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Abstract

Assessment of milk production is of utmost relevance for pediatricians and scientists inter-

ested in early life nutrition. The weight-suckle-weight (WSW) method, which consists of

weighing babies before and after they suckle their mother, uses the difference in body

weight as an estimate of milk intake. However, this is prone to many sources of error. In the

current study, we used for the first time the water turnover method and compartmental anal-

ysis with deuterated water (D2O) as a non-toxic tracer to quantify in vivo milk production in a

rat model. We assessed the effect of a nutritional intervention presumed to affect milk pro-

duction, a maternal dietary protein restriction during gestation and lactation, which results in

the birth of pups with intrauterine growth restriction. The specific aim of this study was to

determine milk production with the body water turnover method in rat dams receiving during

gestation and lactation, either a control diet (NP) or an iso-caloric low-protein diet (LP). In

NP dams, mass of dam’s total body water, output flow constant from dam to litter (K21) and

median milk flow, calculated between days 11 to 14 after pup birth, were 282.1 g, 0.0122 h-1

and 3.30 g/h for NP dams, respectively. Maternal dietary protein restriction (-59%) during

perinatal period led to a 34% reduction in milk flow (NP versus LP). With the WSW method,

milk flow varied from 1.96 g/h to 2.37 g/h between days 11 to 14 for NP dams. The main

advantage of the D20 method compared to the WSW method stems from its higher preci-

sion, as attested by the narrowest range of measured values of milk flow ([2.90; 3.75] and

[0.98; 6.85] g/h, respectively) for NP group. This method could be suitable for testing the

effectiveness of candidate galactologue molecules presumed to enhance milk production in

the lactating rat model.
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Introduction

The World Health Organization recommends exclusive breastfeeding during the first six

months of life because breastfeeding has been shown to be associated with health benefits not

only for the infant but for the mother as well [1]. Even though the rate of initiation of breast-

feeding is as high as 60% in most high-income countries like in France, exclusive breastfeeding

rate plummets long before 6 months of age [2]. The main reasons of the early cessation of

breastfeeding are (i) the early return of mothers to work but (ii) perceived insufficient lactation

was the reason stated by 62% of mothers who stopped breastfeeding [3–5]. It therefore would

be of utmost interest to find innovative ways to enhance lactation in these mothers. For this

purpose, candidate molecules have to be found and tested, as a first step, in animal models.

Rodent models are indispensable for the detailed study of the long-term impact of mother’s

milk on the development and health of offspring until adulthood. It is thus crucial to be able to

precisely quantitate the production of maternal milk in rodents, and its modulation by mater-

nal supplementation with candidate molecules.

Traditionally, the method used to estimate the volume of milk ingested by infants is the

weight-suckle-weight (WSW) method which consists of weighing babies before and after they

suckle their mother, and to use the difference in babies’ weight as an estimate of milk intake.

This method has the advantage of being non-invasive, inexpensive, quick, and easy to apply in

humans [6] as well as in animals models [7]. Nonetheless, the WSW method lacks precision

and accuracy because of the small size of weight changes measured, particularly in rodent

models. Moreover, the method requires weighing after each nursing period, and does not take

into account the metabolic weight loss of newborns during the suckling period due to water

loss into urine, feces and sweat [6, 8]. Deuterated water (D2O), a common non-toxic tracer,

has been successfully used in women [9, 10] and sows [11] to measure in vivo milk production.

This method that requires the administration of a dose of labeled water to calculate maternal

body water, has been shown to be precise and accurate in large animals such as pigs [11]. In

the current study, we used for the first time the water turnover method and compartmental

analysis to quantify milk production in a rodent model which is relevant for its short genera-

tion time. Such method will be useful to study nutrients or bioactive molecules likely to modu-

late breastmilk production.

To further assess the adequacy of the approach, we studied a nutritional intervention pre-

sumed to affect milk production. We used maternal dietary protein restriction during gesta-

tion and lactation, which results in the birth of pups with intrauterine growth restriction [12,

13]. Moreover, low maternal protein intake maintained throughout lactation induces extra-

uterine growth restriction [13], which may result from either (a) physiologic modifications

related to the low birth weight per se [12, 13], (b) changes in milk composition, as shown in

our earlier study [14], or (c) a reduction in milk yield, as suggested by BAUTISTA et al. [15]

who used the WSW method in a rodent model.

The specific aims of this study were (i) to determine milk production in rat dams by study-

ing body water turnover; and (ii) to apply this method to measure milk production in dams

receiving during gestation and lactation, either a control diet or an isocaloric, low-protein diet.

