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 61 

Abstract  62 

The fundamental body functions that determine maximal O2 uptake (VO2,max) 63 

have not been studied in Aqp5 --/--  (aquaporin 5, AQP5) mice. We measured 64 VO2,max  to globally assess these functions and then investigated why it was 65 

found  altered in Aqp5 --/--  mice. VO2,max was measured by the Helox technique, 66 

which elicits maximal metabolic rate by intense cold exposure of the animals. 67 

We found VO2,max reduced in Aqp5 --/-- mice by 20 - 30% compared to WT. Since 68 

AQP5 has been implicated to act as a membrane channel for respiratory gases, 69 

we studied whether this is due to the known lack of AQP5 in the alveolar 70 

epithelial membranes of Aqp5 --/-- mice. Lung function parameters as well as 71 

arterial O2 saturation were normal and identical between Aqp5 --/-- and WT 72 

mice, indicating that AQP5 does not contribute to pulmonary O2 exchange. The 73 

cause for the decreased VO2,max thus might be found in decreased O2 74 

consumption of an intensely O2-consuming peripheral organ such as activated 75 

BAT. We found indeed that absence of AQP5 greatly reduces the amount of 76 

interscapular BAT formed in response to 4 weeks’ cold exposure, from 63% in 77 

WT to 25% in Aqp5 --/-- animals. We conclude that lack of AQP5 does not affect 78 

pulmonary O2 exchange, but greatly inhibits transformation of white to brown 79 

adipose tissue. Since under cold exposure BAT is a major source of the animals’ 80 

heat production, reduction of BAT likely causes the decrease in VO2,max under 81 

this condition.    82 

 83 
 84 
Key Words: 85 

Aquaporin 5, oxygen transport across membranes, gas channels, alveolar-86 

capillary barrier, pulmonary diffusion capacity, cold-induced brown adipose 87 

tissue, cold acclimatization of mice  88 

 89 

 90 

Introduction 91 

Maximal oxygen consumption of the body, VO2,max, is a quantity that critically 92 

depends on a large number of crucial vital parameters such as cardiac output, 93 

pulmonary gas exchange, O2 and CO2 transport in the blood, microcirculation, 94 
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skeletal muscle mass and its fiber characteristics. Thus, VO2,max can be used to 95 

obtain a global assessment of many basic parameters of an organism. 96 

Previously, we have used this parameter to characterize aquaporin-1 (AQP1) 97 

and aquaporin-9 (AQP9) knockout mice. We have reported that AQP9-ko mice 98 

exhibit normal VO2,max, while AQP1-ko mice have a VO2,max reduced by 16% (1). 99 

Arterial oxygen saturation as measured by pulse oximetry in the carotid artery 100 

was normal and identical in AQP1-ko and in WT mice. Thus, pulmonary gas 101 

exchange in AQP1 mice is not affected by the lack of AQP1. Searching for the 102 

cause of the reduction of VO2,max, we observed in a subsequent study – in partial 103 

agreement with an earlier study (2) – that the left ventricles of AQP1-ko mice 104 

possess a reduced muscle mass and wall thickness (3), which is expected to 105 

result in a diminished maximal cardiac output in Aqp1¯/¯ mice.       106 

We note that it is the Helox technique that we have used in the 107 

aforementioned as well as in the present study to assess VO2,max. This technique 108 

measures oxygen consumption under exposure of the mice to 4°C with the 109 

animals respiring a gas mixture of He and O2 that is cooled down also to 4°C. 110 

This results in a marked heat loss of the animals, mainly by their ventilation, 111 

which increases oxygen consumption to maximal levels in order to maintain 112 

body core temperature. VO2,max obtained by the Helox method has repeatedly 113 

been shown to be – with exceptions -  identical to that obtained by forced 114 

wheel or treadmill running (4–6).  115 

In the present study, we apply the Helox technique to a comparison of Aqp5¯/¯ 116 

and WT mice. AQP5 is an aquaporin that conducts water like AQP1 and AQP9, 117 

but does not conduct glycerol as the aquaglyceroproteins do. Recently, it has 118 

been shown to conduct CO2 in addition (7, 8), as has earlier been shown 119 

extensively for AQP1 (7, 9–12). Besides AQP1 and AQP5, several other 120 

aquaporins such as AQP0, AQP4, AQP6 and AQP9 have been demonstrated to 121 

act as channels for CO2 besides for water (7, 11). The main pathway through 122 

aquaporins used by CO2, the central pore of the aquaporin tetramer, has been 123 

shown in the case of AQP1 and AQP4 to also act as a channel for O2 (9, 13–15). 124 

It has been pointed out that the relative role of protein gas channels will 125 

depend on the intrinsic gas permeability of the membrane considered (16). It 126 

has also been pointed out that the membrane protein content and membrane 127 

cholesterol affect this intrinsic permeability. In the case of O2 permeability, it 128 

has been shown that membrane protein can reduce the apparent gas 129 
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permeability of the membrane by 30-40% (17). However, a much more potent 130 

effector of intrinsic membrane gas permeability seems to be cholesterol, which 131 

can decrease membrane CO2 permeability by 2-3 orders of magnitude (18), and 132 

can raise intrinsic O2 permeability by one order of magnitude (19). Thus, high 133 

membrane cholesterol can very effectively make protein CO2 channels the 134 

dominant pathway for CO2 across the membrane, and even in the case of O2 135 

permeation across high-cholesterol membranes the intrinsic membrane O2 136 

permeability is still so low that O2 fluxes across the membrane might be 137 

noticeably enhanced by gas channels (19). Thus, in the present case of AQP5, it 138 

is conceivable that this protein could also play a role as a channel for O2.  139 

