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Housing temperature of solitary mice 
for best comparison to humans

• 1.7 to 1.8x BMR
• Heat dissipation

Not 21 °C, Not 30 °C, but 25.5 °C - 27.6 °C
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Abstract 38 

Objectives Ambient temperature impinges on energy metabolism in a body size dependent manner. This 39 

has implications for the housing temperature at which mice are best compared to humans. In 2013, we 40 

suggested that, for comparative studies, solitary mice are best housed at 23-25 °C, because this is 3-5 °C 41 

below the mouse thermoneutral zone and humans routinely live 3-5 °C below thermoneutrality, and 42 

because this generates a ratio of DEE to BMR of 1.6-1.9, mimicking the ratio found in free-living humans.  43 

Methods Recently, Fischer et al [1] challenged this estimate. By studying mice at 21 °C and at 30 °C (but 44 

notably not at 23-25 °C) they concluded that 30 °C is the optimal housing temperature. Here, we measured 45 

energy metabolism of C57BL/6 mice over a range of temperatures, between 21.4 °C and 30.2 °C.  46 

Results We observed a ratio of DEE to BMR of 1.7 at 27.6 °C  and of 1.8 at 25.5 °C, suggesting that this is 47 

the best temperature range for housing C57BL/6 mice to mimic human thermal relations. We used a 24 48 

minute average to calculate the ratio, similar to that used in human studies, while the ratio calculated by 49 

Fisher et al dependent on short, transient metabolic declines.  50 

Conclusion We concur with Fisher et al and others that 21 °C is too cool, but we continue to suggest that 51 

30 °C is too warm. We support this with other data. Finally, to mimic living environments of all humans, and 52 

not just those in controlled Western environments, mouse experimentation at various temperatures is likely 53 

required. 54 

 55 
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Introduction 67 

Temperature is a key environmental variable that exerts various impacts on physiology and health of all 68 

animals, including humans. Mice are currently the most widely used animal model for human disease and 69 

fundamental biology. Yet they differ from humans, most notably by being about 3.5 orders of magnitude 70 

smaller in body mass. This difference has an impact on their thermal relations. Historically, the temperature 71 

at which animal facilities have been maintained is around 20 - 21 °C. The choice of this ambient 72 

temperature was not based on any objective evaluation of whether it best suits the animals in question. It 73 

was also not based on any evaluation of whether it promotes the most efficient translation of data from 74 

mouse to human. In recent years, this has raised some debate (e.g. [2-5]). Prior to 2013, this debate was 75 

framed largely as follows. The argument was made that humans generally live at thermoneutral 76 

temperatures, which minimises their energy demands, and maximises thermal comfort. It was then noted 77 

that 21 °C lies well below the thermoneutral zone of the mouse, and that their thermoneutral zone is around 78 

30 °C. It was therefore postulated that mice should not be housed at 21 °C, but rather at 30 °C (e.g. [2, 6]) 79 

In 2013, we questioned the logic of this argument on several grounds [7]. First, we showed that humans 80 

routinely maintain their living environments about 3 - 5 °C below their thermoneutral zone, not as is widely 81 

suggested ‘inside the thermoneutral zone’, which was further confirmed by Kingma et al [8]. Second, we 82 

showed that the lower critical temperature, which is the lower end of the thermoneutral zone, where 83 

animals experience maximal comfort when metabolising at basal metabolic rate, is dependent on the size 84 

and strain of the mouse under consideration. So, 30 °C only coincides with the lower critical temperature for 85 

certain smaller strains; for larger mice, it may be as low as 24 °C. For the most commonly used stain 86 

(C57BL/6), it is around 27 - 29 °C. A third and more salient issue, however, is that the lower critical 87 

temperature is only the most desirable to balance heat production in the basal state. If an animal expends 88 

energy above basal, then the temperature at which it exactly balances its heat budget will be lower, unless 89 

it also modulates body temperature. Indeed, humans very seldom expend energy at basal levels, but 90 

instead expend energy at around 1.6 - 1.9x basal metabolic rate [9]. Hence, this explains why the preferred 91 

temperature for humans to balance their heat budget is several degrees below their lower critical 92 

temperature. We suggested then that for a standard sized mouse (e.g.C57BL/6) without a nest, housed 93 

solitarily, the optimum temperature for housing to provide maximum translatability to humans might be 94 

around 23 - 25 °C; also 3 - 5 °C below their lower critical temperature. 95 

In a recent paper, Fischer et al [1] challenge these arguments. Their argument starts from the premise (as 96 

did Maloney et al [10]), that we recommended that mice should be housed at the standard temperature, 97 

which they state is 20 °C. This is incorrect; we only suggested that this housing temperature might be 98 

appropriate for group housed mice, that can huddle to keep warm, with lots of bedding and deep litter to 99 

serve as insulation. For single housed mice, as were studied by Fischer et al [1], we recommended 23 °C 100 

to 25 °C. They then, going back to the arguments pre-2013, compared the metabolic rates of mice 101 

measured at 21 °C (our supposed recommendation) with mice measured at 30 °C (the supposed mouse 102 

thermoneutral). They ultimately concluded that mice at 30 °C expend energy at around 1.8x basal levels, 103 

thereby closely mimicking the human level of energy expenditure, while mice at 21 °C expend energy at 104 
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3.1x basal and, hence, are chronically cold stressed. Regrettably, however, since the paper is framed as a 105 

direct rebuttal of our recommendations, they chose not to measure mice at the temperature we did 106 

recommend. 107 

Apart from setting up a straw man, by claiming we had recommended 20 - 21 °C, and then showing that 108 

solitary mice at this temperature are cold stressed, there are a number of issues with the study by Fisher et 109 

al [1]. To address this, we first present data on the oxygen consumption of C57BL/6 mice measured across 110 

the range of temperatures from 21.4 - 30.2 oC, and in the light of these new data discuss some problems 111 

with the previous report by Fisher et al [1] and more generally with the idea that the best temperature to 112 

translate mouse to human is 30 °C. 113 

 114 

Materials and Methods 115 

The experiments were approved by the Institutional Ethical Review Board of the Chinese Academy of 116 

