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Abstract Whole body plethysmography (WBP) is used

to quantify pulmonary function in conscious, unrestrained

mice. We determined currently whether time of day and

environmental lighting influence day-to-day reproducibility

of pulmonary function, and quantifed the necessary habit-

uation time in the WBP chamber. Two-month-old male

C57BL6 and mdx mice (n = 8/group, reverse light cycle),

were examined on consecutive days using a calibrated

WBP chamber and manufacturer software was used to

calculate respiratory measures. Respiratory data stabilized

between 5–10 min for all variables. Mice exhibited time of

day respiratory differences, performing more forceful and

less frequent breaths midday (11:45 a.m. and 3:00 p.m.)

compared to 7:30 a.m. WBP performed in darkened con-

ditions elicited more forceful breathing than lit conditions.

Day-to-day reproducibility during controlled conditions

ranged from r2 = 0.58 to 0.62 for the functional measures.

Findings indicate reproducible respiratory data are obtain-

able following a 15-min chamber habituation and stan-

dardization of time of day and room lighting.

Keywords Mdx � Respiration � Whole body

plethysmography

Introduction

Whole body plethysmography (WBP) has been used for

decades to estimate respiratory function in animals [1–3].

Interest in WBP has proved particularly important for

mouse models where animal size and temperament are not

conducive to direct determination of pulmonary function

[4–6]. The ever present problem with WBP is that pul-

monary outcomes are based on plethysmograph pressure

changes, and in this regard the relationship between WBP

chamber pressure and lung mechanics may be tenuous.

While determination of respiratory rate is not overly

problematic, accurate tidal volume (VT) estimates are

influenced dramatically by subtle changes in pulmonary

mechanics and fluctuations in barometric pressure (re-

viewed in [7]). Moreover, Adler et al. demonstrated that

unrestrained plethysmography may be inconsistent

between mouse strains and emphasize the need for appro-

priate control groups [2, 5, 8, 9]. Despite limitations, the

advantage of WBP over invasive respiratory measures is

that WBP outcomes are not confounded by animal restraint

or anesthesia [7]. Further, WBP can be conducted over

time, which makes longitudinal investigations with repe-

ated measures possible; something not feasible with more

invasive approaches. As such, WBP has been used exten-

sively to gain serial measures of respiratory function in a

variety of mammalian models of disease, including mouse

strains [4, 10–14].

Strategic attention to chamber design has partially

overcome validity concerns in WBP due to potentially

confounding temperature fluctuations (reviewed in [15]).

The sealed whole body plethysmography design provides

for accurate assessment of temperature and humidity, and

is thought to mitigate much erroneous influence of baro-

metric variations between animal and chamber [7]. The
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other broad consideration for WBP validity pertains to

mechanical influences in chamber pressure, primarily

related to breathing-related pressure oscillations. This latter

point of pressure oscillations impacts chamber airflow and

is particularly important in examination of mice because

tidal volume is low and ventilator rate high. Often over-

looked, however, is the influence of animal activity on the

resulting WBP pulmonary outcomes. Further, we are not

aware of standardized procedural recommendations to

account for the influence of behavioral factors on WBP

reproducibility.

Considerations for WBP to estimate respiratory function

in mice should account for environmental factors that

influence animal movement, and ultimately respiratory

estimates. As such, the influence of acute containment

within the WBP chamber, light/dark cycles, and time of

day all impact mouse behavior and may influence WBP

estimates of respiratory function. Accordingly, we under-

took the current study to determine the extent to which

variations in WBP chamber habituation, ambient lighting,

and time of day impacted respiratory function of mice

during WBP examination. To address this we performed a

series of experiments using two strains of mice and mea-

sured pulmonary function. We sought to identify a

methodological approach whereby standardization of

chamber habituation period, time of day and lighting used

during WBP could be implemented in order to obtain

reproducible day-to-day measures of pulmonary function.

Methods

Animals

Prior to study, approval of animal use was granted by the

Auburn University Institutional Care and Use Committee.

All experiments were performed in accordance with animal

use guidelines established by the American Physiological

Society. Two-month-old C57BL10 and mdx mice were

purchased from an approved animal vendor and were

housed within the University Biological Research Facility

at 23 �C on a reverse light cycle (12 h:12 h, lights off

beginning at 6:00 a.m.). All animals received at least two

WBP chamber habituation cycles of 45 min prior to testing

for this investigation.