When searching for AQP5’s function, a further aspect to be considered is its 140 

distribution in the organs of the body. According to several authors (20–22) a 141 

major localization of AQP5 is in the lung, with strong staining of the apical 142 

membranes of type I alveolar epithelium and also staining in the more proximal 143 

airways from bronchi up to the trachea. In addition, there are significant 144 

localizations in several smaller exocrine glands such as the submandibular 145 

gland, lacrimal gland, and to a weaker extent in the parotid and sublingual 146 

glands. Stronger staining has in addition been observed in the eye, and AQP5 147 

expression has recently also been reported  in brown adipose tissue (23). AQP5 148 

appeared absent in heart, skeletal muscle, red blood cells as well as in the 149 

gastrointestinal tract (22). Thus, in contrast to Aqp1¯/¯ mice, cardiac function, 150 

as well as skeletal muscle function, should not be affected in Aqp5¯/¯ mice. 151 

In this article, we aim to determine the function of AQP5 in oxygen transport in 152 

the body, next to its known role of fluid transport in glandular secretion in the 153 

above-mentioned glands. For this purpose, we first measure VO2,max of Aqp5¯/¯ 154 

and WT mice. Since we find VO2,max to be markedly reduced in Aqp5¯/¯ mice, we 155 

then investigate whether maximal body oxygen consumption is reduced a) due 156 

to a limitation on the side of O2 uptake, i.e. in the lung, or b) by a limitation on 157 

the side of O2 entry into a peripheral O2-consuming organ. On the peripheral 158 

side, we study brown adipose tissue (BAT), because this tissue can exhibit an 159 

extremely high oxygen consumption, whereas two other potentially intense 160 

oxygen consumers, heart and skeletal muscle, do not express AQP5 und thus 161 

should not be affected in Aqp5¯/¯ animals.  162 

 163 
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Methods 164 

Animals. – Breeding pairs of heterozygous aquaporin-5 KO mice bred on a 165 

C57Bl/6 background were those generated in Dr. Anil Menon’s lab (24) and 166 

thoroughly characterized by the same group (24, 25). This mouse line, which 167 

was subsequently used in Dr. Venkatamarana K. Sidhaye’s lab (26) and in the 168 

present work, was demonstrated to lack AQP5 protein in several localizations 169 

(several exocrine glands and lung) (24, 25). These mice were intercrossed with 170 

C57Bl/6 mice to obtain homozygous AQP5-KO and WT littermate controls, as 171 

ascertained by PCR genotyping. DNA was obtained from ear punchings used 172 

with the specific primers Aqp5-Int3F: ACCC CTTG ACAG CGTC TCCA, Aqp5-173 

Int3R: GACA GGAT TCCC AATC CCAC , and Aqp5-RPGKO: GCAT GCTC CAGA 174 

CTGC CTTG G in one single PCR reaction. The mice used in this study had an age 175 

of between 75 and 90 days. All animal experiments were approved by the 176 

Niedersächsisches Landesamt für Verbraucherschutz und 177 

Lebensmittelsicherheit (No. 33.12-42502-04-16/2328). At the German Mouse 178 

Clinic (27, 28), mice were maintained in IVC cages with water and standard 179 

mouse chow according to the directive 2010/63/EU, German laws and GMC 180 

housing conditions (www.mouseclinic.de). All tests were approved by the 181 

Regierung von Oberbayern.    182 

AQP5 Western Blots. – We have ascertained the absence of AQP5 in the KO 183 

animals of our present breed by performing Western Blots from lung tissue 184 

homogenate of KO and WT mice. To obtain the homogenates, animals were 185 

killed via cervical dislocation und the lungs removed. Connecting tissue and the 186 

trachea were removed from the isolated lung. Tissue was suspended in 187 

phosphate buffered saline with 0.25 M glucose, 1mM PMSF and 4 µg/ml 188 

leupeptin. The vessel containing the lung tissue was immersed in ice water and 189 

the tissue homogenized with an Ultra-Turrax Tissue homogenizer (IKA Werk, 190 

Staufen, Germany) by 4 short 3-second bursts. The homogenate was then 191 

centrifuged at 800 RCF for 15 min and the supernatant discarded. The pellet 192 

was resuspended in the same buffer, protein content determined via 193 

Nanoquant Proteinassay (Carl Roth, Karlsruhe, Germany) in a Plate Reader 194 

(FluoStar Optima, BMG Labtech, Ortenberg, Germany), and the suspension 195 

finally diluted to 30 mg protein/ml.   196 
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The knockout of AQP5 in the mice was verified by Western blotting as 197 

described in (18). SDS-PAGE was performed on a 1-mm-thick 9% acrylamide gel 198 

in a Mini-Protean 3 SDS-PAGE chamber (Bio-Rad). Samples were mixed 1:2 with 199 

sample buffer (130 mM Tris-HCl, 20% glycerol, 4.6% SDS, 0.02% bromphenol 200 

blue, and 2% DTT) and heated to 40°C for 5 min. This mixture was loaded onto 201 

the gel (15 μl/lane resulting in 15µg protein per lane). A Trans-Blot SD semidry 202 

transfer cell (Bio-Rad, Richmond, CA, USA) was used with a nitrocellulose 203 

membrane. Immunodetection was achieved with the AQP-5 antibody (affinity-204 

purified polyclonal antibody against the murine/rat AQP-5 C-terminal region 205 

(245-265aa) (Biozol Diagnostica, Eching, Germany) and, as secondary antibody, 206 

anti-rabbit-IgG IRDye680CW (Li-Cor Biosciences, Lincoln, NE, USA). The Odyssey 207 

Infrared Imaging System (Li-Cor Biosciences) was used for visualization of the 208 

antibody-labelled protein bands. Fig. 1 confirms that in the lungs of the mice 209 

used here AQP5 (mol.wt. ~ 27 kDa (29)) was present in WT and absent in KO 210 

animals. 211 

Maximal O2 consumption by the Helox technique.- These measurements were 212 

done on conscious mice using the Helox technique (5, 30) as described by us 213 

earlier (1). Before performing the measurements of VO2max (and of arterial 214 

oxygen saturation, SO2, (see below)), the animals were acclimatized to the cold 215 

by exposure for 5 hrs. per day over 4 weeks to 4°C in the cold room (31). As we 216 

had ascertained earlier (1), this led, due to a substantial increase in brown 217 

adipose tissue (BAT)(31), to a prolonged perseverance of the animals under the 218 

conditions of the VO2max and SO2 measurements with 79% He in the inspired gas 219 

at 4°C (see below). This longer perseverance helped to establish stable plateau 220 

values in both measurements, indicating that the animals’ metabolism had 221 

reached a steady state. A gas reservoir in a cold room (4°C) was flushed by a 222 

mixture of 79% He with 21% O2 (normoxic) or of 79% He with 11% O2 and 10% 223 

N2 (hypoxic) precooled to 4°C and saturated with water vapor at this 224 

temperature before entering the reservoir. A respiratory box (inner dimensions 225 

8 x 7 x 13 cm), in which a mouse was placed, was perfused at a defined flow 226 

rate of ~ 35 l/h with gas from the reservoir. We note that at the dimensions 227 

given, the high diffusivity of O2 in air alone ensures the near absence of O2 228 

gradients within this chamber. The outflowing gas was dried and then led 229 

through a mass flow meter (Fig. 1 in ref.(1)). Part of the gas flowing out of the 230 

flow meter was pumped into a FoxBox oxygen analyzer (FoxBox; Field Oxygen 231 
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Analysis System; Sable Systems, North Las Vegas, NV 89032 USA). The same Fig. 232 