Sciences, Institute of Genetics and Developmental Biology, Beijing, approval number  AP2014011.                       117 

Oxygen  consumption of four to eight male C57BL/6J mice was measured at six different temperatures: 20, 118 

22, 24, 26, 28, and 30 oC, using a standard open-flow indirect calorimetry system (TSE Phenomaster 119 

system, TSE Ltd, Bad-Homberg, Germany). We used 2 different systems. One had 16 chambers paired to 120 

8 analysers, while the other had 6 chambers paired to 2 analysers. Mice had ad libitum access to a 121 

standard low fat diet (D12450B with 20% protein and 10% fat: Research Diets Inc, New Jersey, USA) and 122 

drinking water. The cages had a light covering of sawdust to absorb urine but were without bedding. The 123 

photoperiod was fixed at 12:12 with lights on at 0730h. The same individual mice were not always 124 

measured at each temperature. On average, the mice were 10-12 weeks old and weighed 27 to 30g when 125 

the measurements were made. The actual temperatures inside the cages during the measurements were 126 

measured and averaged 21.4 oC (n = 8), 22.0 oC (n = 8), 23.5 oC (n = 4), 26.8 oC (n = 4), 27.0 oC (n = 6) 127 

and 30.2 oC (n = 6), in the six conditions. Within any 24h cycle, the temperature within a cage varied by 128 

±0.5 oC. Since the nominal 26 and 28 oC groups ended up being at 26.8 oC and 27 oC, respectively, the 129 

data in these conditions were pooled (n = 10 mice), providing measurements at 5 different temperatures. 130 

Mice were placed in the chambers for 3 days. The first day’s data were rejected, and the data for the next 2 131 

days were retained. The cycle of measurements was 6 minutes in the larger system and 12 minutes in the 132 

smaller system. Hence, in each 24h, a total of either 120 or 240 measurements was made, with 240 or 480 133 

individual measurements over the two days. All data were recalculated using the known body weights as ml 134 

O2/h, according to Tschöp [11]. For illustrative purposes, the average oxygen consumption was calculated 135 

across all mice over the 24h cycle. These averaged data were plotted against time of day.  136 

For each ambient temperature, the average oxygen consumption was calculated across all the 137 

measurements across each individual (n = 31 measurements). RMR at 30 oC was estimated in three 138 

different ways. First, the absolute lowest value in a single 12 minute interval for each individual over each of 139 

the two days of measurement was taken and then this lowest value was averaged across the two days. 140 

Second, the running average oxygen consumption over 24 minutes was calculated. Then the lowest of 141 
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these averaged data in each of the two measurement days was used, averaged across the two days. 142 

Finally, the running average over an hour was taken and the same daily minima in these hourly averages 143 

was calculated, then averaged across the two days of measurement for each individual. These RMRs are 144 

referred to as RMRlowest, RMR24 and RMR60, respectively. Several additional values were subsequently 145 

derived. The ratio of the average daily oxygen consumption of each individual mouse was calculated as the 146 

minimum resting oxygen consumption at 30 oC, using the three different estimates of RMR. This ratio is 147 

roughly equivalent to the calculated physical activity level or PAL in studies of humans (daily energy 148 

expenditure/basal energy expenditure: e.g. [12]). We plotted these individual ratios against the 149 

corresponding individual average temperature experienced by each mouse and fitted a least squares 150 

regression to the data. We then interpolated on this fitted curve the temperature corresponding to ratios of 151 

1.8 and 1.7. 152 

In a separate experiment using 7 male C57BL/6 mice, the impact of a diurnal cycle in temperature was 153 

explored, as suggested by Fisher et al [1]. The aim was to get a cycle from 30 oC in the day to 25 oC at 154 

night, however the response time of the system generated a cycle that peaked at 30.1 oC and had a 155 

minimum of 26.4 oC (Figure 3b). All the metabolic parameters measured were the same as above. 156 

 157 

Results 158 

The relationship between the average oxygen consumption and time of day at each of the 5 different 159 

ambient temperatures averaged across all individuals at each temperature are presented in Figure 1. In all 160 

conditions there was an evident diurnal cycle of oxygen consumption, with values being higher during the 161 

period of darkness (black bar), when the mice were most physically active. The points of lowest metabolism 162 

are indicated by small arrows and were invariably in the afternoon between 1230 and 1700h. The total 163 

oxygen consumption and the resting oxygen consumption both increased as the temperature declined from 164 

30.2 oC to 21.4 oC (Figure 2A).  Fitting a line between the average mouse body temperature of 36.6 oC [13-165 

15] and the data below 30.2 oC (a so-called ‘Scholander plot’) allowed us to estimate that the lower critical 166 

temperature was about 28 oC (Fig 2A), identical to our previous estimate [7]. Because both total and resting 167 

rates of oxygen consumption seemed to converge as temperature declined, the ratio of the two declined. 168 

Hence, at 30.2 oC the ratio of resting to the absolute minimum resting rate was 1.30. In comparison at 21.4 169 

oC, the value of this ratio was 1.11.   170 

In the context of comparing mouse to human metabolic rates, the ratio of the average daily oxygen 171 

consumption to the resting rate measured at thermoneutrality is of particular interest. Taking 30 oC as a 172 

thermoneutral temperature (see Figure 1), the ratios of average daily oxygen consumption for each 173 

individual mouse to the three different estimates of resting metabolism at 30.2 oC (RMRlowest, RMR24 and 174 

