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Abstract
The psychoendocrine evaluation of lamb development has demonstrated that mater-

nal deprivation and milk replacement alters health, behavior, and endocrine pro-

files. While lambs are able to discriminate familiar and non-familiar conspecifics

(mother or lamb), only lambs reared with their mother develop such clear social dis-

crimination or preference. Lambs reared without mother display no preference for a

specific lamb from its own group. Differences in exploratory and emotional behav-

iors between mother-reared and mother-deprived lambs have also been reported.

As these behavioural abilities are supported by the brain, we hypothesize that rear-

ing with maternal deprivation and milk replacement leads to altered brain develop-

ment and maturation. To test this hypothesis, we examined brain morphometric and

microstructural variables extracted from in vivo T1-weighted and diffusion-weighted

magnetic resonance images acquired longitudinally (1 week, 1.5 months, and 4.5

months of age) in mother-reared and mother-deprived lambs. From the morphometric

variables the caudate nuclei volume was found to be smaller for mother-deprived than

for mother-reared lambs. T1-weighted signal intensity and radial diffusivity were

higher for mother-deprived than for mother-reared lambs in both the white and gray

matters. The fractional anisotropy of the white matter was lower for mother-deprived

than for mother-reared lambs. Based on these morphometric and microstructural

characteristics we conclude that maternal deprivation delays and affects lamb brain

growth and maturation.

K E Y W O R D S
artificial rearing, mothering, sheep, MRI, DTI, T1-weighted, white and gray matter

1 INTRODUCTION

In both human and nonhuman primates, the quality of
motherhood is important for an infant’s development, espe-
cially for social personality development (Pryce, 1995). In
nonhuman primates, the lack of mothering from birth to

adolescence leads to anxiousness for novelty exploration,
increased aggressiveness at puberty, and peer-reared prim-
iparous females display disturbance of maternal behavior
(Suomi, 1997). More generally, in pets, farm, or zoo animals,
maternal deprivation at birth or early weaning leads to behav-
ioral problems, such as reproductive or maternal deficits,
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aggressiveness, and to stereotypic behaviors like nonnutri-
tive suckling, head-banging, or self-harm in general (Latham
& Mason, 2008). These impacts of mother deprivation can
result simultaneously from the lack of a social model, that is,
the mother (Fleming et al., 2002), and from a lack of mater-
nal milk as a source of bioactive factors (Bernstein & Hinde,
2016). However, the challenge is not to isolate the impact of
only one factor (mother or milk) but to consider “the dynamic
interactions among the multitude of equally important mater-
nal and non-maternal variables” (Tang et al., 2014).

In sheep (ovis aries), a precocial species, it is difficult
to dissociate the impact of maternal deprivation from that
of formula-milk feeding; each affecting the infants’ develop-
ment. The reciprocal mother–infant bond between an ewe and
her lamb occurs in the first 12 h of life. It is based mainly on
odorant cues and is characterized by an individual recognition
of each partner and nursing exclusivity between a mother and
her own infant (Nowak et al., 1997, 2011; Nowak & Poindron,
2006). In this context, it is not surprising that the mother is
crucial for the development of the lamb. However, motherless
rearing is commonly used in conventional dairy farming or in
other situations if the mother is nonmaternal, has too many
lambs or if she has mastitis. Despite its common practice in
sheep farming, the impact of early rearing conditions involv-
ing mother-deprivation, milk replacement, or early weaning
affect a wide range of functions and behaviors.

At birth, colostrum is important for lamb survival due to the
passive immune transfer from mother to lamb (Hernández-
Castellano et al., 2015; Khan & Ahmad, 1997; Nowak &
Poindron, 2006). Lambs fed with commercial milk replacer
have an altered immune response in comparison with moth-
ered lambs or lambs fed with a mix of maternal and com-
mercial milks (Sevi et al., 1999). However, being mother-
deprived a few days after birth instead of at birth provides
lambs access to colostrum and greatly reduces the impact
on the immune response, especially if subsequently fed with
ewe’s milk (Napolitano, 2003; Napolitano et al., 1995).

During the first weeks of life, the mother plays a key role
as a social demonstrator that influences the establishment of
feeding (Black-Rubio et al., 2007; Saint-Dizier et al., 2007;
Thorhallsdottir et al., 1990) and social preference between
twins (Ligout & Porter, 2004) or appeasement induced by
caregiver (Boivin et al., 2001; Guesdon et al., 2016). In the
long term, the absence of the mother has a negative impact
on the expression of sexual behavior of male lambs (Damián
et al., 2015, 2018). Emotional reactivity, assessed in a social
isolation context by cortisol plasma levels and behavioural
responses, is also impacted by maternal deprivation (Napoli-
tano, 2003; Napolitano et al., 2002; Sevi et al., 1999). In addi-
tion, endocrine imbalance is also reported, in regards to sex-
ual behavior (Damián et al., 2015, 2018), infant attachment
(Gaudin et al., 2018), or nutrition (Berry et al., 2016). These
studies demonstrate how maternal deprivation, and conse-

quently artificial feeding, have wide ranging, deleterious con-
sequences, affecting the development of the immune sys-
tem, behavior, endocrine development, growth, and cognitive
capacities of lambs.

While the benefits of breastfeeding on brain development
compared to formula-milk feeding have been reported in
humans (Deoni et al., 2013, 2018; O’Muircheartaigh et al.,
2014; Schack-Nielsen & Michaelsen, 2007) and nonhuman
primates (Liu et al., 2019), very little information has been
reported in sheep. Mainly used as a model of developmen-
tal disorders resulting from preterm birth (Castillo-Melendez
et al., 2013; Chaillou et al., 2012; De Matteo et al., 2010; Dun-
lop et al., 1997; Huang et al., 2001; Malhotra et al., 2019), the
impact of early postnatal experience on lamb brain develop-
ment is largely unknown. The only reported data, concerning
the hypothalamus, show that a short period of maternal depri-
vation (72 h at 2 weeks after birth) induces higher immunore-
activity in maternal-deprived lambs for adrenocorticotropic
and gonadotrophin-releasing hormones (Wańkowska et al.,
2006), and for somatostatin (Polkowska & Wańkowska,
2010). These findings are consistent with the endocrine per-
turbations described in similar maternal deprivation contexts
(Damián et al., 2015, 2018; Sevi et al., 1999). However, in
order to fully understand the consequences of adverse early
postnatal experience on lamb neurobiological development a
global, a dynamic view of brain maturation is required.

Magnetic resonance imaging (MRI) enables longitudinal
investigation of various morphometric and microstructural
indicators of brain maturation. In particular, T1-weighted
(T1w) signal intensity (Flood et al., 2019; Luby et al., 2013)
and diffusion tensor imaging (DTI) parameters (Dubois et al.,
2006, 2014; Hüppi & Dubois, 2006) have been used to quan-
tify maturation of the growing brain. Based on studies in
humans (Deoni et al., 2013; Luby et al., 2013) and nonhu-
man primates (Liu et al., 2019), we examined the longitudinal
impact of maternal deprivation on these morphometric and
microstructural characteristics of the lamb brain.