1 in (1) shows that in parallel an identical flow of the same gas mixture was 233 

established through an empty reference box (with identical dimensions), which 234 

was also dried before flow and O2 concentration were measured. From the 235 

(dried) gas flow leaving the respiratory box and the O2 concentrations in the 236 

(dried) gas mixtures flowing out of the respiratory and the reference box, 237 

respectively, the animal’s oxygen consumption was calculated using eq. 11.2 238 

(on p. 126 of (32)): 239 VO2,max = FRe (FiO2 – FeO2) / [1 – FiO2 (1 – RQ)], 240 

where FRe is the flow rate out of the respiratory box after drying, FiO2 is the O2 241 

concentration of the gas flowing out of the reference box, FeO2 is the O2 242 

concentration of the gas flowing out of the respiratory box (both after drying), 243 

and RQ is the respiratory quotient. With regard to the latter, we note that 244 

simultaneous measurement of CO2 in the FoxBox was not possible because of a 245 

drastic and persisting drift of the CO2 sensor’s baseline in the presence of He at 246 

4°C. Thus, the respiratory quotient RQ could not be determined here. The 247 

results for VO2,max given below were calculated for the average RQ=0.8. If at 248 

normoxia the RQ value were assumed to be 1.0, the VO2,max values given here 249 

would decrease by ~4%, with RQ=0.7 they would increase by ~2%. These latter 250 

two percentages indicate the maximal degree of uncertainty in the present 251 VO2,max determinations due to lack of knowledge of the actual RQ value, an 252 

uncertainty of minor significance in view of the differences between WT- and 253 

KO-mice seen in Fig. 3.    254 

 255 

In the present experiments, the Helox measurement was continued until a 256 

stable plateau of VO2,max was reached. A plateau value was usually reached after 257 

a few minutes and the experiment was then continued for several more 258 

minutes to ascertain the stability of this plateau, and measurement was taken 259 

from the entire plateau. After VO2,max began to decline after the plateau phase, 260 

we found that body temperature of the animals also began to decline after 261 

having been stable during the plateau phase. All VO2,max values are given per 262 

body weight, as specific oxygen consumptions.   263 

 264 

It has been shown by Rosenmann and Morrison and several others (4–6) that 265 

the maximal increases in oxygen consumption over the resting level seen by 266 

Helox under cold exposure are under many conditions about identical to the 267 
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increases seen under treadmill or wheel running. It should be noted, however, 268 

that a divergence between exercise- and cold-induced VO2,max values has been 269 

reported especially in mice cold-acclimatized for the extremely long time of 9 270 

weeks at 5°C, which then exhibited a 60% greater thermogenic capacity in the 271 

cold than under exercise (33–35). 272 

 273 

Lung parameters.- Lung function was characterized on mice anesthetized with 274 

ketamine-xylazine and then tracheostomized and cannulated before being 275 

analyzed using a forced pulmonary maneuver system (36) (Buxco Research 276 

Company, Data Sciences International) running FinePointe Software (version 6, 277 

Data Sciences International). A breathing frequency of 150 breaths/min was 278 

imposed on the anesthetized animals. The quasistatic PV maneuver protocol 279 

was followed to determine vital capacity (VC) and residual volume (RV). The 280 

fast flow volume maneuver was followed to determine peak expiratory flow 281 

(PEF). Dynamic compliance (Cdyn) and inspiratory resistance (RI) were also 282 

determined. At least three maneuvers were performed per mouse and the 283 

mean value taken. The CO diffusion factor DFCO of lungs (a quantity closely 284 

related to the CO diffusing capacity DLCO) was determined using a small 285 

concentration of CO plus a low concentration of Ne as an insoluble tracer gas in 286 

the inspired gas mixture. The principle was as described earlier (37). 0.8 ml 287 

mixed gas (0.5 % Ne, 21 % O2, 0.5 % CO and 78 % N2) was instilled into the mice 288 

lungs through the cannula and withdrawn 2 s later for analysis on a 3000 Micro 289 

GC Gas Analyzer (Infinicon) running EZ IQ software v3.3.2 (Infinicon). DFCO was 290 

calculated as 1-(CO1/CO0)/(Ne1/Ne0) where 0 and 1 refers to the gas 291 

concentration before and after instillation respectively. DFCO is a dimensionless 292 

quantity varying between 0 and 1, where 0 represents no uptake of CO at all, 293 

and 1 a complete uptake of all CO. In addition to the functional parameters we 294 

determined morphological parameters from hematoxylin-eosin- (HE) -stained 295 

lung tissue sections as described previously (38), especially mean chord length, 296 

MCL, as an indicator of emphysema, and we observed the number and size of 297 

inflammatory infiltrations.                                                                                                                    298 

 299 

Arterial SO2 and heart rate by pulse oximetry under conditions of maximal O2 300 

consumption.-  Arterial oxygen saturations in the carotid artery (SO2) as well as 301 

heart rates (HR) were measured in conscious animals with a MouseOX Plus 302 
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pulse oximeter (Starr Life Sciences Corp., Oakmont, PA 15139 USA) using 303 

ThroatClip sensors size M or S, depending on animal size. Further details were 304 

as described earlier (1). The SO2 and HR measurements were performed under 305 

conditions identical to those of the VO2,max determinations, under normoxia or 306 

hypoxia in the He-O2-(N2-) flushed respiratory box at 4°C. Also, mice had been 307 

pre-acclimatized to 4°C as described for VO2,max measurements. After several 308 

minutes a plateau was reached for SO2 and HR, and the values of this plateau 309 

were used in Table 1. Due to the initial agitation of the animals right after 310 

placement in the respiratory box, the initial HR values were even higher than 311 

those of the plateau.     312 

 313 

Development of brown adipose tissue in response to intense cold exposure.-  314 

Again, a cold acclimatization protocol was performed whose effect on the 315 

amount of interscapular brown adipose tissue (iBAT) had been quantitated 316 

earlier (39) and found to yield about identical increases in iBAT as the protocol 317 

described above for the preparation of the animals for VO2,max determination 318 

(31). Six female wild type and six female AQP5 knockout mice where housed 319 

individually in standard makrolon cages type 3 on wood shaving substrate with 320 

water and food (Altrumin 1324 TPF maintenance diet) ab libitum in a 12:12 hrs. 321 

