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Summary

The limits to sustained energy intake at peak lactation derived from female water turnover were significantly
could be imposed peripherally, by the capacity of the lower and more variable. On average, mice at 30°C
mammary glands, or centrally, by the capacity of the exported significantly less energy as milk (87kJ day1)
animal to dissipate body heat generated as a by-product of than mice at 21°C (166.kJdayl) and 8°C
processing food and producing milk. To distinguish (288.CkJ day1). This reduction in milk energy output at
between the two hypotheses, we examined milk energy 30°C was caused by a significant decline in both milk flow
output at peak lactation in MF1 laboratory mice exposed (20.0gdayl, 12.2gdayland 8.5g daylat 8°C, 21°C and
to 30°C (N=12), 21°C {=10; published data) and 8°C 30°C, respectively) and gross energy content of milk
(N=10; published data). The peripheral limitation (14.6kJ g% 13.1kJ g! and 10.5kJ g1 at 8°C, 21°C and
hypothesis predicts that milk energy output will remain  30°C, respectively). Milk produced at 30°C contained
constant at different temperatures, while the heat significantly less total solids (34.4%) than milk at 21°C
dissipation limit hypothesis predicts a decline in milk (40.9%) and 8°C (41.5%) and significantly less fat (20.0%)
energy output as temperature increases. Since estimates of than milk at 21°C (26.4%) and 8°C (30.3%). The reduced
milk energy output in small mammals can vary depending milk energy output in mice exposed to 30°C, paralleled by
on the calculation method used, we evaluated the milk their reduced food intake and low reproductive output,
energy output of mice {N=24) using four different argues against the peripheral limitation hypothesis and
methods: (1) as the difference between metabolizable provides strong support for the heat dissipation limit
energy intake and daily energy expenditure of the female, hypothesis.

(2) from female water turnover, (3) from pup water

turnover and (4) from the energy budget of the litter. We  Supplementary data available on-line.

assessed these four methods by comparing their accuracy,

precision and sensitivity to changes in parameters Key words: doubly labelled water, daily energy expenditure, water
involved in the calculations. Methods 1, 3 and 4 produced turnover, water balance, milk composition, peripheral limit, heat
similar estimates of milk energy output, while those dissipation limit, laboratory mousklus musculus

Introduction

The factors that limit the maximal rate of food intake arepeak lactation above which they are reluctant, or unable, to
important because they determine the upper limit to the abilitincrease their food intake. In addition to precipitating an
of animals to survive and reproduce (e.g. Drent and Daampparent limit in food intake, lactation is also the key period
1980; Peterson et al., 1990; Hammond and Diamond, 199%r reproductive investment. Hence, failure to upregulate food
Speakman, 2000). One model system that has provided a ricttake at this time of life may have immediately tangible and
avenue for research in this field is lactation energetics in smatteasurable impacts on components of fithess (Stearns, 1992).
rodents (e.g. Perrigo, 1987; Weiner, 1987; Hammond and Early studies on food intake at peak lactation suggested that
Diamond, 1992, 1994; Rogowitz and McClure, 1995; Kotejathe limits reflected the capacity of the alimentary tract and
1996a; Speakman and McQueenie, 1996; Johnson et associated organs such as the liver to process the ingested food
2001a,b,c). Small rodents elevate their food intakdthe ‘central limitation hypothesis’; Kirkwood, 1983; Perrigo,
dramatically during lactation when compared with non-1987; Hammond and Diamond, 1992, 1994; Koteja, 1996a).
reproductive controls, but they appear to reach a limit duringlowever, mice and hispid cotton ratSigmodon hispidys
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forced to lactate at low ambient temperatures are able to To test the heat dissipation limit hypothesis, Krol and
increase their food intake to above the supposed central§peakman (2003) exposed reproducing MF1 laboratory mice
mediated limit (Hammond et al., 1994; Rogowitz, 1998;(Mus musculut.) to their thermoneutral temperature (30°C)
Johnson and Speakman, 2001). This suggested that the limaitd measured their food intake and reproductive output.
was not mediated centrally but was controlled by the ability t@onsistent with the heat dissipation limit hypothesis, food
expend or export the energy at the sites of utilisation (thantake at peak lactation was lower than observed previously in
‘peripheral limitation hypothesis’). Several lines of evidencethe same strain of mice lactating at either 21°C (Johnson et al.,
support this idea. For example, surgical manipulation of the001a) or 8°C (Johnson and Speakman, 2001). Taken alone,
number of teats in lactating mice demonstrated that femalékis reduction in food intake is also consistent with the
with five or ten teats (but with the same number of pups peyeripheral limitation hypothesis as it could be interpreted as a
teat) weaned pups that did not differ in body mass (Hammonebnsequence of a reduced demand for thermoregulatory energy
et al., 1996). These results suggest that the mammary tisseigpenditure. However, mice exposed to 30°C had a smaller
remaining after surgery was unable to increase milk productidlitter size, pup body mass and litter mass as well as a lower
to compensate for the lost production of the tissue that had begate of litter mass increase than those exposed to 21°C and/or
removed, presumably because mammary tissue before surg&YC. This might indicate that milk production was reduced at
was already at maximal performance. This conclusion is als80°C, which is consistent with the heat dissipation limit
consistent with the observation that hispid cotton rats lactatinigypothesis but not the peripheral limitation hypothesis. An
in the cold, despite the increased thermoregulatory demandsalfernative explanation, however, is that milk production was
their offspring, did not increase milk energy outpMEQ) and  the same at each temperature but that there were differences in
therefore produced smaller pups (Rogowitz, 1998). Again, thithe abilities of the offspring to translate milk into growth.
implies that the mammary glands of females in the warm were In the present paper, we provide a further test of the heat
already working at maximal capacity. dissipation limit hypothesis by measuring k€O of MF1
However, several other studies are not compatible with thiaboratory miceNlus musculus.) lactating at 30°C compared
peripheral limitation hypothesis. Johnson et al. (2001c), fowith those measured previously in mice at 21°C (Johnson et
example, made mice simultaneously pregnant while lactatingl., 2001a) and 8°C (Johnson and Speakman, 2001). The heat
In theory, these mice should upregulate their food intake abowdssipation limit hypothesis predicts that at the higher ambient
that of mice that were only lactating, because the demands feamperaturéMEO will be lower because of the lower driving
pregnancy do not require elevated milk production. Yet thgradient for heat loss. Conversely, the peripheral limitation
mice did not do this. Similarly, lactating mice forced to run tohypothesis predicts that milk production should not be reduced
obtain food also failed to upregulate their energy intake to meeglative to that observed at lower temperatures.
the demands of milk production and exercise (Perrigo, 1987). MEO in small mammals has been evaluated using a variety
Perhaps most critically, Johnson and Speakman (2001) fourmd methods. These include timed milking (e.g. Harris et al.,
that milk production in the cold (8°C) was elevated relative td966; Hanrahan and Eisen, 1970; Konig et al., 1988), mass
mice housed at 21°C. This shows that animals can increadéferences of the litter before and after a suckling bout (e.g.
their milk production above the level thought to be maximal.Morag, 1970; Mepham and Beck, 1973), isotope transfer from
Krél and Speakman (2003) have suggested a novehother to pups (e.g. Rath and Thenen, 1979; Kunz et al., 1983)
hypothesis to explain these conflicting data. According to thiand isotope dilution in the body water of the mother (e.g.
hypothesis, the limits to food intake are imposed centrally bu¥icLean and Speakman, 1999; Johnson et al., 2001a; Johnson
at a location different from the alimentary track. We suggesiand Speakman, 2001) or the pups (e.g. Stern et al., 1997,
that this central limitation is the maximal capacity of the animalhlstram and Wamberg, 2000; Tardif et al., 2001). Estimates
to dissipate body heat, generated as a by-product of processmigVIEO have also been derived from the metabolizable energy
food and producing milk. This hypothesis predicts that lactatingntake of the mother (e.g. McClure, 1987; Kiinkele and Kenagy,
mice kept at 21°C would not elevate their food intake, whatevet997; Kiinkele and Trillmich, 1997) and the litter energy budget
the additional demands placed on them (Perrigo, 1987; Johnsng. Knight and Peaker, 1982; Oftedal, 1984; Gittleman and
et al., 2001c), because ingesting additional food would hav®ftedal, 1987). Data obtained using these methods, however,
made them dangerously hyperthermic. However, when femalese not necessarily comparable due to potential differences in
were transferred to the cold (Johnson and Speakman, 2001), the precision of each method and the validity of assumptions
increased driving gradient between body temperature armh which they are based. Thus, difference$MBO between
ambient temperature relaxed the heat dissipation constraint, astlidies could be attributed to variation in the methodology used
the animals were able to elevate their food intake and use thinight et al., 1986) rather than reflecting real biological
energy for greater milk production. The critical differencedifferences. Only a few studies have compared the estimates of
between this viewpoint and previous interpretations is that thelEO evaluated by different methods, and most of these have
heat dissipation limit hypothesis views cold as a factor allowindgpeen performed on humans (e.g. Fjeld et al., 1988; Butte et al.,
the animals to overcome a constraint on food intake, whil@991) and large animals such as marine mammals (e.g. Costa,
previous interpretations have considered exposure to the cal®87; Arnould et al., 1996) or farm animals (e.g. Holleman et
as an additional burden. al., 1975; Coward et al., 1982). Therefore, our second aim was
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Table 1.Timing and sample size for measurements of energy and water budget components in reprideid&)\ven non-
reproductive N=28) female mice exposed to 30°C

Days of Sample sizk
Measurement reproductidn Repr. Non-repr. Litters Pups
DEE by DLW method 14 24 BC X - -
Water turnover by DLW method 14 24 BC 24d - 43 B
Total body water by desiccatidn 14 g of - 46
Faecal and urinary water loss 14 and 15 5C 5 - -
Evaporative water lo8s 15 5C 5 - -
RMRby respirometry 14 - - 23C 10 BC
Milk composition 15 12C - - -

Non-reproductive females were measured on the same days as reproductive females.

aNumbers indicate days after parturition (day O of lactatiB)and C indicate the same groups of reproductive females as in Krél and
Speakman (2003¥for 24 females injected with DLW, the blood samples from only 17 individuals were sufficiently large to ri#hi lzott
180 analyses®rom 2H turnover during measurementsEE; émeasured from separate groups of mice, from which no other measurements
were takentfrom Krél and Speakman (1999neasured in the same individuals as faecal and urinary water loss.

