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Abstract

Individual housing from weaning onwards resulted in reduced growth rate during adolescence in male
C57BIl/6) mice that were housed individually, while energy intake and energy expenditure were
increased compared to socially housed counterparts. At 6 weeks of age, these mice had reduced lean
body mass, but significantly higher white adipose tissue mass compared to socially housed mice. Body
weight gain of individually housed animals exceeded that of socially housed mice during adulthood,
with elevations in both energy intake and expenditure. At 18 weeks of age, individually housed mice
showed higher adiposity and higher mRNA expression of UCP-1 in inguinal white adipose tissue.
Exposure to an obesogenic diet starting at 6 weeks of age further amplified body weight gain and
adipose tissue deposition. This study shows that post-weaning individual housing of male mice results
in impaired adolescent growth and higher susceptibility to obesity in adulthood. Mice are widely used

to study obesity and cardiometabolic comorbidities. For (metabolic) research models using mice,
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22 (social) housing practices should be carefully considered and regarded as a potential confounder due

23 to their modulating effect on metabolic health outcomes.

24
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Introduction

To study effects of environmental factors on obesity and to evaluate the effects of novel therapies to
prevent or treat obesity in humans, the use of animal models remains indispensable. Rodent models
for obesity share some of the characteristics of obesity in humans and include those that are based on
genetic alterations and/or environmental manipulations such as exposure to high fat diet or chronic
stress (1, 2). Such manipulations typically modulate the central and peripheral regulation of energy
balance, resulting in hyperphagia and increased adipose tissue deposition. Many studies apply
individual housing of the animal (i.e. one animal per cage) to allow quantification of food intake, energy
expenditure and other behavioural, metabolic or physiological parameters relevant to energy balance
regulation at the individual level. For social species such as rodents however, social isolation that
comes with individual housing may cause chronic stress (3, 4), which can lead to neurocognitive
impairments and altered anxiety and depression-like behaviours (5-7). Based on the results of a
systematic review and meta-analysis we recently conducted (8), we concluded that individual versus
social housing of rats and mice leads to increased energy intake and higher visceral adipose tissue
deposition. Social isolation stress may indeed affect the neurobiological control of food intake by
affecting brain area’s involved in energy balance regulation such as the hypothalamus (9, 10) and the
reward system (11). Among the mechanisms through which social isolation can induce these changes
is an increase in hypothalamic-pituitary-adrenal (HPA) activity and responsiveness (12-15), affecting
circulating glucocorticoid levels that can directly target the CNS-adipose tissue axis and favoring
visceral fat storage (16-18). For mice in particular, individual housing may also provide a direct
physiological challenge with respect to thermoregulation. Social thermoregulation by huddling is a
strategy applied by many rodent species to conserve energy (19). The standard environmental
temperature in laboratories (i.e. around 20° C) is below the thermoneutral zone defined for mice (20).
Increased energy intake, expenditure and/or energy storage could therefore be necessary to support

the demands of increased thermogenesis when mice are housed individually.
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Due to critical steps in brain and endocrine development that take place in the period between
weaning and sexual maturation, adolescence represents a period of heightened vulnerability to social
isolation stress in rodents (21). Indeed, profound abnormalities in brain structural and functional
development due to social isolation occur specifically during adolescence, disrupting cognitive and
behavioural function at later life stages (22-24). Adolescence is also a period of rapid lean body growth
(25), which is accompanied by a high energy demand. Moreover, this period also represents a critical
phase for the development and maturation of (visceral) white adipose tissue (26-28) and the structural
and functional maturation of the hypothalamic circuits that control food intake (29). Housing-induced
changes in energy use and distribution during this critical stage of life may therefore interfere with
adolescent growth and body composition development. This may have a strong and permanent impact
on energy balance regulation and metabolic phenotype. In the current study, we aimed to characterize
the short- and long-term metabolic consequences of post-weaning individual housing for mice. We
hypothesized that individual housing increases visceral body fat deposition. To this end, we evaluated,
at adolescent and adult age, the growth, body composition, and markers of energy balance in male

C57BL/6 mice housed individually (IND) or socially (in pairs; SOC) from weaning onwards.