light cycle. All animals where in the same age and body weight range. Animals 322 

were first exposed to 16°C for two weeks, followed directly by 24 hrs./day 323 

exposure to 4°C for additional two weeks. Body weight was controlled at the 324 

beginning, after the first and the second two-week periods. After the last 325 

adaptation period, animals where sacrificed via cervical dislocation and iBAT 326 

was removed, separated from surrounding white adipose tissue and weighed.   327 

Preparation of BAT cells was performed after (40). iBAT was again cut out from 328 

the cold-adapted mice, and surrounding white adipose and connective tissue 329 

were removed. Isolation of iBAT cells was achieved by a modification of the 330 

protocol of Pettersson and Vallin (40). In short:  the mass of the extracted iBAT 331 

was determined for each individual mouse and the BAT from 3 animals was 332 

then pooled for one cell preparation. The pooled BAT was finely minced with 333 

scissors in an 1.5 ml plastic tube containing 3 ml/g tissue of a modified Krebs-334 

Ringer phosphate buffer (110.9 mM NaCl, 1.4 mM KH2PO4, 3.8 mM NaH2PO4, 335 

16.7 mM Na2HPO4, 1.5 mM CaCl2, 10 mM glucose, 10 mM fructose, 4% bovine 336 

serum albumin and 2 mg/ml collagenase).  The tissue suspension was 337 

incubated for 5 min in a 37°C water bath and vortex-stirred every 60 seconds. 338 
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The suspension was layered onto a 100 µm cell strainer and washed with 5 ml 339 

buffer. The tissue was then removed from the strainer and incubated for 340 

additional 30 min at 37°C in the same buffer, with vortex stirring every 5 341 

minutes.  After complete digestion, the tissue suspension was filtered through 342 

a 100 µm cell strainer and washed 3 times in buffer without collagenase by 343 

centrifugation at 1000g for 10 min and resuspension. The resulting cell pellet 344 

was carefully re-suspended in 300 µl buffer without collagenase, leaving the 345 

denser lowest pellet of red blood cells behind. The red cell pellet was 346 

discarded. Number of brown adipose cells was then determined with a 347 

Neubauer counting chamber. Cytochrome c contents of these cells were 348 

determined using the Quantikine ELISA Rat/Mouse Cytochrome C kit from R&D 349 

Systems and FLUOSTAR Optima Plate reader (BMG Labtech, Ortenberg, 350 

Germany). Cellular protein concentration was determined by Bradford ROTI 351 

Nanoquant (Carl Roth, Karlsruhe, Germany). Uncoupling protein-1 (UCP1) in 352 

the same cells was quantitated after cell lysis by the Uncoupling Protein 1 353 

BioAssay ELISA Kit (Mouse) (USBiological, Life Sciences, Cat.No. 028766; Salem 354 

MA, USA). The assay was performed in the above plate reader using an 355 

absorbance wavelength of 450 nm.  356 

 357 

Results 358 

Maximal O2 consumption of AQP5-KO and WT mice in normoxia and 359 

hypoxia.- Fig. 2a and b show the measured specific VO2,max values for wild type  360 

mice under normoxia and hypoxia (11% O2, corresponding to an altitude of 361 
about 4500 m). The values seen in Fig. 2a agree well with those reported 362 
previously for various other Bl/6 wild type mice (1, 5, 6). Also, the values seen 363 
under hypoxia in Fig. 2b are about 40% lower than the normoxic VO2,max values, 364 
which agrees with the hypoxic values reported earlier (1). Comparing female 365 
(red dots) and male (grey dots) mice, it is apparent from both data sets that sex 366 
has no major effect on VO2,max, except by the lower body weight of females 367 
compared to males. This is in agreement with the minimal effect of sex on 368 VO2,max seen previously in cold-adapted animals (41). The regression lines with 369 
fairly good correlation coefficients of Fig. 2 a and b thus allowed us to describe 370 
the dependency of VO2,max on body weight in WT under normoxia and hypoxia. 371 
The fact that the specific VO2,max values of WT in Figs. 2a and b decrease with 372 
increasing body weight is at least partially explained by the fact that body 373 
surface is an important determinant of VO2 and increases with increasing body 374 
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weight to lesser extent than body weight itself. In other words, the slopes in 375 
both figures reflect the fact that surface-to volume ratio decreases with 376 
increasing body weight (42, 43).   377 

It is apparent from Figs. 2c and d that the body weights of the Aqp5 -/ - mice 378 

tend to be lower than those of wild type mice. In order to identify the 379 

important variable(s) determining the resulting values of VO2,max, we used a 380 

multiple regression analysis (IBM SPSS Statistics, Version 21) with the numerical 381 

dependent variable VO2,max, the numerical independent variable body weight, 382 

and the two nominal dummy-coded independent variables sex and genotype. 383 

The result shows that in both, the sets of data at normoxia and hypoxia, sex is 384 

not a significant influence (p= 0.20 and p= 0.56, respectively). This is quite 385 

compatible with the appearance of the data of Fig. 2.  Again in line with the 386 

appearance of the data in Fig. 2, body weight has a significant influence on 387 VO2,max in normoxia (p=0.004) but a lesser one in hypoxia (p=0.08). The analysis, 388 

on the other hand, shows clearly that genotype constitutes the decisive 389 

influence on VO2,max both in normoxia (p=0.003) and in hypoxia (p=0.001). The 390 

latter p-values suggest that the dependence on genotype may even be 391 

somewhat greater in hypoxia than in normoxia, an observation compatible with 392 

the graphical representation of the data given in Fig. 3 (see below). We 393 

conclude that genotype is the major influence on the value of VO2,max and the 394 

differences in VO2,max between WT and KO animals are highly significant. 395 

 396 

In order to visualize the effects on VO2,max by  genotype, body weight and sex, 397 

we used the slopes of the regression lines for WT shown in Fig. 2a and b in 398 

order to correct all female and male WT VO2,max values, respectively, to the 399 

average body weights of the corresponding female and male KO groups in Fig. 400 

2c and d (the averages of the KO groups are shown by the big dots in both 401 

latter figures for the case of each (separately considered) sex). The body-402 

weight-corrected WT data are then shown in Fig. 3 as columns on the left-hand 403 

sides in comparison to the KO data for identical body weights (on the right 404 

hand sides). The appropriate body weight is given at the bottom of the figure 405 

for each pair of columns. To obtain an impression of the level of significance for 406 

each of these individual comparisons, unpaired t tests (GraphPad Prism 6) were 407 

applied to the groups of WT vs. KO values for all conditions of Fig. 3. The results 408 

are shown in the figure in terms of percent difference between WT and KO and 409 

in terms of the level of significance of this difference (number of stars). As 410 
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expected, these results are consistent with the general results of the multiple 411 

regression analysis. Combining male and female data (“all data”) we find a 412 

reduction of VO2,max in KO animals under normoxic conditions by 21% and under 413 

hypoxic conditions by 26% (left hand panel in Fig. 3). Considering male and 414 

female data separately (right hand panel in Fig. 3), we observe reductions in all 415 