DEE, daily energy expenditure; DLW, doubly labelled wateMR resting metabolic rate; Repr., reproductive females; Non-repr., non-
reproductive females.

to compare the methods commonly used to calctiE® in 1997). Initial and final blood samples were taken by tail tipping
small mammals by making simultaneous measurements &fh and 25 after injection, respectively. Blood samples
components of the energy and water budgets in lactating femg[@0—100ul for adult mice and 15-201 for pups) were
mice and their pups. immediately flame sealed into pre-calibrated Vitrex pipettes
(Modulohm A/S, Herlev, Denmark) and stored at 4°C until
) analysis. Each adult mouse was also blood sampled on the day
Materials and methods before injection to determine background isotope levels.
Animals and experimental protocol BackgrouncPH enrichment for the pups labelled in each litter
Experiments were conducted on 55 lactating and 28 nomwas determined from a blood sample of a non-labelled pup that
reproductive female miceMus musculud..: outbred MF1) was taken 5-1fin before the first pup was labelled in that
that were 12—14veeks old. Housing, acclimation and breedinglitter. The same non-labelled pup was blood sampleulater
protocols are described in Krél and Speakman (2003). Th® allow correction for any incidentdH uptake or recycling.
timing and sample size for measurements are detailed Fhe body mass of each animal was measured before injection
Tablel. and before taking the final blood sample.
Samples of blood were vacuum distilled into glass Pasteur
Doubly labelled water measurements pipettes (Nagy, 1983) and the resultant distilled water used for
We used the doubly labelled water (DLW) method tomass spectrometric analysis 41 and180. The?H analysis
measure daily energy expendituleEE; respiratory energy was performed on hydrogen gas, produced from the distilled
metabolism as carbon dioxide production) from the eliminationvater after reaction with LiAlkl (Ward et al., 2000). For the
rates of 2H (deuterium) and80 in lactating and non- 180 analysis, distilled water was converted to carbon dioxide
reproductive females. We also calculated total water turnoveyas using the small sample equilibration technique (Speakman
(rH20) from the elimination rate &H in lactating females, et al., 1990). ThéH:!H and180:160 ratios were established
non-reproductive females and pups. The estimatB&&fand  using dual inlet gas source isotope ratio mass spectrometers
rH20 in adult mice were based on the saiddurnover data. (Optima, Micromass IRMS; Manchester, UK), as described
The DLW measurements were conducted on 24 lactatingreviously (Krél and Speakman, 1999). Measurements of
females (litter size 1-15), 24 non-reproductive females and 48otope enrichment in blood samples were based on analysis of
pups from seven litters of size 10 and 12 (3—7 pups wereither two sub-samples (adult mice), in which case further
labelled in each litter and raised by a non-labelled mother). Ocalculations were performed on the mean values, or one sample
day 14 of lactation (between 10:8(and 12:0(), mice were  (pups) of distilled water.
injected intraperitoneally with approximately @2 (adult For each adult mouse, we calculated inifiel and 180
mice) and 0.0§ (pups) of water containing enrichég dilution spaces by the intercept method (Coward and Prentice,
(4.6atom%) and80 (9.4atom%). The syringe used to inject 1985). Final?H and 180 dilution spaces were inferred from
the DLW was weighed (£0.00Qf; Ohaus Analytical Plus) the final body mass, assuming the same percentage of body
immediately before and after the injection. Mice were replacethass as measured for the initial dilution spaces. The isotope
in their cages during therLequilibration period (Speakman, elimination rate was calculated following Nagy (1975). For
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calculation ofDEE based on C@production, we used single- EWLwas measured gravimetrically on day 15 of lactation.
pool model equation 3.14 (Lifson and McClintock, 1966) withMice were placed individually in a respirometry chamber for
a pooled fractionation factor of 0.0249 (Speakman, 1997), ash, with an ambient air flow of 649-7®1 min~1. The same
presented in equatidl® in Visser and Schekkerman (1999).flow rate was used for the chamber without a mouse, as a
We assumed a fractional evaporative water loss of 0.64 faontrol. During the measurements, mice sat on a wire mesh
non-reproductive mice (3.3yday of 5.24g day; Table3)  grid through which faeces and urine fell into mineral oil,
and 0.38 for lactating mice. The latter value was derived frortrapping water from these sources. Water in the excurrent air
direct measurements of evaporative, faecal and urinary watetas absorbed by silica gel. The increase in mass of silica gel
loss of lactating mice (10.9dayl, 4.1Cgday? and was corrected for water content of incurrent air by subtracting
5.94g dayl, respectively; Tabl8) combined with the amount water loss from the control chamber measuremeatL

of water exported in milk (7.9§day?, as estimated from (gday?) was calculated by multiplying the corrected increase
water turnover of pups) and calculated as 10.684y! of in mass of silica gel (g1 by 24.
(10.94+4.10+5.94+7.9@)day L. Energy equivalents of GO

production were calculated using a conversion factor of Total body water by desiccation

24.026Iml"1 COp, derived from the Weir equation (Weir, The measurements of total body water were conducted on
1949) for a respiratory quotient (RQ) of 0.85 (Speakman46 pups (5-8 pups from eight litters of size 5-13) on day 14
1997). Female total water turnoveHgOrem) Was calculated of lactation. Pups were weighed and killed by cervical
according to Lifson and McClintock (1966). We assumed thatlislocation. The carcasses were split open along the midline
64% (non-reproductive mice) or 38% (lactating mice) of theand transverse cuts across the body were made to increase
water leaving the body was fractionated. We applied @xposure of the tissues for drying. The carcasses were dried in
fractionation factor foPH of 0.9366 (Speakman, 1977). This a convection oven at 60°C for #idys (Krdl and Speakman,
approach assumes that rates of water influx and efflux afk999). Total body water was calculated as the difference
constant, soH2O0rem = total water influx = total water efflux between the fresh and dry mass and was expressed as a

(Nagy and Costa, 1980). percentage of the body mass prior to desiccation.
We calculated the initial and fin&# dilution spaces of pups _ _
in the same way as for adult animals. The elimination rate of Resting metabolic rate measurements

2H was calculated according to Nagy (1975) and corrected for We assessed resting metabolic r&®IR of individual pups
uptake of2H from the environment or isotope recycling and whole litters from their rate of oxygen consumption
(Baverstock and Green, 1975; Friedman and Bruno, 1976). Tla¢ 30°C, using a modification of the protocol for adult mice
estimation of pup total water turnoveHgOpup) was based on (Krdl et al., 2003). The measurement period wds he
the assumption of linear pup growth during the measuremenhamber volume was 8tl (pups) or 885nl (litters) and the
period and was calculated according to Coward et al. (1982flow rate was 194-20&8I min—1 (pups) or 487-59f| min-1
We assumed the same fractional evaporative water loss as ftitters).
non-reproductive mice (0.64yH20pup represents the total For individual pups, we required accurate estimates of
water influx according to this approach (Coward et al., 1982)pxygen consumption (see equati®éd in Appendix A of
supplementary material), while in litters we aimed for accurate
Faecal, urinary and evaporative water loss estimate of energy expenditure (see equaionAppendix A
Measurements of faecal water loBS\(L), urinary water loss of supplementary material). ThereforBMR expressed as
(UWL) and evaporative water losEWL) were conducted oxygen consumption was calculated according to equabion
on five lactating females (litter size 6-11) and five nondin Koteja (1996b), assuming an RQ of 0.74 derived from the
reproductive females. On day 14 of lactation, lactating femalesomposition of milk (present study). TERMR expressed as
and their offspring, or non-reproductive females, weresnergy expenditure was calculated in the same way as for adult
placed individually in metabolic cages (code 3700MO-000mice (Krdl et al., 2003).
Tecniplast Gazzada, Buguggiate, Italy), provided with water The RMR of 10 pups (2—-3 pups from four litters of size
and a weighed portion of food. After B4 the food was 2-12) and 23 litters (size 4-15) was measured on day 14 of
reweighed, and all faeces and urine were collected and dri¢actation. Measurements BMRin pups and litters were made
at 60°C to constant mass. Sorting through the faeces sampfesm individuals from different families.
revealed that contribution of pups to faecal and, presumably,
urine production was negligible. On day 15 of lactation, we Milk collection and analysis
placed the same females on a smooth non-absorbant surfacén day 15 of lactation, 12 females (litter size 9—15) were
and collected fresh faeces and fresh urine withéno2 them  separated from their pups for h3 and then injected
being produced. These samples were immediately weighedtraperitoneally with 1U of oxytocin to stimulate milk flow.
before drying at 60°C to constant ma&dVL and UWL  Each mammary gland was palpated towards the nipple area and
(g day™}) were calculated by multiplying the amount of faecesdroplets of milk were collected in capillary tubes. Milk
(or urine) produced (dry massday ) by the ratio of water to collection continued until no more milk could be expressed.
dry mass content of fresh faeces (or urine). Samples of milk (0.4-0.61 from each female) were frozen at
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—20°C prior to analysis for water, fat, protein and suga
content.

