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A B S T R A C T

Burrowing rodents have a blunted ventilatory response to CO2 in comparison to non-burrowing rodents. Non-
burrowing rats display a period during development where ventilatory responses to hypercarbia become tran-
siently blunted. This study examined the ventilatory responses to CO2 of rats, hamsters and ground squirrels
through neonatal development to determine whether the blunted adult response of burrowing species is a re-
tention of the blunting period seen in rats or present from birth. All three species increased ventilation in
response to hypercarbia on the day of birth (70–170% in response to 5% CO2; 100–250% in response to 7% CO2).
Rats in our study exhibited the triphasic ventilatory response (when expressed as %Δ) to CO2 previously de-
scribed. In golden-Syrian hamsters, the ventilatory response slowly and progressively waned to a blunted adult
response while in the 13-lined ground squirrels, the early ventilatory response to CO2 decreased within days and
remained attenuated through development. Our study shows three distinct developmental patterns in the hy-
percarbic ventilatory response.

1. Introduction

Elevated environmental CO2 (hypercarbia) is a strong respiratory
stimulant in mammals (Feldman, 1986; Nattie and Li, 2009; Tenney
and Boggs, 1986; Walker et al., 1985). Typically, when given hy-
percarbic air, mammals respond with an increase in ventilation (V̇E)
due to increases in both tidal volume (VT) and breathing frequency (f)
(Walker et al., 1985). In contrast, adult fossorial rodents (rodents that
live in underground burrows) are known to have a high tolerance for
hypercarbia compared to non-fossorial rodents like rats, presumably
due to their burrowing nature (Boggs and Birchard, 1989; Boggs et al.,
1984). Though burrow structures are variable, depending on species,
(Tenney and Boggs, 1986), burrows can be hypercarbic and hypoxic
because gas diffusion through soil is inadequate for the amount of CO2

produced and O2 consumed by their occupants (Wilson and Kilgore,
1978b). The level of CO2 in burrows can rise to between 1–8% (Tenney
and Boggs, 1986), and since developing neonates of burrowing rodents
are born and remain in these conditions until weaning, this may con-
tribute to their tolerance and reduced sensitivity. For example, the
threshold for eliciting a ventilatory response in the fully-fossorial (lives
permanently underground) naked mole rat is ˜5% CO2, (Arieli and Ar,
1979; Boggs et al., 1984) while that for the semi-fossorial (spends time

both above and below ground) echidna is ˜3% CO2 (Parer and Hudson,
1974). Humans and dogs, on the other hand, begin to hyperventilate at
˜0.5% inspired CO2 (Tenney and Boggs, 1986) and adult rats at about
2% inspired CO2 (Arieli and Ar, 1979). In addition to higher thresholds,
fully and semi-fossorial rodents also have an attenuated ventilatory
response after their threshold is surpassed. For example, in hypercarbia
(5% CO2) golden-Syrian hamsters increase V̇E by about 40% of their
normocarbic ventilation compared to the 120% increase under the
same conditions reported in rats (Boggs and Birchard, 1989).

Non-fossorial rodents do have a developmental window during
which their hypercapnic ventilatory response (HCVR) is also blunted,
however (Stunden et al., 2001; Wickström et al., 2002). In rats for ex-
ample, a distinct triphasic response pattern has been consistently ob-
served where an early postnatal (P0-2) response becomes blunted (P7-
9), but subsequently rises again to adult response levels (P14-adult)
(Putnam et al., 2005; Stunden et al., 2001; Wickström et al., 2002). This
raises the question of whether neonates of semi-fossorial species are
born with an attenuated response to hypercarbia, or develop an atte-
nuated response, as do rats, but one that is then retained. We used
Sprague-Dawley rats (Rattus norvegicus;), golden-Syrian hamsters (Me-
socricetus auratus, facultative hibernators that are semi-fossorial), and
13-lined ground squirrels (Ictidomys tridecemlineatus; seasonal
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hibernators that are fully-fossorial during the hibernating season) to
address this question in more detail. Thus these species range in degree
of fossoriality and heterothermy.

We hypothesized that the developmental pattern in the HCVR of
semi-fossorial mammals would differ from the triphasic rat response,
and that the attenuated adult fossorial response would be present at
birth. Furthemore, we hypothesized that the two semi-fossorial mam-
mals would have the same pattern of development of the HCVR. Thus
the HCVR of these three species was examined over the developmental
period from birth (postnatal day zero (P0)) to adulthood (P29-30) in
animals raised under normocarbic conditions to separate out genetic
factors from developmental plasticity.