Results

Individual housing of mice reduces adolescent growth rate while increasing

adiposity

The growth rate of individually housed mice (IND) was reduced compared to that of socially housed
mice (SOC) during adolescence (from weaning at postnatal day (PN) 21 until PN42; Figl A). The
difference between IND and SOC in body weight first reached statistical significance at PN35. Upon
dissection at PN43, IND showed a reduced femur length (Fig 2 C) and - width (Table 1) compared to
SOC while the reduction in lean body mass percentage (LBM%; Fig 2A) was not significant. Despite

their lower bodyweight, IND showed higher adiposity than SOC at this age as evident from a higher


https://doi.org/10.1101/834416
http://creativecommons.org/licenses/by/4.0/

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

bioRxiv preprint doi: https://doi.org/10.1101/834416; this version posted November 7, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

body fat % (Fig 2B) and increased white adipose tissue (WAT) depots weights (Table 1). These
differences in body composition were accompanied by higher plasma leptin of IND compared to that
of SOC, however, there were no effects of housing situation on plasma levels of adiponectin, insulin

and corticosterone (CORT) (Table 1).

Fig 1. Body weight (gain) of individually and socially housed mice. (A) absolute body weight of
adolescent mice. Groups did not differ in body weight at the start of the housing intervention at PN21
(IND, n=28,11.5 +0.15; SOC, n=30, 11.5 + 0.12). Over the course of 3 weeks IND showed reduced body
weight gain compared to SOC (p < 0.001). (B) Body weight gain during adulthood. At P42, absolute
body weight of IND was lower than that of SOC (two-way ANOVA, main effect of housing condition: f
(1,88) = 27.272, p < 0.001) while there were no differences between control diet (CTR) and WSD
exposed groups (IND-CTR, n=27, 24.1 £ 0.27; IND-WSD, n=24, 24.8 £ 0.30; SOC-CTR, n=23, 26.2 £ 0.15;
SOC-WSD, n=20, 25.7 + 0.36). Weight gain between P42 and P126 was increased due to individual
housing and western style diet (WSD) exposure (p <0.001); Data are means + SEM; @ = significant (main)

effect of housing (p < 0.05); = significant main effect of diet (p < 0.05).

Fig 2. Body composition of individually and socially housed mice. (A) lean body mass %, (B) fat mass
% and (C) femur length of adolescent (PN43) mice housed individually (IND, n=28) and socially (SOC,
n=30); (D) lean body mass %, (E) fat mass % and (F) femur length of adult (PN126) mice housed
individually or socially and exposed to either control diet (CTR) or western style diet (WSD) between
PN42 and PN126 (IND CTR, n=27; IND WSD, n=24; SOC CTR, n=21; SOC WSD, n=20). Data are means *

SEM; @ = significant (main) effect of housing (p < 0.05); ® = significant main effect of diet (p < 0.05).

Table 1. Absolute bodyweight, organ and tissue characteristics and plasma hormones of adolescent

(PN43) mice housed individually or socially.
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IND socC
(n=26-28) (n=29-30)
Absolute body weight (g) 23.85| +|0.26 25.04 | £]0.22 a
Carcass lean body mass (g) 13.63 |+ | 0.22 14.57 | £ | 0.19 a
Carcass fat mass (g) 2.11 | +|0.09 1.62 | + | 0.09 a
organ / tissues
WAT,inguinal (mg) 304.67 | + | 15,20 259.67 | +|12.99 a
WAT, epididymal (mg) 395.26 | + | 19.81 326.73 | + | 18.76 a
WAT, retriponeal (mg) 80.56 | + | 5.09 66.26 | + | 4.18 a
WAT, perirenal (mg) 53.41 |+ 3.03 4246 |+ |2.04 a
BAT, interscapular (mg) 143.25 | + | 5.48 124.66 | + | 4.38 a
liver (g) 1.04 | + | 0.03 112 |+ |0.04
femur width (mm) 1.28 | +|0.01 1.38 |+ | 0.01 a
plasma hormones
adiponectin (mcg/ml) 8.07 | £|0.27 7.97 | £]0.32
leptin (ng/ml) 2.92|+(0.28 1.92|+|0.23 a
insulin (ng/ml) 0.78 | £|0.12 0.94 | +|0.14
CORT (ng/ml) 33.86 | + | 4.026 38.93 | +|4.11

