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Abstract 23 

Intrauterine growth restriction (IUGR) has adverse effects on metabolic health and early life, 24 

while physical activity is protective against later development of metabolic disease. 25 

Relationships between birth weight and physical activity in humans, and effects of IUGR on 26 

voluntary activity in rodents, are mixed and few studies have measured physical activity in a 27 

free-ranging environment. We hypothesized that induced restriction of placental growth and 28 

function (PR) in sheep would decrease spontaneous ambulatory activity (SAA) in free-29 

ranging adolescent and young adult progeny from multi-fetal pregnancies. To test this 30 

hypothesis, we used Global Positioning System watches to continuously record SAA 31 

between 1800h and 1200h the following day, twice during a 16-day recording period, in 32 

progeny of control (CON, n=5M, 9F) and PR pregnancies (n=9M, 10F) as adolescents (30 33 

weeks) and as young adults (43 weeks). PR reduced size at birth overall, but not in survivors 34 

included in SAA studies. In adolescents, SAA did not differ between treatments and females 35 

were more active than males overall and during the day (each P < 0.001). In adults, daytime 36 

SAA was greater in PR than CON females (P = 0.020), with a similar trend in males (P = 37 

0.053) and was greater in females than males (P = 0.016). Adult SAA was negatively 38 

correlated with birth weight in females only. Contrary to our hypothesis, restricted placental 39 

function and small size at birth did not reduce progeny SAA. The mechanisms for increased 40 

daytime SAA in adult female PR and low birth weight sheep require further investigation. 41 

 42 
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Introduction 44 

Intrauterine growth restriction (IUGR) arises from maternal, fetal and/or placental factors that 45 

prevent the fetus from achieving its genetic potential for growth1, 2. In developed countries 46 

IUGR, which is most commonly caused by placental insufficiency, affects 6-12% of births3, 4. 47 

Placental insufficiency progressively restricts transfer of nutrients and oxygen to the 48 

developing fetus, reducing growth particularly in late gestation5, 6. In human studies, low birth 49 

weight or small size at birth for gestational age (SGA) are often used as surrogate markers 50 

of IUGR 7. There is conflicting evidence from human cohorts that voluntary levels and 51 

intensity of physical activity are altered in low birth weight compared with normal birth weight 52 

adolescents and adults8-12. In human cohorts, physical activity throughout life, and in 53 

childhood or adolescence is associated with decreased risk of developing metabolic disease 54 

in adult life13-16. Decreased physical activity after IUGR may therefore contribute to the 55 

increased risk of metabolic disease in this population17-19. 56 

 57 

A meta-analysis categorizing adolescents and adults as active or inactive by self-report, 58 

showed an inverse U-shaped relationship between birth weight and levels of leisure time 59 

physical activity (LTPA)8. Other studies confirm these findings with low and high birth weight 60 

individuals self-reporting lower levels of LTPA compared to those born of average birth 61 

weight8, 10, 11. In contrast, LTPA measured objectively through accelerometer data during 62 

adolescence was either not related12 or positively related9 to birth weight. Similarly, reduced 63 

birth weight due to maternal famine exposure in mid- or late-gestation did not significantly 64 

alter self-reported physical activity20. Variable gender differences in physical activity have 65 

also been reported in humans, with LTPA either not differing between genders in 66 

adolescents and adults8, 12 or females being more sedentary than males in adolescence9. In 67 

addition to the variable effects of birth weight and sex, it is difficult to infer causality from 68 

human studies due to confounding by environmental factors that affect growth before birth 69 

and activity during postnatal life. For example, the risk of a SGA birth increases with lower 70 

socioeconomic status21, 22 and socioeconomic status is positively correlated with levels of 71 



physical activity in both adolescents and adults23, 24. Animal models of IUGR where progeny 72 

are delivered at term may be useful in separating out these effects of prenatal and postnatal 73 

environment on postnatal voluntary physical activity, whilst evaluating outcomes in both 74 

sexes is important given evidence for sex-specific effects of prenatal exposures.  75 

 76 

Data from animal studies support the concept that prenatal exposure to maternal 77 

undernutrition may program voluntary physical activity. In rats, IUGR induced by maternal 78 

food restriction to 30% of ad libitum intakes decreased the activity of male and female 79 

progeny within a test arena over a recording period of fifteen minutes, measured during the 80 

peri-pubertal period at 35 d of age and in adulthood at 14 months of age25. Similarly, young 81 

adult (60 d old) IUGR male rat progeny of dams whose food intake was restricted by 50% 82 

from d 10 of pregnancy and throughout lactation, ran a shorter total distance over 7 d when 83 

provided with continuous running wheel access compared to control progeny from dams with 84 

ad libitum access to feed26. Interestingly, female progeny from food-restricted dams ran 85 

more than female progeny from control dams in the same experiment26. In a separate study, 86 

locomotor activity measured over half an hour during daylight hours in adult rats at 91 d of 87 

age was reduced in male progeny when mothers were protein-restricted during early 88 

pregnancy but not mid- or late-pregnancy27. In female progeny, activity was reduced by 89 

maternal protein restriction regardless of whether restriction was imposed during early-, mid-90 