2. Methods

2.1. Animals

All procedures were conducted under a protocol approved by the
UBC Animal Care Committee (A17-0018) and were in compliance with
the policies of the Canadian Council on Animal Care. Gravid Sprague-
Dawley rats and golden-Syrian hamsters were acquired commercially
from Charles River (Wilmington, Massachusetts). Gravid 13-lined
ground squirrels were acquired by trapping in Carman, MB, Canada
(49°30′ N, 98°01′ W) and transferred to an animal care housing facility
at the University of British Columbia in Vancouver, BC, Canada. 13-
lined ground squirrels were trapped with the approval of Manitoba
Conservation and Water Stewardship, under wildlife scientific permit
WB15027. Wild female 13-lined ground squirrels were treated with
Ivermectin and Droncit for endoparasites (0.4 mg/kg, subcutaneous),
and flea spray for ectoparasites. Any pup born before the mother was
treated, was dosed with Ivermectin and Droncit once a minimum body
mass was met (50 g). All animals were kept in a temperature-controlled
chamber (20 ± 2 °C) on a photoperiod that matched the daily outdoor
photoperiod in Vancouver. Sprague-Dawley rats and golden-Syrian
hamsters were fed a rodent chow diet (Lab Chow) supplemented with
assorted cereals and nuts ad libitum. 13-lined ground squirrels were fed
IAMS large chunk dog chow supplemented with apples, assorted cer-
eals, peanuts, and sunflower seeds ad libitum. All species were allowed
access to water ad libitum.

2.2. Measurement of ventilation and oxygen consumption

2.2.1. Ventilatory measurements
During the ages when pups could not maintain a large enough body

temperature/ambient temperature (Tb/Ta) difference for whole body
plethysmography (˜P0-P20) (Ivy and Scott, 2017) ventilation was
measured using pneumotachography. A small facemask was made from
the barrel of a 5, 10, or 30ml syringe tube depending on the size of the
animal to reduce dead space. The mask was sealed tightly around the
head (caudal to the ears) of the animal with a rubber cuff. A rubber cork
was used to seal the open end of the mask. Inflow and outflow ports
were inserted into the rubber cork. A pneumotachograph was attached
on the outflow side of the facemask. Pressure changes across the
pneumotachograph were measured with a differential pressure trans-
ducer (Validyne model DP103-18; Validyne Engineering Northridge,
California) and amplified with a Gould DC amplifier (Gould; Valley
View, Ohio). Inflow gases were metered with a rotameter (Matheson
4334; Whitby, Ontario) and a flow rate of 20–120ml/min was used
based on the oxygen consumption of the animal. The system was cali-
brated for tidal volume by injecting known volumes (0.1, 0.2 and
0.3 ml) across the pneumotachograph on top of the constant gas flow
(at a frequency similar to the respiratory frequency of each respective
species).

Whole body plethysmography (barometric method) was used to
measure ventilation during the ages when pups were able to maintain a
large enough Tb/Ta difference (> 4 °C) for accurate measurement

(˜P20-29, 30) (Drorbaugh and Fenn, 1955; Jacky, 1980; Malan, 1973).
For this study, the minimum Tb/Ta difference seen was 7 °C with most
Tb/Ta differentials ranging from 10 °C to 15 °C. Pups were placed in one
of two identical plexiglass chambers (large set: 10 cm x 10 cm x 10 cm,
medium set: 9 cm x 6 cm x 7 cm, small set: 7 cm x 5 cm x 7 cm (length x
width x height)) that allowed them to move freely. These experimental
chambers were housed in a temperature-controlled chamber to allow
for a consistent known ambient temperature. A constant flow
(100–120ml/min) was maintained through both chambers that were
each connected to a pressure transducer (Validyne model DP103-18)).
Ports on two sides of the chamber allowed for gas movement into and
out of the chamber, and a port on the top allowed for connection to the
pressure transducer. Pressure changes from the warmed and humidified
expired air in the animal chamber were detected by the pressure
transducer (Validyne model DP103-18)) and amplified with a Gould DC
amplifier (Gould; Valley View, Ohio). The system was calibrated for
tidal volume, and gas concentrations as described above but by in-
jecting known volumes directly into the chamber. The plethysmograph
remained closed for the duration of breathing pattern measurement and
calibration.