Materials and methods

Animal experiments, housing and diets

Animal experiments were performed in accordance with current European regulations regard-

ing the protection of animals used for experimentation, and after approval of the experimental

protocol (project 2015112514233593-APAFIS 3127) by the regional ethics committee (CEEA,
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Comité d’éthique en expérimentation animale—Pays de la Loire, France). Sprague-Dawley

female rats purchased from JANVIER LABS (Le Genest-Saint-Isle, France) were placed from

the first day of gestation (GD 1) in cages with wood chips in a room maintained between 19

and 22˚C, between 35 and 50% of relative humidity, and under a twelve hours day/night cycle

(light from 6:00 a.m. to 6:00 p.m.). Animals had access to food and water ad libitum and were

randomly assigned from GD 1 to two different diets throughout gestation and lactation: a con-

trol diet (normal protein diet, NP) with 20 g protein per 100 g of food or an isocaloric low-pro-

tein diet (LP) with 8 g protein per 100 g of food. Both NP and LP diets, as previously used [12,

13], were purchased from ABDIET (Woerden, The Netherlands) (see reference [16] for

detailed energy and nutrient composition of both experimental diets) and contained 9–22%

casein, 55.15–68.17% dextrose, and 4.30–4.30% soya oil, with a total of 327.27–367.40 Kcal/

100g, respectively.

Delivery day at day 21 of gestation was considered postnatal day 0 (PND 0) of lactation. As

the time of delivery varied between dams, adjustment of litter size was performed at PND 1.

Litter size was adjusted to 8 pups per dam with four males and four females to account for gen-

der effects. Mothers’ mass, food consumption, and litters’ mass were measured daily using a

scale (precision of 10 mg) from PND 1 to PND 18.

Two experiments were performed: experiment 1 was carried out with the deuterated water

method to assess milk production with the 2 different diets (NP, n = 4; LP, n = 5). Experiment

2 was carried out to assess milk production in control NP dams (n = 5) vs. LP dams (n = 6)

with the conventional WSW method.

Experiment 1—Water turnover method

Deuterium oxide injection and body fluid sampling. We first determined in preliminary

experiments, the time required for complete isotope equilibrium throughout maternal body

water following intravenous administration of deuterium labeled water. This allowed us to

select the time at which blood could be sampled to determine the tracer dilution and accurately

calculate maternal total body water. Accurate determination of this value is essential to allow

for a precise calculation of milk flow from mother to litters. In this preliminary experiment, we

also compare three ways of administering deuterium (intravenous, intraperitoneal or subcuta-

neous) and we retained the intravenous route for the rapidity of D2O dilution.

To calculate the lactation flow we carried out a whole body water turnover study in mothers

and pups by following deuterium enrichment time curves in plasma and urine sampled from

mothers and pups, respectively. At day 7 of lactation (PND 7), baseline plasma and urine sam-

ple was collected from dams and pups, respectively, prior to intravenous administration of

D2O, to determine baseline body D2O abundance. At PND 11, when lactation is well estab-

lished, mothers received a 5 g.kg-1 (5.00±0.08 g.kg-1) intravenous injection of deuterated water

(99.9 mole % D2-enrichment) purchased from SIGMA-ALDRICH (Saint Louis, USA). After

dams received isoflurane anesthesia (4% isoflurane in room air for 5 minutes), injections were

carried out using 2mL syringes with 0.5X16 mm needles. Syringes of D2O were weighed before

and after injection with a precision scale of 0.1 mg.

Three-hundred μL of blood were collected from mothers at 3 h, 24 h, 48 h and 72 h after

D2O injection, and 200 μL of a pool of urine was collected from pups at 24 h, 48 h, 72 h and 96

h after D2O injection. Dams’ blood samples were obtained by tail snip after 5 min-isoflurane

anesthesia, collected in vacuum tube containing ethylenediamine tetraacetate, and centrifuged

at 1050 g and 4˚C for 10 min. One hundred and fifty μL of plasma were collected in Eppendorf

tubes and stored at -20˚C until analysis. Before urine sampling, pups were separated for 30

min from their mothers in order to avoid urination due to maternal stimulation of pups’
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bladders. Pups’ lower bellies were stimulated with iced cotton bud and urine was collected and

pooled for each litter in Eppendorf tubes by using a Pasteur pipette and stored at -20˚C until

analysis. The D2O enrichment of both dams’ plasma and pups’ urine samples was measured

using a Fourier Transform infrared spectrophotometer (FTIR spectrophotometer) Vector 33

from Bruker (Rheinstetten, Germany) [17].

Calculation of milk flow. In practice, D2O concentration of all mothers’ plasma and

pups’ urine samples was determined by FTIR spectrophotometer and then basal D2O concen-

tration was deducted.

Plasma and urine D2O concentration data were subjected to compartmental analysis to

calculate milk flow between the dam and its litter. We used single-compartment models to

describe the dynamic aspects of water metabolism both in mother and its litter related by milk

flow which led to a bicompartmental model (Fig 1). The SAAM II program was used to fit the

model to the observed tracer data by a weighed-least-squares approach to find the best fit as

previously described [18] and to determine the parameters of the model. Implicit in the use of

this model is the assumption that each animal remains in steady state with respect to its total

body water turnover during the time course of the study. This condition is justified for the

total body water of mother compartment as showed by constant body weight (results not

shown). We assumed near-steady state for pups’ body water pool as well.