RMR60) are plotted against ambient temperature in Figure 2B to D. These data show that independent of 175 

the method for calculating RMR, the ratio increased as it became cooler. The least squares fit regression 176 

through these individual data had an r2 of 0.53 (n = 33). However, the absolute values of the ratios differed 177 

depending on the RMR calculation method that was used. Using the absolute minimum resting metabolic 178 
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rate (RMRlowest) the ratio was 1.66 at 30 oC, and 2.13 at 21.4 oC. Using the lowest average over 24 minutes 179 

(RMR24) the ratio was 1.58 at 30 oC and 2.02 at 21.4 oC, and finally using the lowest average over 60 180 

minutes (RMR60), the ratio was 1.46 at 30 oC and 1.86 at 21.4 oC. 181 

The average ratio of daily energy expenditure (DEE) to basal energy expenditure, called PAL, in free living 182 

humans living in Europe was 1.8 (range 1.6 to 1.9 [12] Fig 1B in that citation). If we interpolate the value of 183 

1.8 on the fitted relationships in Figures 2B to D, then these suggest that using the RMRlowest the equivalent 184 

temperature to generate human like measures of metabolic rate would be 27.2 oC, using the RMR30 the 185 

equivalent temperature is 25.5 oC and using the RMR60 gives an equivalent temperature of 22.3 oC. Using a 186 

PAL value of 1.7, which is more representative of humans living in North America [12], gives values of 29.1 187 

oC, 27.6 oC and 24.6 oC, respectively.  188 

We also explored the impact of a diurnal cycle in ambient temperature between 26.4 oC  and 30.1 oC, on 189 

the metabolic rates of 7 mice, which is shown in Figure 3, along with the actual temperature cycle. This 190 

group of mice weighed 22-24 g and had lower metabolic rates overall than the groups represented in 191 

Figures 1 and 2. The average temperature throughout the 24h was 28.1 oC. Based on the relationship in 192 

Figure 2C one would anticipate a ratio of DEE to RMR24 of 1.67. The actual ratio derived from the average 193 

metabolic rate plot was 2.07.  194 

 195 

Discussion 196 

These data on the DEE to RMR ratio clearly contrast with the conclusions of Fisher et al [1], who found a 197 

ratio of 1.8 at 30 oC and of 3.1 at 21 oC, and concluded on this basis that 30 oC is the best temperature at 198 

which to keep mice to mimic human metabolic responses. We discuss now the reasons for this 199 

discrepancy. The largest issue is how Fisher et al [1] measured resting metabolism. They used ‘high 200 

resolution’ respirometry (a 5.6 L chamber measured every other minute) to measure the metabolism of 201 

mice. They claim that by using this system they are able to detect transient reductions in metabolic rate that 202 

are not detected by less sensitive systems. It is these transient reductions that they suggest are the ‘true’ 203 

basal metabolic rates of the mice. This is important because if one uses these transient short reductions in 204 

reported oxygen consumption to characterise basal metabolism the result is substantially lower than if the 205 

metabolic rate surrounding these regions is used, and the resultant ratio is correspondingly elevated. The 206 

paper by Fischer et al [1] is not the first to observe these transient reductions in oxygen consumption in 207 

metabolism traces. We previously showed, using an even greater resolution system (a 0.5L chamber 208 

measured every 10s), that such transient declines are common in mice when measured at 30 °C [16]. 209 

However, our previous interpretation of these short periods was not that these represent the true ‘basal’ 210 

metabolism, but are rather more likely apneic intervals when oxygen exchange transiently ceases. 211 

Alternatively, they may reflect periods of deep sleep and hence sub-basal levels of metabolism. Our 212 

interpretation in 2013 [7] was that the best representation of basal metabolic rate is not coincident with such 213 

transient drops, but is located in the surrounding region where the metabolic rate is low and most stable. 214 

This level would be adequately measured by lower resolution systems.  215 
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As we demonstrate here, the measurement of RMR depends on how wide the region is encompassing the 216 

lowest average metabolism. As previously shown by Hayes et al [17] this relation to measurement duration 217 

is a consequence of statistically sampling a normal distribution of instantaneous metabolic rates, and not 218 

because the region includes a mix of resting and non-resting metabolism. As this region is made wider the 219 

estimated RMR increases, and the consequent ratios of average daily metabolism to resting metabolism 220 

become lower, and hence the derived optimum temperature mimicking human metabolism also becomes 221 

lowered. Using the lowest 12 minutes of metabolism we found the ‘best’ temperature was 27.2 oC to 29.1 222 

oC (depending on the human reference measure), but using the average over 24 mins gave 25.5 oC to 27.6 223 

oC and the average over 1h gave 22.3 oC to 24.6 oC. The differences in how RMR is measured are crucial 224 

because using a high resolution system that is sensitive to the transient metabolic rate drops as Fischer et 225 

al [1] do, leads to the conclusion that mice at 30 °C are routinely metabolising at around 1.8x basal 226 

metabolism, and hence that 30 oC is the optimum housing temperature. Clearly this is just a further 227 

extension of the series of optimum temperatures derived above.  228 

The key question then is what is the most appropriate duration of RMR measurement to compare to 229 

humans. Human BMR is commonly measured using hood calorimetry which is equivalent to high resolution 230 

respirometry and the effective chamber size is very small. The usual procedure is to allow the person to 231 

settle down for around 30 minutes and then measure for 30 minutes using the average over the last 20 232 

minutes of the measurement as the estimated RMR (e.g. [18, 19]). On this basis, we consider that using 233 

the lowest 24 mins is likely the most appropriate measure and from the measurements made here this 234 

leads to an optimum hosing temperature between 25.5 oC and 27.6 oC. Note that humans do not 235 

demonstrate the same transient drops in metabolism exhibited by mice ([5]; pers. obs.). 236 

