respectively). Although there was no significant dif-
ference between both genotypes (p = 0.13), the between-factor
interaction shows that the breathing frequency response to
hypoxia was genotype-dependent (hypoxia X genotype: p =
0.05). Tidal volume also contributed to the minute ventilation
increase during hypoxia (Fig. 5C; p = 0.047); however, this
increase was significant only in Hoxa5”" mice. Despite sug-
gestive trends, ANOVA indicates that the tidal volume was not
significantly different between wild-type and mutant mice (Fig.
5C; p = 0.12).
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Figure 2. Comparative histologic analysis of the trachea from wild-type (+/+) and Hoxa5 homozygous mutant (—/—) mice subjected to euthanasia at 7-8 mo
of age. Transverse sections were stained with hematoxylin and eosin revealing a reduction of the lumen diameter, a disorganization of the epithelia (arrows) and
a thickening of the submucosa (*) in Hoxa5 mutants (C, D) when compared with wild-type specimens (4, B). TR, tracheal ring. Scale bar: 100 wm.
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Figure 3. Plethysmographic recordings comparing the breathing pattern of
wild-type and Hoxa5 mutant mice breathing room air (fop panel). The bottom
panel shows a spirogram comparing an average respiratory cycle between
wild-type (Hoxa5*'*"; black circles, n = 14) and Hoxa5 mutant mice
(Hoxa5™"; gray triangles, n = 17) under baseline conditions (room air). These
data were obtained by pooling baseline values measured in both experimental
series (hypoxia and hypercapnia). Data are expressed as means = 1 SEM.
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Figure 4. Temporal dynamics of the breathing frequency response (expressed
as change from baseline) to hypoxia (Fio, = 0.12) in wild-type (Hoxa5*'";
black circles, n = 7) and Hoxa5 mutant mice (Hoxa5™"; gray triangles, n = 9).
“Mean value significantly different from baseline at p < 0.05.

To further characterize the functional differences between
wild-type and Hoxa5"" mice during exposure to a hypoxic
challenge, selected ventilatory variables were normalized and
expressed as a percentage change from baseline values (Fig. 6).
This additional analysis confirmed that the minute ventilation
response to hypoxia did not differ between genotypes (p =
0.75), even though the frequency response of mutants was less
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(4) and breathing frequency (B) were measured while the animal was under baseline condition (air) and after 10 min of exposure to moderate hypoxia (Fio, = 0.12).
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Figure 6. Normalized ventilatory response to hypoxia (Fio, = 0.12; series I)
in wild-type (Hoxa5™"'*; black bars, n = 7) and Hoxa5 mutant mice (Hoxa5";
gray bars, n = 9). Percentage changes from normoxic baseline values in minute
ventilation, breathing frequency, tidal volume, and inspiratory flow were obtained
10 min after the hypoxic stimulus. Data expressed as means = 1 SEM. tMean
statistically different from corresponding wild-type value at p < 0.05.

than that of wild-type mice (p = 0.03). The latter result
confirms the previous analysis on absolute frequency data
showing that the frequency response was genotype-dependent
(Fig. 5B). Expressing tidal volume or inspiratory flow as a
percentage change from baseline revealed no difference be-
tween wild-type and mutant animals (p = 0.26 and p = 0.5,
respectively; Fig. 6).

Series I1: Ventilatory response to hypercapnia. Upon initi-
ation of the hypercapnic stimulus, mice showed a rapid in-
crease in breathing frequency (time effect: p < 0.0001; Fig. 7).
The breathing frequency change did not differ between both
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Figure 7. Temporal dynamics of the breathing frequency response (expressed
as change from baseline) to hypercapnia (Fico, = 0.05) in wild-type
(Hoxa5™'"™; black circles, n = 7) and Hoxa5 mutant mice (Hoxa3™""; gray
triangles, n = 8). "Mean value significantly different from baseline at p < 0.05.
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mouse lines (p = 0.19), and unlike the hypoxic response, the
statistical analysis did not indicate that the dynamic of the fre-
quency response was genotype-dependent (genotype X time: p =
0.69; Fig. 7). Both groups of mice were able to sustain their
breathing frequency increase throughout the entire hypercapnic
episode.