2.2.2. Metabolic measurements
Flow-through respirometry was used to measure O2 consumption

and CO2 production (V̇O2 and V̇CO2) as indicators of metabolic rate. For
the younger animals (P0-P20), the facemask also served as a re-
spirometer. Gas flow rate through the mask was 20–120ml/min set
such that the fractional composition of the O2 in the outflow gas did not
fall by more than 1%. For older animals (P20-P29, P30) the whole body
plethysmograph served as a respirometer and a constant flow
(100–120ml/min) was maintained through the animal chamber again
set such that the fractional composition of the O2 in the outflow gas did
not fall by more than 1%. In both cases, outflow gas was connected to a
desiccant (silica beads) and then to a field metabolic system (FMS;
Sable Systems International; North Las Vegas, Nevada) or to Beckman
gas analyzers (OM-11 and LB-2; Beckman Coulter Indianapolis,
Indiana) for analysis of O2 and CO2 composition. Inflow gases were
analyzed for gas composition at the start of each trial at each respective
flow rate. O2 and CO2 analyzers were calibrated to correct for drift with
pre-mixed gases of known concentrations (0, 5, and 7% CO2 with 21%
O2, balanced with N2) daily.

2.3. Measurement of temperature

Chamber temperature was monitored with a thermal probe con-
nected to a physitemp (Bat-12) analyzer and maintained between
21–30 °C, adjusted to ensure animals remained at normal body tem-
peratures (˜38 °C). Animal Tb and nasal temperature (Tn) were mon-
itored with a FLIR (forward looking infrared) thermal monitoring
system (FLIR; Wilsonville, Oregon, United States) throughout the ex-
perimental trials in order to make adjustments to ambient temperature
to allow for a normal Tb (˜38 °C). FLIR thermal imaging provided a non-
invasive method to monitor temperature in neonatal rodents that are
imperfect thermal regulators (Tattersall, 2016). Animal chambers were
housed in a temperature-controlled unit to help maintain temperature.

2.4. Experimental protocol

For pneumotachography, pups were taken from the litter and placed
on a heating pad. A mask was custom fit to each pup (as previously
described in section 2.2.1) and the body of the animal was placed in a
plastic syringe open on both sides. This body chamber was clipped to
the facemask chamber, limiting the animal from excessive movement.
Animals were allowed to acclimate while breathing normocarbic air
(21% O2 balanced with N2) for 1 h prior to the administration of the
hypercarbic gas mixtures.

For whole body plethysmography, pups were taken from the litter
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and placed in a plexiglass chamber with bedding and allowed a 1-hour
acclimation period breathing normoxic air prior to the administration
of the hypercarbic gas mixtures. Bedding was changed before the start
of each trial.

In all cases, pups were exposed to pre-mixed gasses (Praxiar Canada,
Vancouver B.C.) containing 0%, 5%, and 7% CO2 combined with 21%
O2 (balanced with N2) in random order. Each gas combination was
administered for 15min with normoxic air supplied for 15min in be-
tween each CO2 trial. Total run time for each experiment was about
120min. Pups from multiple litters (golden-Syrian hamsters: 3 litters,
Sprague-Dawley rats: 2 litters, 13-lined ground squirrels: 5 litters) were
required to obtain a sample size of 5–6 for each day of development
(P0-P29 or 30) for each species. Given litter size, the minimum time
between testing of the same pup was ˜4 days and this time increased
with litter size. All data, except body and nasal temperature, were ac-
quired using a PowerLab 16/32 data acquisition system
(ADInstruments; Colorado Springs, Colorado).

2.5. Data analysis

Data analysis was done on Labchart v8.1.9 (ADInstruments;
Colorado Springs, Colorado). Two 1–2min widows from the middle and
end of each trial (during ˜6–8th and 13–15th min) were analyzed. The

respiratory variables tidal volume (VT; ml/kg) and breathing frequency
(f; breaths/min) were averaged for each gas trial on each animal. The
oxygen and CO2 fractional concentration values for calculating O2

consumption and CO2 production (ml/min/kg) were taken from the
minute before the trial (inflow) and the same time intervals over which
the respiratory variables were measured (outflow). Ventilation
(V̇E=VT x f; ml/min/kg) and the air convection requirement
(ACR= V̇E/ V̇O2) were calculated from the measured variables. V̇O2

was calculated using the following equation;

= − − −
− −

VO fR Fio Fio Fico
Feo Feco

Feo˙ 2 { 2 (1 2 2)
(1 2 2)