97 Data are means * SEM; @ = significant effect of housing (p < 0.05).

98

99 Individual housing of mice increases adult body weight gain and adiposity

100 regardless of adult diet exposure

101 Between PN42 and PN126, IND and SOC were exposed to either a western style diet (WSD; 40En% as
102  fat) or a control low fat diet (CTR, 20En% as fat). Body weight gain of IND exceeded that of SOC during
103  adulthood (Fig 1B) and exposure to WSD also increased body weight gain (Fig 1B). While absolute body
104  weight of IND groups was lower than that of the SOC groups at PN42 the difference was lost after 5
105  weeks on WSD diet, or after 8 weeks on CTR diet (data not shown). At PN126, 12 weeks after the adult
106 diet exposure, the absolute body weight of IND was higher than that of SOC, albeit not significantly,
107 and WSD exposed mice had significantly higher body weight than mice exposed to CTR (Table 2).
108 Moreover, individual housing as well as WSD exposure increased adiposity (Fig 2E and Table 2). While
109  adult LBM% was reduced by WSD exposure it remained unaffected by housing conditions (Fig 2D). In
110 contrast, femur length and width were reduced in IND compared to SOC, while adult diet did not

111  influence femur characteristics (Fig 2E and Table 2). Adult leptin and insulin levels were increased by
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both individual housing and adult WSD exposure, while adiponectin was reduced by WSD exposure
only. Plasma CORT tended to be increased in SOC compared to IND and blunted by adult WSD
exposure, which appeared to be caused specifically by higher CORT levels in the SOC-CTR group
compared to other groups, though the interaction between housing and adult diet did not reach

significance (Table 2).

Table 2. Absolute bodyweight, organ and tissue characteristics and plasma hormones of adult
(PN126) mice housed individually or socially and exposed to either control diet (CTR) or Western

Style diet (WSD) between PN42 and PN126.

IND CTR IND WSD SOCCTR SOCWSD
(n=27) (n=24) (n=21-23) (n=18-20)
Absolute body weight (g) 30.14 | + | 0.43 40.60 | +| 0.83 29.07 | 4 0.40 39,12 | 4 1.09 a, b
Carcass lean body mass (g) 20.56 0.29 25.16 0.50 19.93 0.41 24.97 0.83 b
Carcass fat mass (g) 4.23 0.27 11.87 0.53 2.56 0.25 9.41 0.94 a, b
organ / tissues
WAT,inguinal (g) 0.48 | + | 0.03 1.41 | + 0.09 0.32 | # 0.02 1,10 | # 0.10 a,b
WAT, epididymal (g) 0.87 | + | 0.05 2.46 |+ 0.12 0.52 | 4 0.05 1,97 | 4 0.12 a,b
WAT, retriponeal (mg) | 210.82 | + | 16.47 633.65 | | 33.59 123.12 | 4] 16.61 575,06 | +| 30.83 a,b
WAT, perirenal (mg) | 104.36 | + | 9.28 351.28 | | 25.56 66.29 | | 7.09 287,14 | | 31.12 a,b
BAT,interscapular (mg) 189.88 | + | 9.00 421.80 | +| 24.19 139.61 | % 7.75 339,28 | %[ 27.13 a,b
liver (g) 1.12| + | 0.04 1.68 | +| 0.08 0.99 | 4 0.05 1,59 | # 0.09 a,b
femur width (mm) 1.29| + | 0.01 1.26 | ¥/ 0.01 1.47 | £ 0.02 1,46 | # 0.02 a
plasma hormones
adiponectin (mcg/ml) 13.88 | + | 1.13 13.20 | £/ 1.19 15.75 | 4| 1.45 10,88 | +| 0.68 b
leptin (ng/ml) 336 £ (045 29.60 | #| 5.27 1.32 | 4 0.34 18,70 | £ 2.61 a,b
insulin (ng/ml) 0.37 | + | 0.04 1.48 | £/ 0.22 0.18 | 4 0.03 0,99 | 4/ 0.13 a,b
CORT (ng/ml) 4459 | + | 4.76 43.36 | +| 5.86 62.29 | + 6.20 43,96 | +| 5.05 a,b

Data are means + SEM; 2 = significant main effect of housing (p < 0.05); ® = significant main effect of

diet (p < 0.05).