KO groups, although the reduction is smallest and statistically not significant in 416 

male normoxic animals (13%), but greater and statistically significant in male 417 

hypoxic data (19%), and in female normoxic (28%) and hypoxic data (34%). 418 

Overall, it is clear that VO2,max in AQP5-KO animals is markedly reduced by up to 419 

1/3. It may also be noted that the differences are more pronounced and reach 420 

higher levels of statistical significance under hypoxia than under normoxia, in 421 

agreement with the multiple regression analysis.  422 

  423 

Parameters of lung function in AQP5-KO and WT mice.- Fig. 4 shows the 424 

results of the standard lung function parameters vital capacity, VC, residual 425 

volume, RV, dynamic compliance, Cdyn, inspiratory resistance, Ri, and peak 426 

expiratory flow, PEF. In a two-way ANOVA with Sidak’s multiple comparison 427 

test, almost all these values show no significant difference between WT and KO 428 

animals, both in females and in males. The exception is DFCO in females, which 429 

shows a weakly significantly greater DFCO in KO vs. WT animals. Of course also 430 

this latter observation argues clearly against a significant role of AQP5 as an O2-431 

conducting pathway. In agreement with this finding on DFCO, a two-way ANOVA 432 

with interaction test shows only in the case of DFCO a (weakly) significant 433 

interaction between the effects of gender and genotype on lung parameters 434 

(see legend to Fig. 4).  Although male KO animals show a slightly elevated score 435 

for emphysema on the basis of the mean chord length, MCL, as observed in 436 

lung tissue sections (Figs. S1, S2a; Supplemental Figures 437 

https://doi.org/10.6084/m9.figshare.20097401.v2), and female KO animals 438 

show a somewhat elevated score for inflammation, as determined from the 439 

number and size of inflammatory foci seen in tissue sections (Fig. S2b; 440 

Supplemental Figures https://doi.org/10.6084/m9.figshare.20097401.v2), none 441 

of these differences is statistically significant. In the case of MCL, this agrees 442 

with Aggarwal et al. (26), who find no difference in MCL between WT and 443 

AQP5-KO mouse lungs exposed to air (although these authors do find an 444 

increase in MCL of WT but not of KO after the animals had been exposed to 445 

cigarette smoke). These findings are compatible with the lung function 446 
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parameters given in Fig. 4, which show in no case a significant difference 447 

between WT and KO animals that would indicate that absence of AQP5 might 448 

impair pulmonary uptake of O2. This allows us to conclude that there are no 449 

differences in lung volumes, compliance, elasticity and airway resistance 450 

between WT and KO. We note that induction of lung emphysema by 451 

oropharyngeal aspirations of elastase (38) induced a marked increase in 452 

emphysema score, but this happened quantitatively similarly in WT and KO 453 

mice (Fig. S3; Supplemental Figures 454 

https://doi.org/10.6084/m9.figshare.20097401.v2). With respect to the main 455 

aim of the present paper, the last panel of Fig. 4 (DFCO) represents an important 456 

finding showing the absence of a meaningful facilitation of gas transfer across 457 

the alveolar-capillary barrier by AQP5 in WT of both sexes. 458 

 459 

Arterial SO2 under conditions of normoxic and hypoxic maximal O2 460 

consumption.-  In order to ascertain whether oxygen uptake in the lung is 461 

potentially limited in AQP5-KO mice under conditions of VO2,max, we measured 462 

carotid arterial oxygen saturation in these conditions. Table 1 gives the results 463 

for SO2 together with the associated values of heart rates. It is apparent that 464 

arterial SO2 under normoxia is normal at 98% both in WT and KO animals. This 465 

shows that in both types of mice there is no pulmonary limitation of O2 uptake. 466 

Under hypoxia at an inspiratory O2 concentration of 11%, arterial SO2 was 72%, a 467 

value intermediate between the SO2 of 55% observed at hypobaric hypoxia 468 

equivalent to an inspiratory O2 concentration of 10.5% under maximal aerobic 469 

exercise in rats (44), and the value of 77% observed at the higher inspiratory O2 470 

concentration of 13.5 % under high-intensity interval exercise in humans (45). 471 

Again, it is apparent that SO2 is identical in WT and KO animals, indicating that 472 

lack of AQP5 in pulmonary epithelium does not cause a noticeably impaired O2 473 

equilibration across the alveolo-capillary barrier in hypoxia, as it does not in 474 

normoxia.   475 

 476 

Mass and properties of BAT after intense acclimatization of KO and WT mice 477 

to cold.- We find here that during the 4 weeks of two 24 h-per-day phases of  478 

acclimatization to two grades of cold, AQP5-KO mice form substantially less 479 

interscapular brown adipose (iBAT) tissue than WT mice. Table 2 shows first 480 

that neither during the two weeks of acclimatization to 16°C nor during the 481 

subsequent two weeks of acclimatization to 4°C is there any change in body 482 
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weight of the animals. Also, there is no difference in body weights between KO 483 

and WT animals. However, the absolute weight of the excised iBAT is 120 mg in 484 

KO mice and with 157 mg about 30% greater in WT mice. The same holds for 485 

the iBAT weights per body weight, which are 4.88 mg/g in KO mice and 6.28 486 

mg/g in WT mice, i.e. 29% greater in WT. In mice without cold adaptation we 487 

find iBAT masses of 3.97 (± 0.93 SD, n=5) mg/g for WT animals and of 3.91 (± 488 

0.56 SD, n=5) mg/g for KO animals. Thus, in non-acclimated animals there is no 489 

difference in iBAT mass between KO and WT (ns in an unpaired t-test with 490 

p=0.92). However, under intense cold exposure iBAT mass in WT mice increases 491 

by 63% from 3.97 to 6.28 mg/g, while in KO mice it increases only by 25% from 492 