, or late-pregnancy27. This provides further evidence that effects of some perinatal exposures 91 

on later activity may be sex-specific, and reinforces the need to include progeny of both 92 

sexes when evaluating impact.  Also consistent with the hypothesis that prenatal exposures 93 

program physical activity, periconceptional maternal undernutrition in sheep decreased the 94 

distance walked voluntarily by adult male and female progeny over a period of 48 h in a 95 

paddock environment28. Interestingly, in this cohort comprising twin and singleton progeny, 96 

litter size did not affect activity in adulthood28. Maternal undernutrition of sheep throughout 97 

early-mid gestation did not alter physical activity of progeny, but this may reflect the fact that 98 

in this study the progeny were barn-housed and therefore had restricted opportunity for 99 



activity, compared to paddock-housed sheep29. These studies do not however evaluate 100 

effects of IUGR on activity, since periconceptional maternal undernutrition does not reduce 101 

size at birth in sheep30, while early-mid gestation nutrient restriction actually increased birth 102 

weight of progeny31. Each are also likely to affect fetal growth at different times than occurs 103 

in IUGR, where restricted placental function restricts fetal growth mostly in late gestation6. 104 

As yet, effects of restricted placental growth and/or function on spontaneous ambulatory 105 

activity (SAA) have not been reported; nor has the effect of IUGR or restricted placental 106 

function on progeny physical activity been assessed in a free-ranging environment.  107 

 108 

Restricted placental growth and function (placental restriction, PR) resulting in IUGR can be 109 

induced experimentally in sheep by surgical removal of the majority of placental attachment 110 

sites from the non-pregnant endometrium prior to mating32, 33. This induces similar fetal and 111 

postnatal consequences as seen in human IUGR, by decreasing placental blood flow and 112 

oxygen and nutrient supply to the fetus34-37. In previous studies, average birth weight in PR 113 

lambs at term was reduced by 20-31%38-40. Postnatally these lambs experience catch-up 114 

growth41, 42 and develop insulin resistance in early postnatal life40, whilst males but not 115 

females have impaired insulin action which persists to adulthood43. We therefore utilized this 116 

experimental paradigm to test the hypothesis that restriction of placental growth and small 117 

size at birth would reduce levels of SAA in adolescent and young adult sheep in a free-118 

ranging environment, and that effects would be greater in female than male progeny. 119 

 120 

Methods 121 

All procedures were approved by the University of Adelaide Animal Ethics Committee 122 

(approval M-2013-231B) and conducted in accordance with Australian guidelines44.  123 

  124 



Animal Cohort 125 

Placental growth of Merino × Border Leicester ewes was restricted by surgical removal of all 126 

but four visible endometrial placental attachment sites (caruncles) from each uterine horn, at 127 

least 10 weeks before timed mating of PR and un-operated control (CON) ewes32, 33. 128 

Because surgery and recovery occur before pregnancy in this model such that the fetus is 129 

not exposed to maternal surgery in PR pregnancies, and initial studies in this model 130 

established that sham surgery did not reduce size at birth32, we did not perform sham 131 

surgery on CON ewes in the present study. Pregnancy was confirmed by ultrasound at 48-132 

55 d after mating. Only ewes scanned as pregnant with twins (12 CON, 24 PR ewes) were 133 

selected for the study, due to limited availability of singleton control pregnancies. Ewes were 134 

housed indoors from day 110 of gestation until their spontaneously born lambs were weaned 135 

at 97.0 ± 0.4 days of age. Throughout late gestation and lactation ewes were fed 1 kg 136 

Rumevite pellets daily (10.6 MJ metabolisable energy/kg dry matter; 12.3% crude protein, 137 

Ridley AgriProducts, St Arnaud, Australia), with ad libitum access to lucerne chaff and water. 138 

Gestational ages, lamb weights, and litter sizes were recorded at birth. Only lambs born from 139 

litters with two or three lambs were included in the present study; not all litter sizes from 140 

ultrasound corresponded to litter size at delivery (Figure 1). A total of 23 CON lambs (1 still 141 

born and 22 live born) from 10 CON ewes and 39 PR lambs (26 live born and 13 still born) 142 

from 19 PR ewes were delivered between 12 and 27 July 2014 (Figure 1). Due to deaths of 143 

some non-viable lambs and removal of triplet siblings, surviving lambs included in the 144 

spontaneous activity study [5 CON males (2 twins, 2 triplets), 9 CON females (6 twins, 3 145 

triplets), 9 PR males (9 twins), and 10 PR females (10 twins)] were reared as twins or 146 

singletons during lactation. The litter size during lactation (number of lambs suckling the 147 

ewe) was therefore included in statistical models to account for neonatal nutritional 148 

environment.  149 

 150 

Lambs were weighed daily until 30 d after birth, when catch-up growth usually occurs in PR 151 

lambs, based on our previous study in mixed singletons and twins41 and then weekly until 152 



weaning. Absolute and fractional growth rates from birth to 30 d postnatal age, were 153 

calculated by linear regression42. After weaning, progeny were housed in adjacent paddocks 154 

in same sex groups at the Roseworthy campus of the University of Adelaide and group fed 155 

daily at a rate of 0.5 kg Rumevite pellets per sheep, with ad libitum access to oaten hay, 156 

seasonal pasture, and water, and were weighed at monthly intervals.  157 

 158 

Spontaneous Ambulatory Activity  159 

Spontaneous ambulatory activity studies were performed under natural light and 160 

temperature conditions in the paddocks where animals were held throughout the study. 161 