The first and second compartments correspond to the turnover of total body water of

mother and litter respectively, resulting from both intestinal absorption and metabolic pro-

cesses. Fig 1 presents the different absolute production rates of the model: R10 and R20 are the

inputs into body of dam and pups, respectively, arising from water drinking and non-dietary

water (metabolic water production, respiratory and cutaneous influx of atmospheric water);

R01 and R02 are the outputs of water by transpiration, urine, feces, from dam and pups,

respectively; R21 is the flow from dam to its litter. R10 is the sum of R01 plus R21 at steady-

state. The model has three unknown parameters: (i) K01 and K02 are the output flow constants

from dam and litter, respectively; (ii) K21 is the output flow constant from dam to litter.

Mass of Dam’s Total Body Water was calculated by dividing the amount of deuterium

oxide injected by the D2O value extrapolated from D2O concentration curve to the intercept

Fig 1. Bi-compartmental model. TBWd, TBWl: Total body water (expressed in g) of dam and litter,

respectively; K01 and K02 (expressed in h-1) are the output flow constants from dam and litter, respectively;

K21 is the output flow constant (expressed in h-1) from dam to litter; R10 and R20: Input water flow (expressed

in g.h-1) into dam and pups, respectively; R01 and R02: Output water flow (expressed in g.h-1) from dam and

pups, respectively; R21: Water flow from dam to pups (milk) (expressed in g.h-1).

https://doi.org/10.1371/journal.pone.0180550.g001
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with y axis at time 0. Dam’s Total Body Water (TBWd) expressed in % was calculated by divid-

ing this mass of Body Water by dam’s mass. Flow constants K21, K01 and K02 of the model

are calculable directly from the plasma and urine D2O enrichment-time curve. The flow from

mother to pups R21 (g/h) was calculated as the product of K21 (h-1) and the mass of Dam’s

Total Body Water (g).

In this model, milk flow was associated to milk production by the dam as well as milk con-

sumption by the litter. Furthermore, values obtained by this method were mean production

values throughout the sampling period (PND 11- PND 14).

Experiment 2—WSW method

Pups were weighed a first time after 1h separation from their mother (P1). Then, they were

returned to the mother for 1h suckling, after which they were weighed a second time (P2).

Mean of milk pups’ consumption was estimated by the mean difference in weight P2-P1 (dP)

for each pup, and was divided by suckling time (dP/t). Dam’s milk production was determined

by multiplying the mean milk consumption by the number of pups per litter (8). With this

method, results were recorded each day from PND 11 to PND 14.

Statistics

Non-parametric test was used for kinetic parameters obtained from water turnover study and

growth parameters. Mann-Whitney tests (GraphPad Prism, version 6.0) were used to analyze

differences between the 2 regimens (NP, LP) for birth weight, pups’ daily mass gain between

PND 1 and PND 18, dam’s food intake from PND8 to PND16, dams’ TBW, and milk produc-

tion. Data obtained using kinetic study and growth are expressed in median and upper and

lower quartiles due to small sample sizes. Regarding the WSW method, due to larger sample

sizes, we assumed Gaussian distribution, and used unpaired Student tests with Welch’s correc-

tion (we did not assume equal standard-deviations) to compare milk production between the

2 regimens (software GraphPad Prism, version 6.0). Mean values and standard deviations are

therefore reported. Statistical significance was set to a confidence level of p< 0.05.

Results

Pup growth (Experiment 1)

Growth was followed in experiment 1 on 4 and 5 litters in the NP and LP groups, respectively.

At PND1, median dam mass was 337.7 g in NP group and 308.3 g in LP group. Dam’s mass

variation between PND 1 and PND 18 was lower than 10% in the two groups. Between

PND8 and PND16, average food intake was 0.14 ± 0.02 g/g body weight/d for NP dam and

0.13 ± 0.02 g/g body weight/d for LP dam without any significant difference (p = 0.063). Tak-

ing into account the composition of both diets [16], maternal protein intake was 59% lower in

LP group than in NP group while energy intakes were similar, arguing more in favor of a defi-

ciency in protein rather than in energy intake in this model.

Pup body weight at PND 1 was not different between groups (7.59 g and 7.33 g, in NP and

LP respectively). Relative mass gain (RMG) was calculated from PND 1 to PND 18 (Fig 2). To

calculate pups’ RMG, birth weight was subtracted from daily weight and the obtained value

was divided by birth weight. RMG showed a trend to be lower in LP compared to NP (p<0.08)

at PND 10 and 12. At the end of the period (PND 18), no significant difference was shown

between NP and LP RMG (3.54 and 3.13, respectively).