3.91 to 4.88 mg/g. Thus, the increase in brown adipose tissue in response to an 493 

intense cold stimulus is 2.5-fold greater in WT than in AQP5-KO animals. 494 

Cytochrome c content as an indicator of mitochondrial density was determined 495 

to be 800 ng and 700 ng per 1۰106 isolated WT BAT cells in two pools of cells 496 

(each of them pooled from three WT animals), and, in the case of AQP5-KO 497 

animals, 719 ng and 588 ng per 1۰106 isolated BAT cells from two cell pools. 498 

Clearly, there is no drastic difference in cytochrome c content of both types of 499 

cells. However, all values are at least 10 times higher than one finds with this 500 

cytochrome assay in non-BAT cells (17 – 63 ng per 1۰106 cells according to the 501 

supplier of the kit). These cytochrome c values can be compared with the 502 

literature, when they are divided by the cellular protein concentrations. For the 503 

present data, this gives 110 and 75.1 pmol cytochrome c/mg protein for the 504 

two WT cell pools, and 91.2 pmol/mg and 95.6 pmol/mg for the two AQP5-KO 505 

cell pools. These numbers compare reasonably with the figure of 153 pmol/mg 506 

reported for brown adipocyte tissue after an even more extended cold 507 

exposure of the animals than ours (46). Determinations of UCP1 contents in the 508 

same four cell preparations just mentioned yielded 565 ng and 799 ng per 509 

1۰106 isolated WT BAT cells, and 409 ng and 694 ng per 1۰106 isolated BAT cells 510 

from AQP5-KO animals.  It turns out that like in cytochrome c contents, there is 511 

no major difference in UCP1 concentrations between iBAT cells from WT and 512 

KO animals.    513 

In conclusion, interscapular BAT mass after intense cold exposure is 514 

significantly lower in AQP5-KO than in WT mice. However, we find no major 515 

difference in cytochrome c concentration between BAT from AQP5-KO and WT 516 

mice, and both cytochrome c concentrations agree reasonably well with the 517 
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literature.  Also, UCP1 as an indicator of BAT activation is similar in BAT cells 518 

from AQP5-KO and WT animals.   519 

 520 

Discussion 521 

Reduced maximal body oxygen consumption of AQP5-KO mice by the Helox 522 

technique.- The Helox technique is an accepted method to determine maximal 523 

oxygen consumption of small animals. As stated above, it produces often the 524 

same increases of VO2 as they are seen by maximal physical activity under 525 

forced wheel running  (5, 6). However, after severe cold acclimatization, VO2,max 526 

determined by the Helox method may be greater than that determined by 527 

maximal exercise (33–35). Nevertheless, the VO2,max values of WT mice seen 528 

under normoxia (Fig. 2) are identical to those reported by both techniques in 529 

the literature for mice in normoxia (1, 5, 6). Similarly, the VO2,max  values seen in 530 

Fig. 2 under hypoxia agree well with those reported previously under identical 531 

conditions (1).  532 

The novel result of the multiple regression analysis described above and of Fig. 533 

3 is the observation of a reduction of VO2,max in AQP5-KO animals by up to 34%, 534 

the number obtained for female mice under hypoxic conditions. However, 535 

major reductions are also seen in Fig. 3 for female mice in normoxia and for 536 

males in hypoxia.  We conclude that the absence of AQP5 decreases either the 537 

uptake of O2 in the lung or the transport of O2 into tissues. 538 

Is it conceivable that AQP5 acts as a transport route of O2 through cell 539 

membranes? No direct evidence has been presented so far for such an effect. 540 

However, two other aquaporins with properties similar to those of AQP5, AQP1 541 

and AQP4, have been shown by experimental approaches (14, 15) and by 542 

molecular dynamics (MD) simulations to conduct O2 in addition to CO2 (9, 13). 543 

In addition, recently AQP5 has been shown by MD and by expression of AQP5 544 

in oocytes to be a good pathway for CO2 (7, 8). This makes it conceivable that 545 

AQP5 might also conduct O2, most likely in the central pore of the tetramer.  546 

In which organs could AQP5 facilitate O2 transport across cell membranes? 547 

AQP5 has been found to a major extent in the lung, bronchi, trachea, salivary, 548 

parotid and lacrimal glands, and the eye (22, 24, 47, 48). Most of these organs 549 

are too small to affect whole body VO2 significantly. However, the lung is the 550 
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largest one of these organs and by far the one with the greatest fluxes of O2 551 

occurring across its membranes. It is relevant in this context that Nielsen et al. 552 

(20) have shown that in the lung AQP5 is localized to the apical plasma 553 

membrane of type I pneumocytes, which cover the majority of the surface of 554 

the alveoli. Thus, we formulated the tentative hypothesis that AQP5 in this 555 

membrane might accelerate the flux of O2 across the alveolar-capillary barrier 556 

and thus facilitate O2 uptake by the lung. To study this possibility, we 557 

investigated lung function and arterial oxygen saturation.  558 

Does an impaired oxygen uptake in the lung of AQP5-KO mice reduce 559 

maximal oxygen consumption? – As shown above, we have done a thorough 560 

investigation of many lung functional parameters and found practically all of 561 

them to be normal. This finding is in excellent agreement with the observations 562 

of Krane et al. (25) on airway resistance, dynamic compliance and airway 563 

pressure time index, which were identical between KO and WT mice at low 564 

concentrations of acetylcholine. Also, it agrees with Aggarwal et al. (26), who 565 

found no evidence for signs of emphysema in KO mice. Most interesting in the 566 

present context is the pulmonary diffusion factor DFCO, which describes the 567 

global diffusion properties of the lung of WT and KO mice. There is clearly no 568 

reduction of DFCO in AQP5-KO mice, neither in females nor in males. It should 569 

be noted that DFCO, for methodological reasons, uses CO rather than O2 as the 570 

diffusing gas (37). It is not known, whether aquaporins conduct CO as well as 571 

O2, although this may be expected in view of the smaller size of CO. Thus, there 572 

is evidence against a role of AQP5 in O2 diffusion across the alveolar-capillary 573 

barrier, although it may not be considered entirely conclusive. We have 574 

therefore in addition studied the arterial oxygen saturation in the carotid 575 

artery, which reflects the degree of equilibration of lung capillary blood with 576 

alveolar O2 partial pressure. Table 1 shows that AQP5-KO as well as WT mice 577 

achieve under normoxia an identical and entirely normal arterialization of 578 

about 98%. Also under hypoxia, where an arterial oxygen saturation of 72% is 579 

achieved, there is no difference between KO and WT animals. Moreover, this 580 

saturation agrees very well with the saturation reported by Gonzalez et al. (44) 581 

for resting rats under a similar level of hypoxia. Thus, neither the diffusion 582 

capacity of the lungs nor the arterial oxygen saturations suggest any crucial role 583 

of AQP5 in pulmonary blood oxygenation. The alveolo-capillary barrier, which is 584 

as thin as 0.5 – 1 µm, either is not increased in its O2 conductivity by AQP5, or 585 
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its conductivity is so high that functionally it does not require a further increase 586 

by AQP5. A similar conclusion has been reached for the case of CO2 conduction 587 

across the alveolo-capillary  barrier from studies of artificially perfused lungs by 588 