Animals remained in their same-sex groups, each with access to paddocks of the same size 162 

(~0.25 ha) and shape, throughout both series of activity studies. Each animal was studied as 163 

an adolescent (204 ± 1 d of age, during summer in January-February 2015) and as a young 164 

adult (294 ± 1 d of age, during autumn in May 2015). Two recordings of 18 h duration were 165 

taken on each animal at each age. At each age, 5-6 animals were randomly allocated to 166 

each study day, with one recording of each animal completed before the second block of 167 

recordings, and different randomized orders used in each block to allow correction for day 168 

effects. All studies were completed within a 16-d period at each age. Garmin Forerunner 169 

910XT GPS devices (Garmin Limited, Lenexa, Kansas, United States) were attached to a 170 

collar placed on individual sheep at 1800h, and removed at 1200h on the following day. 171 

Recording duration was determined by battery life and timed to capture periods of peak and 172 

changing activity seen in the evening and morning in free-ranging sheep45. Data were 173 

uploaded to the Garmin Website using Garmin Connect software (Garmin Ltd, v 15.7.4.1), 174 

and distance in 5-second intervals was downloaded for subsequent data cleaning (to remove 175 

satellite artefacts). Distance travelled was used as the measure of spontaneous ambulatory 176 

activity and was summed for each 10 minute period between 1800h and 1200h the following 177 

day for each animal for the analysis of activity patterns. Average distance travelled per hour 178 

was calculated for the whole recording period, during daylight hours (before sunset and after 179 

sunrise), during night hours (between sunset and sunrise), and for hourly blocks from 2 h 180 



before sunrise to 2 h after sunrise. Average distance travelled per hour was also summed for 181 

hourly blocks from 1 h before to 2 h after sunset in adolescent animals only, when the 182 

recordings consistently started over an hour prior to sunset; pre-sunset data was not 183 

available in adults due to season. Average times of sunrise and sunset were 0642 h and 184 

2015 h, respectively during adolescence in summer, and 0656 h and 1725 h, respectively 185 

during adulthood in autumn. Half-hourly temperature data for the Roseworthy campus 186 

weather recording station throughout each recording period were downloaded from the 187 

Australian Government Bureau of Meteorology server 188 

(http://www.bom.gov.au/climate/dwo/IDCJDW5062.latest.shtml).  189 

 190 

Statistical Analysis  191 

Size at birth and gestational age at birth were analyzed by mixed models ANOVA, for effects 192 

of treatment (CON compared with PR) and lamb sex as main factors, and including the dam 193 

as a random factor to correct for maternal effects. Neonatal growth rates were analyzed by 194 

mixed models ANOVA, including treatment, lamb sex and lactation litter size (one or two 195 

lambs suckling the ewe) as main factors, and including the dam as a random factor to 196 

correct for maternal effects. Effects of treatment and sex on proportions of lambs born alive 197 

were analyzed by χ2 test. Repeated measures of lamb body weights from birth to 30 d of age 198 

(during catch up growth), from 30 d of age until weaning, and from weaning until the end of 199 

the study were analyzed by mixed models ANOVA, for effects treatment, lamb sex, and 200 

lactation litter size as main factors, age as a within-animal factor and including the dam as a 201 

random factor in each model to correct for maternal effects. At each age, distances travelled 202 

per hour during the whole recording period, and during daylight and night hours of the 203 

recording period, were analyzed using a repeated measures ANOVA, including treatment, 204 

sex, lactation litter size and recording block (1st or 2nd replicate) as main factors, dam and 205 

recording date as random factors, recording block as a within-animal factor and maximum 206 

temperature during the sampling period as a covariate. Spline analysis of behavioral 207 

patterns was conducted used 10 minute interval data across the recording period, with 7037 208 



distance records included. These were analyzed using a linear mixed model with a cubic 209 

spline that had 18 knot points, which fits a very flexible polynomial regression as previously 210 

detailed46. Fixed effects included: treatment, sex, recording block, maximum temperature, 211 

time*treatment (linear treatment effect) and time*sex (linear sex effect). Random effects 212 

included: dam, lamb, spline (time)*treatment (test for treatment differences in activity 213 

patterns), spline(time)*sex, and factor(time) to allow for non-smooth departures in activity 214 

due to things like human disturbances. Pairwise comparisons between male and female 215 

activity at specific times based on predictions of activity every half-hour were analyzed by t-216 

test. Associations between total, daylight and night activity as adolescents and adults and 217 

birth weight were assessed by Pearson’s correlation. Excluding lambs born in triplet litters 218 

limited between-sex comparisons and did not change effects of treatment on size at birth, 219 

neonatal growth or activity totals (Supplementary Table 1); data reported below therefore 220 

includes progeny born to twin and triplet litters. All analyses were performed using IBM 221 

SPSS v 22 (SPSS, Chicago, IL), and data are presented as estimated means ± SEM unless 222 

otherwise stated.  223 

 224 

Results  225 

Size at Birth and Perinatal Survival  226 

In the subset of live born lambs, PR lambs were 26% lighter at birth than CON lambs (CON: 227 