Table 2.Results of the DLW measurements of energy
expenditure and water turnover in lactatifd<{24) and non-

All analyses (Rowett Research Institute Analytical Services reproductive l=17) female mice and pupbl£43) at 30°C

Aberdeen, UK) were made on duplicate samples. Wate

content was determined by drying milk samples(B0n a Females
convection oven at 100°C for 35 Fat content (100l milk ) . Non-
samples) was measured by the Rose-Gottlieb gravimetr "t Lactating  reproductive Pups
method (Kirk and Sawyer, 1991). Crude protein content waBM (g)? 37.2£2.7 32.2#3.1 5.6+0.7
calculated as 6.38 total nitrogen content (Kirk and Sawyer, kd(h°P 0.032+0.006  0.009+0.001  0.010+0.002
1991), determined from 48 samples of milk by a ko(m° 0.040+0.006  0.015+0.002 -
micromodification of the Kjeldahl technique (Davidson et al. ko'kd ) 1.260+0.053  1.752+0.091 -
1970). No correction was made for nonprotein nitrogermd gf; g]tmd ;Z'gfi'g gg'éfg'g 76724
: o .04, 63, -
content. Total sugar (30 mllk samples) was measured by TBW(% of BM)® 73421 1 63.443.3 714518
the Anthrone method using lactose monohydrate as thy 1050£0.022  1.055+0.022 _
standard (SOL'Jthgate,. 1976) and is therefore expressed as DEE (kJ day™)i 70.4+16.2 45.145.7 _
monosaccharide equivalent. rH20 (gday ) 22.63t4.82  5.32t1.%4  1.09:0.25

Gross energy content of millkGEmiik; kJgtwholemilk)

was calculated by multiplying fat, protein and sugar conten Values are meansso.

(gglwholemilk) by 38.12kJgl, 24.52kJg?! and
16.53kJ g1, respectively (modified from Perrin, 1958).

measured on the same days as lactating mice.

Milk energy output
We evaluatedMEO using four different methods: (1) as the
difference between metabolizable energy intake and dai
energy expenditure of the female, (2) from female wate

Lactating females and pups were injected with doubly labelled
water (DLW) on day 14 of lactation; non-reproductive females were

aBody mass before injectiodeuterium elimination rates180
elimination rate; 9deuterium Kg) and 80 (No) dilution spaces
I(moles) were converted to g assuming a molecular mass of body
water of 18.02 and were expressed as % of body mass before
injection; &otal body water measured by desiccation from separated

turnover, (3) frqm pup water turnover and (4) from the energtgroups of mice, from which no other measurements were thlan;
budget of the litter. To compare the methods, we calculatesq, eight mice (Krél and Speakman, 199®jata for nine mice (Krol
MEO for the 24 females for which we had individual gng Speakman, 1999)1data for 46 pups (present studw;a”y

measurements of asymptotic food intake, litter size and litteenergy expenditurétotal water turnoverdata for 24 mice (17 mice
mass (Krél and Speakman, 2003) as well as individuefor which DEE was measured and seven mice for which only?the
measurements oDEE and rH20rem (present study). We enrichments were analysed).

examined the sensitivity of each method by determining hoy
an independent 1% change in each parameter influenced 1

estimate of MEO. The maximum potential decrease anda Tukeypost-hoctest. Relationships betwe®EE and MEI,
increase in estimate ®MEO, resulting from a 1% change in betweenFWL+UWL+EWL and rH20 and between the four

all parameters, were also computed. The method that gave testimates ofMEO were described using Pearson product-
most accurate, precise and robust estimateM&O was  moment correlation coefficients. All statistical analyses were
then applied to 67 reproductive females with individualconducted using Minitab for Windows (version 13.31, Minitab
measurements of asymptotic food intake, litter size and littdnc., State College, PA, USA; Ryan et al., 1985). Statistical
mass (Krél and Speakman, 2003). All estimateSIBO refer  significance was determined B&0.05. All tests were two-

to day 14 of lactation. For full details of the four methods, setailed.

Appendix A of supplementary material.

Statistics Results
Data are reported as means.&. (N = sample size). The  Daily energy expenditure and total water turnover of adult
mice

relationships between energy and water budget components
and body mass were examined by least-squares linearThe DEE of reproductive females measured on day 14 of
regression analysis. The regression lines were compared usilagtation was 70.4+16R]day! (range 38.9-110.8Jday},
analysis of covariance (ANCOVA). To test the differences irN=24; Table?). For the 12 females for which bdilfEE and
DEE, rH20, FWL, UWL and EWL between reproductive RMRwere measured at peak lactation (Kr6l et al., 20DBE
and non-reproductive females we used two-santgbsts. was 2.& RMR (range 1.6-3.8). There was a weak but
Comparisons of the parameters measured in the samsegnificant increase ifDEE with increasing body mass for
individuals DEE vs MEI (metabolizable energy input) and lactating females (regression?=0.23, F1,2=6.5, P=0.018;
FWL+UWL+EWL vs H20] were made using pairdetests.  Fig. 1).

The four methods of evaluatindEO were compared using The DEE of non-reproductive females was
repeated measures analysis of variance (ANOVA), followed b$5.1+5.7kJ day ! (range 35.9-55.RJday 1, N=17; Table2).
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Fig. 1. Da_ily energy ex_penditureDEE) as a function of b_ody mass Fig.2. Correlation between daily energy expenditure and
for lactating (filled circles,N=24) and non-reproductive (0pen metapolizable energy intake in non-reproductive female mice at
circles, N=17) female mice exposed to 30°DEE was measured 3q°c ¢=0.75,P=0.001,N=17). The line of equality is shown.

when the reproductive females were at day 14 of lactation. Bod
mass is the mean value for days 9-13 of lactation (reproductiv

females) or the mean value for eight consecutive days before the d 40
of doubly labelled water (DLW) injection (non-reproductive o Lact.
females). The relationship for lactating females is described b o Non-repr.
y=—28.18+2.58; the relationship for non-reproductive females failed 30l L e
to reach significance. :; ° o ’
g Y e
2 “.& o°
On averageDEE of non-reproductive mice was 2.0£10.0% £ 20 ¢ °
higher than their metabolizable energy intake, with individua Q,
differences ranging from —10.4% to 22.98=(7). However, T 10 ° PS
the differences betweeDEE and MEI were not significant ° o
(pairedt=0.7, P=0.49,N=17). The values oDEE and MEI Q_O@o@%‘do' ©
were highly correlated€0.75,P=0.001,N=17; Fig.2). DEE 0 ‘ ‘ ‘ ‘
was 2.% RMR (range 1.9-3.1) for the 11 non-reproductive 25 30 35 40 45

mice for which bothDEE and RMR were measured (Krél et Female body mass (g)

al., 2003).DEE was not related to body mass (regression. .
r2=0.16, F1,15=2.8, P=0.11; Fig.1). Non-reproductive mice IF 'gt' 3;.' Totalfylxlla(tjer tu_rnloverrHz()lf;m())?flaof;ncmclnzzf bodydmass for
had significantly loweDEE than lactating females, both when actating _ (filed  circles, y=-19. 08 N=24) and non-

. reproductive (open circleg=—3.34+0.28, N=24) female mice at
the comparison was made on the _raW dete1.0,P<0.001) 30°C.rH20rem was measured when the reproductive females were at
and when corrected for the differences

_ _ inbody masy,y 14 of lactation. Body mass is the mean value for days 9-13 of
(ANCOVA: interaction body mass< reproductive status, |actation (reproductive females) or the mean value for eight
P=0.19; body mass effecE1 3¢=8.6, P=0.006; reproductive consecutive days before the day of doubly labelled water (DLW)
status effectf1,3¢=6.8,P=0.013). injection (non-reproductive females).

The total water turnover of lactating and non-
reproductive females averaged 22.63x4%Ry!l (range
10.92-30.99 dayl, N=24) and 5.32+1.2dday?! (range of mass-correctedH20rem (the residuals from the regression
3.74-8.18dayl, N=24), respectively (Tabl2). In both lines on body mass presented in Bgadded to the values of
groups of micerH2Orem Was positively related to female body predicted meamH20rem) showed that lactating females had
mass (lactating females?=0.46, F12=19.0, P<0.001; non- higher total water turnover than non-reproductive females
reproductive females;2=0.46, F12=18.8, P<0.001; Fig3). (t26=18.6,P<0.001).
There was a significant interaction between body mass and the
reproductive  status (ANCOVA: F14411.0, P=0.002), Total water turnover of pups
indicating a steeper slope of the regression line for lactating The total water turnover of individual pups measured
than for non-reproductive females. For a mouse with a bodgn day 14 of lactation was 1.09+0.g8ay! (range
mass of 35.§ (mean value for both groups of mice), the0.50-1.5yday}, N=43; Table2). The rH2Opyp increased
predicted H2Oremwould be 19.73) daytand 5.9y day1for  with pup body mass (regressiof=0.57,F1 41=54.4,P<0.001;
lactating and non-reproductive females, respectively. Analysdsg. 4).
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Fig. 4. Total water turnover of pupsH2Opup, N=43) at 30°C as a
function of body mass. The measurements were taken on day 14
lactation. The relationship is describedysy-0.36+0.28.

Fig. 5. Correlation between the sum of faed@aML), urinary JWL)
and evaporative water lodS\WWL) and total water turnover2Ofem)
in non-reproductive female mice at 30°G(.71,P<0.001,N=24).
The line of equality is shown.