We have previously published 24h metabolism profiles for mice using low resolution respirometry in their 237 

home cages with bedding, drink, and food, at both 22 °C and 29 °C [20]. Using the lowest average over 3 238 

consecutive readings to represent RMR (equivalent to 24 mins), these data showed that at 29 °C, the ratio 239 

for DEE29/RMR29 was 1.38, while at 22 °C, the ratio DEE22/RMR29 was 2.10, similar to the ratios derived 240 

here. This estimate is also consistent with the data from Abreu-Viera et al [21], who performed a detailed 241 

analysis of energy expenditure in mice over a wide range of temperatures, from 4 °C to 33 °C, in which they 242 

determined basal metabolic rate, the thermic effect of food, physical activity energy expenditure, and cold 243 

induced thermogenesis. These authors observed that body temperature, the thermic effect of food, and 244 

physical activity energy expenditure were stable between 18 °C and 28 °C [21]. Their study shows that the 245 

ratio of basal metabolic rate plus cold induced thermogenesis over basal metabolic rate is 1.7 at 246 

approximately 24.5 - 25 °C. If we consider that both rest and a post-prandial condition are difficult to 247 

maintain in mice, their ratio of (basal metabolic rate plus the thermic effect of food, plus physical activity 248 

energy expenditure plus cold induced thermogenesis) over (basal metabolic rate plus the thermic effect of 249 

food) could be considered, which is 1.7 at approximately 24 °C [21].  250 

Their established temperature generating 1.7 times basal metabolic rate (24.8 °C) is 4.5 °C below the lower 251 

critical temperature (29.3 °C) Abreu-Viera et al found for mice on chow [21]. The estimate made here for 252 

the temperature generating 1.7 to 1.8x basal metabolism (averaging 25.5 oC) is also about 3 oC lower than 253 
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the estimated lower critical temperature for these same mice. Following our previous arguments, this also 254 

matches the fact humans routinely occupy thermal environments about 3-5 °C below the human lower 255 

critical temperature.  256 

Mice do not prefer to spend all their time at 30+oC  257 

A second strand of the argument by Fischer et al [1] relates to thermal preference of the mice. This critique 258 

of our recommendations has also been raised previously [22]. In a thermal preference test during daytime, 259 

the mice in their experiment routinely chose to rest at temperatures around 32 °C [23], well in excess of the 260 

suggested lower critical temperature. The reasons for this choice remain unclear. It is implicated that this 261 

observation refutes our housing recommendation, because, based on our arguments, the mice should 262 

prefer to select temperatures below thermoneutral. First, we used this argument for humans, that is to 263 

operate below thermoneutrality to be able to dissipate excess body heat, and projected this on mice. 264 

Second, our argument regarding the need to operate below thermoneutrality applies principally to the 265 

period when mice are operating at elevated metabolic rates, and hence need to dissipate their excess body 266 

heat above their basal production – i.e. at night time, when they are active. At night, other studies of mouse 267 

thermal preference indicate a preference for 26 - 29 °C [24 - 26], thus underscoring that mice prefer a 268 

substantially lower temperature when active.   269 

30 oC does not provide the best translation for other aspects of physiology 270 

Fischer et al [1] reference a large number of studies (References 1-18 in [1]) that show that environmental 271 

housing temperature affects physiological outcomes. A more extensive overview of effect of temperatures 272 

on physiological outcomes was recently published [27]. We fully agree that temperature affects 273 

physiological outcomes, but we do not agree with the subsequent conclusion that that this implies that 274 

studies should be performed at thermoneutrality. We disagree for two reasons. First, for most effects, it is 275 

not clear which condition best represents the human condition; second, almost all experimental studies 276 

compare 21-22 °C to 29-30 °C, and only three studies that were cited by Fisher et al [1], Yamauchi et al 277 

[28], Wanner et al [29], and Dudele et al [30], include the intermediate range that we recommended. 278 

Furthermore, one cited study examined only 28 °C, 30 °C and above, concluding that 28 °C was below 279 

thermoneutral [31]. Closer inspection of the three cited studies that examined an intermediate range 280 

revealed for Yamauchi et al [28] that these authors in fact concluded ‘the temperature range of 20-26 281 

degrees C to be optimal for laboratory mouse rooms’. Similarly, Wanner et al [29] do not advocate 30 oC. 282 

These authors performed their study in in rats, not in mice, and observed clear differences in LPS response 283 

in the brain between 24 °C and 30 °C, and concluded that their control response at 24 °C agrees with 284 

existing knowledge on the function of the neurons that were examined. Next, Dudele et al [30] show an 285 

identical pattern of fasting insulin levels plotted against body mass at 15 oC,  20 oC, and  25 °C. At 30 °C, 286 

this pattern was different with much higher fasting insulin levels, while glucose tolerance was diminished in 287 

diet induced obese compared to control mice. The authors stated that 30 °C masks responses, but then 288 

surprisingly concluded that studies should be done at 30 °C, because otherwise effects may be seen. We 289 

say surprisingly, because it seems that 30 °C is the outlier, and most different from the response as is 290 
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observed in humans. Uncited by Fischer et al [1], we note that studies in multiple mouse strains confirm 291 

that housing mice at 30 oC is severely detrimental to their reproductive performance compared to those 292 

housed at cooler temperatures [32 - 36]. 293 

Focusing on three other studies cited by Fischer et al [1] in which the effects may be interpreted as 294 

translatable to humans, such as insulin and glucose responses in diet induced obesity, there are a number 295 

of considerations to be made. First, Giles et al [37] found that many diet-induced differences in 296 

physiological effects, including fatty liver, indeed were more pronounced at 30 °C compared to 22 °C 297 

degree. However, other effects, e.g. glucose tolerance after antibiotics, were more pronounced at 22 °C. 298 