4.28 ± 0.79 kg; PR: 3.17 ± 1.29 kg; P < 0.001), and birth weight did not differ between males 228 

and females (P > 0.5). Still born lambs were 44% lighter than live born lambs (live born: 3.98 229 

± 0.98 kg; still born: 2.22 ± 1.10 kg; P < 0.001). Gestational age was lower in PR lambs 230 

compared to CON lambs (CON: 146.0 ± 2.6 days; PR: 143.5 ± 2.0 days; P < 0.001), 231 

although the majority were still within the term range, based on our previous observations of 232 

gestation length at spontaneous delivery in a larger cohort of CON pregnancies in this strain 233 

of sheep (mean: 147.0 ± 0.3 days; range 143-150 days). Overall, PR lambs were less likely 234 

to be born alive than CON lambs (Control: 22 of 23 born alive; PR: 26 of 39 born alive; P = 235 

0.008).  236 



 237 

In the lambs that survived and were included in spontaneous ambulatory activity studies, 238 

birth weight did not differ between treatments or sexes overall (Table 1), or in twin-born 239 

progeny only (Supplementary Table 1). Within CON lambs included in spontaneous 240 

ambulatory activity studies, birth weights did not differ between those born in twin and triplet 241 

litters (CON twin: 4.64 ± 0.24 kg; CON triplet: 4.36 ± 0.26 kg; P > 0.1), and birth weights of 242 

triplets all fell within the range of birth weights observed in twins (CON twin: 3.5 - 5.7 kg; 243 

CON triplet: 43.7 – 5.2 kg). For ewes that had at least one lamb survive to be included in the 244 

spontaneous activity study, gestational age did not differ between CON and PR lambs 245 

(CON: 145.5 ± 2.7 days; PR: 143.9 ± 1.6 days; P > 0.1).  246 

  247 

Postnatal Growth 248 

In the first month of life, absolute growth rate (Table 1) did not differ between CON and PR 249 

lambs (P > 0.9), and was higher in males than females (P = 0.012), and fractional growth 250 

rate (Table 1) did not differ between treatments (P > 0.1) or sexes (P > 0.1). Similar effects 251 

were observed in twin-born progeny analysed separately (Supplementary Table 1). Absolute 252 

and fractional growth rates from birth to day 30 did not differ between lactation litter sizes 253 

(each P > 0.3). Body weight during the first month of life (Figures 2A and 2D) increased with 254 

age (P < 0.001), tended to be higher in CON than PR overall (P = 0.054), and was higher in 255 

males than females (P = 0.005). Lambs reared as singletons due to perinatal death of a 256 

sibling were heavier overall (P = 0.001) and grew faster (lactation litter size*age interaction P 257 

< 0.001) than lambs reared as twins. From the end of the neonatal period until weaning at 14 258 

weeks of age (Figures 2B and 2E), body weight increased with age (P < 0.001), did not differ 259 

between treatments (P > 0.4) or lactation litter sizes (P > 0.1), and was higher in males than 260 

females (P = 0.040). Similarly, body weight after weaning (Figures 2C and 2F) increased 261 

with age (P < 0.001), did not differ between treatments (P > 0.5) or lactation litter sizes (P > 262 

0.6), and was higher in males than females (P = 0.001). 263 

  264 



Spontaneous Ambulatory Activity in Adolescence  265 

In adolescent sheep, the distance travelled over each 30-minute interval changed throughout 266 

the recording period, following a typical diurnal pattern of greater activity during daylight than 267 

night times (Figures 3A and 3B). Over the total 18-h recording period distance travelled per 268 

hour did not differ between treatments (P > 0.1, Figure 4A), females travelled 17% further 269 

than males (P < 0.001, Figure 4A), and distance travelled did not differ between recording 270 

blocks, lactation litter sizes or with maximum temperature (P > 0.1, data not shown). During 271 

daylight, distance travelled per hour did not differ between treatments (P > 0.1, Figure 4B), 272 

females travelled 25% further than males (P < 0.001, Figure 4B), and distance travelled did 273 

not differ between recording blocks, lactation litter sizes or with maximum temperature (P = 274 

0.09, data not shown). During night, distance travelled per hour did not differ between CON 275 

and PR progeny (P = 0.082, Figure 4C), or sexes (each P > 0.1, Figure 4C), tended to be 276 

greater during the first recording block than during the second recording block (P = 0.063, 277 

data not shown), and did not differ between lactation litter sizes or vary with maximum 278 

temperature (P > 0.1, data not shown). Similar treatment and sex effects were observed in 279 

analyses restricted to twin-born progeny (Supplementary Table 1). 280 

 281 

Analysis of hourly ambulatory activity during the peak activity period two hours before and 282 

after sunrise45, 47, 48, showed no treatment differences in distance travelled in any hour (each 283 

P > 0.1, Figures 4D-4G). In the hour leading up to sunrise (Figure 4E), distance travelled by 284 

females was greater than males (P = 0.012), with a similar trend for the preceding hour (P = 285 

0.099, Figure 4D), and no sex differences in activity in the two hours after sunrise (Figures 286 