Faecal, urinary and evaporative water loss

Faecal water loss averaged 4.10+g@&y 1 in lactating Lactating mice produced more urine than non-reproductive
females K=5) and 1.14+0.2day? in non-reproductive females (0.34+0.0gdry massdayl and 0.09+0.04dry
females K=5; Table3). These values were significantly massday?, respectivelyts=7.4, P=0.002). Furthermore, the
different ¢4=6.1, P=0.004) and were a consequence ofurine of lactating females had higher water content than the
differences in the amount of faeces producedirine of non-reproductive mice (93.9+2.9% and 88.4+3.4%,
(2.48+0.24g dry massday? and 0.64+0.13 dry massday?  respectivelyt;=2.9,P=0.023).
for lactating and non-reproductive females, respectively; Evaporative water loss averaged 10.94+haay! in
ts=15.2, P<0.001). The water content of faeces in lactatingactating females N=5) and 3.37+1.14day?! in non-
(61.7£4.3%) and non-reproductive (64.0£3.4%) mice was nateproductive femalesNE5; Table3). These values were
significantly different 7=0.9, P=0.37). significantly different {7=10.0, P<0.001). EWL in lactating

The wurinary water loss of lactating femalesfemales was positively related to litter mags—(1.51+0.19,
(5.94+1.70g day L, N=5) was higher than in non-reproductive r=0.79, F13=11.2, P=0.044). In non-reproductive mice,

females (0.73+0.28 day%; N=5) (t4=6.8,P=0.002; Table).

Table 3.Faecal, urinary and evaporative water loss in
lactating (N=5) and non-reproductiveN=5) female mice at

heavier females had a greaBWL (y=—7.12+0.3%, r2=0.79,
F1,7=11.1,P=0.044).

Using the data presented above, we predicted the water loss
for the 24 non-reproductive females for which we had
individual measurements of body mass and food intake (Krél

30°C and Speakman, 2003), as well as individual measurements of
Females total water turnover rH20rem; present study).FWL was
Non- calculated from th,e food intake, mean dry mass content of t_he
Trait Lactating  reproductive food (94.4%; Krél and _Speakman, 2003), the relatlonshl_p
between dry mass food intake and dry mass faecal production
Body mass (9) 40.7+4.1 33.8+3.3 (Krél and Speakman, 2003), and the mean water content of
Food consumed (day™) . 13.241.7 2.840.7 faeces (64.0%; present study)WL was assumed to be
Faeces produced (gy massday;) 2.4810.24 0.64£0.12 0.73gday? (present study). We predictegWL from body
Urine produced (gry massday™)  0.3420.07 0.0920.01 mass using the relationship established for five non-
Water content of faeces (%) 61.7+4.3 64.0+3.4 .
Water content of urine (%) 93.942 9 88.443 4 reproductive f_emales (present study). T_he surRWit, UWL
Faecal water loss @ay) 4.10+1.06 1.14+0.21 andEWL predicted for 24 non-r_epr_o_ductlve females averaged
Urinary water loss (gay™) 594+1.70  0.73+0.23 5.22+1.20g day ! and was not significantly different from the
Evaporative water loss @ay1) 10.94+1.25  3.37+1.14 directly measuredH2Otem (5.32+1.24g day; pairedt=0.5,
FWL+UWL+EWL (g day %2 20.98+2.42 5.24+1.39 P=0.60). The values of predicted and actual water turnover

Values are meanss.

8Calculated as the sum of faecal, urinary and evaporative water

loss.

were highly correlatedr€0.71,P<0.001,N=24; Fig.5).

Resting metabolic rate of pups and litters
The RMRof individual pups and whole litters, measured on
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day 14 of lactation, was positively related to mass (pups 140
r2=0.94, F1g124.6, P<0.001, N=10; litters, r2=0.74,
F1,21=58.6,P<0.001,N=23). The relationships betwe&MVR
(ml Oz min~Y) and mass (g) are described yy-0.03+0.0%
(pups) and y=0.24+0.02 (litters) (see Appendix B of
supplementary material). After conversion of the oxyger
consumption data to energy equivalents, the relationshif
between RMR (kJday)) and mass (g) are described by
y=—0.79+1.1% (pups) and/=7.28+0.7X (litters).

100: [ * { l
80| l 1 l

60

20 ¢

Milk energy output (kJ day)

Milk composition

Milk samples collected on day 15 of lactation containec
65.6+1.9% water, 20.0£2.5% fat,. 1Q.31_0.7°/9 crude prot_e'in anEig.G. Milk energy output IEO) of 24 female mice at 30°C,
2.1+0.4% total sugaN=12). Variation in milk composition  getermined as the difference between metabolizable energy intake
was not correlated with litter size or litter mass (in all caseand daily energy expenditureMEI-DEE), from female water
P>0.05). The gross energy content of whole milk, calculateturnover ¢(H20tem), from pup water turnoverrid2Opup) and from
from the milk composition, averaged 10.5+kXy1 (N=12). litter energy budgetLEB). All estimates oMEO refer to day 14 of

lactation. MEO determined from female water turnover was

Comparison of methods for evaluating milk energy output significantly lower than the three other estimates, as denoted by the

The milk energy output of 24 females determined fronrasterisk (for statistical details, see Results). Bars are meass+ 1
(1) the difference betweeMEI and DEE of the female, (2)
female water turnover, (3) pup water turnover and (4) the litte
energy budget averaged 79.5+22.5, 57.0+42.5, 93.7+27
and 80.3+20.&Jdayl, respectively (Fig6). The MEO  The maximum potential change in estimateM&O, when all
determined from female water turnover was significantly lowelO parameters varied by 1%, ranged from —20.5% to 21.6%
than the other three estimates (repeated measures ANOVMhenMEO was calculated from female water turnover.
F3,0=13.7,P<0.001; Tukey pairwise comparisons between the Among the three methods that yielded similar estimates of
female water turnover method and the other meti®d3,05). MEQO, the MEI-DEE method involved the minimum number
Evaluation of MEO using the difference betweevlEl and  of assumptions (i.e. parameter values taken from the literature)
DEE, pup water turnover and litter energy budget producednd predictions (i.e. parameter values predicted from
similar results (all Tukey pairwise comparisoRs0.05). The relationships for mice not included in the estimaté/&QO).
estimates ofMEO from female water turnover were also Apart from the urinary energy loss (assumed from the
approximately twice as variable (i.e. less precise) as thodeerature), all other physiological parameters were either
yielded by the other methods. measured individually in the 24 femalesl (and DEE) or

Analysis of the sensitivity of the four methods showed thameasured in a similar group of lactating mice (e.g. apparent
the evaluation oMEO from the litter energy budget was the digestibility of energy; Krél and Speakman, 2003). We believe,
most robust to changes in the measured parameters (dberefore, that theMEI-DEE method provides the most
Appendix C of supplementary material). None of theaccurate estimate ®iEO for the 24 mice and can be treated
parameters, which increased or decreased by 1%, causedamna reference method.
increase or decrease in the estimatéV&O from the litter Individual estimates oMEO from the pup water turnover
energy budget by greater than 1%. The maximum potentimhethod and theVIEI-DEE method were highly correlated
change inMEO from the litter energy budget, resulting from (r=0.89,P<0.001,N=24; Fig.7B), as were the estimates from
combining a 1% change in all six parameters, ranged frorthhe litter energy budget method and t&|-DEE method
—3.5% to 3.8%. The sensitivity of tiMEI-DEE method and  (r=0.94, P<0.001, N=24; Fig.7C). Thus, the pup water
the pup water turnover method were similar. For both methodsyrnover method, the litter energy budget method and the
increases or decreases of 1% in any of the parameters did meterenceMEI-DEE method appear to provide accurate and
change the estimate BfEO by more than 2%. The maximum precise estimates MEO. The estimates dfIEO produced by
potential change in estimatédEO ranged from —10.0% to the female water turnover method were not correlated with
11.1% (theMEI-DEE method) and from —7.2% to 8.1% (the those yielded by theMEI-DEE method (=0.20, P=0.34,
pup water turnover method). The method that was most=24; Fig.7A).
sensitive to errors in the component variables was based onTo calculateMEO for the 67 reproductive females with
female water turnover. Four of 10 parameters, when chang&adividual measurements of food intake, litter mass and litter
individually by 1%, had an impact on the estimatdMEO  size (Krdl and Speakman, 2003), we used the litter energy
larger than 2%, while a 1% change in female water turnovdsudget method. This approach is not only as accurate and
(rH20fem) changedMEO by 6.0%. Female water turnover, precise as the reference method but also the most robust to
therefore, contributes most of the imprecision in this methodchanges in parameters.

MEI-DEE rHyOfgn rH:Opyp LEB
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Fig.7. Milk energy output NIEO) of 24 female mice at 30°C,
evaluated from (A) female water turnoveH{Orem), (B) pup water
turnover (H20pup) and (C) litter energy budgettEB) as a function

of MEO calculated from the difference between metabolizable
energy intake NIEI) and daily energy expenditurdEE). Only
correlations B 1=0.90, P<0.001) and C rE0.95, P<0.001) are
significant. The lines of equality are shown.

from 6 to 15, no further increase MEO was observed (all
Tukey pairwise comparisons for litters size 6—P50.05).
The mean MEO for females raising 6-15 pups was
89.4+13.5Jdayl (N=61). This value corresponds to
40.81£3.4% of gross energy intake and to 54.6+4.6%l6f.

The effect of temperature on milk composition and milk
energy output

We compared milk composition and milk energy output of
mice that were raising their first litters in hot (30°C; present
study), warm (21°C; Johnson et al., 2001a) and cold (8°C;
Johnson and Speakman, 2001) temperatures. The hot and the
warm mice were exposed to 30°C and 21°C, respectively, prior
to breeding and were kept in those temperatures through the
whole course of preghancy and lactation. By contrast, mice
from the cold group were maintained at 21°C until the pups
had grown fur and were then exposed to 8°C from day 10 of
lactation onwards. The sample sizes for hot, warm and cold
groups were 12, 10 and 10, respectively.

All milk samples were collected on day 15 of lactation, using
the same protocol. Their composition was analysed using the
same methods, and the gross energy content of milk was
calculated from the composition using the same formula.