Moreover, the interpretation of the findings in this study are difficult, because an unrefined chow was 299 

compared to an undescribed high fat diet (usually semi-purified); both likely being composed of very 300 

different ingredients [37]. Since different ingredients may induce physiological effects on their own (such as 301 

specific fatty acids, e.g. [38]), this may work out differently at different temperatures. Rather than being a 302 

case for performing studies at thermoneutrality, this study highlights the importance of using defined diets 303 

with identical ingredients in the control and experimental conditions to assess effects of housing 304 

temperature. In another study by Giles et al [39], the adverse cardiovascular and metabolic effects of a 305 

Western diet were found to be more pronounced at 30 °C compared to 22 °C. Also, differences between 306 

the control and the high fat high cholesterol Western style diet was more pronounced at 30 °C. This argues 307 

for 30 °C rather than 22 °C, but, again, the intermediate temperature that we recommended was not 308 

examined. Furthermore, these differences were associated with the extent of obesity that was induced 309 

under the various conditions [39]. This highlights the need to take possible confounding variables such as 310 

the duration of a study and the rate at which the mice become obese into account. In another study [40], 311 

thermoneutrality worsened inflammation, but importantly not glucose tolerance and insulin resistance. The 312 

latter would thus argue for 22 °C rather than 30 °C. So, while Fisher et al cites these studies as evidence 313 

for thermoneutrality as the best comparative temperature, we consider that this is not necessarily the case.  314 

Glucose tolerance and insulin resistance are key parameters of metabolic health, that usually differ 315 

between lean and obese humans. In mice kept at  22 °C, there is a clear difference between mice fed a low 316 

fat diet and mice fed a high fat diet in glucose tolerance and (markers for) insulin resistance [30, 41, 42, 317 

and many others], in lipid accumulation in the liver [43], and in white adipose tissue inflammation [44]. The 318 

diet dependent differences in these biomarkers disappeared at 30 °C [45]. This argues for comparative 319 

studies at a temperature below thermoneutrality, especially because many confounding factors were 320 

controlled for in [42 - 45]. These studies used the same C57BL/6j substrain, individual housing, and exactly 321 

the same diets, with the low fat and the high fat diets being composed of the same ingredients, only 322 

differing in fat to carbohydrate ratio.  323 

Two other examples suggest that 30 °C is not the best comparative temperature. In humans, obesity and 324 

insulin resistance are associated with a decrease in the level and function of mitochondria in white adipose 325 

tissue, reflecting an impaired adipose tissue function [46]. Mice with adipose specific fumarate hydratase 326 

gene silencing, showing aberrant mitochondrial morphology and ATP depletion in white and brown adipose 327 

tissue, can be considered a model of dysfunctional adipose tissue mitochondria. In line with expectations, 328 
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these mice develop glucose and insulin intolerance. However, the differences observed between wild type 329 

and adipose fumarate hydratase silenced mice in these key metabolic health parameters were observed at 330 

22 °C, but were absent (glucose tolerance, insulin tolerance) or significantly smaller (liver mass, liver 331 

triglycerides) at 30 °C [47]. In yet another study, high fat diet induced defects in glucose and insulin 332 

tolerance were clearly observed at 22 °C in mice with white adipose tissue specific gene silencing of 333 

hypoxia induced lipid droplet associated 2 (Hilpda, also known as Hig2) but were diminished at 30 °C [48]. 334 

Similarly, clear effects were observed by brown adipose tissue specific Hilpda gene silencing at 22 °C, but 335 

no differences were seen at 30 °C [48]. Together these studies show the pronounced effects of 336 

temperature on physiological parameters and suggest for a variety of metabolic parameters, and 337 

particularly for glucose intolerance and insulin resistance, that 30 °C is not the best temperature to compare 338 

mice to humans.   339 

 340 

Conclusions 341 

We conclude that our original recommendation is robust to the suggestions of Fischer et al [1] and that 30 342 

°C remains an undesirably warm housing temperature because it does not lead to a daily energy demand 343 

that mimics normal human daily life. Similarly, we continue to recommend, as we did previously [7], and 344 

concur with Fischer et al [1], that 21 oC is also not ideal for solitary housed mice, because it is too cold. 345 

Given the observed ratio of DEE to BMR of 1.7 at 27.6 oC and 1.8 at 25.5 oC, we suggest that this is the 346 

best temperature range for housing C57BL/6 mice to mimic human thermal relations.  347 

Another area where we concur with Fischer et al [1] is that there is a strong diurnal cycle in mouse 348 

metabolism and hence heat production. Logically the temperature at which this is optimally dissipated will 349 

be different between day and night, cooler during the night when they are active and warmer in the day 350 

when inactive. Fischer et al [1] indicate that this might be mimicked by exposing mice to a temperature 351 

cycle in their housing. We tested this idea by exposing mice to a cycle of temperature between 26.4 and 352 

30.1 oC (Figure 3), and this did indeed produce an enhanced ratio of the total to resting metabolic rate 353 

compared to that predicted for the same stable average temperature. This enhanced ratio occurs because 354 

the mice can settle to a lower resting rate in the day time when it is warmer and then have a much higher 355 

metabolic rate at night when they are active and the chamber is cooler. This leads to a much more 356 

exaggerated diurnal cycle of metabolic rate than occurs when the temperature is stable, as predicted by 357 

Fisher et al [1]. There are, however, a multitude of potential options here with respect to cycle amplitude 358 

and average temperature. Controlling the cycle to be the same across different laboratories may prove 359 

difficult. Another option then is to keep the temperature constant at the mid value recommended here (26.5 360 

°C) and to provide mice with nesting material to build nests, into which they can retreat and create a locally 361 

heated microclimate during their quiescent periods [17], much as humans do during the night when they 362 

retire to bed. This in line with recommendations of the National Research Council [49] that says that animal 363 

rooms should be set below the animals’ lower critical temperature to avoid heat stress, which, in turn, 364 
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means that animals should be provided with adequate resources for thermoregulation (nesting material, 365 

shelter) to avoid cold stress.  366 

Humans at 30 °C do not need to create a warm microclimate inside a bed, in the same way that mice 367 

housed at 30 °C do not extensively use or build substantial nests [50, 51]. This raises a much wider issue,  368 

that all human populations are not equivalent in the thermal environments they experience, and the debate 369 

thus far has largely concerned whether mouse experiments mimic the thermal environment that is 370 

experienced by humans occupying controlled office and home thermal environments in the Western world. 371 