4F and 4G, each P > 0.1). In the hour leading up to sunset (Figure 4H), effects of treatment 287 

on distance travelled differed between sexes (treatment*sex interaction, P = 0.043). 288 

Distance travelled in the hour leading up to sunset was higher in PR than CON males (P = 289 

0.025, Figure 4H) and did not differ between treatments in females (P > 0.1, Figure 4H). 290 

During the remaining hourly blocks, from sunset to one h after sunset and from 1 – 2 h after 291 



sunset, distance travelled did not differ between treatments or sexes (each P > 0.1, Figures 292 

4I, 4J).  293 

 294 

Spline analysis of activity in adolescents showed treatment differences in linear activity 295 

pattern (P < 0.001) but no sex effects on the linear trend (P > 0.05), and no effects of 296 

temperature (P > 0.05). In pairwise comparison of predicted activity at specific times (Figure 297 

5) female activity was greater than that of males during periods of peak activity (each P < 298 

0.05). 299 

 300 

Spontaneous Ambulatory Activity in Adulthood  301 

In adult sheep, similar to the pattern observed in adolescents, the distance travelled over 302 

each 30-minute interval changed throughout the recording period, following a typical diurnal 303 

pattern of greater activity during daylight than night times (Figures 6A and 6B). Over the total 304 

18 hour recording period, distance travelled per hour did not differ between treatments (P > 305 

0.1, Figure 7A), sexes (P > 0.1, Figure 7A) or lactation litter sizes (P > 0.1, data not shown), 306 

was higher during the first recording block than during the second recording block (P < 307 

0.001, data not shown) and was positively correlated with maximum temperature (P < 0.001, 308 

data not shown). In analyses restricted to twin-born progeny only, although sex differences 309 

were observed, treatment similarly did not affect distance travelled per hour (Supplementary 310 

Table 1).During daylight, distance travelled by PR progeny tended to be greater than CON 311 

overall (P = 0.092, Figure 7B), females travelled 8% further than males overall (P = 0.016, 312 

Figure 7B), distance travelled was greater during the first recording block compared to the 313 

second recording block (P = 0.025, data not shown), lambs raised as twins during lactation 314 

travelled 18% further than lambs raised as singletons (P = 0.039, data not shown) and 315 

distance travelled did not correlate with maximum temperature (P > 0.1, data not shown). 316 

Outcomes differed between sexes, such that in males distance during daylight tended to be 317 

higher in PR than CON progeny (+8%, P = 0.053, Figure 7B), was higher during recording 318 

block one than block two (P < 0.001, data not shown), did not differ between lactation litter 319 



sizes (P > 0.1, data not shown) and distance did not correlate with maximum temperature (P 320 

> 0.1, data not shown). In females, distance travelled during daylight was 29% higher in PR 321 

than CON progeny (P = 0.020, Figure 7B), was not different between recording blocks (P > 322 

0.1, data not shown), lambs raised as singletons during lactation tended to be less active 323 

than lambs raised as twins (P = 0.09, data not shown) and distance travelled did not 324 

correlate with maximum temperature (P > 0.1, data not shown). During the night, there were 325 

no differences in distance travelled between treatments (P > 0.1, Figure 7C), sexes (P > 0.1, 326 

Figure 7C) or lactation litter sizes (P > 0.1, data not shown). Distance travelled during the 327 

first recording block was higher than during the second recording block (P = 0.02, data not 328 

shown) and tended to be positively correlated with maximum temperature (P = 0.064, data 329 

not shown). In adults, average distance travelled across the total recording period correlated 330 

negatively with birth weight in females (Figure 8B), r = -0.644, P = 0.003, n = 19) but not in 331 

males (Figure 8A) (r = 0.021, P > 0.1, n = 14). Similarly, daylight activity correlated 332 

negatively with birth weight in females (Figure 8D) (r = -0.586, P = 0.008, n = 19) but not in 333 

males (Figure 8C) (r = 0.092, P > 0.9, n = 14). Night activity did not correlate with birth 334 

weight in either sex (data not shown)  335 

 336 

Hourly activity during the periods from two hours before to two hours after sunrise (Figures 337 

7D, 7E, 7F, 7G), did not differ between treatments or sexes (each P > 0.1). Spline analysis 338 

of activity in adults (data not shown) found no treatment differences in linear activity pattern 339 

(P > 0.05), and a negative effect of maximum temperature (P < 0.001). Although the linear 340 

trend differed between sexes (P < 0.05), predicted activity did not differ between sexes at 341 

any time point (P > 0.05, data not shown).  342 

 343 

Discussion 344 

In this study we report for the first time the effects of placental insufficiency and variable size 345 

at birth in an animal model on spontaneous levels of physical activity in later life, specifically 346 

ambulatory activity in a free-ranging environment. Contrary to our hypothesis, in the present 347 



cohort of progeny from multi-fetal pregnancies, PR increased spontaneous ambulatory 348 

activity in adult female sheep during daylight hours, with a similar trend in males, and low 349 

birth weight was similarly associated with greater spontaneous ambulatory activity overall as 350 

well as during daylight in females. PR did not affect spontaneous ambulatory activity in 351 

adolescent sheep. Consistent with previous findings, spontaneous ambulatory activity levels 352 

were higher in females than males, particularly as adolescents. This suggests that 353 

decreased spontaneous ambulatory activity in adolescence and adulthood is not a primary 354 

driver in the postnatal development of metabolic disease after restricted placental function.  355 