On the day when the milk samples were collected, the body
mass of the hot, warm and cold mice averaged 40.@t1.8
49.94£3.0g and 50.1+3.8), respectively (ANOVAF2,29=50.0,
P<0.001; mean for the hot mice significantly lower than for
both warm and cold mice, Tukey pairwise comparisons,
P<0.05). The hot, warm and cold mice raised, on average,
12.0+1.9, 12.4+1.7 and 10.3+1.4 pups, respectively (ANOVA,
F2,20=4.4, P=0.021; mean for the warm mice significantly
greater than for the cold mice, Tukey pairwise comparison,
P<0.05). The litter mass of the hot, warm and cold mice
averaged 66.7166, 82.4+11.Qy and 69.0+13.6,
respectively (ANOVA, F225=6.8, P=0.004; mean for the
warm mice significantly greater than for both hot and cold
mice, Tukey pairwise comparisor®s0.05).

The three groups differed in the dry mass content of milk
(ANOVA, F2,26=10.7,P<0.001), with the hot mice having, on
average, less total solids in milk (34.4+£1.9%) than both the

Milk energy output on day 14 of lactation calculated for 67warm (40.9+4.4%) and the cold (41.5+£5.3%) mice (B&).
females using the litter energy budget method ranged frohe effect of temperature on the dry mass content of milk
27.2kJday?! to 117.9kJday?l, with a mean value of remained significant after adjusting for the differences in
85.3+19.0kJ dayl. MEO was related to litter size on day 14 maternal body mass (ANCOVA: interaction body mass

of lactation (ANOVA, F145=5.8, P<0.001,N=67). Females

temperatureP=0.07; body mass effecEi,2¢=9.1, P=0.005;

raising six pups exported more energy in milk than femaletemperature effecEz26=12.5,P<0.001). Dry mass content of
raising 1-3 pups (Tukey pairwise comparisons between littenilk across temperature was not affected by litter size
sizes 6 and 1, 2 or B<0.05; Fig.8). For litter size increasing (ANCOVA, P=0.47) or litter mass (ANCOVAR=0.21).
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140 litter mass effectF1,26=16.3, P<0.001; temperature effect,

=~ F2,26=55.3,P<0.001).
2 120r ° ° o Milk energy output was calculated for the same individuals
5 100} Py s ; [ ] ! S, for which milk composition data were also available. The
Pt ° ’ S e H o estimates oMEO for the mice exposed to 21°C and 8°C were
g 80r o388 derived from the female water turnovers as the product of the
S ° s P
S oo ‘ b rate of milk flow and gross energy content of milk (Johnson et
2 al., 2001a; Johnson and Speakman, 2001). In the present paper
g 4 ° ° we have shown that this method is less accurate and less
= ol ® ° precise than the others, but we had insufficient data to
= recalculate th/EO of the warm and the cold mice using the

Oy > 4 & 8 10 12 124 16 MEI-DEE, pup water turnover or litter energy budget methods.

Litter size To allow comparison between the three groups, the estimates

of MEO for the hot mice were also derived from the female

Fig.8. Milk energy output MEO) determined from litter energy \yater turnovers. All estimates of milk flow aMEO refer to
budget of female mice at 30°Ql£67) as a function of litter size. day 14 of lactation

Bpth MEO and litter size are those on _day _14 of lactation. F_emales The rate of milk flow at 30°C, 21°C and 8°C averaged
with six pups exported more energy in milk than those with 1-3 + dav 1 2 042 70 dav-l 4 20.04 davl
pups. For litter sizes of 6-15, no further increaseMiEO was 8'5—1'8_9 ay-, 12.9+2.7gday- an 0.0+£5.@ day™,
observed (for statistical details, see Results). respectively (ANOVA,F224=27.9,P<0.001; all three means

significantly different, Tukey pairwise comparisois;0.05;
Fig. 10B). The effect of temperature on milk flow was still

Milk produced by mice exposed to 30°C, 21°C and 8°Gsignificant when corrected for the differences in maternal body
contained 20.0+2.5%, 26.4+3.0% and 30.3+3.8% fatmass (ANCOVA: interaction body mass temperature,
respectively (ANOVA,F;29=31.6,P<0.001; all three means P=0.32; body mass effecE126=4.5, P=0.046; temperature
significantly different, Tukey pairwise comparisois;0.05; effect,F2,26=12.2,P<0.001), litter size (ANCOVA: interaction
Fig.9B). The fat content of milk across temperature was nditter sizex temperatureP=0.08; litter size effectr1,6=13.1,
affected by maternal body mass (ANCOVR=0.30). The P=0.001; temperature effedtz 25=46.5,P<0.001) and litter
effect of temperature on milk fat content was still significantmass (ANCOVA: interaction litter mass temperature,
when corrected for the differences in litter size (ANCOVA:P=0.89; litter mass effect1,26=14.4,P=0.001; temperature
interaction litter sizex temperatureP=0.66; litter size effect, effect, F206=43.2,P<0.001).
F1,6=4.6,P=0.041; temperature effedtp 26=28.6,P<0.001) The three groups differed significantly in the milk energy
and litter mass (ANCOVA: interaction litter mass  output (ANOVA,F229=28.5,P<0.001). The hot mice exported
temperatureP=0.37; litter mass effec1,26=11.1,P=0.002; less energy in milk (87.7+17KJ day?) than the warm mice
temperature effeck2,26=49.1,P<0.001). (166.7+22.7%Jdayd), while the cold mice, after Gays of

The hot, warm and cold mice had similar milk proteinexposure to 8°C, increased th®IEO to 288.0+60.%J day !
content (ANOVA, F2.4=3.0, P=0.07), which averaged (Fig.10C). TheMEO across temperature was not affected by
10.3£0.7%, 11.3+1.1% and 11.2+1.4%, respectively @@, maternal body mass (ANCOVAP=0.09). The effect of
as well as similar sugar conterfto,9=2.8, P=0.08), which  temperature on amount of energy exported in milk remained
averaged 2.1+0.4%, 1.7+0.3% and 1.8+0.4%, respectivelgignificant after adjusting for the differences in litter size
(Fig. 9D). Neither milk protein content nor sugar content wer§ ANCOVA.: interaction litter sizex temperature?=0.06; litter
affected by maternal body mass (ANCOMV?50.50 and 0.61, size effectF1,26=7.6,P=0.012; temperature effedtz 26=85.9,
respectively), litter size (ANCOVA,P=0.10 and 0.89, P<0.001) and litter mass (ANCOVA: interaction litter mass
respectively) or litter mass (ANCOVAR=0.07 and 0.10, temperatureP=0.73; litter mass effectr1,2¢=4.8, P=0.043;
respectively). temperature effeck2,2¢=80.6,P<0.001).

Gross energy content of milk produced by the hot, warm and
cold mice averaged 10.5+%k0g, 13.1+1.2kJg! and , _
14.6+1.5kJ gL, respectively (ANOVA F2,26=30.9,P<0.001; Discussion
all three means significantly different, Tukey pairwise Comparison of methods for evaluating MEO
comparisonsP<0.05; Fig.10A). Gross energy content of milk  Estimates of milk energy output in small mammals can vary
across temperature was not affected by maternal body madspending on the method used to measure energy or water
(ANCOVA, P=0.24). The effect of temperature on gross milkbudget components (Knight et al., 1986). Therefore, we
energy content remained significant after adjusting for thevaluated theMEO of 24 female mice using four different
differences in litter size (ANCOVA: interaction litter size  methods: (1) as the difference between metabolizable energy
temperature P=0.60; litter size effectf1,26=5.7, P=0.023; intake and daily energy expenditure of the female, (2) from
temperature effectf226=28.4, P<0.001) and litter mass female water turnover, (3) from pup water turnover and (4)
(ANCOVA: interaction litter mass< temperature,P=0.40; from the energy budget of the litter. We assessed these four
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50F b Fig.9. Dry mass (A), fat (B), protein (C) and sugar (D) content of
A ]t-’ '|' milk produced by mice exposed to hot (30°C), warm (21°C) and cold
< 40 - (8°C) temperatures. Milk composition data refer to day 15 of
E -,6} lactation. Bars are means +sb. (N as in text). Different letters
g 0l above bars indicate significant differences between the tempgrqtures
3 (P<0.05), as assessed by ANOVA followed by Tukey pairwise
a2 comparisons.
8 20
s
0 10}
frequently calculated as an increase in metabolizable energy
0 intake above the non-reproductive level, i.e. as the difference
between theMEI of lactating and non-reproductive females
40 (e.g. McClure, 1987; Kuinkele and Kenagy, 1997; Kinkele and
B ¢ Trillmich, 1997). However, the assumption that &l of
S 30t b I non-reproductive individuals provides a good estimate of
?g a L maternal maintenance expenditure may be incorrect, since
£ 20l T lactation is frequently associated with an increase in body
S mass. Furthermore, lactating and non-reproductive females are
kS| also likely to differ in their mass-specific maintenance
& lop expenditure because of additional heat losses incurred during
milk production. Therefore, we suggest that maternal
0 maintenance expenditure should be measured directly, using
the doubly labelled water technique.
16 We validated the DLW technique in non-reproductive mice
C a a by simultaneous measurements MEI in a feeding trial
S 1ol a T T (Fig.2) and demonstrated th&EE mgasured from DLW
‘E’ T turnover was, on average, 2.0% higher tHdil, with
2 individual errors ranging from —10.4% to 22.9%. A similar
S 8f range of individual errors is likely to be observed in estimates
= of MEO, since a 1% change IDEE would changeMEO by
° 0.9% (Appendix C of supplementary material). Miel-DEE
T 4y method uses a relatively small number of assumptions and
predictions (equatich in Appendix A of supplementary
0 material) and involves minimal experimental interactions with
the animals. However, since the measuremeni3kd# must
3 be conducted immediately after the measuremendf the
D 2 use of this method is limited to the laboratory.
= T a The second method assumes that the difference between the
?} ol a T total water turnover of a lactating female and the water she
o T loses through faeces, urine and evaporation represents the
g water exported in milk (equatidh in Appendix A of
g supplementary material). The calculation of total water
= ir turnover following an injection of deuterium or tritium into the
female body water could be subject to error since the method
does not include any protocol to correct for isotope recycling
0 between the mother and the pups (Baverstock and Green,