Buxco plethsmography device

The Buxco whole body plethysmograph consists of four

independent chambers allowing mice to move freely during

assessment. Each chamber is approximately 400 ml in total

volume and contains an integrated temperature and

humidity probe along with a pressure-sensitive diaphragm

in order to determine minute pressure fluctuations. Pressure

changes within the chamber are known to come from two

primary sources, the first of which is gas compression due

to pressure changes in the thoracic gas which produce

inspiratory and expiratory flow. In addition, pressure

changes within the WBP chamber are due to changes in gas

humidification and temperature from air movement

between the chamber and the lungs. In this regard the

reader is directed to an insightful review on the topic [16].

At the top of each chamber is a HalcyonTM pneumota-

chograph to measure the rate of air flow. While past studies

were thought to be limited by inconsistencies within

plethysmograph measurements due to extraneous back-

ground noise, this new device exhibits reduced baseline

ambient noise up to 25 times (Buxco Research Systems,

Wilmington, NC). The device was calibrated according to

manufacturer instructions prior to all data collection

installments. Mice were housed within the WPB chamber

fully conscious and unrestrained.

Respiratory variables were calculated using Fine Point

software (Buxco Research Systems, Wilmington, NC).

While the Fine Point software calculates more than 40

respiratory variables, it was used currently to assess res-

piratory rate, tidal volume, minute ventilation, peak inspi-

ratory flow, peak expiratory flow, inspiratory time,

expiratory time, and relaxation time between breaths, as

these variables were most relevant to our work. Respiratory

values were calculated using proprietary software. Relative

to this technique, however, respiratory rate was derived

from the number of inspiration-expiration combinations

registered in a minute. Tidal volume is determined from the

volume of air moved per breath and minute ventilation is

the product of respiratory rate and tidal volume. Peak

inspiratory flow and peak expiratory flow represent the

highest flow rate measured during the respective inspira-

tion and expiration phases of a breath. The corresponding

inspiratory and expiratory times were quantified according

to the duration of a breath spent in inhalation or exhalation,

respectively. As a working definition, relaxation time is the

time required to expire 74 % of the tidal volume [16].

WBP respiratory chambers were cleaned thoroughly with

water and alcohol between each use to better eliminate

animal scents as a confounding factor.

Experimental design and data reduction

Four experiments were performed in total and each mouse

participated in each experiment. Time stabilization analy-

ses were performed to quantify the time duration needed

before calculated respiratory values reached a plateau fol-

lowing mouse placement in the WBP chamber. This

understanding is important as it would provide a standard

familiarization time needed before data collection could
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begin. Next, we determined the effect of time of time of

day on respiratory measures as well as light cycle. These

considerations are important as they influence animal

movement within the WBP chamber and are likely to

introduce methodological variation when uncontrolled

within a study design. Finally, using constraints derived

from the time stabilization, time of day, and light cycle

experiments, day-to-day reproducibility experiments were

performed under optimized conditions. The key dependent

variables for the four experiments were Buxco calculated

values for respiratory rate (breaths/min), relative tidal

volume (ml/kg body weight), minute ventilation (ml/min),

expiratory volume (ml), inspiratory volume (ml), peak

inspiratory flow (ml/s), peak expiratory flow (ml/s), and

time to relaxation (s).

WBP chamber habituation time

Mice were placed in plethysmography chambers for

30 min. Analyses were begun within a minute of placing

mice in the respiratory chamber. All data collection was

performed during the dark phase of a reverse light cycle

and within a common 2-h time window. Due to the breath-

to-breath variability characteristic of WBP, individual

breath data were not used: a standard practice for this

technique [7]. At the conclusion of the data collection, raw

data were converted to tabular data files and reduced into 1-

and 5-min averages using Microsoft Excel (Redmond,

WA).

Time of day and WBP

A cohort of mice was examined at 4 times (7:30 a.m.,

11:45 a.m., 3:00 p.m., and 6:00 p.m.) during a single day.

Mice were placed in the WBP chamber for 45 min, where

the first 20 min was used for habituation (15 min based on

time stabilization findings ? 5 min buffer), and the final

25 min for data analysis. Calculated respiratory values

were averaged over the 25-min data collection period.