Individual housing of mice increases energy expenditure and energy intake and

results in anhedonia


https://doi.org/10.1101/834416
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/834416; this version posted November 7, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

126 Indirect calorimetry revealed that energy expenditure was increased in IND compared to SOC: During
127 adolescence (PN40-40), IND showed a trend for higher energy expenditure during the light phase
128 (P=0.08), this effect reached significance after adjusting for LBM (Table 3). At adult age (PN106-108)
129 IND also showed higher energy expenditure during the light phase, while energy expenditure was
130 increased in both the dark and light phase by WSD exposure (Table 4). At both adolescent and adult
131  age, individual housing increased the deposition of interscapular brown adipose tissue (BAT; Tables 1
132  and 2) in which the brown adipocyte specific Uncoupling Protein 1 (UCP-1) mediates energy
133 expenditure to support thermogenesis. Individual housing increased mRNA UCP-1 expression in BAT
134  of adolescent animals and in inguinal WAT of adult animals, the latter suggesting increased browning
135 of white adipose tissue due to individual housing. Exposure to WSD reduced UCP-1 expression in
136 inguinal WAT (Fig 3). In both adolescent and adult mice, cumulative energy intake over 72 hours was
137 increased as a result of individual housing (Tables 3 and 4). During the sucrose preference test IND the
138  sucrose preference of IND during adulthood was lower than that of SOC (p < 0.05), indicative of
139  anhedonia, while diet did not significantly affect sucrose preference (preference index: IND CTR, 0.55

140  +0.02; IND WSD, 0.50 + 0.02; SOC CTR, 0.59 + 0.02; SOC WSD, 0.50 £ 0.02).

141

142  Fig 3. Relative UCP1 mRNA expression of individually and socially housed mice. Relative UCP1
143 expression in (A) interscapular BAT and (B) inguinal WAT of adolescent (PN43) mice housed individually
144 (IND, n=27) and socially (SOC, n=29-30); (C) interscapular BAT and (D) inguinal WAT of adult (PN126)
145 mice housed individually or socially and exposed to either control diet (CTR) or western style diet
146 (WSD) between PN42 and PN126 (IND CTR, n=27; IND WSD, n=18-24; SOC CTR, n=20-22; SOC WSD,
147  n=15-17). Data are means * SEM; 2 = significant (main) effect of housing (p < 0.05); ® = significant main

148  effect of diet (p < 0.05).

149

150 Table 3. Indirect calorimetry during adolescence.
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IND Nels
(n=26-28) (n=14-15)
Energy Expenditure Light Phase
(kJ/g body weight) 0.85| +|0.01 0.82 |+ |0.01 a
(ki/gLBM) | 1.49 |+ 0.02 1.41 |+ |0.02 a
Energy expenditure Dark Phase
(kJ/g body weight) 1.02 | +|0.02 1.00 |+ [0.02
(ki/gLBM) | 1.80 |+ 0.03 1.73 |+ |0.02
Cumulative energy intake (72 hour)
(kJ/ g body weight) | 10.05 | + | 0.51 8.31 |+ |0.37 a
(k)/g LBM) | 17.65 | + | 0.88 1429 [+ | 0.63 a

151  Average Energy Expenditure (kJ) during light (12 hr) and dark (12 hr) phase and cumulative energy
152  intake of adolescent (PN40-PN42) mice housed individually (IND) or socially (SOC). Data are means per

153  cage + SEM; 2 = significant effect of housing (p < 0.05). @ = trend (0.05 < p <0.1).

154

155  Table 4. Indirect calorimetry during adulthood.

156

IND CTR IND WSD SOCCTR SOC WSD
(n=25-27) (n=24) (n=11-12) (n=9)

Energy Expenditure Light Phase

(kJ/g body weight) | 0.76 | + | 0,01| 0.65|+| 001| 071|+| 001| 057|+| 002]| a,b
Energy expenditure Dark Phase
(kJ/g body weight) | 0.87| +| 002| 071|+| 002| 0.84|+| 002| 067|%| 002| b

Cumulative energy intake (72 hour)
(kl/ g body weight) | 5.03| | 016| 467 |+ | 020| 417 |+ | 044| 416| 2| 027] a
157  Average Expenditure (kJ) during light (12 hr) and dark (12 hr) phase and cumulative energy intake of

158  adult (PN106-108) mice housed individually (IND) or socially (SOC). Data are means per cage + SEM; @
159  =significant effect of housing (p < 0.05). @ = trend (0.05 < p < 0.1). ® = significant effect of adult diet (p

160 <0.05).