 356 

In the present study of sheep from multi-fetal litters, both PR and low birth weight female 357 

adult progeny were more active than CON and higher birth weight females during daylight, 358 

with similar diurnal activity patterns in both sexes. In males, although PR also tended to have 359 

greater adult daylight activity than CON, this effect was much smaller in magnitude and 360 

activity was not correlated with birth weight. This result is consistent with the sex-specific 361 

effects of experimental IUGR in a rodent study, in which dams were subjected to 50% global 362 

food restriction from d 10 of gestation until weaning, which increased activity in female but 363 

not male progeny26. Sex-specific effects of PR and associations with birth weight may reflect 364 

sex-specific fetal adaptations to adverse environments, similar to patterns observed in 365 

maternal asthma in humans where growth is reduced in females but not males49. Whether 366 

PR or IUGR have sex-specific effects on fetal growth trajectories in these animal models is 367 

not yet known. Due to limited numbers of progeny, it was not possible to subdivide groups 368 

according to gestation litter size, although we included only progeny from multi-fetal litters in 369 

the present study. All surviving CON triplets had birth weights within the range of birth 370 

weights seen in CON twins, suggesting a similar degree of restriction. Litter size during 371 

lactation had very limited effects on activity in the present study, consistent with findings in a 372 

previous study including twins and singletons, where activity did not differ between singleton 373 

and twin litter size groups28. Furthermore, when we analysed activity outcomes only for 374 



lambs born in twin litters (Supplementary Table 1), effects of treatment were similar to those 375 

reported in overall analyses including twins and triplets.  376 

 377 

The mechanisms underlying this greater activity in low birth weight and PR adult females 378 

compared to CON and high birth weight females have not yet been identified. One brain 379 

region which is an important driver of spontaneous physical activity is the dorsal medial 380 

habenula50. In mice, genetic elimination of neuronal development in this region reduced 381 

motivation-based locomotor activity, such as voluntary wheel running, with no abnormalities 382 

in gait and balance and the same physiological capacity for exercise seen in control 383 

progeny50. Induced activation of neurons in this region in normally-developed mice increased 384 

voluntary locomotor activity50, further confirming the importance of this region as a driver of 385 

spontaneous physical activity. Effects of PR or IUGR on this region, or on biological 386 

messengers implicated in modifying voluntary activity including dopamine, noradrenaline and 387 

serotonin51, 52 are yet to be investigated. Confounding postnatal factors such as body weight, 388 

which is negatively correlated with physical activity53, can potentially affect activity. However, 389 

in the present study when adolescent and adult spontaneous activity measures were taken, 390 

body weight did not differ between treatments, and is therefore unlikely to have contributed 391 

to the greater levels of activity observed in PR and low birth weight adult female progeny. 392 

Similarly, although a systematic review in humans reported variable and generally negative 393 

effects of psychological stress on physical activity54, because the sheep in the present study 394 

were habituated to human contact by regular handling as lambs and frequent weight 395 

measures from birth throughout the study, stress is unlikely to have affected activity. A 396 

possible mechanism that might contribute to effects of PR and IUGR on postnatal activity is 397 

appetite. Movement in adult sheep is predominately driven by grazing, and sheep increase 398 

grazing time when hungry55. Feeding frequency, an indicator of appetite, is increased in PR 399 

compared to CON lambs during catch-up growth; effects of litter size were not reported in 400 

that study41. The increased ambulatory activity in PR and low birth weight adult females 401 

might therefore suggest hyperphagia in adult life, which has been reported in adult IUGR rat 402 



progeny whose mothers were globally food-restricted to 30% of the intake of ad libitum-fed 403 

animals during gestation56. Effects of PR on adult appetite have not as yet been reported, 404 

although the similar body weights between PR and CON sheep in the present study 405 

suggests that PR might affect grazing behavior via altered food type preference rather than 406 

increased drive for total nutrient intake. Interestingly, adult human data suggest that positive 407 

feedback occurs between spontaneous physical activity and hyperphagia, such that 408 

hyperphagia stimulates the desire for increased spontaneous activity which in turn stimulates 409 

hyperphagia, due to an inherent desire to maintain homeostatic body weight52. This suggests 410 

that increased ambulatory activity in our adult female PR and low birth weight females might 411 

reflect increased appetite or altered food preference.   412 

 413 

Activity patterns across the recording period were sexually dimorphic, with greater activity in 414 

females than males overall and in daylight in adolescent sheep, and also during daylight in 415 

adults. Our results are consistent with the greater physical activity in females than males 416 

reported in mice52, rats25, 27 and sheep28. Estrogen is a positive driver of activity and possibly 417 

underlies these sex-differences in activity, since in female mice ovariectomy reduces 418 

voluntary activity to levels similar to males, and 17β-estradiol treatment in ovariectomized 419 

mice increase activity57. Interestingly, despite variable sex-differences in activity in humans, 420 

where activity is either similar between genders8, 12, or greater in males than females9, 421 

estrogen also appears to be a positive driver of activity in humans, with loss of ovarian 422 

function in women during menopause correlating with a marked fall in physical activity58. Our 423 

sheep were likely post-puberty during measures of SPA, particularly at 43 weeks of age, 424 

given the ad libitum nutrition and because Merino ewes enter puberty at an average age of 425 