Mother’s milk flow measurement in a rat model
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Milk production measurement with the deuterium oxide method

(Experiment 1)

Maternal total body water (TBWd). A representative D2O concentration kinetic curve

in mother’s plasma is shown in S1 Fig. Mass of Dam Total Body Water was calculated as

explained in the Methods section by dividing the amount of deuterium oxide injected by D2O

concentration at time zero obtained from extrapolating curve and data are shown in Fig 3.

Mass of total body water was significantly higher in NP dams (282.1 g) than in LP dams (236.4

g) (p = 0.032) on the PND 11 to PND 14 lactation period. We found median Dam Total Body

Water (TBWd) values of 76.9% [72.8%–77.9%] of body weight for NP group and 72.9%

[71.9%–76.4%] for LP group with no significant difference between groups. The median value

of dams TBWd for both groups was 76.1%.

Milk flow. D2O concentration kinetic curves in mother’s plasma and pups’ urine are

shown in Fig 4. Model fitted lines and experimental points showed close agreement. Output

flow constant from dam to its litter (K21) was 0.0122 h-1 for NP dams (Table 1). K21 had a

strong trend to be higher in NP than LP group (p = 0.06). Median variation coefficient was

maximum 5.1% on the PND 11 to PND 14 lactation period (Table 1).

Milk flow between the dam and its litter was obtained by multiplying values of K21 by

TBWd. Values obtained were median values between PND 11 to PND 14 period and were

expressed in g/h. Milk flow was 3.30 g/h [2.90; 3.75] for NP dams and 2.18 g/h [1.73; 2.55] for

LP dams (Table 1). Milk flow was significantly higher in NP than LP (p = 0.016) dams. Mater-

nal dietary protein restriction during perinatal period led to a 34% reduction in milk flow (NP

versus LP).

Fig 2. Relative mass gain (median ± range) of pups from PND 1 to PND 18 in the NP and LP groups.

NP, n = 4; LP, n = 5. The arrow represents the day of deuterium oxide injection. Differences between

nutritional groups were analyzed at each day using a Mann-Whitney test: * P-value<0.05.

https://doi.org/10.1371/journal.pone.0180550.g002
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Fig 3. Distribution of maternal total body water in the NP and LP groups. NP, n = 4; LP, n = 5. Median

differences between groups were been analyzed by a Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0180550.g003

Fig 4. Time course of isotopic enrichment in mother plasma and litter urine after injection of

deuterated water to a representative mother (group NP). Points represent data values. Lines represent

curves fitted using the model of Fig 1.

https://doi.org/10.1371/journal.pone.0180550.g004
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Milk production measurement with the WSW method (Experiment 2)

The WSW method was applied in experiment 2 with NP and LP dams (n = 5 and n = 6, respec-

tively). Results were obtained for each day in g/h from PND 11 through PND 14 (Table 2).

Milk flow varied from 1.96±1.71 g/h at PND 12 to 2.37±1.82 g/h at PND 14 for NP dams, ver-

sus 1.41±2.61 g/h at PND 11 to 1.28±0.66 g/h at PND 14 for LP dams. Mean milk production

was found to be significantly lower only on PND 14 (P<0.001). We observed that variations

seemed to be larger in NP group than in LP group, as attested by the ranges on measured val-

ues of milk flow between PND 12 and PND 14 ([0.98; 6.85] g/h for NP group and [0.63; 3.95]

g/h for LP group, respectively). No significant difference was observed at PND 12 and PND 13

between milk flow with the D2O method and with the WSW method for NP and LP dams

except at PND 12 for NP dams (p = 0.014).

Discussion

To the best of our knowledge, the current study is first to report on the use of deuterium oxide

and compartment modeling to assess rates of milk production in rats, and to explore the effect

of manipulating maternal diet on milk production in lactating dams using such method. Our

results suggest that this method is usable in rodents to determine milk production and its

modulation by nutrients. By using this method, we showed that a reduction in maternal pro-

tein intake (-59%) during both gestation and lactation period decreases milk flow (-34%).

Our bi-compartmental model is based on the hypothesis that at least the dam’s compart-

ment is at steady state. This is probably true because the experiment was performed at a time

when dams had a stable body weight and lactation was well established so that the variation in

TBWd should be minimal. This is less likely to apply for pups since they are growing between

Table 1. Output flow constant (K21) obtained after fitting with SAAM II software and milk flow per dam

in the NP and LP groups in the period ranging from PND 11 to PND 14. Difference between groups was

analyzed with a Mann-Whitney test: * P-value < 0.05.

Group NP LP

n (dams) 4 5

Output flow constant (K21) Median K21 (h-1) 0.01223 0.00980

Median standard deviation 0.00036 0.00047

Median variation coefficient 3.0% 5.1%

Milk flow Median milk flow (g/h) 3.30 2.18*

Min, Max (2.90; 3.75) (1.73; 2.55)

https://doi.org/10.1371/journal.pone.0180550.t001

Table 2. Milk production obtained by the weight-suckle-weight method from PND 11 to PND 14 in NP

and LP groups.