WBP and lighting

On two separate days, mice were placed in the WBP

chambers during the dark portion of their dark/light cycle

to examine the potential influence of light on calculated

respiratory values. WBP tests were performed in both lit

(fluorescent overhead lighting, ‘‘light’’) or darkened

(‘‘dark’’) conditions. Mice were introduced into the

chambers for 45 min and analyzed data collected from the

final 25 min as described above. Sampling times were

performed within a common 2-h time window in order to

eliminate time of day effects on calculated respiratory

values.

Day-to-day reproducibility

Based on the above experiments we determined that for a

given study, mice should be examined within a common

2-h time window. Moreover, mice should be habituated to

the WBP chamber for at least 15 min prior to data col-

lection. Finally, a consistent light/dark approach should be

used during all data collection. To determine the repro-

ducibility of WBP under these conditions, mice were

examined on 2 consecutive days under identical, stan-

dardized conditions. Mice were examined within a 2-h time

window during the dark phase of their light cycle. Sam-

pling was performed for 45 min as described above.

Statistical analysis

One-way ANOVA with repeated measures was used to

analyze between group differences for the time stabiliza-

tion and time of day study arms. The dark/light study arm

data were examined using a paired t-test. Pearson product

moment correlations were performed to analyze day-to-day

findings. When appropriate, Tukey post hoc analyses were

performed. All statistical analyses were performed using

SPSS software (IBM, Armonk, NY). p was set a priori to

B0.05.

Results

Animal characteristics

All mice (C57 n = 8/group; mdx n = 8/group) completed

each of the four study experiments. Both C57 and mdx

mice were of similar weights at the time of analysis (C57:

24.9 ± 1.3 g; mdx: 26.3 ± 1.5 g; p = 0.07).

Time stabilization analyses

Data for all measures were reduced in 1- and 5-min aver-

ages, with respiratory rate values presented as an example

in Fig. 1a (1-min averages) and Fig. 1b (5-min averages),

respectively. To accomplish this, all of the values in a

given range (1 or 5 min) were averaged to arrive at a single

value for that time range. Due to the natural fluctuations in

variable calculation that were present in 1-min averages,

5-min averages were used to determine stability time

points. No strain-dependent differences were noted

between C57 and mdx mice (data not shown), and as such,

inter-strain data were combined for these calculations.

Statistical outcomes indicate that 6 of 8 respiratory vari-

ables exhibited time-dependent differences. Table 1 pre-

sents time stabilization in 5-min increments for the 6

respiratory variables expressing change during the 30-min
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chamber habituation. Specifically, respiratory rate

(p\ 0.001), minute ventilation (p\ 0.001), expiratory

time (p = 0.004), peak inspiratory flow (p = 0.002), peak

expiratory flow (p = 0.002) and time to relaxation

(p = 0.009) are reported in Table 1. In contrast, only tidal

volume (p = 0.081) and inspiratory time (p = 0.166) were

statistically unaltered during the 30-min measurement

period. For the 6 respiratory variables where changes were

detected, post hoc analysis revealed that once placed in the

chamber, respiratory values stabilized within 10 min for all

but time to relaxation, which stabilized by 15 min. In total

these data suggest that for C57 and mdx mice, at least

15 min of chamber habituation is required before

stable respiratory variable calculations are observed.

Time of day analyses

Pulmonary function measures were examined four times

(7:30 a.m., 11:45 a.m., 3:00 p.m. and 6:00 p.m.) during the

dark phase of a 12-h reverse light cycle where lights were

turned off at 6:00 a.m. As with time stabilization experi-

ments, no strain-dependent differences were observed and

so inter-strain data are combined for these analyses.

Table 2 presents the time of day averages for the respira-

tory variable examined. Data analyses indicate a significant

time of day effect was present for 6 of 8 calculated respi-

ratory variables. Respiratory rate (p = 0.037), relative tidal

volume (p = 0.014), minute ventilation (p = 0.013), and

peak expiratory flow (p = 0.014) increased from our first

observation at 7:30 a.m. and peaked at 3:00 p.m. At

6:00 p.m. these measures were statistically similar to 7:30

a.m. Corresponding to these findings, expiratory time

(p = 0.038) and time to relaxation (p = 0.020) decreased

significantly with shortest times evident at 3:00 p.m. as

compared to 7:30 a.m. At 6:00 p.m. mean expiratory time

and time to relaxation values were again similar to 7:30

a.m. observations. Finally, inspiratory time (p = 0.180)

and peak inspiratory flow (p = 0.065) were similar across

the four observation periods.