Exposing mice to moderate hypercapnia increased minute
ventilation equally in both experimental groups (hypercapnia
effect: p = 0.0006; genotype effect: p = 0.35; Fig. 84). This
augmentation in ventilatory activity was due to an important
increase in breathing frequency and a less dramatic one in tidal
volume (p < 0.0001 and p = 0.01, respectively; Fig. 8, B and
C). Breathing frequency was higher in Hoxa5”" mice than in
controls (p = 0.01), but the responsiveness to the stimulus was
similar for both groups (hypercapnia X genotype: p = 0.99).
To achieve this breathing frequency during hypercapnia, Ti and
Te of Hoxa5”" mice were shorter than those of wild-type
animals (Fig. 8C). Moreover, during hypercapnia, Te shorten-
ing was greater in Hoxa5”" mice (hypercapnia X genotype:
p = 0.002). Inspiratory flow increased marginally during hy-
percapnia (p = 0.072); however, there was no significant
difference between genotypes (p = 0.2; Fig. 8C).

Expressing ventilatory data as a percentage change from
baseline values allowed further comparison of the hypercapnic
ventilatory response between wild-type and mutant mice and
confirmed that the minute ventilation response to hypercapnia
did not differ between them (p = 0.84; Fig. 9). Although the
frequency response of Hoxa5”" mice appeared to be less than
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that of wild-type mice (p = 0.07; Fig. 9), this result should be
interpreted cautiously given the large difference in resting
breathing frequency between the two groups (Fig. 8B). Ex-
pressing tidal volume or inspiratory flow as a percentage
change from baseline revealed no differences between geno-
types (p = 0.63 and p = 0.71, respectively; Fig. 9).

DISCUSSION

To our knowledge, the present study represents one of the
first attempts at examining the consequences of the loss of Hox
gene function on adult respiratory physiology using the Hoxa5
mutant mouse line as a model. In absence of Hoxa5 function,
adult lungs harbor emphysema-like characteristics and the
tracheal lumen is narrowed. In addition, the respiratory control
system of Hoxa5 mutant mice differs from that of wild-type
animals, thereby providing yet another manifestation of the
adaptability of the respiratory control system. Although mainly
descriptive in nature, the between-group differences observed
nonetheless provide valuable information concerning the puta-
tive strategies allowing survival of Hoxa5”" mice facing a
reduction in trachea lumen diameter and a significant deficit in
gas exchange capacity.

Baseline breathing pattern in Hoxa5"" mice. Hoxa5”™ mice
compensate for their reduced lung alveolar surface available
for gas exchange by increasing minute ventilation. Based on
indirect assessment of metabolism (via Vco, measurements
and body weight), our data suggest that the higher resting
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Figure 8. Hypercapnic ventilatory response in wild-type (Hoxa5"'"; black circles, n = 7) and Hoxa5 mutant mice (Hoxa5"; gray triangles, n = 8). Minute
ventilation (4) and breathing frequency (B) were measured while the animal was under baseline condition (air) and after 10 min of exposure to moderate
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Figure 9. Normalized ventilatory response to hypercapnia (Fico, = 0.05;
series II) in wild-type (Hoxa5"'*; black bars, n = 7) and Hoxa5 mutant mice
(HoxaS5™"; gray bars, n = 8). Percentage changes from normoxic baseline
values in minute ventilation, breathing frequency, tidal volume, and inspiratory
flow were obtained 10 min after the hypercapnic stimulus. Data expressed as
means = | SEM. fMean statistically different from corresponding wild-type
value at p < 0.1.

minute ventilation of Hoxa5”" mice reflects an increased con-
vective requirement that can be attributed mainly to a reduction
in gas exchange efficiency rather than to a metabolic need.
Given that oxygen carrying capacity was similar between both
groups and that mammals tend to adjust their breathing fre-
quency and tidal volume to minimize the mechanical work of
ventilation, our data suggest that, in Hoxa5”" mice, increasing
breathing frequency is an efficient adaptive mean to meet gas
exchange requirements, thus preventing hypoxemia (30).