Group NP LP

n (pups) 40 48

Milk production per dam (g/h) PND 11 nd 1.41±2.61

PND 12 1.96±1.71 1.54±1.19

PND 13 2.50±3.25 1.87±1.10

PND 14 2.37±1.82 1.28±0.66*

Data are means ± SD. Differences between groups were analyzed with Student test.

*P-value<0.001 vs NP.

nd: not determined

https://doi.org/10.1371/journal.pone.0180550.t002
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PND 11 and PND 14. As the calculations for the determination of milk flow only use parame-

ters from mother compartment, data were analyzed using a steady state model. We believe that

this model is consistent as i) the model fits properly the D2O enrichment data; ii) coefficients

of variation are below 5% for most calculated parameter values; and iii) values obtained for

TBWd and of milk flow are in accordance with data already published (see below).

As the deuterium oxide method and the WSW method could not feasibly be applied in the

very same individual dams in order to limit animal stress, we applied the whole body water

turnover approach in separate, comparable groups of lactating dams submitted to the same

dietary manipulation. With the deuterated water method, we found median milk production

values of 3.30 g/h, and 2.18 g/h for NP and LP dams, respectively, on the period ranging from

PND 11 to PND 14. Our results obtained using D2O method are not significantly different

from those we found using the WSW method, particularly at PND 13 for both NP and LP

groups (2.50 g/h and 1.87 g/h, respectively), but with an average overestimation of 24%. Simi-

lar findings were obtained in a pig model by THEIL et al. [7], who reported an average under-

estimation of 12.7% of milk production (max 21.3% on day 11 of lactation) with the WSW

method compared to the D2O method. In the current study, the D2O method was, however,

more precise than the WSW method, as attested by the lowest range of measured values of

milk flow ([2.90; 3.75] and [0.98; 6.85] g/h, respectively) for NP group. This is partly due to the

high precision of the FTIR spectrophotometer producing only a� 1% error in the determina-

tion of deuterium oxide enrichment. The high variation coefficient obtained with the WSW

method may be accounted for by the unmeasured, inevitable weight loss as urine, feces and

sweat occurring during suckling period [8] but, the most likely explanation is the minuscule

body weight changes to be measured in pups over a single hour of suckling time as suggested

earlier [6].

We found median TBWd of 76.9% and 72.9% for NP and LP dams, respectively, without

any significant difference between groups. Our results suggest that perinatal diet did not affect

the dam’s total body water. The ‘gold standard’ method to measure TBW is desiccation. FOY

and SCHEINDEN [19] found an average of 65.0% of body water in albinos rats using this

method, a value 15% below our measured values. Our overestimation of TBWd could be

explained by: (i) the short duration of the kinetic study (additional sampling after 96 hours

could be useful to obtain more accurate values, but we wanted to minimize sampling time for

ethical reasons); (ii) the exchange of deuterium with labile hydrogen of protein and other body

components [20] in the isotope dilution method; (iii) the fact that our dams were lactating

which is associated with a 5% increase in TBW [21]. This overestimation of TBWd unavoid-

ably leads to a slight overestimation of milk production, compared with the WSW method.

In their study, BAUTISTA et al. [15] used the WSW technique to calculate milk intake of

pups born from control dams or dams fed a protein restricted diet; they deduced milk produc-

tion by multiplying the individual pup’s milk intake (in g/h) by the number of pups per litter.

The authors estimated the milk production between 3.24 g/h and 3.78 g/h for NP dams and

between 1.84 g/h and 2.14 g/h for LP dams at PND 14 for large litters (12 to 14, according to

the authors). These values are closer to those found using the D2O method (NP = 3.30 g/h

and LP = 2.18 g/h) and higher than those obtained with WSW method (NP = 2.37 g/h and

LP = 1.28 g/h at PND 14) in our study. Several factors may account for the underestimation of

milk production with the WSW method in our study. First the separation time of the pups

from the dams was 4h in BAUTISTA et al. [15] study versus 1h in the present study. A longer

starvation likely leads to a higher milk intake by the pups when they are allowed to suckle, but

may also exacerbate offspring’s stress. On the other hand, the larger the litter, the higher the

milk production [22]. The lower milk production of our dams determined using the WSW

method could be explained by the smaller litter size (8 versus 12 to 14 in BAUTISTA et al. [15]
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study). Altogether, these findings are consistent with the view that D2O method can yield reli-

able measurement of milk production in a rodent model. Contrary to the WSW method that

can provide a daily milk production value, the D2O method only yields an average milk flow

value over several days of lactation, which may be more representative of the overall period of

lactation, and allow to smooth putative day-to-day fluctuations over the course of lactation.