Large sectors of the global world population do not have access to environmental temperature controls. 372 

This suggests that mice housed at 30 °C may be a useful model for humans living in tropical regions 373 

without access to equipment to regulate their environmental temperatures. Similarly, mice housed at 21 °C 374 

may be a better representation of humans living in colder regions that also lack environmental temperature 375 

controls. It is important to recognise that spatial ambient temperature variations are strongly linked to the 376 

spatial variation in human metabolic disease risk. For example, 13% of the variation in prevalence of 377 

diabetes in the USA is linked to variation in average ambient temperature [52]. Hence the question of what 378 

temperature best mimics the situation in humans, depends to a large extent also on what human population 379 

one is considering. Indeed, even in the West there are differences in average PAL in different regions 380 

(noted above) which lead to differences of 2 oC in the predicted optimum housing temperature to mimic 381 

human thermal relations.    382 

 383 

References 384 

[1] Fischer, A. W., Cannon, B., Nedergaard, J., 2017. Optimal housing temperatures for mice to mimic the 385 

thermal environment of humans: An experimental study. Molecular Metabolism 7, 161-170. 386 

[2] Overton, J. M., 2010. Phenotyping small animals as models for the human metabolic syndrome: 387 

thermoneutrality matters. International Journal of Obesity (Lond) Suppl 2, S53-58. 388 

[3] Maloney, S. K., Fuller, A., Mitchell, D., Gordon, C., Overton, J. M., 2014. Translating animal model 389 

research: does it matter that our rodents are cold? Physiology (Bethesda) 29, 413-420. 390 

[4] Ganeshan, K., Chawla, A., 2017. Warming the mouse to model human diseases. Nature Reviews in 391 

Endocrinology 13, 458-465. 392 

[5] Reitman, M.L., 2018. Of mice and men - environmental temperature, body temperature, and treatment 393 

of obesity. FEBS Letters  592, 2098-2107. 394 

[6] Cannon, B., Nedergaard, J., 2011. Nonshivering thermogenesis and its adequate measurement in 395 

metabolic studies. Journal of Experimental Biology 214, 242-253. 396 

[7] Speakman, J. R., Keijer, J., 2013. Not so hot: Optimal housing temperatures for mice to mimic the 397 

thermal environment of humans. Molecular Metabolism 2, 5-9. 398 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

12 

 

[8] Kingma, B. R., Frijns, A. J., Schellen, L., van Marken Lichtenbelt, W. D., 2014. Beyond the classic 399 

thermoneutral zone: Including thermal comfort. Temperature (Austin) 1, 142-149. 400 

[9] Speakman, J. R., Westerterp, K. R., 2010. Associations between energy demands, physical activity, and 401 

body composition in adult humans between 18 and 96 y of age. The American Journal of Clinical Nutrition 402 

92, 826-834. 403 

[10] Maloney, S.K., Fuller, A., Mitchell, D., Gordon, C., Overton, J.M., 2014. Translating animal model 404 

research: does it matter that our rodents are cold? Physiology (Bethesda) 29, 413-420. 405 

[11] Tschop, M. H., Speakman, J. R., Arch, J. R., Auwerx, J., Bruning, J.C., Chan, L., et al., 2011. A guide 406 

to analysis of mouse energy metabolism. Nature Methods 9, 57-63. 407 

[12] Westerterp, K.R., Speakman, J.R. 2008. Physical activity energy expenditure has not declined since 408 

the 1980s and matches energy expenditures of wild mammals. International Journal of Obesity. 32: 1256-409 

1263. 410 

[13] Refinetti, R., 2010. The circadian rhythm of body temperature. Frontiers in Bioscience 15, 564–594. 411 

[14] Sanchez-Alavez, M., Alboni, S., Conti, B., 2011. Sex- and age-specific differences in core body 412 

temperature of C57Bl/6 mice. Age (Dordr) 33, 89-99.  413 

[15] Mitchell, S.E., Delville, C., Konstantopedos, P., Hurst, J., Derous, D., Green, C. et al., (2015). The 414 

effects of graded levels of calorie restriction: III. Impact of short term calorie and protein restriction on mean 415 

daily body temperature and torpor use in the C57BL/6 mouse. Oncotarget 6, 18314-18337. 416 

[16] Speakman J.R., 2013. Measuring Energy Metabolism in the Mouse – Theoretical, Practical, and 417 

Analytical Considerations. Frontiers in Physiology 4, 34. 418 

[17] Hayes, J. P., Speakman, J.R., Racey, P.A., 1992. The contributions of local heating and reducing 419 

exposed surface-area to the energetic benefits of huddling by short-tailed field voles (Microtus-agrestis). 420 

Physiological Zoology  65: 742-762. 421 

[18] Johnstone, A. M., Murison, S. D., Duncan, J. S., Rance, K. A., Speakman, J. R., 2005. Factors 422 

influencing variation in basal metabolic rate include fat-free mass, fat mass, age, and circulating thyroxine 423 

but not sex, circulating leptin, or triiodothyronine. The American Journal of Clinical Nutrition 82, 941-948. 424 

[19] Wouters-Adriaens, M.P., Westerterp, K.R., 2006. Basal metabolic rate as a proxy for overnight energy 425 

expenditure: the effect of age. British Journal of Nutrition 95: 1166-1170. 426 

[20] van der Stelt, I., Hoevenaars, F., Siroka, J., de Ronde, L., Friedecky, D., Keijer, J., et al., 2017. 427 