( 2)}

where fR is the flow rate of the inflow gas; Fio2 is the fraction of in-
spired oxygen; Feo2 is the fraction of expired oxygen; Fico2 is the
fraction of inspired carbon dioxide; and Feco2 is the fraction of expired
carbon dioxide (Lighton, 2008). For pneumotachography, VT was de-
termined by integrating the differential pressure signal produced by the
change in flow due to each breath. For whole body plethysmography,
VT was calculated using the following equation;

=
−

Tidal Volume Pm x Vcal x TA PB PCH O
PCal TA PB PCH O TC PB PAH O

( – 2 )
( ( – 2 ) ( – 2 ))

˙

where Pm is the measured pressure deflection; Vcal the calibration

Fig. 1. Breathing frequency (breaths/minute)(A), tidal volume (mL/kg) (B), and total ventilation (mL/min/kg) (C), O2 consumption rate (mL/min/kg) (D), and the
air convection requirement (E) in Sprague-Dawley rats through development (P0-30). Rats were given normocarbic (open triangles), and hypercarbic (5% CO2, (open
circles) and 7% CO2 (closed circles)) gas mixtures. (n= 3–6 for each day). Error bars show SEM. * denotes a significant differences (P < 0.05) from day 0 within the
normocarbic treatment, and ** (5% CO2) and + (7% CO2) denote differences (p < 0.05) between hypercarbic and normocarbic gas on that day (ANOVA with
Tukey’s post hoc test).
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volume; TA the body temperature; PB the barometric pressure; PCH2O
the water vapor pressure at chamber temperature; PCal the measured
pressure deflection of the calibration volume; PAH2O the water vapor
pressure at animal body temperature. These tidal volumes were then
corrected for the difference in whole body versus nasal temperature
with the following equation;

= ⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

V
VCOR

TI
TTOT

TA
TN

˙
1 – 1 –

where VCOR is the corrected volume; TI the inspiratory time; TTOT the
total time for inspiration and expiration; TA the body temperature and
TN the nasal temperature (Drorbaugh and Fenn, 1955; Jacky, 1980).

2.6. Statistical analysis

A two-way ANOVA was used to determine the effect of age (within
treatment group compared to the starting value (P0)) and treatment
(between CO2 treatments on the same day) on respiratory and meta-
bolic variables. A separate two-way ANOVA was used to determine the
effect of age and species on the percent increase in ventilation to 5 and
7% inspired CO2. A Shapiro-Wilks test was used to test for normality,
and a Levene test was used to test for equal variance in all two- way
ANOVAs. Tukey’s post-hoc tests were used for comparisons and a sig-
nificance level of p < 0.05 was used throughout. All statistics were run
with R Studio statistical software (RStudio Version 1.1.447) with the
exception of the species comparison, and all comparisons made on
percent change data, which were run with GraphPad Prism 7 statistical
software. All values are reported as mean ± S.E.M.

3. Results

3.1. Sprague-Dawley rats

3.1.1. Normocarbia
Breathing frequency increased significantly with age in Sprague-

Dawley rats as did VT (Fig. 1). Thus V̇E (ml/kg/min) also increased
significantly with age (Fig. 1). Mass specific oxygen consumption (V̇O2;
ml/min/kg) initially increased with age; P13-17 animals had a sig-
nificantly larger V̇O2 compared to P0 animals (p < 0.05) (Fig. 1).
Shortly after, V̇O2 fell to adult levels, which were still elevated but not
significantly different from values for P0 animals (Fig. 1). The air
convection requirement (ACR; V̇E/ V̇O2) did not change with age with
the exception of the oldest (P29-P30) animals, which had a significantly
larger ACR in comparison to animals of all other ages (p < 0.05)
(Fig. 1).

3.1.2. Hypercarbia
Hypercarbia (5 and 7% CO2) significantly increased f, VT, and V̇E

early in development (roughly P1-7) (p < 0.05) and again later in
development (roughly P12-29) (p < 0.05) (Figs. 1 and 2) but did not
have any significant effect on ventilation between ˜P8-12. Hypercarbia
had no effect on oxygen consumption at any time during development
(Fig. 1). Thus, the ACR also significantly increased in hypercarbia early
in development (P0-6) and again later in development (P12-29)
(Fig. 1). The V̇E responses to 5 and 7% inspired CO2 were not sig-
nificantly different with the exception of two days (P3 and P5) where
V̇E increased significantly more in 7% CO2.