161

162 Discussion

163 Post-weaning individual housing reduced adolescent growth rate and predisposed animals to higher

164  body fat accumulation, which was further exacerbated in adulthood when exposed to a moderate
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165  western style diet. These changes were observed together with increased energy intake and energy
166 expenditure. These results indicate that post-weaning individual housing for male C57BL6j mice affects

167 metabolic health status on short- and long term.

168 While others have reported no effects of post-weaning individual housing on body weight of male
169  C57BL6j mice at 4 (30) and 6 weeks after weaning (31, 32), the current study shows that individual
170 housing reduces growth rate earlier (i.e. up till 3 weeks) after weaning. Whereas the reduced body
171  weight due to individual housing is transient, the reduced bone length and width persist into
172 adulthood. Bone length in mice typically correlates to growth rate between 3 and 5 weeks of age (33),
173 but as changes in bone mass and bone mineral density have also been reported in mice that were
174  individually housed from adult age onwards (34, 35), reduced mechanical loading (i.e. reduced physical
175  interaction, play, fighting) may also contribute to the shorter bone length in individually housed mice
176  compared to socially housed mice. Individually housed animals showed increased adipose tissue
177  deposition which was accompanied by lower lean body mass percentage in adulthood, confirming
178 previous observations in adult mice (30, 36). The more obese phenotype of individually housed mice
179 in our study was reflected in circulating metabolic hormones in particular during adulthood. In contrast
180  toothers (36), we did not observe a higher variation in fat mass in the socially compared to individually
181 housed mice, which may have been caused by differences in experimental design. As an unstable
182 dominant - subordinate relationship between cage mates may result in opposing patterns in body
183  weight gain and adiposity (37, 38) we used siblings rather than unfamiliar mice for social housing to
184  minimize this effect. In the current study, adiposity was increased as a result of post-weaning individual
185 housing regardless of age and adult diet. Our findings contradict the results of Bartolomucci et al, who
186  showed higher adiposity in mice due to individual housing while exposed to a high fat diet, but reduced
187  adiposity when animals were kept on regular, low fat rodent chow diet (39). In that study however,
188 social isolation commenced at adult age (i.e. at 12 weeks), when mice were metabolically fully mature.
189 In contrast, mice in the current study were individually housed from weaning onwards and experienced
190 post-weaning growth impairments. The consequences of social isolation stress for brain function in

10
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191 rodents are known to be dependent on the life stage during which isolation takes place (24). Similarly,
192  the metabolic consequences of individual housing may also be modulated by the life stage during

193  which individual housing takes place.

194  During adolescence, when increments in lean body mass (40) and bone growth (33) are highest, energy
195 requirements are up to 3 to 4-fold higher compared to adulthood maintenance requirements (41).
196 Mice are social species by nature that engage in social thermoregulation to reduce energy costs for
197  thermogenesis (42). Individual housing under standard laboratory temperatures as applied in the
198  current study (i.e. 21+2 °C), which is in fact below thermoneutrality for singly housed mice (20), can
199 lead to considerable increases in energy expenditure for maintenance of normal body temperature
200  (43-45). This increase in thermogenesis can be reflected by increased deposition and /or activity of
201 brown adipose tissue (BAT) (46-48) as also observed as a result of individual housing in the current
202  study. While energy expenditure of the socially housed mice in the current study could not be
203  determined at the individual level, the calculated values per cage suggest increased energy
204  expenditure in IND versus SOC. Different energy partitioning in individually housed mice to support
205 increased thermogenesis may restrict energy availability for other purposes such as growth. In line

206  with this, rearing at lower temperatures has been reported to result in reduced (bone) growth (49).

207  Ahigher energy intake was observed as a result of individual housing. Mice are known to increase their
208  energy intake to compensate for increased energy costs for thermogenesis (43). A different signaling
209  of satiety cues to the brain in the early post-weaning period may influence the structural maturation
210  of the hypothalamic circuitry responsible for the (homeostatic) regulation of food intake (29). Early life
211  energy availability can thereby have permanent effects on food intake behavior. Alterations in hedonic
212 regulation of food intake may also contribute as individual housing has been shown to modulate
213 reward-sensitivity and depressive-like behavior (11). In contrast to the increased energy intake in
214 individually housed animals, we found that these animals had reduced sucrose preference during

215 adulthood compared to socially housed animals, indicative of the fact that individual housing leads to

11
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216  anhedonia (50). It has been proposed that especially the intake of palatable or high fat diet may be
217 increased by individual housing (39). Although increased energy intake and reduced sucrose
218 preference index in the current study appeared to be most pronounced in individually housed animals

219  on WSD diet, there was no significant interaction between diet and housing.