Accordingly, the increased inspiratory flow of Hoxa5” mice
reflects the need to generate a greater inspiratory effort to
achieve the same tidal volume as wild-type mice over a shorter
period of time (reduced Ti, increased breathing frequency)
while facing a greater upper airway resistance, most likely
caused by the decreased trachea diameter.

Both genotypes had similar lung to body weight ratio at
adult ages despite some growth retardation shortly after birth
(23; M. LeBlanc and L. Jeannotte, unpublished observations).
Although Hoxa5 mutant lung presented an emphysema-like
architecture, the breathing pattern of Hoxa5 mutant mice varies
from that of subjects suffering from obstructive diseases, inas-
much as, in the latter case, the tidal volume is greater, the
expiratory flow is diminished, and an important residual vol-
ume remains trapped in the lung (31). Whereas emphysema has
been defined as abnormal permanent enlargement of airspaces
accompanied by destruction of their walls (32), the Hoxa5
mutant lung phenotype appears to result from defective alveo-
genesis, indicating a different etiology (M. LeBlanc, I.
Mandeville, and L. Jeannotte, unpublished observations).

The disruption of lung development observed in Hoxa5”
mice is also comparable to the impaired alveolarization fol-
lowing neonatal hyperoxia (30,33), but the effects on breathing
pattern differ substantially. For instance, adult mice subjected
to neonatal hyperoxia show a greater tidal volume and a lower
breathing frequency than control mice, with no net difference
in resting minute ventilation between groups. These differences
between the two studies might be explained by the reduced
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trachea diameter observed in Hoxa5"™ mice that likely in-
creases airways resistance in these animals.

Hypoxic ventilatory response. The ventilatory response to
hypoxia has several time domains involving different physio-
logic mechanisms (34). The immediate augmentation of ven-
tilatory activity at the onset of hypoxia, termed the acute
response, is normally attributed to the increase in chemorecep-
tor afferent input at the level of the CNS (34,35). The initial
breathing frequency increase of Hoxa5”" mice is greater than
that of control animals, suggesting that chemoafferent input
may be more important in the mutant group. Recent analysis of
the mutation of the paired-like homeobox gene Phox2b has
shown that perturbation of the carotid body development alters
the ventilatory response of Phox2b mutants to both hypoxia
and hypercapnia (36). Although such experiments are beyond
the scope of the present study, electrophysiological assessment
of carotid body function could determine whether sensing of
hypoxic and hypercapnic stimuli is altered in Hoxa5 mutants.
A greater chemosensitivity may be part of a series of physio-
logic strategies aimed at protecting these mice from fluctua-
tions of arterial blood gases given the reduced alveolar surface
available for gas exchange. On the other hand, the ventilatory
response of Hoxa5”" mice to hypercapnia was similar to that
observed in wild-type animals suggesting that the carotid body
may not be involved or, if so, the alteration of the chemoreflex
is stimulus specific. It was recently shown that Hoxa3”" mice
lack carotid body due to the defective development of the third
arch artery, which results in the malformation of the carotid
artery system (37). However, because Hoxa3”" pups die at birth
or shortly thereafter, no data are available on the functional
consequences of the Hoxa3 mutation on respiration and che-
moreflexes (18). Based on previous work on animals and
humans with denervated or resected carotid bodies, a negligi-
ble response to hypoxia should be expected in Hoxa3™~ animals
(38). In contrast to the Hoxa3 gene, Hoxa5 is not expressed in
the third branchial arch from which the carotid body derives.
However, Hoxa5 transcripts are detected in the mesenchyme
adjoining various organs from the cervical region raising the
possibility that Hoxa5 may indirectly act on carotid body
development and function (20,23).