Dark and light environment effect on respiratory

values

Mice were examined within a common 2-h time window

(during the light cycle dark phase) on consecutive days to

quantify the potential impact of room lighting on respira-

tory values. Table 3 presents average responses in lit and

dark room environments. Ambient lighting impacted 5 of 8

calculated respiratory variables. Specifically, respiratory

rate (p = 0.046), tidal volume (p = 0.003), minute venti-

lation (p = 0.003), peak inspiratory flow (p = 0.004), and

peak expiratory flow (p = 0.049) were higher in the dark

condition as compared to light. Expiratory time

(p = 0.211), inspiratory time (p = 0.114), and time to

relaxation (p = 0.142) were numerically lower in the light

versus dark condition, but failed to reach statistical

significance.

Day-to-day reproducibility

Based on the findings from the time stabilization, time of

day and dark/light study arms, mice were examined on
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Fig. 1 Time to data stabilization — respiratory rate. Mice were

placed in a respiratory chamber for 30 min and the time to

stabilization was determined. Data were synthesized into 1-min

averages (a), and 5-min averages (b). Data are presented as

mean ± SEM. Letters a, b denote statistically different time points.

Statistical differences p B 0.05

Table 1 Time stabilization for chamber habituation quantified in

5-min intervals

Variable Minutes to observance of stable data

Respiratory rate 10

Minute ventilation 10

Expiratory time 10

Peak inspiratory flow 10

Peak expiratory flow 10

Time to relaxation 15
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consecutive days to determine reproducibility of the WBP

for estimating respiratory function. Mice were examined

between 7:00 and 9:00 a.m. in a dark environment. Res-

piratory values were examined for 45 min, with the first

20 min used to habituate to the respiratory chamber and

data from the final 25 min being used to calculate the final

outcomes for the 8 respiratory variables. Table 4 presents

day-to-day respiratory values averaged during the final

25 min of data sampling. Findings reveal that when per-

formed in a standardized environment, statistically repro-

ducible respiratory values were achieved for all variables;

whereas these relationships were not statistically

significant when conducted in non-standard conditions

(data not shown). This conclusion is supported by the

associated r2 and corresponding p values (below the

a B 0.05 threshold chosen a priori).

Discussion

WBP in vivo for the estimation of respiratory performance

has been performed for many years in a variety of mam-

malian species, including mice [4, 11–13]. The advantage

of this technique is that it enables physiologically and

Table 2 Respiratory measures quantified at different times of the day

Variable 7:30 a.m. 11:45 a.m. 3:00 p.m. 6:00 p.m. p value

Respiratory rate 378 ± 2a 411 ± 16a 432 ± 19b 403 ± 25a 0.037

Tidal vol/wt (ml/kg*100) 1.21 ± 0.12a 1.31 ± 0.14b,c 1.35 ± 0.15b 1.20 ± 0.16a,c 0.014

Minute ventilation (ml/min) 94.7 ± 7.89a 109.5 ± 7.63b 118.1 ± 8.77b 109.3 ± 9.46a 0.013

Expiratory time (s) 0.14 ± .01a 0.11 ± 0.01b 0.11 ± 0.01b 0.13 ± 0.01a,b 0.038

Inspiratory time (s) 0.06 ± 0.004 0.05 ± 0.003 0.05 ± 0.002 0.06 ± 0.004 0.180

Peak inspiratory flow (ml/s) 7.79 ± 0.51 8.52 ± 0.54 9.05 ± 0.54 8.73 ± 0.63 0.065

Peak expiratory flow (ml/s) 4.48 ± 0.39a 5.14 ± 0.42b 5.41 ± 0.45c 5.08 ± 0.43b 0.014

Time to relaxation (s) 0.07 ± .01a 0.06 ± 0.003b 0.06 ± 0.01b 0.07 ± 0.01a,b 0.020

Data are mean ± SEM
a,b,c denote statistically different time points. Statistical differences p B 0.05