Swenson et al. (49). 589 

In conclusion, the lack of AQP5, which causes a marked reduction of maximal 590 VO2, does not do so by an impaired pulmonary O2 uptake. The only alternative 591 

explanation then seems to be an impaired oxygen consumption of an intensely 592 

O2-consuming peripheral organ.     593 

AQP5 deficiency impairs development of brown adipose tissue under cold 594 

acclimatization.- The enhanced oxygen consumption during cold exposure is in 595 

several species mainly generated by brown adipose tissue, skeletal muscle 596 

when shivering occurs, and by the elevated activity of heart and respiratory 597 

muscles (50). In many cases, BAT contributes the majority of the increase in VO2 598 

under cold exposure (50). A further argument for favoring BAT as a candidate 599 

for the AQP5-dependent increase in VO2,max is the lack of AQP5 expression in rat 600 

skeletal muscle and heart (22), while on the other hand more recently a 601 

markedly higher expression of AQP5 in BAT compared to white adipose tissue 602 

has been observed (23). This was the motivation to study the mass of 603 

interscapular BAT (iBAT) and the properties of isolated brown adipocytes in 604 

intensely cold-acclimated AQP5-KO and WT mice.      605 
 606 
Table 2 shows that indeed the development of BAT under cold exposure is 607 

markedly inhibited in AQP5-KO compared to WT mice. Whereas WT mice have 608 

157 mg of interscapular BAT after the four weeks of graded cold adaptation, 609 

AQP5-KO mice possess only 120 mg. The increase in specific iBAT mass by the 610 

cold exposure was 63% in WT mice, but only 25% in AQP5-KO mice. While KO 611 

mice develop significantly less iBAT, the cytochrome c content of the BAT cells 612 

that are present is similar in WT and KO mice, and likewise are the 613 

concentrations of UCP1 in BAT cells similar in WT and KO. This indicates that 614 

the mitochondrial density within the available BAT cells is about equal in both 615 

situations, and their capacity for non-shivering thermogenesis should also be 616 

about equal. A weight of 120 mg iBAT is normal in Bl/6 mice kept at 30°C, a 617 

weight of 157 mg is also normal in Bl/6 mice kept for a prolonged time at 4°C 618 

((51), Fig. 2B). This would indicate that the BAT mass shown in Table 2 for WT 619 

mice is normal after cold acclimatization, while the value observed for AQP5-620 
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KO mice reflects a drastically diminished response to the cold exposure. 621 

Madeira et al. (52), using the 3T3-L1 preadipocyte cell line, observed an 622 

impairment of adipocyte differentiation when the expression of AQP5 was 623 

suppressed. We conclude that the expression of AQP5 is crucial for the 624 

transformation of white to brown adipose tissue under cold exposure. BAT has 625 

recently come into focus as an important beneficial factor regulating glucose 626 

and lipid metabolism also in humans (53). For example, it has been shown that 627 

in adipose men with type 2 diabetes BAT is “whitened” and shows a reduced 628 

glucose uptake (54). Thus, the metabolic situation of these individuals would 629 

improve if their BAT could be made to increase. In such a transformation, AQP5 630 

will obviously play an important role.      631 

What is the cause of the reduction of 𝐕O2,max of AQP5-KO mice? In normal 632 

mice VO2,max is limited by the capacity of the cardio-respiratory system. 633 

Enhanced exercise capacity is often associated with enhanced stroke volume 634 

and cardiac output, besides adaptations in the skeletal muscle system. For this 635 

reason, VO2,max is in many cases identical whether the increase in VO2 is caused 636 

by forced wheel or treadmill running or by increased non-shivering 637 

thermogenesis under cold exposure. A reduction of VO2,max by the 638 

cardiorespiratory system is unlikely to apply in AQP5-deficient animals, because 639 

AQP5 is not involved in pulmonary gas exchange function, as shown in this 640 

paper, and because it is not expressed in the heart (22). Likewise, a role of 641 

skeletal muscle in the reduction of VO2,max is not expected because AQP5 is also 642 

not expressed in skeletal muscle (22). This gives rise to the hypothesis that it is 643 

the reduction of the mass of iBAT (and possibly further BAT depots) that limits 644 

the increase in VO2,max of AQP5-KO animals, when the Helox technique is used 645 

to determine this parameter. With the data available, therefore, we conclude 646 

that in cold-acclimated AQP5-KO mice the significant reduction of BAT by ~25% 647 

leads to the reduction of VO2,max by around 25%. This quantitative coincidence 648 

suggests a causal relationship between changes in VO2,max and iBAT. It might be 649 

added that the observed reduction of iBAT presumably applies similarly to the 650 

other localizations of BAT. 651 

Although the details of the cold acclimatization protocols used for the VO2,max 652 

measurements and the iBAT weight determinations were – for technical 653 

reasons – not identical, the above conclusion is obvious, because both 654 

protocols lead to similar and substantial increases in BAT mass (31, 39). While 655 
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this result must not exclude a role of AQP5 as an O2 channel in adipocytes 656 

during their transformation into brown adipocytes, it provides no explicit 657 

evidence for such a function. Alternatively, AQP5 might be involved in this 658 

transformation process in some other way, e.g. by mediating cellular water 659 

fluxes or by its interaction with the transient receptor potential vanilloid 4 660 

(TRPV4) as has been proposed (52, 55). It might also act in a fashion similar to 661 

the role of AQP1 in migration and proliferation of several cell types such as for 662 

example in pulmonary vascular cells (56).   663 

 664 

Perspectives and Significance 665 

This paper presents three major observations: 1) maximal body O2 666 

consumption, VO2,max, elicited by cold exposure of mice acclimatized to the cold, 667 

is reduced by 20-30% in AQP5 knockout (KO) mice, 2) this reduction is not due 668 

to a limitation in the animals’ O2 uptake in the lung, since the lung diffusion 669 

factor as well as arterial O2 saturation are identical between wild-type and KO 670 

mice, and 3) the reduced VO2,max is likely due to the brown adipose tissue (BAT) 671 

in KO mice, whose mass is reduced by 25% compared to wild-type. Observation 672 

3 is consistent with the fact that under cold exposure a majority of the increase 673 

in VO2,max observed in acclimatized animals is generated by the enhanced mass 674 

of intensely metabolizing BAT. Thus, we report here the novel findings that a) 675 