In wild-type mice, a steady breathing frequency character-
izes the second phase of the hypoxic ventilatory response.
Unlike control mice, Hoxa5” mice showed short-term depres-
sion of breathing frequency during the last 5 min of hypoxic
stimulation, indicating that these animals are unable to sustain
the initial frequency increase throughout the entire hypoxic
period. Expressing ventilatory data obtained at the end of the
hypoxic protocol as a percentage change from baseline con-
firmed that the frequency component of the response was less
in the Hoxa5™" group, although the hypoxic ventilatory re-
sponse was similar in both genotypes. These data indicate that
the acute frequency response is a transient overshoot that may
reflect an increased sensitivity of Hoxa5”" mice to hypoxia.

The absence of a tidal volume increase during hypoxia in
wild-type mice is consistent with previous reports (30,39,40).
The significant tidal volume increase observed in Hoxa5™
mice does not reflect an inability to further increase breathing
frequency since mutant mice exposed to hypercapnia breathe at
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a much faster rate. It is thus possible that while facing a
hypoxic challenge, mutant mice increase their tidal volume to
improve gas exchange effectiveness at a minimal cost by
reducing the Vo/Vr ratio.

Hypercapnic ventilatory response. Exposing mice to a hy-
percapnic challenge revealed no functional difference between
genotypes besides the higher breathing frequency (and shorter
respiratory cycle) discussed previously. The marginal reduc-
tion in the breathing frequency response to hypercapnic chal-
lenge observed in mutant mice is unclear, but may reflect a
ceiling effect given that the mean frequency measured during
hypercapnia in mutant mice was the highest observed for the
entire study.

Hox genes and respiratory phenotype. Several experimental
evidences demonstrate the importance of Hox genes as genetic
determinants of the respiratory control system. For instance,
newborn Hoxal mutant mice in which hindbrain segmentation
is disrupted are characterized by a variable respiratory fre-
quency that will ultimately lead to premature death (17).
Furthermore, transcriptional regulators for Hox gene expres-
sion, such as Krox20 and kreisler, were shown to be implicated
in the control of breathing (41-43). Both Krox20 and kreisler
genes are involved in hindbrain segmentation and their loss of
function results in distinct respiratory phenotypes associated
with defects of central components of the respiratory control
system (44,45). Unlike Hox mutants in which abnormal hind-
brain segmentation causes respiratory defects, the respiratory
activity of Hoxa5"" mice is rhythmic and regular. Moreover,
the response to ventilatory stimuli can be considered adequate,
despite some variations when compared with wild-type speci-
mens. The cause of death of Hoxa5 mutants is not due to an
abnormal breathing pattern but to anatomical defects that
profoundly affect the respiratory tract per se and reflect the
expression pattern of Hoxa5 along the respiratory system.
These deficiencies cause respiration obstruction in the more
severe cases (20). As observed in several organ systems, the
respiratory phenotypes observed in Hox mutants further en-
dorse the collinear relationship existing between the position of
each Hox gene within the Hox cluster and the defects associ-
ated with each mutation (2).

CONCLUSION

Hoxa5"" mice compensate for their increased airway resis-
tance and reduced alveolar surface area available for gas
exchange by a higher breathing frequency and overall minute
ventilation. The high inspiratory flows produced by Hoxa5"
mice suggest that, in these animals, the reduced trachea lumen
diameter is a limiting factor that may also contribute to the
adaptability reported in this study. We hypothesize that these
anatomical limitations make it difficult to maintain blood gas
homeostasis during sleep, and that the ensuing intermittent
bouts of hypoxemia contribute to the enhanced responsiveness
to acute hypoxia in Hoxa5™" animals (46), which, in turn, help
maintain respiratory homeostasis.
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