220 Individual housing increased adiposity at 6 weeks of age and in adulthood. The period between
221  weaning and sexual maturation represents a critical phase for the development of white adipose tissue
222 (26-28). Whereas higher energy expenditure would lead to lower, rather than higher adiposity it may
223 be hypothesized that the increased white adipose tissue deposition observed in individually versus
224  socially housed mice in the current study is the result of an energy intake (persistently) higher than
225  that required to support the metabolic demands. In addition, white adipose tissue maturation can be
226  disturbed by alterations in circulating glucocorticoids (51), which could affect (later in life) deposition.
227 Basal CORT levels were however not affected during adolescence due to individual housing (but see
228 below). As (home cage) physical activity levels were not monitored in the current study, a potential
229  contribution of that factor to the differences in fat deposition observed between individually and
230  socially housed mice in the current study cannot be excluded, although such an effect may be unlikely
231 (35). It remains unknown whether the increased adiposity in individually housed mice may be of
232 functional relevance to the animal. Although it is reasonable to assume that individually housed mice
233 would benefit from thermal insulation, white adipose tissue does not seem to have this function (52).
234 Increased white adipose deposition may however serve the purpose of energy storage that can be
235 released when needed. Alternatively, increased deposition of white adipose tissue with higher
236  thermogenic capacity (i.e. by increased browning), as suggested by higher WAT UCP-1 expression in
237  individually compared to socially housed mice during adulthood in the current study, may facilitate
238  overall increase of thermogenic capacity of individually housed animals without the need of further
239 increasing BAT capacity. Such an effect may be less required in mice subjected to WSD relative to mice
240  onthe control diet, potentially due to alternative thermogenic mechanisms in an obesogenic state (8).
241 Our data do not provide answers to what extent alterations in functioning of the HPA axis plays a role
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242 in these mechanisms. Whereas emotionally stressful experiences in rodents such as social isolation
243 during adolescence can permanently alter HPA function (see for a review (53) , this may not be
244  reflected in higher (basal) corticosterone levels in individually compared to socially housed male mice
245 (15, 54-56). Indeed, basal circulating CORT levels of mice in the current study were not affected by
246 housing conditions during adolescence and tended to be lower in individually versus socially housed
247 mice during adulthood. Potential effects of individual housing on altered HPA responsiveness (15, 54),
248 could however not be excluded based on the current study design. Reduced basal corticosterone levels

249  in adult mice fed WSD confirms a blunting of basal HPA activity due to high fat diet (57).

250  The results of this study are of direct relevance to (metabolic) health and obesity research using mice
251 models. The standard environmental temperature in laboratories (i.e. around 20° C) is below
252  thermoneutrality for mice and this has been proposed as a factor that limits the translational value of
253 mice models to study how environmental factors and or treatments modulate human obesity
254  development (45). The data from the current study suggests that individual housing of mice at these
255  standard temperatures may lead to even further deviation from human physiology and should
256  therefore be regarded as an additional limitation to the translational value of such mouse research
257 models. Moreover, the results from this and other studies (8, 35) show that the metabolic
258 derangements observed in individually versus socially housed mice are not always reflected in higher
259 body weights. This stresses that potential confounding influences of environment on mouse physiology

260  may remain unnoticed when only body weight is monitored.

261 For humans, poor weight gain during the first two years of life is recognized as a risk factor for obesity
262 and metabolic disease at later life stages (58, 59). While we here show that post-weaning individual
263 housing of mice also reduces early life growth rate and predisposes to (adult) obesity, there are critical
264  differences in the underlying mechanisms that prevent individual housing to be used as a model per
265 se for (programmed) obesity in humans. In humans, poor weight gain early in life generally results from

266 insufficient energy intake and/or nutrient malabsorption, resulting in long lasting adaptations in
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267 energy balance regulation such as increased energy intake, lower energy expenditure and altered fat
268 metabolism that favor a positive energy balance throughout life (60). Rather than insufficient energy
269  intake during critical phases of early life growth and metabolic development, individual housing in mice

270 alters energy partitioning and increase energy expenditure.