3.2. Golden-Syrian hamsters

3.2.1. Normocarbia
In golden-Syrian hamsters f increased significantly throughout de-

velopment until roughly day 20 (p < 0.05) (Fig. 3), while VT remained
relatively constant (Fig. 3). V̇E increased significantly until age P15,
largely due to the increases in f (Fig. 3). Mass-specific V̇O2 (ml/min/kg)
increased significantly with age and reached a maximum at P21 before

decreasing again to adult levels (Fig. 3). The ACR did not change sig-
nificantly with age (Fig. 3).

3.2.2. Hypercarbia
In golden-Syrian hamsters, hypercarbia (5 and 7% CO2) only in-

creased f and VT significantly early in development (Fig. 3). However,
when the net effects of the changes in both were combined, V̇E in-
creased significantly under hypercarbic conditions from P0-P20 (Figs. 3
and 4). There was no effect of hypercarbia on oxygen consumption
(Fig. 3). The ACR increased significantly in hypercarbia early in de-
velopment but this effect slowly tapered off (Fig. 3). When expressed as
% change, the increase in all ventilatory variables due to hypercarbia
progressively decreased throughout development (Fig. 4). The V̇E re-
sponses to 5 and 7% inspired CO2 were not significantly different with
the exception of two days (P1 and P2) where V̇E increased significantly
more in 7% CO2.

3.3. 13-lined ground squirrels

3.3.1. Normocarbia
During early postnatal development (P0-P7) f increased sig-

nificantly but then leveled off and declined to levels that were not
significantly different from values recorded for P0 animals (Fig. 5). VT,
on the other hand, did not increase with age early on, but did increase
significantly starting at age P16 (Fig. 5). As a result, V̇E increased
reaching a peak in animals between the ages of P16-P26 (p < 0.05) but
then declined to values similar to those of P0 animals (Fig. 5). Mass-
specific V̇O2 increased significantly with age (Fig. 5) leveling off after
P17 but remained elevated in comparison to P0 animals (Fig. 5). The
ACR did not change with age (Fig. 5).

3.3.2. Hypercarbia
Hypercarbia did not significantly alter f in the 13-lined ground

squirrels (Figs. 5 and 6). VT and V̇E, however, increased significantly
during the first half of development (Figs. 5 and 6) but these responses
were reduced throughout the second half. Hypercarbia did not have an
effect on oxygen consumption in 13-lined ground squirrels (Fig. 5).
Thus, the ACR also increased significantly during the first half of de-
velopment (Fig. 5). When expressed as % change, the initial increase in
breathing frequency due to hypercarbia on P0 decreased rapidly but
then rose again in late development (Fig. 6). The initial increase in VT

deceased progressively. The net effect was that the initial increase in V̇E

due to hypercarbia was rapidly reduced and the net response remained
low throughout the rest of development. The V̇E responses to 5 and 7%
inspired CO2 were not significantly different with the exception of one
day (P18) where V̇E increased significantly more in 7% CO2.

4. Discussion

The pattern of development of the HCVR in semi-fossorial golden-
Syrian hamsters and 13-lined ground squirrels differs from that of the
non-fossorial rat. Our results also show that the pattern of development
of the HCVR in the two semi-fossorial species differ from each other
(Fig. 7) (Putnam et al., 2005). In both cases, the attenuated HCVR seen
in the adults of the semi-fossorial species was not present at birth
(Fig. 7). Indeed, the newborns of the semi-fossorial species in the pre-
sent study were more responsive to hypercarbia than newborns of the
non-fossorial rat (Fig. 7).