Table 3 Respiratory function

in light and dark conditions
Variable Dark Light p value

Respiratory rate 456 ± 35 409 ± 59 0.046

Tidal vol/wt (ml) 0.29 ± 0.03 0.24 ± 0.02 0.003

Minute ventilation (ml/min) 132 ± 16 103 ± 17 0.003

Expiratory time (s) 0.10 ± 0.02 0.11 ± 0.02 0.211

Inspiratory time (s) 0.048 ± 0.001 0.051 ± 0.003 0.114

Peak inspiratory flow (ml/s) 9.97 ± 0.37 8.40 ± 0.31 0.004

Peak expiratory flow (ml/s) 6.16 ± 0.35 5.27 ± 0.30 0.049

Time to relaxation (s) 0.06 ± 0.01 0.07 ± 0.01 0.142

Data are mean ± SEM

Table 4 Day-to-day

reproducibility of respiratory

values

Variable Day 1 Day 2 r2 p value

Respiratory rate 414 ± 8.36 416 ± 9.67 0.591 \0.000

Tidal vol (ml) 0.23 ± 0.01 0.25 ± 0.01 0.594 \0.000

Minute ventilation (ml/min) 97.5 ± 4.36 104 ± 5.40 0.612 0.003

Expiratory time (s) 0.115 ± 0.004 0.113 ± 0.004 0.474 0.005

Inspiratory time (s) 0.051 ± 0.001 0.051 ± 0.001 0.751 \0.000

Peak inspiratory flow (ml/s) 8.60 ± 0.31 7.76 ± 0.51 0.473 0.019

Peak expiratory flow (ml/s) 5.26 ± 0.27 5.15 ± 0.29 0.410 0.014

Time to relaxation (s) 0.066 ± 0.003 0.065 ± 0.003 0.334 0.037

Data are mean ± SEM. Reported p values relate to the r2 values demonstrating day-to-day reproducibility

for each of the respiratory variables examined
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clinically relevant estimates of respiratory function in

conscious unrestrained animals [5, 17]. The key finding of

the current study is that by controlling several testing

parameters, WBP determination of respiratory function can

be easily and reproducibly estimated. In the current study

our day-to-day coefficients of determination were between

0.334 and 0.751 (and corresponding p values significant)

for the respiratory variables examined. The current findings

provide novel insight into a methodological approach for

WBP for the measurement of respiratory function. Hence,

these findings indicate that data produced using WBP can

be improved by standardized testing conditions, which will

mitigate variability inherent to the technique. The caveat

that underpins the reproducibility observed currently is that

findings are contingent upon several methodological con-

siderations: that C57BL and mdx mice (used currently) be

habituated to the WBP chamber for at least 15 min prior to

data collection, that measures be performed at a common

time of day, and that consistent ambient lighting conditions

be used.

Mouse behavior and WBP

The current goal of demonstrating whether estimates of

respiratory function could be achieved reliably was

dependent upon eliminating confounding aspects of the

testing procedure during WBP scans. Given that mice and

other rodents are sensitive to novel confinement scenarios

[5, 17], we habituated all mice to the respiratory chambers

on two occasions prior to data collection. Moreover, the

chambers were cleaned thoroughly between trials to further

eliminate the influence of the impact of residual scent on

mouse behavior in the WPB chamber.

As applied to behavior and WBP, mouse strain is an

important consideration. Spontaneous mouse behavior is

heavily influenced by strain [18, 19]. As such, we recom-

mend using mice of a common background to eliminate

strain-dependent behavior differences. Based on this

rationale we used of C57 (C57BL/10SnJ) and mdx

(C56BL/10ScSn-Dmd\mdx[/J) strains in the current

investigation, which have been examined previously by

WBP [11, 12]. As expected for 2-month-old C57 and mdx

mice, a period generally prior to respiratory dysfunction,

we did not observe baseline differences in estimated res-

piratory function (data not shown). Based on this finding,

calculated values from C57 and mdx mice were combined

for subsequent analyses.

WBP chamber habituation time

Our first experiment was to determine habituation time

needed prior to initiation of data analysis. Prior to study,

we observed that many similar investigations featuring

WBP analyses do not report habituation times [8, 20].

Others report times between 5 and 10 min [6, 11, 17, 21,

22]. Given that these approaches were not validated as

reported, we performed a series of experiments where mice

with prior WBP exposure were examined for 30 min.