To study the longitudinal impact of maternal deprivation,
T1w and diffusion-weighted MR images were acquired lon-
gitudinally from mother-reared and mother-deprived lambs
at three different stages of development: approximately 1
week, 1.5, and 4.5 months after birth. From T1w images,
the total brain, gray matter (GM), white matter (WM), and
cerebrospinal fluid (CSF) volumes were measured as well
as the volumes of some specific GM structures involved in
socioemotional behavior (olfactory bulbs [OB], periaqueduc-
tal gray [PAG], hippocampus [Hipp], and caudate nucleus
[CN]). It was hypothesized that maternal deprivation would
negatively affect the developmental increase of these vol-
umes. Microstructural characteristics were also characterized
by measuring T1w signal intensity, fractional anisotropy (FA)
and radial diffusivity (RD) in total GM, WM and in spe-
cific WM areas (corpus callosum, optic chiasm and cere-
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216 LOVE ET AL.

bellum, frontal, parietal, temporal, and occipital lobes). It
was hypothesized that maternal deprivation would affect the
maturation of these microstructural parameters especially
in WM.

2 MATERIAL AND METHODS

2.1 Experimental animals

Twenty, Ile de France, female lambs (Ovis aries) were
included in this study. Lambs were born and reared at
one of the French National Research Institute for Agricul-
ture, Food and Environment experimental units (UEPAO,
INRAE, 2018. Animal Physiology Experimental Facility,
DOI: 10.15454/1.5573896321728955E12). After parturition
the lambs were allocated to one of two separate groups: 10
were kept with their mother for 24 h after birth, which gave
them access to colostrum, before being separated from their
mothers (mother-deprived group, MD); the other 10 were kept
with their mothers and twins for the entire study (mother-
reared group, MR). Mother-deprived lambs had free access
to water and formula-milk composed of whey, skimmed
milk powder, whey protein concentrate, palm oil, rapeseed
oil, wheat gluten, extracts of yeast from inactive beer, sele-
nium, lysine, and methionine (22% of crude protein, 23%
of crude fat, 4400 kcal/kg; Agnodor Tradition plus, Uni-
vor, Chasseneuil-du-Poitou, France). Formula-milk was dis-
tributed via an automatic milk feeder connected to three rub-
ber nipples, which the lambs were trained to use by care-
givers during the first 72–96 h of life, 5 times per day. The
mother-reared lambs and their mother and twins were visited
by caregivers at the same frequency as the mother-deprived
lambs. Concentrate pellets (net energy of 6.19 MJ/kg DM
and metabolisable protein of 112 g/kg) were introduced about
10 days before weaning occurred at around 45 days of age
for mother-deprived lambs and at around 90 days of age for
mother-reared lambs. Both groups of lambs had free access to
hay and straw.

To follow lambs’ growth they were weighed at birth, before
each of the three MRI acquisitions, and at around 2 months
of age (Figure 1). Mother-deprived and mother-reared lambs
were transported from their building to the MRI platform (less
than 500 m) the same day as the first acquisition (T1) and the
day before for the two last acquisitions (T2 and T3). Lambs
were never alone and were always together with at least two
familiar lambs (mother-deprived lambs) or with their mother
and twin (mother-reared lambs).

During the experiment, three mother-deprived lambs died
at 35, 42, and 45 days of age and one mother-reared lamb was
excluded because of mother’s mastitis. Final group sizes were
N = 7 for mother-deprived and N = 9 for mother-reared.

2.2 Ethics

All procedures were performed in accordance with the Euro-
pean directive 2010/63/EU for animal protection and wel-
fare used for scientific purposes and approved by the local
ethical committee for animal experimentation (CEEA VdL,
Tours, France, authorization N˚ 00821.03 and 02272.01). At
the end of the experiment all remaining animals returned to
the UEPAO.

2.3 MRI Acquisition

MRI of the brain was performed with a 3 Teslas Siemens
Magnetom Verio® scanner (Erlangen, Germany) located
at the CIRE (Chirurgie et Imagerie pour la Recherche et
l’Enseignement) platform, INRAE Nouzilly, France. MRI
was acquired for each lamb at three different timepoints.
The first timepoint was collected approximately 1 week after
birth (0.86–2.57 weeks, T1), the second at approximately 1.5
months of age (4.71–6.57 weeks, T2), and the third at approx-
imately 4.5 months of age (17.57–20.5 weeks, T3). At each
timepoint, individual ages (days old) were variable between
lambs because they were born at term without induction of
labor between September 1st and 12th and were submitted to
MRI acquisitions at a rate of two animals per day. The mother-
reared lambs (n = 9) were on average 1.6 ± 0.6, 5.5 ± 0.6, and
19.1 ± 0.65 weeks old and the mother-deprived lambs (n = 7)
were on average 1.6 ± 0.5, 5.5 ± 0.4, and 18.6 ± 1 weeks old,
respectively for the three timepoints.

Before each acquisition, lambs were placed under gen-
eral anesthesia to prevent stress and avoid motion artifacts,
despite its potentially detrimental effects on brain develop-
ment (Andropoulos, 2018; Jevtovic-Todorovic, 2005; Olutoye
et al., 2015). To prevent nausea and the associated risks of
food entering the lungs during anesthesia, for the last two
acquisitions (T2 and T3) lambs were fasted from the night
before. Anesthesia was induced by an intravenous co-injection
of rompun® and ketamine®. After this injection and the loss
of muscular tonus, a tracheal tube was inserted to maintain
the anesthesia with Isoflurane®. The drug doses and tracheal
tube sizes were adapted to each animal based on age, body
weight, and size (Table 1). The duration of anesthesia was
limited to 2.5 h, during which cardiac rhythm and SpO2 lev-
els were continuously monitored. Due to their young age at
the first timepoint, lambs were also perfused with a solution
of Ringer-Glucose. At the end of the acquisition, Isoflurane®
was stopped and the tracheal tube removed after the first signs
of autonomous breathing.

During acquisition lambs laid on their stomachs (prone
position) with a 4-channel Siemens FLEX coil wrapped
around their head and, for their comfort and safety, were
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LOVE ET AL. 217

F I G U R E 1 Timeline of the experimental design. (BW body weight; MRI magnetic resonance imaging; T1, T2, T3 timepoints of acquisition)

T A B L E 1 Drug doses and Tracheal tube sizes used during the MRI acquisitions

Timepoint
Rompun
(ml)

Ketamine
(ml)

Size of the
tracheal tube

Isoflurane
(%)

02 / air (% /
%)

Glucose
(ml / 2.5h)

T1 0–0.03 1–1.5 3.5 1.5–2.5 1/1 100

T2 0.02–0.03 2.5 5.5 2.5–4 1/1–2/2 -

T3 0.05 3.5 6.5 2.8–3 1.5/1 -

Note that the lambs were fasted the day before timepoints T2 and T3.

covered with a cloth and wore ear plugs (Figure 1). All acqui-
sitions (T1w and DTI) were performed within a single ses-
sion, the animal being maintained in exactly the same position
throughout the session.