4.1. Changes in the HCVR through development in non-fossorial neonates

In Sprague-Dawley rats we saw a triphasic pattern in the HCVR
through development (an initial robust increase in ventilation at birth
that became attenuated and reached a nadir around P15 before rising
again into adulthood) as has been reported by others (Putnam et al.,
2005; Stunden et al., 2001). The initial HCVR present at birth (P0-1) in
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Sprague-Dawley rats appears to have been due to increases in VT only
(Fig. 2) with contributions from breathing frequency developing over
the next few days. The subsequent nadir in the HCVR was due to re-
ductions in both VT and f, both of which increase again during late
development (P11-29). However, the nadir was mostly due to reduc-
tions in tidal volume. Previous studies show a similar trend, where tidal
volume contributes more to the changes in ventilation early in devel-
opment, with breathing frequency making larger contributions later in
development (Putnam et al., 2005; Stunden et al., 2001). A lower HCVR
in neonates compared to adults has also been reported in other non-
fossorial mammals including neonates of humans, dogs, and pigs
(Nattie and Edwards, 1981; Putnam et al., 2005; Søvik and Lossius,
2004; Wolsink et al., 1992). In pigs, as in the Sprague-Dawley rats, the
ventilatory response reached a nadir around postnatal day 15 before
rising again (Wolsink et al., 1992) while in humans and dogs, the sec-
ondary rise to adult response levels occurred over the first few (˜ 2–3)
postnatal weeks with no reported drop in sensitivity (Nattie and
Edwards, 1981; Putnam et al., 2005; Søvik and Lossius, 2004). Because
hypercarbia (5 and 7% CO2) did not affect oxygen consumption, but did
increase ventilation, early (˜P0-5) and late (˜P12-29) animals hy-
perventilated in hypercarbia and the magnitude of the hyperventila-
tion, as reflected in the increases in the air convection requirement,
increased significantly through development (ACR, Fig. 1).

4.2. Changes in the HCVR through postnatal development of semi-fossorial
rodents

The initial response to hypercarbia seen in animals immediately
after birth (P0-2) was largest in golden-Syrian hamsters (represented as
percent change from normocarbia to 5% and 7% CO2) compared to the
other species examined in this study (Fig. 7). Shortly after, the venti-
latory response fell transiently (P3), rose again (P5), and then gradually
fell to the attenuated adult response (Figs. 4, 7). Like golden-Syrian
hamsters, 13-lined ground squirrels are semi-fossorial. Examination of
their HCVR through development reveals another pattern when ex-
pressed as percent change from normocarbia. In this species, there was
an early ventilatory response to CO2 (P0-1) like the Sprague-Dawley
rats and golden-Syrian hamsters, however, this response fell almost
immediately and remained attenuated through development (Fig. 7).
There was a small increase in the HCVR in 13-lined squirrels at the

same age at which the HCVR in Sprague-Dawley rats began to increase
to adult levels (P8, Fig. 7). However, this trend was not significant and
not sustained.

Because of the large HCVR at birth and the low metabolic rate, the
effect of hypercarbia on the ACR was initially very large. Unlike the
Sprague-Dawley rats, however, through development, the relative in-
crease in ventilation was reduced while metabolic rate increased and
the ACR, and hence the magnitude of the hyperventilation, was reduced
in golden-Syrian hamsters (Fig. 3). In the 13-lined ground squirrels,
ventilation tracked metabolism and hence the ACR, and increases in the
ACR in hypercarbia, remained relatively constant through much of
development (until roughly P20). The ACR and hence the relative hy-
perventilation in hypercarbia, declined as they reached adulthood
(Fig. 5).

The response to CO2 seen in golden-Syrian hamsters was produced
by equal increases in both VT, and f (Fig. 4) (Stunden et al., 2001;
Wickström et al., 2002) throughout development (Fig. 4). Interestingly,
the age at which the HCVR in golden-Syrian hamsters began to
asymptote (˜P9-12) coincided with the time at which the hypercarbic
sensitivity began to increase again in the Sprague-Dawley rats (Figs. 4
and 7). The initial increase in ventilation in hypercarbia in the 13-lined
ground squirrels was due to equal contributions from increases in VT

and f when given 5% CO2, but when given 7% CO2, f did not increase
beyond the 5% value while VT did (Fig. 6). This change will result in an
increase in effective ventilation, as all the increase will reach the alveoli
and will not result in any increase in dead space ventilation.

4.3. Underlying basis of differences in developmental patterns of the HCVR

The specific underlying changes that produce the different devel-
opmental patterns in the HCVR remain unknown. In rats, there are
changes in both peripheral and central chemosensory regions that co-
incide with the blunting phase (Gao et al., 2011; Liu and Wong-Riley,
2005; Nottingham et al., 2001; Vincent et al., 2004; Wang and
Richerson, 1999; Wong-Riley and Liu, 2005). Centrally, there is a pre-
cipitous fall in glutamate (excitatory neurotransmitter) and its NMDA
receptors in chemosensitive brainstem regions (Vincent et al., 2004;
Wong-Riley and Liu, 2005). During this drop, increases in GABAA,
GABAB, and glycine receptors (all involved in inhibitory pathways), are
seen in the same areas (Wong-Riley and Liu, 2005). This transient pre-