The deuterium oxide method only requires small blood sample volumes for D2O measure-

ments, and does not require long separation of pups from their mother (30 min vs. 60 min in

the WSW method in our study, or vs. 4h in BAUTISTA al. [15], respectively) which is stressful

and stress could, in turn, introduce bias. Although we are aware that in the D2O method,

blood sampling from the dams after isoflurane anesthesia at PND7 and between PND11 and

PND14 can induce stress, the degree of stress likely was mild since it had no apparent impact

on pup growth. Moreover, isoflurane exposure was shown to have the least effect, compared to

short-term exposure to other anesthetic agents such as diethyl ether or CO2, on plasma corti-

sone, glucose and insulin levels in male rats weighing 180–210 g, suggesting a low impact of

isoflurane on metabolic status in male adult rats [23]. Regarding dam’s food intake, we

observed a substantial daily decrease (max 37%) in food intake after D2O injection to the

dams, only in a few LP dams (3 out of 5), not in NP dams. This decrease was always reversible

and did not last more than 1 or 2 days maximum. This suggests that the reduction in food

intake was likely due to dietary protein per se in LP dams rather than to the D2O method.

Due to its higher precision compared with the WSW method, the D2O method may also be

more appropriate to study the effect of dietary or pharmacological manipulation of lactating

dam on its milk production. Indeed, with the D2O method, milk production was 34% lower in

LP dams, compared with control dams (P = 0.016) whereas the difference failed to reach statis-

tical significance with the WSW method, except at PND 14 (P = 0.0008) during the peak of lac-

tation. The current results obtained with the D2O method confirm that perinatal protein

restriction results in a decrease in milk yield as suggested by BAUTISTA et al. [15]. Indeed

MORETTO et al. [24] have previously shown a decrease in the development of mammary

gland and prolactin secretion, both involved in milk synthesis [25], in Wistar dams in response

to low protein (6%) diet of dams provided through pregnancy and lactation. We have also to

consider that the mass of total body water was lower in LP dams compared to NP dams, sug-

gesting that the pool of water available for milk production is lower in LP dam.

The high precision of our D2O method compared to the WSW method resulted from (i) a

high precision in the quantity of D20 injected in intravenous route, by weighing the syringe

containing D20 solution before and after injection with a precision of 0.1 mg; (ii) sufficient rise

in dams’ plasma D2O enrichment with an injection of 5 g.kg-1 of deuterium water compared

to the natural abundance of D20 at 155 ppm under baseline condition [26]; (iii) a higher flexi-

bility in biological sampling in offspring as non-invasive urine sampling could be performed

on separated pups and then pooled only if necessary; and (iv) loss of water by pups by urine,

feces, and evaporation during suckling could be a non-negligible source of error in the WSW

method and not in the D2O method. With the WSW method, the whole litter, rather than sep-

arate pups were weighed for a better quality of mass measurement.

Conclusion

We found that in lactating rodents, the D2O dilution method yields milk flow values close to

those found using the traditional WSW method, and seems to be more precise. The main

advantage of the D20 method compared to the WSW method stems from its higher precision,

as attested by the narrowest range of measured values. This results in smoothing the day-to-

day fluctuation in milk flow determined over the course of lactation, and allows for the use of a
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smaller number of dams to detect changes in milk flow. This method could be suitable for the

detection of relatively small changes in milk production due to physiological alterations in the

lactating mother, and for testing the effectiveness of candidate galactologue molecules pre-

sumed to enhance milk production in the lactating rat model.
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(Épifane 2012–2013). BEH. 2014; 27:450–7.

Mother’s milk flow measurement in a rat model

PLOS ONE | https://doi.org/10.1371/journal.pone.0180550 July 17, 2017 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180550.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180550.s002
https://doi.org/10.1016/s0140-6736(15)01024-7
http://www.ncbi.nlm.nih.gov/pubmed/26869575
https://doi.org/10.1371/journal.pone.0180550


3. Siret V, Castel C, Boileau P, Castetbon K, Foix L’helias L. [Factors associated to breastfeeding up to 6

months in the maternity of Antoine-Beclere Hospital, Clamart]. Arch Pediatr. 2008; 15(7):1167–73.

Epub 2008/06/06. https://doi.org/10.1016/j.arcped.2008.04.014 PMID: 18524549.

4. Thulier D, Mercer J. Variables associated with breastfeeding duration. Journal of Obstetric, Gyneco-

logic, & Neonatal Nursing. 2009; 38(3):259–68.

5. Hauck YL, Fenwick J, Dhaliwal SS, Butt J. A Western Australian Survey of Breastfeeding Initiation,

Prevalence and Early Cessation Patterns. Maternal and Child Health Journal. 2011; 15(2):260–8.

https://doi.org/10.1007/s10995-009-0554-2 PMID: 20077131

6. Savenije OE, Brand PL. Accuracy and precision of test weighing to assess milk intake in newborn

infants. Arch Dis Child Fetal Neonatal Ed. 2006; 91(5):F330–2. Epub 2006/05/24. https://doi.org/10.