T1w images were acquired with the 3D-MPRAGE (Mag-
netisation Prepared Rapid Acquisition with Gradient Echo)
sequence with the following parameters at each timepoint:
Repetition Time, TR = 2500 ms; Echo Time, TE = 3.44 ms;
Bandwidth, BW= 150 Hz/pixel; Inversion Time, TI= 756 ms;
Flip Angle = 9˚; Slice Thickness = 0.4 mm; Field of View,
FOV = 152 × 152 mm; matrix = 384 × 384; in plane reso-
lution 0.4 × 0.4 mm; Number of Excitations, NEX = 4; Inte-
grated Parallel Acquisition, iPAT = 2; acquisition time, TA =
44 m 32 s.

DTI-images were acquired with a single shot spin-echo
echo sequence with the following parameters at all points
of acquisition: TR = 13,000 ms, TE = 80 ms, BW = 1698
Hz/pixel, inter-echo spacing= 0.68 ms, FOV= 256× 256mm,
matrix = 128 × 128 mm, slice thickness = 2 mm, voxel
size = 2 × 2 × 2 mm, iPAT = 2, TA = 8 min 29 s. Images
were acquired in 30 directions with a b-value of 1000 s/mm2

(similar to childhood studies, Mukherjee et al. 2002) and six

images were acquired without diffusion weighting (b-value =
0 s/mm2).

GRE (Gradient Echo) field mapping sequences were per-
formed in magnitude and in phase with the following param-
eters: TR = 500 ms, TE short/long = 4.92/7.38 ms, flip angle
= 55˚, BW = 260 Hz/pixel, FOV = 192 × 192 mm, matrix =
64, voxel size = 3 × 3 × 3 mm, TA = 1 min 7 s.

2.4 MRI Analysis

Native MR images were converted from DICOM to NIFTI
with dcm2nii (mricron, http://www.mccauslandercenter.sc.
edu/mricro/mricron).

2.4.1 Morphometric variables

T1w images for volume calculation of brain, gray, and
white matters and cerebrospinal fluid
T1w images were first denoised using the DenoiseImage func-
tion of the Advanced Normalization Tools (ANTs, Avants
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218 LOVE ET AL.

F I G U R E 2 Axial (left), coronal (middle) and sagittal (right) slices of the T1w anatomical image of an individual lamb brain at T3 (around 4.5
months of age). The red overlay in the top row shows a manually segmented brain mask. The overlays in the middle row show the automatically
segmented gray matter (green), white matter (blue) and cerebrospinal fluid (red). The overlays in the bottom row show the manually segmented
regions-of-interest: olfactory bulbs (OB), periaqueductal gray (PAG), hippocampus (Hipp) and caudate nucleus (CN)

et al. 2014; Manjón et al. 2010). They were then cropped in
all three dimensions to isolate the cerebral tissue as closely
as possible from all nonbrain tissue. To reduce the time
required for manual brain mask segmentation, the original
resolution (0.4 mm3 isotropic) of the T1w images was lin-
early subsampled to 0.8 mm3 isotropic using the resample-mm
function of the Convert3D (ITK-SNAP, www.itksnap.org,
Yushkevich et al. 2006). The manual brain mask segmenta-
tion was performed with the ITK-SNAP software (Figure 2).
The segmented brain mask was then upsampled to the origi-
nal T1w resolution of 0.4 mm3 isotropic before being manu-
ally inspected and corrected when necessary. Finally, all brain
masks were controlled by experts in sheep neuroanatomy (EC,
SAL). The automatic segmentation of gray matter, white mat-

ter and cerebrospinal fluid was conducted within each individ-
ual’s brain mask using FAST (FMRIB Automated Segmenta-
tion Tool, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FAST, Jenkin-
son et al. 2012; Zhang et al. 2001; see Figure 2).

T1w images for volume calculation of specific brain
structures
To calculate the volumes of specific brain structures involved
in socioemotional behavior (OB, PAG, Hipp, CN) regions-of-
interest (ROI) were manually segmented on the denoised T1w
images for T2 and T3 using ITK-SNAP (Figure 2). The OB,
Hipp, and CN were segmented bi-laterally and the mean vol-
ume was calculated. All ROI were controlled by experts in
sheep neuroanatomy (EC, FL).

 1932846x, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dneu.22869 by C

entral L
ibrary O

f Sem
m

elw
eis, W

iley O
nline L

ibrary on [26/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FAST


LOVE ET AL. 219

F I G U R E 3 Regions-of-interest (red overlay) manually segmented in the white matter

2.4.2 Microstructural variables

T1w signal intensity
The mean T1w signal intensity was calculated for each GM,
WM, and CSF segmentation. The mean CSF value was used
to normalise that of GM and WM, as previously done in a
pediatric study (Flood et al., 2019).

Diffusion parameters
The diffusion-weighted images were corrected for geometric
deformations due to B0 inhomogeneities in the magnetic field
using the Fieldmap tool from the Statistical Parametric Map-
ping toolbox (Friston et al, 1994; Jezzard & Balaban, 1995).
Eddy-current correction was performed with FSL (FMRIB
Software Library v.5.0.4). The FA- and RD-maps were cal-
culated using FSL. The mean FA- and RD-values were calcu-
lated for GM, WM and for specific WM-areas. These specific
WM-areas were sampled by the segmentation of three (corpus
callosum, optic chiasm and cerebellum) or four (frontal, pari-
etal, temporal and occipital lobes) successive slices (Figure 3).
This segmentation was done manually on the T1w images and
was controlled by experts in sheep neuroanatomy (EC, FL).
The ROI were then resampled to the DTI-image resolution (2
× 2 × 2 mm3) and the mean FA- and RD-values were calcu-
lated.

2.5 Statistical analysis

Body weight data was not collected for three mother-reared
lambs at T1. Due to a lack of T1w image contrast in a few
individuals, the OB were only segmented for n = 6 mother-
reared and n = 6 mother-deprived lambs and the Hipp for n
= 7 mother-reared lambs (see Table 2). At the resolution of
the DTI-images, some specific WM-areas, that had been seg-
mented on T1w images, contained very few or even zero vox-
els for some individuals. We only include WM-areas of three
voxels or more in the statistical analysis.

To investigate the impact of early experience on lamb
growth, the coefficient of correlation between age (in days)
and body weight (in kg), measured at five timepoints dur-
ing the experiment (Figure 1), were compared between the
mother-reared and mother-deprived groups using a t-test.