Hot Warm Cold 1975). Furthermore, a 1% change in the female water turnover

would changeMEO by 6.0% (Appendix C of supplementary
methods by comparing their accuracy, precision and sensitivitpaterial). Since the water turnover measured by isotope
to changes in parameters involved in the calculations. dilution is expected to be within £10% of actual flux rates

The first method is based on an assumption that th@Nagy and Costa, 1980), estimates MEO could have a

difference between energy assimilated (= metabolizable energyptential error of +60%. Indeed, we demonstrated that the
intake) and energy used for maternal maintenance represeettimates oMEO derived from female water turnover were
energy that is allocated for milk. The metabolizable energgignificantly lower and more variable than those from other
intake is relatively easy to measure, but maternal maintenanogethods (Figb6).
expenditure is not. For this reason, milk energy output is The third method relies on the difference between total water
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20 (Oftedal and Iverson, 1987). To correct for the isotope
g A . recycling, we measured accumulation of deuterium in control
2 16} b T pups that had not been dosed with the isotope (Baverstock and
=~ T Green, 1975; Friedman and Bruno, 1976). We eliminated the
E, 12} a error related to changing body water pool of growing pup by
S T use of the appropriate flux equation (Coward et al., 1982).
é 8| However, due to lack of the relevant data, we did not correct
Q for deuterium sequestration. Although the quantitative
M importance of these errors is difficult to assess, many of them
= appear to cancel each other out (Oftedal et al., 1993). The pup
0 water turnover method requires a lot of parameters to be
measured, but variation in most of them (apart from the pup
28 c body mass and the pup water turnover) has little effect on the
ol B evaluation ofMEO (Appendix C of supplementary material).
o T The parameters to which the method is most sensitive (pup
% 20r body mass and water turnover) are relatively easy to measure
g 16} b in the laboratory as well as in the wild. In our study, the
3 o a [ estimat.es. oMEO produced_ by the pup water turnover method
= T were similar to those derived from tiEI-DEE and litter
= 81 energy budget methods (F&).
al Because the energy demands of pups for growth and
respiration are met entirely by energy of milk, it is possible to
0 calculateMEO from the litter energy budget (equati®nin
Appendix A of supplementary material). The amount of energy
i 500 C accumulated as new tissues is relatively easy to measure, but
§’ 200|- the measurements of pup respiration are more difficult to
2 c perform. The pup respiration is the sum of resting metabolic
S 300} T rate (including the heat increment of feeding and energy costs
5 of biosynthesis), costs of thermoregulation and costs of activity.
% 200 $ Since all our measurements were conducted on mice exposed
e a to 30°C (thermoneutrality), we assumed that there were no
$ 100} T thermoregulatory costs and that the respiration of the pups was
= 0 the same as tiRMRof the litter, corrected for the cost of pup

Hot Warm Cold activity (equatior8 in Appendix A of supplementary material).
These assumptions significantly simplified our measurements,
Fig. 10. Gross energy content of milk (A), the rate of milk flow (B) byt it is important to note that at sub-thermoneutral
and milk energy output (C) in mice exposed to hot (30°C), warMeharatres the thermoregulatory costs also need to be taken
(21°C) and cold (8°C) temperatures. Milk energy content refers L?nto account. Thus, the best approach would be to measure the
day 15 of lactation. Milk flow and milk energy output are calculate Ireespiration c.)f the ,pups directly using the DLW technique

from female water turnover and refer to day 14 of lactation. Bars a . > ) i - L
means + 1s0. (N as in text). Different letters above bars indicate 7OWeVer, the applicability of this technique might be limited

significant differences between the temperaturBs005), as bY the size of the blood sample. In our study, for example, for

assessed by ANOVA followed by Tukey pairwise comparisons. 45 pups injected with DLW, the blood samples from only two
individuals were sufficiently large to run bofidl and 10.

Recent advances in mass spectrometry technology (Begley and
turnover of the pup and the influx of atmospheric andScrimgeour, 1996) may enable measurements on much smaller
metabolic water, representing the milk water intake (equéation samples removing this constraint.
in Appendix A of supplementary material). The total water In summary, we compared four methods of measWB®
turnover is calculated from the turnover of deuterium or tritiurmin laboratory mice and showed that significant differences exist
injected into the pup. The main sources of error associated witletween the various methods that have been employed. The
this technique include: (1) recycling of isotopes from pups tMEI-DEE method, pup water turnover method and litter
mother yia maternal ingestion of pup urine and faeces) anenergy budget method produced similar estimateMBO,
from the mother back to the pups by uptake of the isotope while the estimates dfIEO derived from the female water
milk (Baverstock and Green, 1975), (2) reduction of isotopéurnover were significantly lower and more variable.
concentration due to increasing size of the body water pool
(Dove and Freer, 1979) and (3) incorporation of isotopes into  Peripheralversusheat dissipation limit hypotheses
non-exchangeable hydrogen sites in newly synthesized tissueWe measured milk energy output in MF1 mice exposed to
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30°C to test whether limits to lactational energy intake aré¢he mammary glands (Vernon, 1989; Vernon et al., 1999). The
imposed peripherally by the capacity of mammary glands taptake of nutrients by mammary glands depends not only on
produce milk (Hammond et al., 1994, 1996; Rogowitz, 1998jhutrient availability but also on blood flow through the tissue,
or centrally by the capacity of the animal to dissipate body heaind suppression of mammary blood flow may compromise
(Krél and Speakman, 2003). According to the peripheramammogenesis as well as milk secretion (Linzell, 1974; Ota
limitation hypothesis, mammary glands at peak lactation wouldnd Peaker, 1979). Consequently, it has been suggested that
work at maximal capacity regardless of ambient temperaturdgeat stress reduces milk yield by redistributing the blood flow
and thereforeMEO measured at 30°C (present study) shouldrom mammary glands to the skin to improve conductive heat
not differ significantly from that measured at 21°C (Johnson dbss (Black et al., 1993). Indeed, this effect has been
al., 2001a) or 8°C (Johnson and Speakman, 2001). The helmonstrated in non-pregnant rabbits during early lactation but
dissipation limit hypothesis predicts that reducing the drivinghot at peak lactation or when lactating females were
gradient between body temperature and environment bsimultaneously pregnant (Lublin and Wolfenson, 1996).
exposing mice to 30°C would lead to a decrease in food intake Milk production is a function of the number and activity of
and milk production, since both these processes contributhammary secretory cells. The number of secretory cells
greatly to metabolic heat production. We have alreadyncreases exponentially during pregnancy (prepartum
demonstrated the decrease in asymptotic food intake followingilammogenesis), as a consequence of very high rates of cell
exposure to 30°C (Krél and Speakman, 2003), but thiglivision. In many eutherian mammals, including laboratory
behaviour, without concurrent measurements MEO, is  mice, prepartum mammogenesis is stimulated by placental
inconclusive because the decline in food intake at 30°C imctogen and placental oestrogen (Nagasawa and Yanai, 1971,
predicted by both hypotheses. Jameson, 1998). Both hormones are produced in proportion to
Comparison of MEO between mice exposed to 30°C the number of placentae, and therefore the number of secretory
(present study), 21°C (Johnson et al., 2001a) and 8°C (Johnseells is adjusted to the number of neonates to be fed. After
and Speakman, 2001) showed that females lactating at 30f@rturition, the mammary cell division drops dramatically, but
exported less energy as milk than those at 21°C, which in tui limited amount of proliferation continues (postpartum
had a loweMEO than mice exposed to 8°C (FIPC). This mammogenesis; Knight, 2000). In the laboratory mouse, the
decline inMEO was caused by a decline in both milk flow maximum number of secretory cells is achieved on day 5 of
(Fig. 10B) and gross energy content of milk (Fi@A). Milk  lactation, at least seven days before peak milk production
produced at 30°C contained less total solids @49.and less (Knight and Peaker, 1982). Thus, when mammogenesis is
fat (Fig.9B) than milk produced at 21°C and 8°C. Milk protein completed, further adjustments in milk production are likely to
and sugar content, however, did not vary with ambienbccur through changes in activity of the secretory cells. Indeed,
temperature (FIiC,D). Thus, the data presented in thewe demonstrated that mice exposed to 30°C and 21°C, despite
present study indicate that mice exposed to 30°C responded the differences in milk production (present study), did not
reducing their milk flow, milk energy content and consequentlyiffer in the dry mass of mammary glands at peak lactation
milk energy output. These results are consistent with the he@rél et al., 2003). Assuming that the mass of mammary glands
dissipation limit hypothesis. correlates with the number of secretory cells, our data suggest
Reduction in food intake and milk production associatedhat heat stress might constrain milk production by reducing
with heat stress is well documented in domestic ruminants arsgcretory cell activity. However, without direct measurements
pigs (e.g. Legates, 1960; Abdalla et al., 1993; Silanikovepf the number and activity of secretory cells, this remains
2000; Renaudeau and Noblet, 2001). Albright and Allistorunproven (Krél et al., 2003).
(1972) demonstrated that heat stress in dairy cows reduces foodAfter the onset of lactation, the maintenance of milk
intake via effects in the hypothalamus. However, thesynthesis and secretion requires regular removal of milk. The
mechanisms by which heat stress affects milk yield arsuckling stimulus induces the release of oxytocin and prolactin
unknown. A heat-induced reduction in milk yield is frequentlyfrom the pituitary glandia a neuroendocrine reflex. Oxytocin
reported to be similar in magnitude to concurrent decrease iaresponsible for milk let-down and ejection, whereas prolactin,
food intake (reviewed by Silanikove, 2000; Renaudeau andhich is the most important lactogenic hormone, activates the
Noblet, 2001). In our study, for example, mice exposed to 30°@anscription of RNAs for milk proteins and enzymes involved
reduced their food intake and milk energy output by 47% wheim the synthesis of milk fats and sugars (Russel, 1980; Barber
compared with mice lactating at 21°C (Johnson et al., 2001agt al., 1992; Flint and Knight, 1997). Consequently, frequent
Because of the similarity in food intake and milk yield suckling (or milking) increases milk production, whilst forced
depression, several authors have suggested that the effectwafaning, or a gradual cessation of milk removal that occurs
high temperature on milk production could simply beduring natural weaning, initiates the process of mammary gland
explained by a decline in nutrient supply due to reduced fooihvolution (e.g. Peaker, 1995; Quarrie et al., 1996; Capuco et
intake. However, changes in the amount of nutrients in the mil&l., 2002). Although the frequency at which each mammary
do not necessarily reflect changes in the availability of dietargland is sucked depends primarily on the number of pups per
nutrients, since most mammals, including laboratory miceteat, the regular suckling pattern is likely to be disrupted when
exhibit homeorhetic (preferential) partitioning of nutrients tothe mother is not in the nest. It has been demonstrated that the
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females lactating at high ambient temperature are at risk @lbsta, D. P.(1987). Isotopic methods for quantifying material and energy

developing prolonged maternal hyperthermia, and thereforeintake of free-ranging marine mammals. Approaches to Marine
thev f tly int t tact and | th t t Energetics(ed. A. C. Huntley, D. P. Costa, G. A. J. Worthy and M. A.
ey irequently interrupt pup contact and leave the nest area cbastellini), pp. 43-66. Lawrence, KS: Allen Press.