1136/adc.2005.091876 PMID: 16717082.

7. Sampson DA, Jansen GR. Measurement of milk yield in the lactating rat from pup weight and weight

gain. J Pediatr Gastroenterol Nutr. 1984; 3(4):613–7. Epub 1984/09/01. PMID: 6481568.

8. Klaver J, van Kempen GJM, de Lange PGB, Verstegen MWA, Boer H. Milk Composition and Daily

Yield of Different Milk Components as Affected by Sow Condition and Lactation/Feeding Regimen.

J Anim Sci. 1981; 52(5):1091–7. https://doi.org/10.2527/jas1981.5251091x

9. Haisma H, Coward WA, Albernaz E, Visser GH, Wells JC, Wright A, et al. Breast milk and energy intake

in exclusively, predominantly, and partially breast-fed infants 2003 [updated Dec; cited 57 12]. 2003/12/

04:[1633–42]. http://www.nature.com/ejcn/journal/v57/n12/pdf/1601735a.pdf.

10. Butte NF, Wong WW, Patterson BW, Garza C, Klein PD. Human-milk intake measured by administra-

tion of deuterium oxide to the mother: a comparison with the test-weighing technique. Am J Clin Nutr.

1988; 47(5):815–21. Epub 1988/05/01. PMID: 2834941.

11. Theil PK, Nielsen TT, Kristensen NB, Labouriau R, Danielsen V, Lauridsen C, et al. Estimation of Milk

Production in Lactating Sows by Determination of Deuterated Water Turnover in Three Piglets per Lit-

ter. Acta Agriculturae Scandinavica, Section A—Animal Science. 2002; 52(4):221–32. https://doi.org/

10.1080/090647002762381104

12. Coupe B, Grit I, Darmaun D, Parnet P. The timing of "catch-up growth" affects metabolism and appetite

regulation in male rats born with intrauterine growth restriction. American journal of physiology Regula-

tory, integrative and comparative physiology. 2009; 297(3):R813–24. Epub 2009/07/17. https://doi.org/

10.1152/ajpregu.00201.2009 PMID: 19605764.

13. Agnoux AM, Antignac JP, Simard G, Poupeau G, Darmaun D, Parnet P, et al. Time window-dependent

effect of perinatal maternal protein restriction on insulin sensitivity and energy substrate oxidation in

adult male offspring. American journal of physiology Regulatory, integrative and comparative physiol-

ogy. 2014; 307(2):R184–97. Epub 2014/05/09. https://doi.org/10.1152/ajpregu.00015.2014 PMID:

24808498.

14. Martin Agnoux A, Antignac JP, Boquien CY, David A, Desnots E, Ferchaud-Roucher V, et al. Perinatal

protein restriction affects milk free amino acid and fatty acid profile in lactating rats: potential role on pup

growth and metabolic status. J Nutr Biochem. 2015; 26(7):784–95. Epub 2015/05/04. https://doi.org/10.

1016/j.jnutbio.2015.02.012 PMID: 25935308.

15. Bautista CJ, Boeck L, Larrea F, Nathanielsz PW, Zambrano E. Effects of a maternal low protein isocalo-

ric diet on milk leptin and progeny serum leptin concentration and appetitive behavior in the first 21 days

of neonatal life in the rat. Pediatr Res. 2008; 63(4):358–63. Epub 2008/03/22. https://doi.org/10.1203/

01.pdr.0000304938.78998.21 PMID: 18356739.

16. Fanca-Berthon P, Michel C, Pagniez A, Rival M, Van Seuningen I, Darmaun D, et al. Intrauterine growth

restriction alters postnatal colonic barrier maturation in rats. Pediatr Res. 2009; 66(1):47–52. Epub

2009/03/17. https://doi.org/10.1203/PDR.0b013e3181a2047e PMID: 19287349.

17. Ferrier L, Robert P, Dumon H, Martin L, Nguyen P. Evaluation of body composition in dogs by isotopic

dilution using a low-cost technique, Fourier-transform infrared spectroscopy. J Nutr. 2002; 132(6 Suppl

2):1725s–7s. Epub 2002/06/04. PMID: 12042507.

18. Maugeais C, Ouguerram K, Krempf M, Magot T. Kinetic study of apo B100 containing lipoprotein metab-

olism using amino acids labeled with stable isotopes: methodological aspects. Clinical chemistry and

laboratory medicine. 1998; 36(10):739–45. Epub 1998/12/16. https://doi.org/10.1515/CCLM.1998.131

PMID: 9853798.

19. Foy JM, Schnieden H. Estimation of total body water (virtual tritium space) in the rat, cat, rabbit, guinea-

pig and man, and of the biological half-life of tritium in man. J Physiol. 1960; 154:169–76. Epub 1960/

11/01. PMID: 13701136.