271 In summary, this study shows that individual housing of male mice from weaning onwards causes
272 substantial alterations in growth, body composition and energy balance regulation and predisposes to
273 later in life obesity. We conclude that for (metabolic) research models with mice, the (social) housing
274 practices should be carefully considered and regarded as a potential modulator of (metabolic) health

275  outcomes, which may complicate the translational value of study results to the human situation.

276

277 Methods

278 Animals

279 All experimental procedures complied to the principles of laboratory animal care and were carried out
280 in compliance with national legislation following the EU-Directive 2010/63/EU for the protection of
281 animals used for scientific purposes and were approved by the ethics committee for animal
282 experimentation (DEC-Consult, Soest, The Netherlands). All animals were kept in a controlled
283 environment (12/12h light/dark cycle with lights on at 08:00, 21+2 °C) with ad libitum access to food
284 and water, unless specified otherwise. Male C57BL/6J mice were bred in house, breeder dams and
285 males were obtained from Charles River laboratories (Sulzfeld, Germany. After 2 weeks
286 acclimatization, two females were introduced to a cage with a male. After 3 days, the male was
287 removed and after 2 weeks females were individually housed and left undisturbed until birth of the
288 litter.After birth, at PN2, litters were randomized and culled to 6 pups per dam (male:female ratio, 4:2

289 or 3:3). Body weight was recorded on weekly base starting at PN21 onwards.
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290 Housing conditions

291  All mice were housed in polycarbonate type Ill cages, with bedding (Aspen wood shavings), nesting
292 material(nestlet) and a plastic shelter. Directly after weaning at PN21 male offspring were randomly
293 allocated to either of two housing conditions; housed individually (IND; 1 animal per cage) or housed
294  socially with a littermate (SOC; 2 animals per cage) . All cages were randomly placed in racks in the
295 same room while no attempt was made to prevent visual, auditory or olfactory contact between mice
296 in neighboring cages and / or cages elsewhere in the room. Animals remained in their respective

297 housing conditions until sacrifice at either adolescent age (PN43) or at adult age (PN126).

298 Diets

299  All rodent diets (Research Diet Services, Wijk bij Duurstede, the Netherlands) were semisynthetic and
300 were based on the American Institute of Nutrition (AIN)-93 purified diets (61). Breeder animals, dams
301  and offspring until PN42 were kept on a AIN-93G (growth) based formulation whereas from PN42
302 onwards mice were subjected to a AIN-93M (maintenance) based formulation either with normal fat
303  content (control (CTR); 20En% as fat) or a moderate high fat content (Western Style Diet (WSD); 40En%

304  as fat) until the end of the study.

305 Study design

306 Effects of social housing conditions on metabolic phenotype were investigated during adolescence
307 (P21-42) and during adulthood (P42-126; while exposed to either CTR or WSD) using different animals.
308 In total six groups were used in this study: two groups for collection of readouts during adolescence
309 (individual housing, IND, n=28; social housing, SOC, n=30; dissection at PN43) and 4 groups for
310 collection of readouts during adulthood (individual housing and control diet, IND CTR, n=27; individual
311 housing and Western Style diet, IND WSD, n=24; social housing and control diet, SOC CTR, n=24; social

312 housing and Western Style Diet, SOC WSD, n=20; dissection at PN126). One animal in the SOC AIN
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313 group was excluded from statistical analysis due to malocclusion, the animal was however kept in the

314  study to avoid individual housing of its cage mate.

315

316 Metabolic readouts

317 Indirect calorimetry and other metabolic chamber recordings

318 Individually and socially housed mice were placed in their home cage in enclosed boxes with controlled
319 circulation for 72 hours (adolescence, PN40-42; adulthood, PN106-108). After 24 hours of
320  acclimatization, gas exchange (O, and CO,) was continuously recorded per cage. The corresponding
321 respiratory quotient (RQ) was calculated as the ratio of CO, production and O, consumption. Energy
322  expenditure (kJ/time unit) was calculated using the formula: energy expenditure = ([(RQ- 0.70) / 0.30]
323  x473)+([(1.0-RQ) /0.30] x 439) x VO,. As energy expenditure is influenced by body weight and body
324  composition (62), all data were adjusted for total body weight (g) of mice in the cage. In addition, data
325  from adolescent animals were adjusted for total lean body mass (g) of mice in the cage - based on
326  carcass LBM at PN43-. Total energy intake (kJ) over 72 hours in the metabolic chambers was recorded
327 per cage by weighing the hopper with food and intake was adjusted for the total body weight of mice

328 present in the cage.