To investigate the impact of early experience and matura-
tion, each measure (the different morphological and structural
parameters and body weight) was analyzed independently
using analysis of variance (ANCOVA) with Type II Sum
of Squares. The models included early experience (mother-
reared or mother-deprived) and timepoint (T1, T2, and T3)
as fixed effects and age (days old) at acquisition as a covari-
ate of no interest. Post hoc analyses were conducted with
Bonferroni correction. Summary statistics for the different
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220 LOVE ET AL.

T A B L E 2 Mean volumes (mm3) of the olfactory bulbs, the caudate nucleus, the hippocampus, and the periaqueductal grey

Brain structure Timepoint
Mother-reared
lambs

Mother-deprived
lambs

ANCOVAanalyses
results

Caudate nucleus n 9 7 pEE<.001 (F(1,27)=14.86)
pT=.014 (F(1,27)=6.97)
pEExT=.41 (F(1,27)=0.69)

T2 675.47 ± 72.17 600.64 ± 29.33

T3 859.87 ± 102.11 763.91 ± 48.03

Hippocampus n 7 7 pEE=.89 (F(1,23)=0.02)
pT=.001 (F(1,23)=39.09)
pEExT=.56 (F(1,23)=0.35)

T2 519.36 ± 38.26 518.13 ± 14.59

T3 616.65 ± 56.88 629.49 ± 64.05

Olfactory bulb n 6 6 pEE=.42 (F(1,19)=0.68)
pT=.88 (F(1,19)=0.68)
pEExT=.73 (F(1,19)=0.73)

T2 221.54 ± 49.98 246.58 ± 33.73

T3 346.27 ± 52.19 354.23 ± 54.93

PAG n 9 7 pEE=.13 (F(1,27)=2.45)
pT=.79 (F(1,27)=0.07)
pEExT=.23 (F(1,27)=1.36)

T2 223.88 ± 21.54 199.96 ± 15.74

T3 250.63 ± 21.11 244.51 ± 35.64

Note: PAG, periaqueductal gray; EE, early experience; T, timepoint; EExT, interaction; statistical significant effects are indicated in bold.

F I G U R E 4 Body weights (a) and total brain volumes (b) are presented as group means ± standard error in black and as individual data in gray

measures are presented as means ± standard deviation.
All statistical analyses were conducted using JASP (version
0.13.0, https://jasp-stats.org/, JASP Team, 2020).

3 RESULTS

3.1 Body weight

Body weight and age of lambs were positively correlated in
mother-reared (r2 = .995 ± 0.005, n = 9) and in mother-
deprived lambs (r2 = .993 ± 0.003, n = 7). There was no
significant effect of early experience on the coefficient of cor-
relation (t = −0.97, p = .38).

The ANCOVA investigating the impact of early experience
& timepoint on body weight after controlling for age at acqui-
sition highlighted no significant effect of early experience
(F(1,52) = 0.81, p = .37, η2 = 0.013), timepoint (F(3,52) =
2.20, p = .10, η2 = 0.108), or their interaction (F(3,52) = 0.63,
p = .6, η2 = 0.031) (Figure 4a).

3.2 Morphometric data

Examination of the morphometric data highlighted higher
total brain, gray, white, and CSF volumes in mother-deprived
lambs than in mother-reared lambs, all increasing through-
out the experiment. However, differences associated with the
early experience were not observed for the proportions of GM,
WM, and CSF in the brain. OB, CN, Hipp, and PAG volumes
increased between 1 and 4 months, with a delayed increase in
the CN of mother-deprived lambs. Detailed statistical analy-
ses are described below.

3.3 Brain volumes

The total brain volume ANCOVA highlighted effects of early
experience (F(1,41) = 12.20, p = .001, η2 = 0.161) and
timepoint (F(2,41) = 10.85, p < .001, η2 = 0.287) but not
for their interaction (F(2,41) = 0.38, p = .69, η2 = 0.01).
Brain volume increased with timepoint and it was greater
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LOVE ET AL. 221

F I G U R E 5 Representative horizontal slices of T1-weighted images at each timepoint (T1, T2, T3) of one mother-reared lamb (#14738) and
one mother-deprived lamb (#14627)

for mother-deprived than for mother-reared lambs: T1 MD =
61.79 ± 4.57 cm3, MR = 57.63 ± 4.57 cm3; T2 MD = 77.08
± 4.84 cm3, MR = 69.95 ± 5.32 cm3; T3 MD = 89.75 ±
5.01 cm3, and MR = 85.05 ± 5.89 cm3 (Figures 4b and 5).

3.4 Gray, white matters, and CSF volumes

The GM volume ANCOVA highlighted effects of early expe-
rience (F(1,41) = 9.05, p = .004, η2 = 0.143) and time-
point (F(2,41) = 6.15, p = .005, η2 = 0.194) but not for
their interaction (F(2,41) = 0.29, p = .75, η2 = 0.009). GM
volume increased with timepoint and mother-deprived GM
volume was greater than that of mother-reared: T1 MD =
30.15±2.05 cm3, MR = 28.60±2.09 cm3; T2 MD = 35.36
± 2.43 cm3, MR = 32.48 ± 2.84 cm3; T3 MD = 39.59 ±
2.32 cm3, MR = 36.59 ± 2.88 cm3 (Figure 6a).

The WM volume ANCOVA highlighted effects of early
experience (F(1,41) = 13.66, p < .001, η2 = 0.169) and
timepoint (F(2,41) = 11.98, p < .001, η2 = 0.296) but
not for their interaction (F(2,41) = 0.52, p = 0.60, η2 =
0.013). WM volume increased with timepoint and mother-
deprived WM volume was greater than that of mother-reared:
T1 MD = 15.94 ± 1.46 cm3, MR = 14.61 ± 1.32 cm3;
T2 MD = 21.15 ± 1.53 cm3, MR = 19.03 ± 1.26 cm3;
T3 MD = 26.98 ± 1.61 cm3, MR = 26.05 ± 1.46 cm3

(Figure 6b).
The CSF volume ANCOVA highlighted effects of early

experience (F(1,41) = 8.1, p = .007, η2 = 0.114) and time-
point (F(2,41) = 10.67, p < .001, η2 = 0.3) but not for their
interaction (F(2,41) = 0.31, p = .74, η2 = 0.009). CSF vol-
ume increased with timepoint and mother-deprived CSF vol-
ume was greater than that of mother-reared: T1 MD = 15.70
± 1.96 cm3, MR = 14.41 ± 1.56 cm3; T2 MD = 20.58 ±
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222 LOVE ET AL.