Metabolic response of visceral white adipose tissue of obese mice exposed for 5 days to human room 428 

temperature compared to mouse thermoneutrality. Frontiers in Physiology 8, 179. 429 

 [21] Abreu-Vieira, G., Xiao, C., Gavrilova, O., Reitman, M. L., 2015. Integration of body temperature into 430 

the analysis of energy expenditure in the mouse. Molecular Metabolism 4, 461-470. 431 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

13 

 

[22] Gaskill, B. N., Garner, J. P., 2014. Letter-to-the-editor on "Not so hot: Optimal housing temperatures for 432 

mice to mimic the thermal environment of humans". Molecular Metabolism 3, 335-336. 433 

[23] Fischer, A. W., Hoefig, C. S., Abreu-Vieira, G., de Jong, J. M. A., Petrovic, N., Mittag, J., et al., 2016. 434 

Leptin Raises Defended Body Temperature without Activating Thermogenesis. Cell Reports 14, 1621-1631. 435 

[24] Gordon, C. J., Becker, P., Ali, J. S., 1998. Behavioral thermoregulatory responses of single- and group-436 

housed mice. Physiology & Behavior 65, 255-262. 437 

[25] Gaskill, B. N., Rohr, S. A., Pajor, E. A., Lucas, J. R., Garner, J. P., 2009. Some like it hot: Mouse 438 

temperature preferences in laboratory housing. Applied Animal Behaviour Science 116, 279-285. 439 

[26] Gordon, C. J., 2017. The mouse thermoregulatory system: Its impact on translating biomedical data to 440 

humans. Physiology & Behavior 179, 55-66. 441 

[27] Hylander, B,L,, Eng, J.W., Repasky, E.A., 2017. The Impact of Housing Temperature-Induced Chronic 442 

Stress on Preclinical Mouse Tumor Models and Therapeutic Responses: An Important Role for the Nervous 443 

System.  Advances in Experimental  Medical Biology 1036, 173-189. 444 

[28] Yamauchi, C., Fujita, S., Obara, T., Ueda, T., 1983. Effects of room temperature on reproduction, body 445 

and organ weights, food and water intakes, and hematology in mice. Jikken Dobutsu. Experimental Animals 446 

32, 1-11. 447 

[29] Wanner, S. P., Yoshida, K., Kulchitsky, V. A., Ivanov, A. I., Kanosue, K., Romanovsky, A.A., 2013. 448 

Lipopolysaccharide-induced neuronal activation in the paraventricular and dorsomedial hypothalamus 449 

depends on ambient temperature. PloS one 8, e75733. 450 

[30] Dudele, A., Rasmussen, G. M., Mayntz, D., Malte, H., Lund, S., Wang, T., 2015. Effects of ambient 451 

temperature on glucose tolerance and insulin sensitivity test outcomes in normal and obese C57 male 452 

mice. Physiological Reports 3, 12396. 453 

[31] Rudaya, A. Y., Steiner, A. A., Robbins, J. R., Dragic, A. S., Romanovsky, A. A., 2005. 454 

Thermoregulatory responses to lipopolysaccharide in the mouse: dependence on the dose and ambient 455 

temperature. American Journal of Physiology. Regulatory, Integrative and Comparative Physiology 289, 456 

R1244-1252. 457 

[32] Krol, E., Speakman, J. R., 2003. Limits to sustained energy intake. VI. Energetics of lactation in 458 

laboratory mice at thermoneutrality. Journal of Experimental Biology 206, 4255-4266. 459 

[33] Krol, E., Speakman, J. R., 2003. Limits to sustained energy intake. VII. Milk energy output in laboratory 460 

mice at thermoneutrality. Journal of  Experimental Biology 206, 4267-4281. 461 

[34] Krol, E., Murphy, M., Speakman, J. R.,2007. Limits to sustained energy intake. X. Effects of fur 462 

removal on reproductive performance in laboratory mice. Journal of Experimental Biology 210, 4233-4243. 463 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

14 

 

[35] Helppi, J., Schreier, D., Naumann, R., Zierau, O., 2016 Mouse reproductive fitness is maintained up to 464 

an ambient temperature of 28 when housed in individually-ventilated cages. Laboratory Animal 50, 254-465 

263. 466 

[36] Zhao, Z. J., Li, L., Yang, D. B., Chi, Q. S., Hambly, C., Speakman, J.R., 2016 Limits to sustained 467 

energy intake XXV: milk energy output and thermogenesis in Swiss mice lactating at thermoneutrality. 468 

Scientific Reports  6, 31626. 469 

[37] Giles, D. A., Moreno-Fernandez, M. E., Stankiewicz, T. E., Graspeuntner, S., Capelletti, M., Wu, D., et 470 

al., 2017. Thermoneutral housing exacerbates nonalcoholic fatty liver disease in mice and allows for sex-471 

independent disease modeling. Nature Medicine 23, 829-838. 472 

[38] Janovska, P., Flachs, P., Kazdova, L., Kopecky, J., 2013. Anti-obesity effect of n-3 polyunsaturated 473 

fatty acids in mice fed high-fat diet is independent of cold-induced thermogenesis. Physiolological Research 474 

62, 153-161. 475 

[39] Giles, D. A., Ramkhelawon, B., Donelan, E. M., Stankiewicz, T. E., Hutchinson, S.B., Mukherjee, R., et 476 

al., 2016. Modulation of ambient temperature promotes inflammation and initiates atherosclerosis in wild 477 

type C57BL/6 mice. Molecular Metabolism 5, 1121-1130. 478 

[40] Tian, X. Y., Ganeshan, K., Hong, C., Nguyen, K. D., Qiu, y., Kim, J., et al., 2016. Thermoneutral 479 

Housing Accelerates Metabolic Inflammation to Potentiate Atherosclerosis but Not Insulin Resistance. Cell 480 