20. Schoeller DA, van Santen E, Peterson DW, Dietz W, Jaspan J, Klein PD. Total body water measure-

ment in humans with 18O and 2H labeled water. Am J Clin Nutr. 1980; 33(12):2686–93. Epub 1980/12/

01. PMID: 6776801.

Mother’s milk flow measurement in a rat model

PLOS ONE | https://doi.org/10.1371/journal.pone.0180550 July 17, 2017 12 / 13

https://doi.org/10.1016/j.arcped.2008.04.014
http://www.ncbi.nlm.nih.gov/pubmed/18524549
https://doi.org/10.1007/s10995-009-0554-2
http://www.ncbi.nlm.nih.gov/pubmed/20077131
https://doi.org/10.1136/adc.2005.091876
https://doi.org/10.1136/adc.2005.091876
http://www.ncbi.nlm.nih.gov/pubmed/16717082
http://www.ncbi.nlm.nih.gov/pubmed/6481568
https://doi.org/10.2527/jas1981.5251091x
http://www.nature.com/ejcn/journal/v57/n12/pdf/1601735a.pdf
http://www.ncbi.nlm.nih.gov/pubmed/2834941
https://doi.org/10.1080/090647002762381104
https://doi.org/10.1080/090647002762381104
https://doi.org/10.1152/ajpregu.00201.2009
https://doi.org/10.1152/ajpregu.00201.2009
http://www.ncbi.nlm.nih.gov/pubmed/19605764
https://doi.org/10.1152/ajpregu.00015.2014
http://www.ncbi.nlm.nih.gov/pubmed/24808498
https://doi.org/10.1016/j.jnutbio.2015.02.012
https://doi.org/10.1016/j.jnutbio.2015.02.012
http://www.ncbi.nlm.nih.gov/pubmed/25935308
https://doi.org/10.1203/01.pdr.0000304938.78998.21
https://doi.org/10.1203/01.pdr.0000304938.78998.21
http://www.ncbi.nlm.nih.gov/pubmed/18356739
https://doi.org/10.1203/PDR.0b013e3181a2047e
http://www.ncbi.nlm.nih.gov/pubmed/19287349
http://www.ncbi.nlm.nih.gov/pubmed/12042507
https://doi.org/10.1515/CCLM.1998.131
http://www.ncbi.nlm.nih.gov/pubmed/9853798
http://www.ncbi.nlm.nih.gov/pubmed/13701136
http://www.ncbi.nlm.nih.gov/pubmed/6776801
https://doi.org/10.1371/journal.pone.0180550


21. Kanto U, Clawson AJ. Use of deuterium oxide for the in vivo prediction of body composition in female

rats in various physiological states. J Nutr. 1980; 110(9):1840–8. Epub 1980/09/01. PMID: 6251187.

22. Morag M, Popliker F, Yagil R. Effect of litter size on milk yield in the rat. Laboratory animals. 1975; 9

(1):43–7. Epub 1975/01/01. https://doi.org/10.1258/002367775780994844 PMID: 1117695.

23. Zardooz H, Rostamkhani F, Zaringhalam J, Faraji Shahrivar F. Plasma corticosterone, insulin and glu-

cose changes induced by brief exposure to isoflurane, diethyl ether and CO2 in male rats. Physiological

research. 2010; 59(6):973–8. Epub 2010/06/11. PMID: 20533863.

24. Moretto VL, Ballen MO, Goncalves TS, Kawashita NH, Stoppiglia LF, Veloso RV, et al. Low-Protein

Diet during Lactation and Maternal Metabolism in Rats. ISRN obstetrics and gynecology. 2011;

2011:876502. Epub 2011/06/04. https://doi.org/10.5402/2011/876502 PMID: 21637364.

25. Houdebine L-M. Biologie de la lactation. EMC Elsevier Masson SAS ( Paris) ed2007.

26. Berman ES, Melanson EL, Swibas T, Snaith SP, Speakman JR. Inter- and intraindividual correlations of

background abundances of (2)H, (18)O and (17)O in human urine and implications for DLW measure-

ments. European journal of clinical nutrition. 2015; 69(10):1091–8. Epub 2015/03/26. https://doi.org/10.

1038/ejcn.2015.10 PMID: 25804273.

Mother’s milk flow measurement in a rat model

PLOS ONE | https://doi.org/10.1371/journal.pone.0180550 July 17, 2017 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/6251187
https://doi.org/10.1258/002367775780994844
http://www.ncbi.nlm.nih.gov/pubmed/1117695
http://www.ncbi.nlm.nih.gov/pubmed/20533863
https://doi.org/10.5402/2011/876502
http://www.ncbi.nlm.nih.gov/pubmed/21637364
https://doi.org/10.1038/ejcn.2015.10
https://doi.org/10.1038/ejcn.2015.10
http://www.ncbi.nlm.nih.gov/pubmed/25804273
https://doi.org/10.1371/journal.pone.0180550