dissipate the heat load (Croskerry et al., 1978; Adels and Leongward, W. A. and Prentice, A. M. (1985). Isotope method for the
1986:; Scribner and Wynne—Edwards, 1994)_ Thus, the measurement of carbon dioxide production rate in rAam.J. Clin. Nutr.

) . — . 41, 659-661.
detrimental effect of heat stress on milk production in MiC&,,ard W A Cole. T. J. Gerber. H.. Roberts. S. B. and Eleet (1982).

exposed to 30°C (present study) could be related to a reducedvater turnover and the measurement of milk int&dtigers Arch393
stimulation of mammary glands by offspring, caused by a 344-347.

. . oskerry, P. G., Smith, G. K. and Leon, M.(1978). Thermoregulation and
decrease in the frequency and duration of maternal nes he maternal behaviour of the rhlature273 299-300.

attendance (but see Stern and Azzara, 2002). Davidson, J., Mathieson, J. and Boyne, A. W1970). The use of automation
Our results suggest that laboratory mice at peak lactation aren determining nitrogen by the Kjeldahl method, with final calculations by

. . . . computer.Analyst95, 181-193.
limited Centra”y by their capacity to dISSIpate bOdy hea1bove, H. and Freer, M.(1979). The accuracy of tritiated water turnover rate

generated by processing food and producing milk (Krél and as an estimate of milk intake in lamsist. J. Agr. ResS0, 725-739.
Speakman, 2003). Mice exposed to 30°C decreased their fogent, R. H. and Daan, S(1980). The prudent parent: energetic adjustments

. - : - - in avian breedingArdea68, 225-252.
intake (KI’Ol and Speakman, 2003) and their milk prOdl"Ctlorlkjeld, C. R., Brown, K. H. and Schoeller, D. A(1988). Validation of the

(present study), presumably because both these processeguterium oxide method for measuring average daily milk intake in infants.

contribute to metabolic heat production. Consequently, mice Am. J. Clin. Nutr48, 671-679.

o ; . Flint, D. J. and Knight, C. H. (1997). Interactions of prolactin and growth
eXposed to 30°C had a lower repmduc“ve output than mICFé hormone (GH) in the regulation of mammary gland function and epithelial

lactating at cooler temperatures (Krél and Speakman, 2003).cell survival.J. Mamm. Gland Biol. Neoplasi 41-48.
Taken together, these results argue against the periphefakdman, M. 1. and Bruno, J. P.(1976). Exchange of water during lactation.

L . . : Sciencel91, 409-410.
limitation hypothESIS (Hammond etal.,, 1994, 1996; ROQOWI'{ZGittleman, J. L. and Oftedal, O. T.(1987). Comparative growth and lactation

1998) and support the heat limit dissipation hypothesis. energetics in carnivoreSymp. Zool. Soc. Lon87, 41-77.
Hammond, K. A. and Diamond, J.(1992). An experimental test for a ceiling
- . . on sustained metabolic rate in lactating mRkysiol. Zool 65, 952-977.
We thank Peter Thomson for assistance with ISOtOpﬁammond, K. A. and Diamond, J.(1994). Limits to dietary nutrient intake
analyses and Sally Ward for helpful comments on the and intestinal nutrient uptake in lactating mig&hysiol. Zool 67, 282-

manuscript. Henk Visser and an anonymous referee made303.

many valuable suggestions to improve the manuscript. E.I{'!abrﬂg"goqu'inﬁﬁ@i’&?f&?&%ﬁ%@' 4'\5’%2"2””‘ sustained energy

was supported by a Royal Society Postdoctoral Fellowshipammond, K. A., Konarzewski, M., Torres, R. M. and Diamond, J.
and BBSRC grant 1/S12830. (1994). Metabolic ceilings under a combination of peak energy demands.
Physiol. Zool 67, 1479-1506.
Hammond, K. A., Lloyd, K. C. K. and Diamond, J.(1996). Is mammary
output capacity limiting to lactational performance in mideExp. Biol.
References 199, 337-349.
Abdalla, E. B., Kotby, E. A. and Johnson, H. D.(1993). Physiological Hanrahan, J. P. and Eisen, E. J(1970). A lactation curve for mic&ab.
responses to heat-induced hyperthermia of pregnant and lactating ewesAnim. Care20, 101-104.
Small Rumin. Red.1, 125-134. Harris, J. Y., Pendleton, F., Cisar, C. F. and Vander Noot, G. W(1966).
Adels, L. E. and Leon, M.(1986). Thermal control of mother—young contact ~ Apparatus and technique for milking guinea pigs: an application in radio-
in Norway rats: factors mediating the chronic elevation of maternal cesium and radio-iodine metabolism studisDairy Sci.49, 743.

temperaturePhysiol. Behav36, 183-196. Holleman, D. F., White, R. G. and Luick, J. R(1975). New isotope methods
Ahlstram, @. and Wamberg, S.(2000). Milk intake in blue fox Alopex for estimating milk intake and yield. Dairy Sci 58, 1814-1821.
lagopug and silver fox Yulpes vulpgscubs in the early suckling period. Jameson, E. W., Jr(1998). Prepartum mammogenesis, milk production, and
Comp. Biochem. Physioh 127, 225-236. optimal litter sizeOecologiall4, 288-291.
Albright, J. L. and Alliston, C. W. (1972). Effects of varying the Johnson, M. S. and Speakman, J. R2001). Limits to sustained energy
environment upon performance of dairy catfleAnim. Sci32, 566-577. intake. V. Effect of cold-exposure during lactatiotMns musculus]. Exp.

Arnould, J. P. Y., Boyd, I. L. and Socha, D. G(1996). Milk consumption Biol. 204, 1967-1977. o
and growth efficiency in Antarctic fur seaArctocephalus gazeljgpups.  Johnson, M. S., Thomson, S. C. and Speakman, J. R001a). Limits to

Can. J. Zoal 74, 254-266. sustained energy intake. |. Lactation in the laboratory melusemusculus
Barber, M. C., Clegg, R. A., Finley, E., Vernon, G. and Flint, D. J(1992). J. Exp. Biol.204, 1925-1935.

The role of growth hormone, prolactin and insulin-like growth factors in theJohnson, M. S., Thomson, S. C. and Speakman, J. R001b). Limits to

regulation of rat mammary gland and adipose tissue metabolism during sustained energy intake. Il. Inter-relationships between resting metabolic

lactation.J. Endocr 135 195-202. rate, life-history traits and morphology Mus musculus]. Exp. Biol.204,
Baverstock, P. R. and Green, B(1975). Water recycling during lactation. 1937-1946.

Sciencel87, 657-658. Johnson, M. S., Thomson, S. C. and Speakman, J. R001c). Limits to
Begley, I. S. and Scrimgeour, C. M(1996). On-line reduction of #D for sustained energy intake. Ill. Effects of concurrent pregnancy and lactation

delta H-2 and delta O-18 measurement by continuous-flow isotope ratio in Mus musculus]. Exp. Biol.204, 1947-1956.

mass spectrometriRapid Commun. Mass Spectralf, 969-973. Kirk, R. S. and Sawyer, R.(1991).Pearson’s Composition and Analysis of
Black, J. L., Mullan, B. P., Lorschy, M. L. and Giles, L. R(1993). Lactation Foods 9th edition. London: Longman Group UK Limited.

in the sow during heat stredsvest. Prod. Sci35, 153-170. Kirkwood, J. K. (1983). A limit to metabolisable energy intake in mammals
Butte, N. F., Wong, W. W., Klein, P. D. and Garza, C.(1991). and birdsComp. Biochem. Physiol5, 1-3.

Measurements of milk intake: tracer-to-infant deuterium dilution methodKnight, C. H. (2000). The importance of cell division in udder development

Br. J. Nutr. 65, 3-14. and lactationLivest. Prod. Sci66, 169-176.

Capuco, A. V., Li, M., Long, E., Ren, S., Hruska, K. S., Schorr, K. and  Knight, C. H., Maltz, E. and Docherty, A. H. (1986). Milk yield and
Furth, P. A. (2002). Concurrent pregnancy retards mammary involution: composition in mice: effects of litter size and lactation humBemp.
effects on apoptosis and proliferation of the mammary epithelium after Biochem. Physiol. 84, 127-133.
forced weaning of miceBiol. Reprod.66, 1471-1476. Knight, C. H. and Peaker, M. (1982). Mammary cell proliferation in mice



Milk energy output at thermoneutralit§281

during pregnancy and lactation in relation to milk yi€)d.J. Exp. Physiol. mice when females are challenged to work for their féadm. Behav35,

67, 165-177. 1298-1316.
Koénig, B., Riester, J. and Markl, H. (1988). Maternal care in house mice Perrin, D. R. (1958). The caloric value of milk of different speciésDairy

(Mus musculys Il The energy cost of lactation as a function of litter size. Res.25, 215-220.