Findings from our study indicate that 7 of 8 estimated

respiratory values were stable by 10 min following place-

ment in the chamber, and one value stabilized between 10

and 15 min. These findings suggest that previous WBP

experiments may include variability due to an inadequate

habituation period. For our subsequent experiments we

chose to add a margin of safety in this regard and employed

a 20-min chamber habituation time before inclusion of data

for final calculations. Note that our choice to examine a

25-min time window exceeds that of most previously pub-

lished studies [6, 10–12, 17, 21] that include these

methodological details, with many fewer study findings

having comparable chamber habituation times reported in

published protocols [4, 13]. Based upon the aforementioned

impact of strain on mouse behavior, other investigators are

encouraged to verify WBP habituation times in other mouse

strains as it may impact respiratory function directly [11–

13] or indirectly through activity levels [18, 19].

Time of day and WBP

Our second set of experiments examined time of day

influence on WBP estimates on the resulting respiratory

measures. Findings in our reverse light cycle housed mice

indicate that early and late in the 12-h reverse light cycle

(7:30 a.m. and 6:00 p.m.), mice exhibited a less frequent

and shallower breathing pattern. This finding is consistent

with understanding of nocturnal species housed on a

reverse light cycle. Collectively, we observed increases of

14 % respiratory rate, 12 % tidal volume, 25 % minute

ventilation, and 21 % peak expiratory flow at 3:00 p.m. as

compared to 7:30 a.m. Based on these time-dependent

findings, high throughput analysis may be limited when

using WBP devices (most commercial systems allow for

measurement of 4 chambers simultaneously) in that our

data suggest that mice be examined within a common 2-h

time window. Careful examination of published literature

revealed no reporting of when mice were measured, though

it is likely that in the name of efficiency many, if not most

investigators, conducted experiments throughout the day. If

this assumption about prior data collection is correct, then

time of day variations in breathing patterns may impact

calculated respiratory values in one of two ways. First, if

mice from all treatments were examined across the day,

then the observed error would likely be elevated as com-

pared to values collected within a common time window.

Second, if mice were not equally dispersed throughout the

day, then results may be skewed toward false positive or
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false negative outcomes, depending on when animal groups

were investigated.

WBP and lighting

Based on the fact that mice are nocturnal, we housed our

animals on a reverse light cycle in order to examine them

during the typical human work day. We tested the influence

of ambient lighting on WBP respiratory function. Findings

from the current study revealed that, as expected, calcu-

lated respiration data were blunted when the experiment

was performed in a lit room during the active portion of the

photoperiod. Specifically, in mice observed in a lit room

during their scheduled dark phase, we observed a 10 %

drop in respiratory rate, a 17 % drop in tidal volume, a

22 % drop in minute ventilation, a 16 % drop in peak

inspiratory flow, and a 14 % drop in peak expiratory flow.

These findings are not surprising given the nocturnal nature

of mice, and indicate an innate inclination to rest in lit

conditions. As such, we recommend that, unless otherwise

indicated for a particular study design, WBP measures be

performed in a darkened room during the active portion of

the photoperiod and in a lit room during the resting hours.

Study limitations

In addition to the need to verify the current findings in

other mouse models, several study limitations require

clarification. First, WBP is often applied with use of

aerosolized compounds to induce airway challenge [10], a

methodological aspect not included in this methodological

investigation. Whether use of inhalants would require

additional habituation time and be influenced differently by

time of day or ambient lighting is not currently known.

Moreover, respiratory function is also influenced by sex

and age, biological considerations that were not examined

in this investigation as all mice were of the same age and

sex.

Conclusions

In summary, the findings of this study reveal that despite

the known technical limitations in WBP for estimation of

respiratory function in conscious, unrestrained mice, the

technique can be refined and is reproducible. Reproducible

outcomes were obtained when values were averaged over a

25-min collection period and were dependent upon an

adequate chamber habituation time exceeding 15 min,

occurred within a common 2-h time window, and occurred

during the dark phase of a reverse light cycle. While we

have not examined the impact of sex [23], age [22], or the

influence of airway challenges [10], in a variety of other

mouse models [13], the current study design serves as a

methodological model for further investigation of WBP for

estimation of respiratory function and potentially as a

standard for measurement of respiratory function in C57

and mdx mice.
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