F I G U R E 6 Volumes (left) and proportion of total brain volumes (right) of the gray matter (a), white matter (b), and cerebrospinal fluid (c) are
presented as group means ± standard error in black and as individual data in gray

1.53 cm3, MR = 18.45 ± 1.77 cm3; T3 MD = 23.71 ±
1.78 cm3, MR = 22.41 ± 2.16 cm3 (Figure 6C).

However, examination of the proportions of GM, WM
and CSF in the brain showed that they evolved in the same
way in mother-reared and mother-deprived lambs during their
growth (Figure 6, right column).

For the proportion of GM in the brain, the ANCOVA high-
lighted an effect of timepoint (F(2,41) = 11.18, p < .001, η2

= 0.321) but not of early experience (F(1,41) = 1.39 p = .245,

η2 = 0.02) or their interaction (F(2,41) = 0.95, p = .39, η2 =
0.027). Regardless of early experience the proportion of GM
in the brain decreased with timepoint.

For the proportion of WM in the brain, the ANCOVA high-
lighted an effect of timepoint (F(2,41) = 4.64, p = .015, η2 =
0.153) but not of early experience (F(1,41) = 0.37 p = .55, η2

= 0.006) or their interaction (F(2,41) = 0.73, p = .49, η2 =
0.024). Regardless of early experience the proportion of WM
in the brain increased with timepoint.
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LOVE ET AL. 223

For the proportion of CSF in the, brain the ANCOVA high-
lighted no significant effects: early experience (F(1,41)= 0.35
p = .56, η2 = 0.007), timepoint (F(2,41) = 2.89, p = .067, η2

= 0.122), or their interaction (F(2,41) = 0.07, p = .93, η2 =
0.003).

3.5 Volumes of GM structures

For the CN volume, the ANCOVA highlighted effects of early
experience (F(1,27) = 14.86, p < .001, η2 = 0.276) and time-
point (F(1,27) = 6.97, p = .014, η2 = 0.129) but not for their
interaction (F(1,27) = 0.69, p = .41, η2 = 0.013). The vol-
ume of the CN increased with timepoint and was smaller for
mother-deprived than for mother-reared lambs (Table 2).

For the hippocampal volume, the ANCOVA highlighted a
significant effect of timepoint (F(1,23) = 39.09, p = .001, η2

= 0.422) but not of early experience (F(1,23) = 0.02, p = .89,
η2

< 0.001) or their interaction (F(1,23) = 0.35, p = .56, η2 =
0.004). The volume of the Hipp increased with timepoint.

For the OB volume, the ANCOVA highlighted no signifi-
cant effects: early experience (F(1,19) = 0.68, p = .42, η2 =
0.034), timepoint (F(1,19) = 0.02, p = .88, η2 = 0.001), and
their interaction (F(1,19) = 0.12, p = .73, η2 = 0.006).

For the PAG volume, the ANCOVA highlighted no signif-
icant effects: early experience (F(1,27) = 2.45, p = .13, η2 =
0.077), timepoint (F(1,27) = 0.07, p = .79, η2 = 0.002), and
their interaction (F(1,27) = 1.36, p = .23, η2 = 0.044).

3.6 Microstructural data

Examination of the microstructural data highlighted an impact
of early experience in both gray and white matter, with more
parameters being impacted in white matter (Figure 7). Indeed,
T1w signal intensity and RD were higher in the gray and
white matter of mother-deprived lambs than in mother-reared
lambs. FA was also impacted in white matter with higher val-
ues observed in mother-reared than in mother-deprived lambs.
Moreover, the microstructural data changed between the first
two timepoints in white matter (increased T1w signal inten-
sity and FA) and in gray matter (increased FA). FA and RD in
different white matter areas indicate an impact of early expe-
rience and/or timepoint in a restricted number of areas. In the
frontal white matter, there was higher FA in mother-reared
than in mother-deprived lambs, and in parietal white matter,
there was increased FA throughout the experiment. Detailed
statistical results are described below.

3.7 Total gray matter

For the T1w signal intensity of GM relative to CSF, the
ANCOVA highlighted a significant effect of early experience

(F(1,41) = 20.88, p < .001, η2 = 0.034) but not of timepoint
(F(2,41) = 2.09, p = .136, η2 = 0.058) or their interaction
(F(2,41)= 2.89, p= .067, η2 = 0.08). GM intensity was higher
for mother-deprived than for mother-reared lambs.

For FA in GM, the ANCOVA highlighted a significant
effect of timepoint (F(2,41) = 10.72, p < 0.001, η2 = 0.319)
but not of early experience (F(1,41) = 0.59, p = .45, η2 =
0.009) or of their interaction (F(2,41) = 1.91, p = .16, η2

= 0.057). The FA values in GM increased significantly only
between T1 and T2.

For RD in GM, the ANCOVA highlighted a significant
interaction between early experience and timepoint (F(2,41)
= 4.41, p = .018, η2 = 0.103) and a significant effect of early
experience (F(1,41) = 32.68, p < .001, η2 = 0.38) but not of
timepoint (F(2,41) = 1.68, p = .198, η2 = 0.039). The main
effect of early experience was driven by higher RD values
for mother-deprived lambs than mother-reared lambs. Inves-
tigating the interaction effect by observing the data however,
showed that the higher RD values for mother-deprived lambs
were present at T1 and T2 but not T3; however, none of the
Bonferroni corrected post hoc tests to investigate this interac-
tion were significant.

3.8 Total white matter

For the T1w signal intensity of WM relative to CSF, the
ANCOVA highlighted significant effects of early experience
(F(1,41) = 4.67, p = .037, η2 = 0.086), timepoint (F(2,41) =
3.92, p = .028, η2 = 0.144) but not their interaction (F(2,41) =
0.53, p= .59, η2 = 0.02). The T1w signal intensity in WM was
higher for mother-deprived than mother-reared lambs. Obser-
vation of the data showed that the T1w signal intensity in WM
increased between T1 and T2 but not between T2 and T3;
however, none of the Bonferroni corrected post-hoc tests to
investigate the effect of timepoint were significant.

For FA in WM, the ANCOVA highlighted significant
effects of early experience (F(1,41) = 5.78, p = .021, η2 =
0.065), timepoint (F(2,41) = 12.02, p < .001, η2 = 0.271)
and their interaction (F(2,41) = 4.47, p = .018, η2 = 0.101).
Observation of the data showed that mother-reared lambs
had higher FA values in WM than mother-deprived lambs
for T1 and T2 but not T3; however, none of the Bonferroni
corrected post hoc tests to investigate this interaction were
significant.

For RD in WM, the ANCOVA highlighted a significant
interaction between early experience and timepoint (F(2,41)
= 5.68, p = .007, η2 = 0.157) and a significant effect of early
experience (F(1,41) = 14.9, p < .001, η2 = 0.206) but not of
timepoint (F(2,41) = 0.27, p = .76, η2 = 0.007). Observation
of the data showed that mother-deprived lambs had higher RD
values in WM than mother-reared lambs for T1 and T2 but not
T3; however, none of the Bonferroni corrected post-hoc tests
to investigate this interaction were significant.
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224 LOVE ET AL.