329 Sucrose Preference test

330 To test effects of housing condition and diet on reward sensitivity, a sucrose preference test was
331 performed over a 6-day period during adulthood, from PN74 to 80. Two bottles were present in each
332  cage, one with tap water and the other with 0.1% sucrose (PN74 to 76) or 1% sucrose (PN77 to 80).
333 Position of the bottles, left or right, was alternated each day. The daily consumption of water and

334  sucrose was registered by weighing the bottles daily and preference index was calculated as average
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335 daily sucrose water (ml) consumed / total liquid intake from PN77 to 80. For socially housed animals,

336  the values per cage were divided by 2.

337 Tissue collection and body composition

338 Mice were sacrificed at adolescent age (PN43) or at adult age (PN126). On the evening prior to sacrifice
339 mice were provided with 2 g food/animal in the cage to induce a fasting state. The next morning, mice
340  were anaesthetized by isoflurane inhalation which was followed by heart puncture and decapitation.
341 Blood was collected in EDTA tubes and centrifuged at 2600 G for 10 minutes, plasma was stored at -
342 80°C until further analyses. Liver, WAT depots (inguinal; epididymal; retroperitoneal; perirenal) and
343 interscapular BAT were removed from the carcass, weighed on a micro-scale and snap frozen. Length
344  and width of the right femur were measured using a digital micro-caliper. Carcasses were dried till
345 constant weight at 103°C (ISO 6496-198 (E)), followed by fat extraction with petroleum ether (Boom
346 BV, Meppel, NL) in a soxhlet apparatus. Total body fat % was calculated by (total carcass fat + weight
347  of dissected WAT and BAT depots)/body weight (g). All tissue analyses were performed by a technician

348 blinded to the experimental conditions.

349 Plasma measurements

350 Plasma hormones corticosterone (CORT), adiponectin, leptin and insulin were analyzed by commercial
351 ELISA’s according to manufacturer’s instructions (EIA CORT kit, Arbor Assays, Michigan, USA;
352 adiponectin, insulin and leptin, Milliplex Mouse Adipokine Multiplex, Millipore, Amsterdam, The

353 Netherlands).

354  RNA isolation and quantitative real-time PCR

355 In order to study whether the housing conditions and or adult diet affected (non-shivering)
356 thermogenic capacity, the mRNA expression of UCP-1 was examined in BAT and inguinal WAT. RNA

357  was isolated and cDNA was formed using commercial kits according to manufacturer’s instructions
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358 (NucleoSpin miRNAs kit; Macherey-Nagel, Diiren, Germany; iScript cDNA synthesis kit, Bio-Rad,
359  Veenendaal, Netherlands). Quantity and chemical purity of RNA and cDNA were assessed using
360  Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific). mRNA expression was measured using
361 real time polymerase chain reaction (RT-PCR) according to a protocol previously described (63). The
362 RT-PCR was performed in triplicates by using validated UCP-1 primers (forward primer
363  CAAAAACAGAAGGATTGCCGAAA, reverse primer TCTTGGACTGAGTCGTAGAGG), with housekeeping
364  gene RPL13A, SYBR green and the CFX96 gPCR (Bio-Rad, Veenendaal, Netherlands). UCP-1 expression
365 values were normalized to non-targeted RPL13A expression levels within the same sample to
366 determine deltaCt (deltaCt = Cq gene — Cq). The deltaCt values for each replicate was then
367 exponentially transformed to deltaCt expression (Mean deltaCt expression; [2”(Cq gene - Cq RPL13A)].
368 DeltaCt expression values were finally averaged for each triplicate. LinRegPCR (version 12.15, 2011)

369  was used to calculate PCR efficiencies for each sample.

370 Statistical analysis

371  Statistical analyses were performed using SPSS 22.2 (IBM Software). Effects of housing conditions on
372  growth during adolescence (PN21-42) were analyzed by analysis of variance (ANOVA) with repeated
373 measures (PN as the repeated measures). Body weight gain during adulthood (PN42-126) was analyzed
374 by two-way ANOVA with repeated measures (adult diet x housing conditions with PN as the repeated
375 measures). All other parameters were analyzed by one-way ANOVA (housing conditions, adolescence)
376 or two-way ANOVA (housing conditions * diet, adulthood). All data are presented as mean + SEM and

377 considered significantly different when p < 0.05.
378
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