J. Zool. Lond216, 195-210. Peterson, C. C., Nagy, K. A. and Diamond, J1990). Sustained metabolic
Koteja, P. (1996a). Limits to the energy budget in a roddégromyscus scope Proc. Natl. Acad. Sci. US87, 2324-2328.

maniculatus does gut capacity set the limPhysiol. Zool 69, 994-1020. Quarrie, L. H., Addey, C. V. P. and Wilde, C. J.(1996). Programmed cell
Koteja, P. (1996b). Measuring energy metabolism with open-flow death during mammary involution induced by weaning, litter removal and

respirometric systems: which design to chodserict. Ecol 10, 675-677. milk stasis.J. Cell Physiol 168 559-569.

Krol , E. and Speakman, J. R(1999). Isotope dilution spaces of mice injected Rath, E. A. and Thenen, S. W(1979). Use of tritiated water for measurement
simultaneously with deuterium, tritium and oxygen-18Exp. Biol.202 of 24-hour milk intake in suckling lean and genetically obes®mb) mice.
2839-2849. J. Nutr. 109, 840-847.

Krol, E. and Speakman, J. R.(2003). Limits to sustained energy intake. VI. Renaudeau, D. and Noblet, J(2001). Effects of exposure to high ambient
Energetics of lactation in laboratory mice at thermoneutralitfxp. Biol. temperature and dietary protein level on sow milk production and
206, 4255-4266. performance of pigletsl. Anim. Sci79, 1540-1548.

Krol, E., Johnson, M. S. and Speakman, J. R2003). Limits to sustained Rogowitz, G. L. (1998). Limits to milk flow and energy allocation during
energy intake. VIIl. Resting metabolic rate and organ morphology of lactation of the hispid cotton raBigmodon hispidysPhysiol. Zool 71,

laboratory mice lactating at thermoneutrality Exp. Biol.206, 4283-4291. 312-320.
Kunkele, J. and Kenagy, G. J.(1997). Inefficiency of lactation in Rogowitz, G. L. and McClure, P. A.(1995). Energy export and offspring

primiparous rats: the cost of first reproductiBhysiol. Zoal 70, 571-577. growth during lactation in cotton ratSigmodon hispidysFunct. Ecol 9,
Kunkele, J. and Trillmich, F. (1997). Are precocial young cheaper? Lactation = 143-150.

energetics in the guinea pighysiol. Zoal 70, 589-596. Russel, J. A(1980). Milk yield, suckling behaviour and milk ejection in the
Kunz, T. H., Stack, M. H. and Jenness, R(1983). A comparison of milk lactating rat nursing litters of different siz&. Physiol. Lond303 403-

composition in Myotis lucifugus and Eptesicus fuscug(Chiroptera: 415.

Vespertilionidae)Biol. Reprod 28, 229-234. Ryan, B. F., Joiner, B. L. and Ryan, T. A., Jr(1985).Minitab Handbook
Legates, J. E(1960). Genetic and environmental factors affecting the solids- 2nd edition. Boston, MA: PWS-Kent.

not-fat composition of milkJ. Dairy Sci 43, 1527. Scribner, S. J. and Wynne-Edwards, K. E(1994). Thermal constraints on
Lifson, N. and McClintock, R. (1966). Theory of use of the turnover rates of  maternal behavior during reproduction in dwarf hamst&isodopus

body water for measuring energy and material balahceheoret. Bial12, Physiol. Behav55, 897-903.

46-74. Silanikove, N. (2000). Effects of heat stress on the welfare of extensively

Linzell, J. L. (1974). Mammary blood flow and methods of identifying and managed domestic ruminantsvest. Prod. Sci67, 1-18.
measuring precursors of milk. lractation vol. 1 (ed. B. Larson and V. R. Southgate, D. A. T.(1976).Determination of Food Carbohydratelsondon:
Smith), pp. 143-225. New York: Academic Press. Applied Science Publishers Ltd.
Lublin, A. and Wolfenson, D. (1996). Lactation and pregnancy effects on Speakman, J. R.(1997). Doubly Labelled Water: Theory and Practice.
blood flow to mammary and reproductive systems in heat-stressed rabbits.London: Chapman and Hall.
Comp. Biochem. Physich 115 277-285. Speakman, J. R.(2000). The cost of living: field metabolic rates of small
McClure, P. A. (1987). The energetics of reproduction and life histories of mammalsAdv. Ecol. Res30, 177-297.
cricetine rodentsNeotoma floridanand Sigmodon hispidgsSymp. Zool. ~ Speakman, J. R. and McQueenie, J1996). Limits to sustained metabolic
Soc. Lond57, 241-258. rate: the link between food intake, basal metabolic rate, and morphology in
McLean, J. A. and Speakman, J. R(1999). Energy budgets of lactating and  reproducing miceMus musculusPhysiol. Zoal 69, 746-769.
non-reproductive brown long-eared ba®etotus auritussuggest females  Speakman, J. R., Nagy, K. A., Masman, D., Mook, W. G., Poppitt, S. D.,

use compensation in lactatidrunct. Ecol.13, 360-372. Strathearn, G. E. and Racey, P. A(1990). Interlaboratory comparison of
Mepham, T. B. and Beck, N. F. G.(1973). Variation in the yield and different analytical techniques for the determination of oxygen-18

composition of milk throughout lactation in the guinea piQayia abundanceAnal. Chem62, 703-708.

porcellug. Comp. Biochem. PhysioA 45, 273-281. Stearns, S. C.(1992). The Evolution of Life HistoriesOxford: Oxford
Morag, M. (1970). Estimation of milk yield in the rdtab. Anim4, 259-272. University Press.

Nagasawa, H. and Yanai, R(1971). Quantitative participation of placental Stern, A. A., Kunz, T. H., Studier, E. H. and Oftedal, O. T(1997). Milk
mammotropic hormones in mammary development during pregnancy of composition and lactational output in the greater spear-nosed bat,

mice. Endocrinol. Jpnl8, 507-510. Phyllostomus hastatud. Comp. Physiol. B67, 389-398.

Nagy, K. A. (1975). Water and energy budgets of free-living animals:Stern, J. M. and Azzara, A. V.(2002). Thermal control of mother—young
measurement using isotopically labelled water. HEnvironmental contact revisited: hyperthermic rats nurse norm&lysiol. Behav77, 11-
Physiology of Desert Organismgd. N. F. Hadley), pp. 227-245. 18.

Stroudsburg, PA: Dowden, Hutchinson & Ross. Tardif, S. D., Power, M., Oftedal, O. T., Power, R. A. and Layne, D. G.
Nagy, K. A. (1983).The Doubly Labeled WatetH{H180) Method: A Guide (2001). Lactation, maternal behavior and infant growth in common
to its Use UCLA Publication no. 12-1417.0s Angeles, CA: University of marmoset monkeysC@llithrix jacchug: effects of maternal size and litter

California. size.Behav. Ecol. Sociobiobl, 17-25.

Nagy, K. A. and Costa, D. P(1980). Water flux in animals: analysis of Vernon, R. G. (1989). Endocrine control of metabolic adaptation during
potential errors in the tritiated water methédan. J. Physiol238 R454- lactation.Proc. Nutr. Soc48, 23-32.

R465. Vernon, R. G., Barber, M. C. and Travers, M. T.(1999). Present and future

Oftedal, O. T.(1984). Milk composition, milk yield and energy output at peak  studies on lipogenesis in animals and human subjeats. Nutr. Soc58,
lactation: a comparative revie®ymp. Zool. Soc. Lon81, 33-85. 541-549.

Oftedal, O. T. and Iverson, S. J(1987). Hydrogen isotope methodology for Visser, G. H. and Schekkerman, H.(1999). Validation of the doubly
measurement of milk intake and energetics of growth in suckling young. In labeled water method in growing precocial birds: the importance of
Approaches to Marine Mammal Energet{esl. A. C. Huntley, D. P. Costa, assumptions concerning evaporative water |8$gsiol. Biochem. Zool
G. A. J. Worthy and M. A. Castellini), pp. 67-96. Lawrence, KS: Allen Press. 72, 740-749.

Oftedal, O. T., Alt, G. L., Widdowson, E. M. and Jakubasz, M. R(1993). Ward, S., Scantlebury, M., Krél, E., Thomson, P. J., Sparling, C. and

Nutrition and growth of suckling black beardrgus americanysduring Speakman, J. R(2000). Preparation of hydrogen from water by reduction

their mothers’ winter fasBr. J. Nutr 70, 59-79. with lithium aluminium hydride for the analysis&H by isotope ratio mass
Ota, K. and Peaker, M.(1979). Lactation in the rabbit: mammary blood flow  spectrometryRapid Commun. Mass Spectraid, 450-453.

and cardiac outpu®. J. Exp. Physiol64, 225-238. Weiner, J. (1987). Limits to energy budget and tactics in energy investments
Peaker, M. (1995). Autocrine control of milk secretion: development of the during reproduction in the Djungarian hamsté?thgdopus sungorus

concept. Inntercellular Signalling in the Mammary Glargdd. C. J. Wilde, sungorusPallas 1770)Symp. Zool. Soc. Lon87, 167-187.

M. Peaker and C. H. Knight), pp. 193-202. New York: Plenum Press.  Weir, J. B. de V.(1949). New methods for calculating metabolic rate with
Perrigo, G. (1987). Breeding and feeding strategies in deer mice and house special reference to protein metabolismPhysiol. Lond109, 1-9.