F I G U R E 7 T1w signal intensity (top), fractional anisotropy (FA, middle) and radial diffusivity (RD, bottom) are presented as group means ±
standard error in black and as individual data in gray for both the gray (left column) and white (right column) matters

3.9 WM-areas

FA and RD-values calculated in each WM-area (Figure 3) are
reported in Tables 3 and 4, respectively.

3.9.1 Frontal WM

For FA, the ANCOVA highlighted a significant effect of early
experience (F(1,36) = 5.05, p = .031, n2 = 0.117) but not of
timepoint (F(2,36) = 0.80, p = .46, n2 = 0.037) or their inter-
action (F(2,36) = 0.26, p = .77, n2 = 0.012). Mother-reared
lambs had higher FA values than mother-deprived lambs in
the WM-brain area of the frontal lobe. Because variance of
RD in frontal WM equals 0 after grouping on timepoint and

early experience, we did not present the statistical analysis
results.

3.9.2 Parietal WM

For FA, the ANCOVA highlighted a significant effect of time-
point (F(2,41) = 4.91, p = .031, n2 = 0.012) but not of early
experience (F(1,41) = 0.02, p = .89, n2 = 0.002) or their inter-
action (F(2,41) = 0.85, p = .44, n2 = 0.025). Observation of
the data showed that the FA values in this area were higher
at T2 than at T1 and T3; however, none of the Bonferroni
corrected post hoc tests to investigate the effect were signif-
icant. For RD in the WM-brain area of the parietal lobe, the
ANCOVA highlighted no significant effects: early experience
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LOVE ET AL. 225

T A B L E 3 Mean fractional anisotropy values calculated in different WM-area

WM areas Timepoint Mother-reared lambs Mother-deprived lambs ANCOVAanalyses results
Frontal lobe T1 0.254 ± 0.026 (n = 7) 0.225 ± 0.031 (n = 6) pEE=.031 (F(2,36)=5.05)

pT=.46 (F(1,36)=0.80)
pEExT=.77 (F(2,36)=0.26)

T2 0.252 ± 0.030 (n = 8) 0.240 ± 0.033 (n = 6)

T3 0.328 ± 0.035 (n = 9) 0.303 ± 0.032 (n = 7)

Parietal lobe T1 0.127 ± 0.023 (n = 9) 0.123 ± 0.035 (n = 7) pEE=.89 (F(1,41)=0.02)
pT=.012 (F(2,41)=4.91)
pEExT=.44 (F(2,41)=0.85)

T2 0.139 ± 0.028 (n = 9) 0.131 ± 0.019 (n = 7)

T3 0.181 ± 0.015 (n = 9) 0.183 ± 0.035 (n = 7)

Temporal lobe T1 0.245 ± 0.053 (n = 9) 0.290 ± 0.024 (n = 7) pEE=0.059 (F(1,41)=3.78)
pT=.70 (F(2,41)=0.37)
pEExT=.57 (F(2,41)=0.58)

T2 0.257 ± 0.050 (n = 9) 0.264 ± 0.054 (n = 7)

T3 0.249 ± 0.068 (n = 9) 0.291 ± 0.048 (n = 7)

Occipital lobe T1 0.205 ± 0.031 (n = 9) 0.202 ± 0.036 (n = 7) pEE=.41 (F(1,41)=0.69)
pT=.21 (F(2,41)=1.64)
pEExT=.89 (F(2,41)=0.12)

T2 0.251 ± 0.046 (n = 9) 0.239 ± 0.018 (n = 7)

T3 0.307 ± 0.059 (n = 9) 0.285 ± 0.035 (n = 7)

Corpus callosum T1 0.194 ± 0.032 (n = 4) 0.171 ± 0.041 (n = 6) pEE=.5 (F(1,32)=0.47)
pT=.05 (F(2,32)=3.29)
pEExT=.29 (F(2,32)=1.28)

T2 0.209 ± 0.036 (n = 7) 0.223 ± 0.051 (n = 7)

T3 0.186 ± 0.018 (n = 9) 0.207 ± 0.025 (n = 6)

Optic chiasm T1 0.209 ± 0.011 (n = 5) 0.191 ± 0.034 (n = 5) pEE=0.096 (F(1,29)=2.96)
pT=.64 (F(2,29)=0.46)
pEExT=0.074 (F(2,29)=2.86)

T2 0.264 ± 0.059 (n = 7) 0.185 ± 0.048 (n = 5)

T3 0.261 ± 0.043 (n = 7) 0.270 ± 0.057 (n = 7)

Cerebellum T1 0.217 ± 0.048 (n = 9) 0.215 ± 0.048 (n = 7) pEE=.75 (F(1,41)=0.104)
pT=0.057 (F(2,41)=3.07)
pEExT=.892 (F(2,41)=0.12)

T2 0.263 ± 0.058 (n = 9) 0.262 ± 0.028 (n = 7)

T3 0.298 ± 0.038 (n = 9) 0.300 ± 0.051 (n = 7)

Note: EE, early experience; T, timepoint; EExT, interaction; statistical significant effects are indicated in bold.

(F(1,41) = 0.83, p = .37, n2 = 0.016), timepoint (F(2,41) =
2.74, p = .077, n2 = 0.104), and their interaction (F(2,41) =
0.79, p = .46, n2 = 0.03).

3.9.3 Temporal WM

For FA, the ANCOVA highlighted no significant effects: early
experience (F(1,41) = 3.78, p = .059, n2 = 0.08), timepoint
(F(2,41) = 0.37, p = .70, n2 = 0.016), and their interaction
(F(2,41) = 0.58, p = .57, n2 = 0.025). Similarly, for RD
in the WM-brain area of the temporal lobe, the ANCOVA
highlighted no significant effects: early experience (F(1,41)
= 3.51, p = .068, n2 = 0.07), timepoint (F(2,41) = 0.57, p =
.58, n2 = 0.022), and their interaction (F(2,41) = 1.57, p =
.22, n2 = 0.063).

3.9.4 Occipital WM

For FA, the ANCOVA highlighted no significant effects: early
experience (F(1,41) = 0.69, p = .41, n2 = 0.015), timepoint
(F(2,41) = 1.64, p = .21, n2 = 0.07), and their interaction
(F(2,41) = 0.12, p = .89, n2 = 0.005). Similarly, for RD

in the WM-brain area of the occipital lobe, the ANCOVA
highlighted no significant effects: early experience (F(1,41)
= 1.15, p = .29, n2 = 0.023), timepoint (F(2,41) = 2.94, p =
.06, n2 = 0.118), and their interaction (F(2,41) = 0.07, p =
.93, n2 = 0.003).