31 weeks (23 – 43 weeks old)59. In order to minimize the likely impact and confounding by 426 

stress, we did not collect blood or track cycles in our cohort, and it was therefore not 427 

possible to match the ewes for estrus cycle. Interactions between PR and estrous cycle 428 

stage, and whether effects of PR change further with ageing beyond young adulthood, are 429 

yet to be investigated. Further characterization of sex effects on voluntary activity and 430 



understanding of underlying mechanisms including pathways for estrogen responses are 431 

required.  432 

 433 

This is the first study showing the effect of surgical pre-mating removal of placental 434 

attachments sites, which restricts placental growth and function32, 33, on spontaneous 435 

physical activity, where all progeny shared a common post-weaning environment, maternal 436 

age and similar genetic background. Additional strengths of the study were inclusion of both 437 

sexes, and that since all lambs delivered within 4 days of average term, this model is not 438 

confounded by prematurity, which is associated with reduced physical activity in adolescent 439 

and adult humans60. Effects of PR on activity may, however, have been diluted by the 440 

flocking behavior that occurs in this herd species, where groups of sheep tend to move 441 

together61, making it even more significant that differences were observed between groups. 442 

Dilution of group differences in activity was seen in studies of circadian patterns of activity in 443 

transgenic Huntington’s disease (HD) sheep. HD sheep have relatively mild behavioral 444 

changes when kept in a mixed flock including individuals of normal genotype, but circadian 445 

abnormalities were far more evident in sheep living in flocks comprising only HD sheep45. 446 

Therefore, dilution of treatment effects on activity and/or activity patterns may potentially 447 

have occurred in the present study and should be kept in mind when interpreting the 448 

magnitude of difference that was observed. An additional limitation in interpreting the results 449 

of the present study is that, unlike previous studies in CON and PR sheep39-41, PR lambs 450 

within the cohort of animals that survived to be included in the spontaneous physical activity 451 

study were not lighter at birth and did not experience accelerated growth rates in early life 452 

compared to CON lambs. In part, we suspect this reflects restriction of fetal growth in all 453 

lambs, including CON lambs, within the present cohort, as a consequence of studying 454 

outcomes in offspring of multi-fetal pregnancies. Use of multiple-birth litters was chosen on 455 

the basis of ultrasound results in order to achieve similar litter sizes between treatments, due 456 

to insufficient availability of CON singleton pregnancies, but nutrient supply in late gestation 457 

is restricted in twins compared to that of singletons62. This may have reduced the magnitude 458 



of effects of PR on size at birth compared to these previous studies, since likely all progeny 459 

were subject to a degree of growth restriction in utero. Growth curves of twins and singletons 460 

diverge in sheep by ~d100 of gestation63. Reduction of litter size by death of one fetus of 461 

twin litters in early gestation (d42 after mating) does not fully normalise birth weight64, 462 

possibly because the number of placental attachments to the endometrium is already fixed 463 

with adhesion occurring by d16 of development65, and hence prior to reduction in litter size. 464 

The surgical reduction in numbers of placental attachment sites prior to pregnancy in PR 465 

ewes may thus mirror some of the effects of multi-fetal litter size in ovine pregnancy, since 466 

both reduce the numbers of placental attachments and cotyledons formed. Whether triplets 467 

suffer additional growth-restriction compared to twins is less clear, with similar fetal and 468 

placental weights reported in twin and triplet ovine fetuses in late gestation66. In the overall 469 

cohort of live born lambs, PR were 26% lighter than CON. The lack of birth weight difference 470 

in lambs included in the SAA studies (seen also when analysis was restricted to twin-born 471 

animals), therefore also reflects poorer survival of PR lambs, particularly the more restricted 472 

animals, including twins. An additional limitation of the study design is that, due to perinatal 473 

deaths and removal of some non-viable lambs, our study included lambs gestated in multi-474 

fetal litters but that were raised as singletons or twins during lactation, which may have 475 

added variation in neonatal nutrition. We found however, that lactation litter size had little 476 

effect on activity measures in adolescents or adults, consistent with reports in another cohort 477 

including lambs gestated and raised as singletons and twins28. In human cohorts exposed to 478 

severe maternal malnutrition at different times before, during and after pregnancy, maternal 479 

exposures in early pregnancy induced adverse changes in progeny health without changes 480 

in birth weight67, although self-reported activity was not affected by in utero famine 481 

exposure20. Similarly, periconceptional maternal undernutrition in sheep decreased activity in 482 

adult progeny without altering birth weight28. Our findings of PR effects even in the absence 483 

of differences in birth weight in females are thus consistent with the concept that 484 

periconceptual and gestational insults can affect postnatal outcomes without changes in birth 485 

weight. 486 



 487 

IUGR is associated with increased burden of metabolic disease risk in later life, and 488 

understanding the determinants of this association may help to identify potential preventative 489 

interventions. In the present study, spontaneous ambulatory activity during adolescence and 490 

adulthood was not reduced by PR or associated with low birth weight in progeny of multi-491 

fetal pregnancies. This may suggest that decreased physical activity does not explain the 492 

increased risk of metabolic disease after IUGR, if similar findings hold true in singleton 493 

cohorts not subjected to a level of restriction in controls as well as the PR group. In fact, 494 

contrary to the hypothesis, in the present study, PR females were more active than CON 495 

females, particularly as adults. Further studies are needed to explain why the effects of PR 496 

that we observed were sex-specific, to determine whether similar effects of PR are seen in 497 

comparisons within singleton cohorts, and to identify the mechanisms underlying this greater 498 

spontaneous ambulatory activity after IUGR in adult female sheep from multi-fetal 499 

pregnancies.   500 
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Figure legends 515 