Fig. 2. Percent change from normocarbia in breathing frequency (A), tidal volume (B), and ventilation (C) in Sprague-Dawley rats through development (P0-30)
when administered 5% CO2 (open circles), and 7% CO2 (closed circles). (n=3–6 for each day) Error bars show SEM.
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Fig. 3. Breathing frequency (breaths/minute)(A), tidal volume (mL/kg) (B), and total ventilation (mL/min/kg) (C), O2 consumption rate (mL/min/kg) (D), and the
air convection requirement (E) in golden-Syrian hamsters through development (P0-30). Hamsters were given normocarbic (open triangles),and hypercarbic (5%
CO2, (open circles) and 7% CO2 (closed circles)) gas mixtures. (n=3–6 for each day). Error bars show SEM. * denotes a significant differences (P < 0.05) from day 0
within the normocarbic treatment, and ** (5% CO2) and + (7% CO2) denote differences (p < 0.05) between hypercarbic and normocarbic gas on that day (ANOVA
with Tukey’s post hoc test).

Fig. 4. Percent change from normocarbia in breathing frequency (A), tidal volume (B), and ventilation (C) in golden-Syrian hamsters through development (P0-30)
when administered 5% CO2 (open circles), and 7% CO2 (closed circles). (n=3–6 for each day) Error bars show SEM.
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Fig. 5. Breathing frequency (breaths/minute)(A), tidal volume (mL/kg) (B), and total ventilation (mL/min/kg) (C), O2 consumption rate (mL/min/kg) (D), and the
air convection requirement (E) in 13-lined ground squirrels through development (P0-30). Squirrels were given normocarbic (open triangles), and hypercarbic (5%
CO2, (open circles) and 7% CO2 (closed circles)) gas mixtures. (n=3–6 for each day). Error bars show SEM. * denotes a significant differences (P < 0.05) from day 0
within the normocarbic treatment, and ** (5% CO2) and + (7% CO2) denote differences (p < 0.05) between hypercarbic and normocarbic gas on that day (ANOVA
with Tukey’s post hoc test).

Fig. 6. Percent change from normocarbia in breathing frequency (A), tidal volume (B), and ventilation (C) in 13-lined ground squirrels through development (P0-30)
when administered 5% CO2 (open circles), and 7% CO2 (closed circles). (n=3–6 for each day) Error bars show SEM.
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eminence of inhibitory over excitatory neurotransmission has been re-
ported to occur around postnatal days 3–5 in rats (Gao et al., 2011;
Wong-Riley and Liu, 2005), which could contribute to the fall in re-
sponsiveness of the central chemoreceptors in this study (Putnam et al.,
2005) (Parisian et al., 2004). Peripherally, the carotid body also un-
dergoes postnatal changes (Bamford et al., 1999; Hertzberg et al., 1990;
Ling et al., 1997; Pepper et al., 1995). At birth, the carotid body goes
from a hypoxic environment to a hyperoxic environment, which could
contribute to the immediate fall in responsiveness to respiratory stimuli
after birth (Hertzberg et al., 1990). This fall coincides with both the
blunting phase seen in rats, as well as the period (P3) in which the
carotid body is least responsive to hypoxic and hypercarbic stimuli
(Bamford et al., 1999; Pepper et al., 1995).

With age, GABAA, and GABAB receptor density begins to fall,
starting at postnatal day 5 and reaches a nadir at postnatal day 11 (Liu
and Wong-Riley, 2005; Wong-Riley and Liu, 2005). During this period,
glutamate begins to increase in the nucleus tractus solitarius (NTS) and
nucleus ambiguus (Liu and Wong-Riley, 2005; Wong-Riley and Liu,
2005). The postnatal development of the carotid body could also con-
tribute to the secondary rise in rats. The size of the carotid body has
been shown to increase early in development in mammals (Wang and
Bisgard, 2005). This is mostly due to type I cell hyperplasia, and an
increase in type II cell proliferation and synapse formation between
type I and II cells (Wang and Bisgard, 2005; Bamford et al., 1999;
Pepper et al., 1995). Following this, both hypoxic and hypercarbic re-
sponses increase and reach adult responsiveness at ˜P8 (CO2) and ˜P16
(O2) (Bamford et al., 1999). Though carotid body input to the HCVR has
been shown to be non-essential in neonates (Forster et al., 2000), it may
still contribute to the patterns we report in this study.