3.9.5 Corpus callosum

For FA, the ANCOVA highlighted a significant effect of time-
point (F(2,32) = 3.29, p = .05, n2 = 0.157) but not of early
experience (F(1,32) = 0.47, p = .5, n2 = 0.011) or their inter-
action (F(2,32) = 1.28, p = .29, n2 = 0.061). None of the
Bonferroni corrected post-hoc tests investigating the effect of
timepoint were significant. For RD in the corpus callosum,
the ANCOVA highlighted no significant effects: early experi-
ence (F(1,32) = 0.44, p = .51, n2 = 0.012), timepoint (F(2,32)
= 1.12, p = .34, n2 = 0.059), and their interaction (F(2,32) =
0.37, p = .69, n2 = 0.02).

3.9.6 Optic chiasm

For FA, the ANCOVA highlighted no significant effects: early
experience (F(1,29) = 2.96, p = .096, n2 = 0.077), timepoint
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226 LOVE ET AL.

T A B L E 4 Mean radial diffusivity values (x10–3) calculated in different WM-area

WM areas Timepoint Mother-reared lambs Mother-deprived lambs ANCOVAanalyses results
Frontal lobe T1 0.779 ± 0.027 (n = 7) 0.808 ± 0.038 (n = 6) Variance equals 0 after

grouping on timepoint,
early experience

T2 0.769 ± 0.037 (n = 8) 0.775 ± 0.082 (n = 6)

T3 0.706 ± 0.046 (n = 9) 0.700 ± 0.000 (n = 7)

Parietal lobe T1 0.872 ± 0.044 (n = 9) 0.871 ± 0.049 (n = 7) pEE=.37 (F(1,41)=0.83)
pT=0.077 (F(2,41)=2.74)
pEExT=.46 (F(2,41)=0.79)

T2 0.800 ± 0.025 (n = 9) 0.843 ± 0.079 (n = 7)

T3 0.756 ± 0.039 (n = 9) 1.286 ± 1.374 (n = 7)

Temporal lobe T1 0.828 ± 0.103 (n = 9) 0.736 ± 0.056 (n = 7) pEE=0.068 (F(1,41)=3.51)
pT=.58 (F(2,41)=0.56)
pEExT=.22 (F(2,41)=1.57)

T2 0.789 ± 0.060 (n = 9) 0.771 ± 0.064 (n = 7)

T3 0.761 ± 0.065 (n = 9) 0.743 ± 0.061 (n = 7)

Occipital lobe T1 0.794 ± 0.058 (n = 9) 0.807 ± 0.079 (n = 7) pEE=.29 (F(1,41)=1.15)
pT=0.064 (F(2,41)=2.69)
pEExT=.89 (F(2,41)=0.12)

T2 0.733 ± 0.050 (n = 9) 0.750 ± 0.050 (n = 7)

T3 0.700 ± 0.050 (n = 9) 0.736 ± 0.056 (n = 7)

Corpus callosum T1 1.175 ± 0.222 (n = 4) 1.183 ± 0.133 (n = 6) pEE=.51 (F(1,32)=0.44)
pT=.34 (F(2,32)=1.12)
pEExT=.69 (F(2,32)=0.37)

T2 1.243 ± 0.237 (n = 7) 1.214 ± 0.241 (n = 7)

T3 1.378 ± 0.148 (n = 9) 1.233 ± 0.137 (n = 6)

Optic chiasm T1 1.140 ± 0.167 (n = 5) 1.140 ± 0.182 (n = 5) pEE=.13 (F(1,29)=2.40)
pT=.58 (F(2,29)=0.56)
pEExT=.25 (F(2,29)=1.44)

T2 1.086 ± 0.234 (n = 7) 1.360 ± 0.297 (n = 5)

T3 1.129 ± 0.138 (n = 7) 1.157 ± 0.199 (n = 7)

Cerebellum T1 0.681 ± 0.063 (n = 7) 0.683 ± 0.055 (n = 7) pEE=.76 (F(1,41)=0.098)
pT=.13 (F(2,41)=2.17)
pEExT=.78 (F(2,41)=0.25)

T2 0.643 ± 0.036 (n = 9) 0.648 ± 0.038 (n = 7)

T3 0.641 ± 0.060 (n = 9) 0.631 ± 0.063 (n = 7)

Note: EE, early experience; T, timepoint; EExT, interaction.

(F(2,29) = 0.46, p = .64, n2 = 0.024), and their interaction
(F(2,29) = 2.86, p= .074, n2 = 0.148). Similarly, for FA in the
optic chiasm, the ANCOVA highlighted no significant effects:
early experience (F(1,29) = 2.40, p = .132, n2 = 0.067), time-
point (F(2,29) = 0.56, p = .58, n2 = 0.031), and their interac-
tion (F(2,29) = 1.44, p = .25, n2 = 0.081).

3.9.7 Cerebellum WM

For FA, the ANCOVA highlighted no significant effects: early
experience (F(1,41) = 0.10, p = .75, n2 = 0.002), timepoint
(F(2,41) = 3.07, p = .057, n2 = 0.119), and their interaction
(F(2,41) = 0.12, p = .89, n2 = 0.004). Similarly for RD in the
cerebellum, the ANCOVA highlighted no significant effects:
early experience (F(1,41) = 0.10, p = .76, n2 = 0.002), time-
point (F(2,41) = 2.17, p = .13, n2 = 0.089) and their interac-
tion (F(2,41) = 0.25, p = .78, n2 = 0.01).

4 DISCUSSION

The present study characterizes for the first time the devel-
oping brain of lambs reared either with or without their

mother. As the mother generally plays a crucial role in devel-
opment, we first discuss the growth of the mother-reared
lambs’ brain before comparing it to that of mother-deprived
lambs.

4.1 Brain development and maturation in
mother-reared lambs

When investigating brain development using MRI there is a
potential problem due to the change of tissue contrast that
occurs with maturation. In particular, GM and WM inten-
sities in the developing brain change as the brain matures,
which could affect their segmentation. In very young human
infants, WM can even be represented by a binomial distri-
bution of intensity values. That is, in the exaggerated case
WM can be represented by both white and black intensity
values in the same MR brain image (for an example see the
Graphical Abstract in Li et al., 2019). This clearly prevents
the use of intensity-based segmentation techniques, such as
the one used here, for very young human infants (Li et al.,
2019). Since sheep are a precocial species their WM does
not display the same binomial distribution as in human new-
borns. In this case, the available automatic intensity-based
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segmentation techniques allowed to evaluate accurately the
GM, WM, and CSF volumes.