Figure 1. Animal Cohort. *Lost to study: 8 CON and 7 PR lambs were lost to study due to 516 

removal of triplet siblings to control for litter size (n = 3 CON lambs, n=1 PR lambs), maternal 517 

removal from the study for health reasons (n=3 CON lambs, n=6 PR lambs), or lamb birth 518 

defects (n=2 CON lambs from 1 pregnancy). 519 

 520 

Figure 2. Effects of PR on postnatal weight in male (A, B, C), and female (D, E, F) 521 

sheep. Body weight of CON (white circles) and PR (black circles) are shown daily from birth 522 

to d 27 (A, D), weekly from d 27 to weaning (B, E), and monthly from weaning to d 320 (C, 523 

F). Data are estimated means ± SEM. 524 

 525 

Figure 3. Activity patterns in male (A) and female (B) adolescent sheep at 204 ± 1 d of 526 

age. Distance travelled, in CON (white circles) and PR (black circles) progeny are shown as 527 

actual means ± SEM, averaged for 30-minute blocks between 1800 h and 1200 h. Time from 528 

sunset to sunrise (night) is shaded grey. 529 

 530 

Figure 4. Effects of treatment and sex on average distance travelled during specific 531 

periods in adolescent sheep at 204 ± 1 d of age. Average distance travelled per hour was 532 

calculated across the entire recording period (A), during daylight (B), and night (C), and in 533 

blocks of time relative to sunrise: -2 to -1 (D), -1 to 0 (E),  0 to +1 (F),  +1 to +2 (G) hours 534 

from sunrise, and in blocks of time relative to sunset: -1 to 0 (H),  0 to +1 (I),  +1 to +2 (J) 535 

hours from sunset, in CON (white bars) and PR (black bars) adolescent sheep. Data are 536 

estimated means ± SEM; * P<0.05, ** P<0.01, *** P<0.001. 537 

 538 

Figure 5. Predicted activity patterns for male (closed squares) and female (open 539 

squares) adolescent sheep at 204 ± 1 d of age. Distance travelled per hour was predicted 540 

by spline analysis, utilizing 18 spline points, and estimated means ± SEM are shown for 541 



males (black squares) and females (white squares) across the 18-h recording period. 542 

Differences in estimated means between male and females are indicated: * P<0.05. 543 

 544 

Figure 6. Activity patterns in male (A) and female (B) adult sheep at 294 ± 1 d of age. 545 

Distance travelled, in CON (white circles) and PR (black circles) progeny are shown as 546 

actual means ± SEM, averaged for 30-minute blocks between 1800 h and 1200 h. Time from 547 

sunset to sunrise (night) is shaded grey. 548 

 549 

Figure 7. Effects of treatment and sex on average distance travelled during specific 550 

periods in adult sheep at 294 ± 1 d of age. Average distance travelled per hour was 551 

calculated across the entire recording period (A), during daylight (B), night (C), and in blocks 552 

of time relative to sunrise: -2 to -1 (D), -1 to 0 (E),  0 to +1 (F),  +1 to +2 (G) hours from 553 

sunrise, in CON (white bars) and PR (black bars) young adult sheep. Data are estimated 554 

means ± SEM; #, P=0.053, * P<0.05, ** P<0.01, *** P<0.001. 555 

 556 

Figure 8. Adult ambulatory activity correlates negatively with birth weight in females 557 

(B) but not males (A). Average distance travelled per hour across the entire recording 558 

period (A, B) or during daylight (C, D) as adults, correlated negatively with birth weight in 559 

females (B, D) but not in males (A, C).  560 
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Figure 4. 
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Table 1. Birth weight and neonatal growth. Neonatal growth rates from birth to 30 days of age were calculated by linear regression for lambs 

included in spontaneous physical activity measures only.  

 CON PR Significance 

 Male Female Male Female Treatment Sex T*S 

N lambs 5 9 9 10    

Birth weight (kg) 4.49 ± 0.69 4.54 ± 0.67 4.21 ± 1.00 3.78 ± 0.79 0.181 0.294 0.320 

Neonatal growth rate (kg/d) 0.39 ± 0.03 0.33 ± 0.03 0.38 ± 0.02 0.33 ± 0.02 0.936 0.012 0.953 

Neonatal growth rate (%/d) 8.13 ± 0.75 7.17 ± 0.61 9.02 ± 0.52 8.57 ± 0.49 0.124 0.161 0.614 

 

Treatment*sex interaction is indicated by T*S.  Data are actual means ± SEM. 
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