AQP5 – although it is a putative gas channel and strongly expressed in 676 

pulmonary epithelium – does not contribute to O2 uptake in the lung, but b) 677 

AQP5 instead is vital for the conversion of white into brown adipose tissue 678 

under acclimatization to the cold. The role of AQP5 in this latter process 679 

represents an exciting starting point for the study of the mechanism of this 680 

conversion. Understanding and exploiting this mechanism will have great 681 

therapeutic potential in the context of attempts to improve the metabolic 682 

situation in type 2 diabetes and metabolic syndrome, which is known to be 683 

positively affected by BAT.   684 
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Tables 934 

 935 
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 937 

 938 

              939 

 940 

 941 

 942 
 943 
 944 
 945 
 946 
Table 1.   Arterial O2 saturation and heart rate in WT and AQP5-KO mice under cold 947 
exposure in Helox. 948 
 949 

 950 

  951 

 Arterial O2 Saturation
(%)   ± SD 

Heart Rate 
 (min-1) ± SD 

n 

WT Normoxia 97.9   ±   0.75   573   ±   100 6 
KO Normoxia 98.4   ±   0.97       541   ±   69 11 
  
WT Hypoxia 71.7   ±   4.1 493   ±   72 6 
KO Hypoxia 71.7   ±   3.1 463   ±   16 10 
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 952 

 953 

 954 

 955 

 956 

 957 

Table 2. Body weights and interscapular BAT weights of AQP5-KO and WT mice after 958 
a 4 weeks’ graded cold stimulus. All animals were female, average age 300 days. SD, 959 
standard deviation, n, number of animals, p, level of significance in a comparison of 960 
AQP5-KO vs. WT by unpaired two-sided t-tests.   961 

 962 

 963 

 964 

 965 

 966 

 967 

 Body 
weight 
at start 
(g) 
 

Body 
weight 
after 2 wks 
16°C (g) 

Body weight 
after 
subsequent 
2 wks 4°C (g)

Weight 
of iBAT 
(mg) 

Weight of 
iBAT per body 
weight (mg/g)

AQP5-
KO 

  

Mean 24.7 24.4 24.6 120 4.88 
± SD  (n) ± 1.9 (6) ± 1.9  (6) ± 1.8   (6) ± 11   (6) ± 0.31   (6) 
   
WT   
Mean 25.7 25.1 25.1 157 6.28 
± SD  (n) ± 2.7  (6) ± 2.3   (6) ± 2.0   (6) ± 12  (6) ± 0.62   (6) 
   
P  0.467  0.533 0.64 < 0.0002 < 0.0006 
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 968 

Figures 969 

 970 

 971 

 972 

 973 

 974 

 975 

 976 

Fig. 1.  Western Blot of mouse lung tissue homogenate using an antibody against 977 
murine AQP5. Arrow indicates AQP5 band at about 27 kDa. On the leftmost lane 978 
molecular weight ladder given in kDa (Magic Mark XP, Invitrogen). Ko indicates 979 
tissue from AQP5 KO mice, wt tissue from wildtype mice. All lanes are from one 980 
blot.  981 

 982 

 983 
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 984 

 985 

Fig. 2. Specific maximal oxygen consumptions in dependence on body weight. Figs. 2a 986 
and 2c, VO2,max under normoxia with pO2,insp = 150 mmHg, Figs. 2b and 2d, VO2,max 987 
under hypoxia with pO2,insp = 80 mmHg. Red dots females, grey dots males. For the 988 
WT in Figs. 2a and 2b linear regression lines were calculated as given. For the KO in 989 
Figs. 1c and 1d, which are limited to narrower ranges of body weights, averages of 990 
the single values are indicated by the big dots.  991 

 992 

 993 
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 994 

 995 

 996 

 997 

Fig. 3. Average VO2,max values for female and male mice combined (left hand side) and 998 
for males and females separately (right hand side). Percentages above the columns 999 
for KO animals give the percentage of the KO value compared to the corresponding 1000 
WT value. Error bars indicate SD. Stars indicate the levels of significance of the 1001 
differences between the data pairs, as determined by t-tests: * P< 0.05, ** P< 0.01, 1002 
*** P<0.001, **** P< 0.0001.  All pairs of columns refer to identical body weights. 1003 
These weights are those of the KO groups considered. The WT data of VO2,max were 1004 
those shown in Figs. 2a and b, after being corrected to the respective average body 1005 
weight of the appropriate KO group by using the slopes of the regression lines in Figs. 1006 
2a and b. N values of the columns from left to right: 30, 15, 27, 24, 15, 8, 12, 14, 17, 6, 1007 
15, 10. 1008 

 1009 

 1010 

 1011 

 1012 

 1013 
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Fig. 4. Functional parameters of the lungs of WT and AQP5-KO mice. VC, vital 1017 
capacity; RV, residual volume; Cdyn, dynamic compliance; RI, inspiratory resistance; 1018 
PEF, peak expiratory flow, and DFCO, pulmonary diffusion factor for CO.  Statistical 1019 
analysis was performed by a two-way ANOVA with Sidak’s multiple comparison test 1020 
(GraphPad Prism version 6.01). None of the pairwise comparisons of KO vs. WT 1021 
showed a statistically significant difference, with the exception of DFCO, which was 1022 
weakly significant for females (p=0.035) but not significant for males (p=0.67). 1023 
Number of animals studied was 8. Additionally, we performed a two-way ANOVA test 1024 

with interaction with the categories gender and genotype using SPSS (IBM SPSS 1025 

Statistics, Version 21). This analysis showed globally (i.e. for both sexes 1026 

combined) no significant difference between KO and WT animals for all 1027 

different lung parameters (p values between 0.104 and 0.89). Between females 1028 

and males, significant differences were observed for the parameters VC, Cdyn, 1029 

PEF and DFCO. No significant interactions between the effects of sex and 1030 

genotype on parameters were demonstrable for all parameters (p between 1031 

0.112 and 0.64), with the exception of DFCO (p = 0.024). This latter finding is in 1032 

accordance with the result seen in the last panel of Fig. 4.  1033 

 1034 

 1035 

 1036 
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