Postnatal development of the lung and respiratory related muscu-
lature may also contribute to the differences we report in the devel-
opment of the HCVR. Rodents are typically born altricial, and under-
developed in comparison to other mammalian species. The lung is
immature at birth and develops with age. In rats, growth of the lung is
slow in newborns and starts to increase in volume faster relative to
body weight between ˜P5 and P14 (Thurlbeck, 1975) before slowing

again. Additionally, respiratory related musculature such as the dia-
phragm and intercostal muscles, as well as the shape of the thorax all
change with age (Mortola, 2001). Differences in respiratory mechanics
could affect the ability of the neonates to produce chest wall, and
diaphragmatic movement in hypercarbia.

The differences seen in the developmental response patterns in the
golden-Syrian hamsters and 13-lined ground squirrels could arise from
differences in underlying mechanisms or simply from differences in the
time course of the same underlying mechanisms.

We did not distinguish between the responses of males versus fe-
males in our study. It has been shown that P10–15 includes a critical
developmental period in male but not female rats. Compared to age-
matched females, P12–13 male rats had lower ventilation in normoxia
and hypercapnia, which correlated with increased levels of circulating
estradiol (Holley et al., 2012). This effect will be in part offset in our
study by the use of pups of both genders and should not have had an
effect on the pattern of change that we observed.

4.4. Conclusions

The present study shows three distinct patterns in the development
of the HCVR in three different species. While the present study cannot
attribute these differences to lifestyle directly, differences in lifestyle
most likely play a partial role. Both golden-Syrian hamsters and 13-
lined ground squirrels are semi-fossorial, and the mothers of each
species raise their litters in the burrow. Litter sizes are slightly different
between the two species. 13-lined ground squirrels have smaller litters
(6–12 pups) (Vaughan et al., 2006), with litters as small as 4 (personal
observation). Golden-Syrian hamsters have less variable, but larger
litters (8–14) (Schneider and Wade, 1990). Being contained in the
burrow, larger litters likely produce greater perturbations in ambient
gas concentrations particularly as the animals’ age. Both semi-fossorial
species are solitary in the burrows as adults. Soil type may vary be-
tween the two species which would contribute to the gas diffusion rate
(Burda et al., 2007; Wilson and Kilgore, 1978a). Golden-Syrian ham-
sters naturally reside in sand or clay-like soils and have a mean burrow

Fig. 7. Comparison of the developmental pattern of the hypercarbic ventilatory response of Sprague-Dawley rats (blue), golden-Syrian hamsters (green), and 13-lined
ground squirrels (red). Figure shows the percent change in ventilation from breathing 0%–5% CO2 (A) and from 0% to 7% CO2 (B) (n= 3–6 for each day). Letter
differences denote significant differences (p < 0.05) between the species on each day (ANOVA with Tukey’s post hoc test).
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depth of 65 cm. Details on the structure of 13-lined ground squirrel
burrows are not well known, but the soils this species burrow in are a
moist top soil found in grassy fields (personal observation).

The triphasic developmental pattern in the HCVR seen in the rat has
been reported in other non-fossorial species (Stunden et al., 2001;
Wolsink et al., 1992). While the time course and pattern of the blunting
phase of the HCVR differs between the two semi-fossorial species, the
absence of the secondary increase in sensitivity is consistent. The dif-
ferences seen between the two semi-fossorial species could lie either in
the level of fossoriality, which differs between the two, or in the hi-
bernation lifestyle seen in the 13-lined ground squirrel. The second of
the two proposed possibilities seems less likely given that golden-Syrian
hamsters have been shown to enter multi-day torpor bouts (Ibuka and
Fukumura, 1997). However, the characteristics of torpor differ between
the two (Carey et al., 2003; Ibuka and Fukumura, 1997), and this study
cannot attribute the differences seen to the use of torpor directly.
Whether any differences seen arise from similar or different underlying
causes is not clear but either way it suggests there has been selection for
sustaining a blunted response in semi-fossorial species.

It is also apparent that both fossorial species are not born with at-
tenuated responses but rather they develop, even when the neonates are
raised in normocarbic/normoxic conditions. It remains unknown how
raising the neonates in a “burrow-like” hypoxic/hypercarbic environ-
ment would alter the developmental pattern. In rats, it has been shown
that chronic perinatal hypercapnia transiently reduces the HCVR but it
then returns to a normal adult response after removal from hypercarbia
(Bavis and Kilgore, 2001; Saiki and Mortola, 1996). This is also true for
mice (Birchard et al., 1984). The effect of perinatal hypercapnia in
semi-fossorial species remains to be explored.
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