Metabolism 23, 165-178. 481 

[41] Montgomery, M. K., Hallahan, N. L., Brown, S. H., Liu, M., Mitchell, T.W., Cooney, G.J., et al., 2013. 482 

Mouse strain-dependent variation in obesity and glucose homeostasis in response to high-fat feeding. 483 

Diabetologia 56, 1129-1139. 484 

[42] Voigt, A., Agnew, K., van Schothorst, E. M., Keijer, J., Klaus, S., 2013. Short-term, high fat feeding-485 

induced changes in white adipose tissue gene expression are highly predictive for long-term changes. 486 

Molecular Nutrition and Food Research 57, 1423-1434. 487 

[43] Hoek-van den Hil, E. F., van Schothorst, E.M., van der Stelt, I., Swarts, J.H., van Vliet, M., Amolo, T., 488 

et al., 2015. Direct comparison of metabolic health effects of the flavonoids quercetin, hesperetin, 489 

epicatechin, apigenin and anthocyanins in high-fat-diet-fed mice. Genes and Nutrition, 10: 469. 490 

[44] Hoevenaars, F. P., Keijer, J., Herreman, L., Palm, I., Hegeman, M.A., Swarts, H.J., et al., 2014. 491 

Adipose tissue metabolism and inflammation are differently affected by weight loss in obese mice due to 492 

either a high-fat diet restriction or change to a low-fat diet. Genes and Nutrition 9, 391. 493 

[45] Hoevenaars, F. P., Bekkenkamp-Grovenstein, M., Janssen, R. J., Heil, S. G., Bunschoten, A., Hoek - 494 

van den Hil, E.F., et al., (2014) Thermoneutrality results in prominent diet-induced body weight differences 495 

in C57BL/6J mice, not paralleled by diet-induced metabolic differences. Molecular Nutrition and Food 496 

Research 2014, 58, 799-807. 497 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

15 

 

[46] Heilbronn, L. K., Gan, S. K., Turner, N., Campbell, L. V., Chisholm, D. J., 2007. Markers of 498 

mitochondrial biogenesis and metabolism are lower in overweight and obese insulin-resistant subjects. 499 

Journal of Clinical Endocrinology and Metabolism 92, 1467-1473. 500 

[47] Yang, H., Wu, J. W., Wang, S. P., Severi, I., Sartini, L., Frizell N., et al., 2016. Adipose-Specific 501 

Deficiency of Fumarate Hydratase in Mice Protects Against Obesity, Hepatic Steatosis, and Insulin 502 

Resistance. Diabetes 65, 3396-3409. 503 

[48] DiStefano, M. T., Roth Flach, R. J., Senol-Cosar, O., Danai, L. V., , Virbasius, J.V., Nicoloro, S.M., et 504 

al., Adipocyte-specific Hypoxia-inducible gene 2 promotes fat deposition and diet-induced insulin 505 

resistance. Molecular metabolism 2016, 5, 1149-1161. 506 

[49] National Research Council (US), Committee for the Update of the Guide for the Care and Use of 507 

Laboratory Animals., 2011. Guide for the Care and Use of Laboratory Animals, 8th edition., National 508 

Academies Press (US).  509 

[50] Gaskill, B. N., Gordon, C. J., Pajor, E. A., Lucas, J. R., Davis, J.K., Garnert, J.P., 2012. Heat or 510 

insulation: behavioral titration of mouse preference for warmth or access to a nest. PloS one 7, e32799. 511 

[51] Gaskill, B. N., Lucas, J. R., Pajor, E. A., Garner, J. P., 2011. Working with what you’ve got: Changes in 512 

thermal preference and behavior in mice with or without nesting material. Journal of Thermal Biology 36, 513 

1193-1199. 514 

[52] Speakman, J. R., Heidari-Bakavoli, S., 2016. Type 2 diabetes, but not obesity, prevalence is positively 515 

associated with ambient temperature. Scientific Reports 6, 3040.  516 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

16 

 

Figure legends 517 

Figure 1: Oxygen consumption (ml/h) measured over the complete 24h daily cycle averaged 518 

across 4 to 10 individual C57BL/6 mice measured over 2 days. Data are presented for 5 different 519 

ambient temperatures between 21.4 oC and 30.2 oC. The small arrows indicate the points of 520 

lowest metabolic rate. The black bar represents the period of darkness.  521 

Figure 2: A: The average daily oxygen consumption (ml/h) averaged across individual mice at 522 

each ambient temperature between 30.2 and 21.4 oC, with the average resting oxygen 523 

consumption averaged across the same individuals. A: A line was fitted between the data below 524 

30 oC extrapolating to the mouse body temperature (Tb) of 36.6 oC from the literature. This gave 525 

an estimated lower critical temperature of approximately 28 oC. Panels B, C and D: The ratio of 526 

the average daily oxygen consumption at various ambient temperatures to three different 527 

measures of resting oxygen consumption measured at 30.2 oC. B: The absolute lowest 528 

measurement averaged across n = 6 individuals. C: The average lowest over 24 minutes 529 

averaged across n = 6 individuals. D: The average lowest over 60 minutes averaged across n = 6 530 

individuals.   531 

Figure 3: Responses of 7 C57BL/6 mice to a diurnal cycle in ambient temperature. A: The oxygen 532 

consumption averaged over 24h. B: The simultaneous average temperatures across the seven 533 

cages. The minimum temperature was 26.4 oC and the maximum 30.1 oC.   534 
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Highlights 

 

• Translation from mice to man is best done at comparable metabolic conditions. 

• ‘Western’ humans metabolize at 1.7 to 1.8x BMR and are below thermoneutrality. 

• Thermoneutrality of solitary housed C57BL/6 laboratory mice commences above 28 

oC. 

• 1.7x - 1.8x BMR for solitary housed C57BL/6 lab mice is between 25.5 oC - 27.6 oC. 

• Neither 21 °C nor 30 °C are suitable housing temperatures for translation. 
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