We expected increases in total brain, GM, and WM vol-
umes during the growth of lambs. In humans, typical pedi-
atric brain development from early childhood to adolescence
is characterized by an increasing WM volume trajectory and
inverted U-shaped trajectories for the total brain and GM vol-
umes (Giedd & Rapoport, 2010). Increased total brain volume
has also been observed in rhesus macaques between 2 and 6
months of age (Liu et al., 2019). In our study, the volumes of
brain, GM, WM, and CSF increase with similar trajectories
from about 1–2 weeks to 4.5 months of age. Even though these
increases appear to slow down after approximately 1.5 months
of age, especially for the CSF, the development of the brain,
GM and WM are likely incomplete at the end of our experi-
ment, around 4.5 months of age. Further longitudinal studies
extending beyond 4.5 months of age are required to investi-
gate the potential U-shaped trajectories of total brain and GM
volumes in sheep. However, focusing on specific brain struc-
tures, we can see that the volumes of OB and PAG were not
statistically different between 1.5 and 4.5 months of age sug-
gesting that the growth of these, and potentially other, specific
structures may be almost complete. Similar regionalized brain
growth has also been observed in other species (e.g., Giedd
and Rapoport, 2010; Scott et al., 2016).

Examination of the relative proportions of GM, WM, and
CSF in the brain revealed that the relative CSF growth tra-
jectory was relatively flat throughout the experiment whereas
those of GM and WM went in opposite directions. This
reflects the fact that WM growth occurs faster than that of
the total brain volume whereas GM growth is slower, as pre-
viously described in rhesus macaques between 2 and 6 months
of age (Liu et al., 2019).

As suggested by several studies performed in primates
(Dubois et al., 2006, 2014; Hüppi & Dubois, 2006; Liu et al.,
2019; Mukherjee et al., 2002), examining MRI parameters
extracted from different types of MRI sequences provides
complementary information on brain development. First, we
examined T1w signal intensity. This is a relevant indica-
tor of early GM and WM maturation because changes in
T1w signal intensity can reflect a decrease in water content
and an increase in macromolecules in the brain (Barkovich
et al., 1988; Shroff et al., 2010). Based on data reported in
humans (Barkovich et al., 1988; Flood et al., 2019; Serag et al.,
2011; Westlye et al., 2010), we hypothesized higher values in
WM than in GM and increasing values in both brain tissues
throughout development of mother-reared lambs. We found
the highest values of T1 signal intensity in the WM, which
were 1.5 times greater than those measured in GM whatever
the timepoint of acquisition. In both brain tissues, the increase
of T1 signal intensity was essentially observed between about
1–2 weeks and 1.5 months of age suggesting that this period
corresponds to an important maturational period in lambs.

Second, we hypothesized an increasing FA and decreasing RD
throughout the experiment in both GM and WM, due to the
water decrease during brain maturation and white fiber tract
development (Dubois et al., 2014). Moreover, we predicted
higher FA and lower RD in the WM than in the GM (Mukher-
jee et al., 2002). Our data confirmed our hypothesis with con-
comitant FA increase and RD decrease in WM, the variation
being less notable for the GM. These observations are coher-
ent with reported data in primates (Liu et al., 2019; Mukherjee
et al., 2002).

In summary, our study described for the first time brain
development and maturation of mother-reared lambs, show-
ing its similarity to both human and nonhuman primates. The
most prominent changes in the sheep brain appear to occur
between about 1–2 weeks and 1.5 months of age but the
brain’s growth and development is still not complete by 4.5
months.

4.2 Impact of maternal deprivation and
milk replacement

Total brain, WM, GM, and CSF volumes were all lower in
mother-reared than in mother-deprived lambs. The total brain
volume finding is in contrast to a study of Rhesus macaques in
which no impact of maternal deprivation on total brain volume
was found (Liu et al., 2019). While Liu and colleagues did not
present WM, GM, or CSF volumes to compare to they, like in
the current results, did not find any difference between the
groups in the proportion of brain occupied by WM or GM.
These results raise the issue of the best parameter to evaluate
brain development. In our opinion, it is more appropriate to
follow the proportions of different brain matter since brain
volume is not tightly linked to body weight in children (Giedd
& Rapoport, 2010), even if the question of the best method to
evaluate the brain size is questioned (Hasboun et al., 1996).

Because of their role in the socioemotional neuronal net-
work (Grahn et al., 2008; Guesdon et al., 2016; Menant et al.,
2016; White, 2009; Zelena et al., 2018), we examined the
impact of early experience on OB, CN, Hipp, and PAG vol-
umes and revealed two important results. First, whatever the
early experience, brain growth is heterogeneous according
to the different examined structures, the OB and the Hipp
are the only brain structures with a volume increase between
1.5 and 4 months of age. Second, maternal deprivation and
milk replacement affected the CN since it was smaller in
mother-deprived than in mother-reared lambs. Due to the
roles of the CN in motor processes and cognitive functions
(Grahn et al., 2008; White, 2009) and to the importance of
the mother in lambs’ cognitive development and motor activ-
ities we expected a negative impact of maternal deprivation
and milk replacement on this brain structure. This result is
in accordance with observations in humans in which social
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as well as nutritional causes have been reported. Concern-
ing the social cause, early-life social stress (loss of parent or
primary family member, witnessed domestic violence, sexual
abuse) is associated with smaller CN in adulthood (Cohen
et al., 2006). Concerning nutritional cause, adolescents of
preterm birth nourished with a high-nutrient regime present
higher volume of CN than adolescents of preterm birth nour-
ished with a standard-nutrient regime (Isaacs et al., 2008).
Based on the reported observations in humans, we could sus-
pect a cumulative effect of maternal deprivation and milk-
replacement to explain the impact we observed on the CN of
mother-deprived lambs. In our study, the lack of impact of
maternal deprivation on the volume of Hipp is similar to previ-
ous data reported in rhesus monkeys reared with their mother
or in maternally deprived conditions (Sánchez et al., 1998;
Spinelli et al., 2009) and in humans submitted to early-life
social stress (Cohen et al., 2006). However, lower hippocam-
pal volumes have been reported in children exposed to poverty
(Luby et al., 2013).

In addition to these morphometric alterations, we hypoth-
esized that maternal deprivation would affect brain matura-
tion, evaluated by T1w signal intensity and diffusion parame-
ters. The negative impact of maternal deprivation on GM and
WM maturation is particularly important between about 1.5
weeks and 1.5 month of age. Concerning GM, higher T1w
signal intensity and RD in mother-deprived lambs compared
to mother-reared lambs suggests a deficit in brain maturation,
especially before 4.5 months of age. This is supported by the
fact that typical brain maturation is associated with decreased
T1w signal intensity and decreased RD due to the incorpora-
tion of macromolecules into membranes of neural cells and
the decrease of free water (Geeraert et al., 2019; Mukher-
jee et al., 2002). The WM seems to be the most impacted
compartment of the brain since all structural parameters are
affected by maternal deprivation: T1w signal intensity and
RD were higher while FA was lower in mother-deprived than
in mother-reared lambs. Similar results have been reported
in formula-fed children (Deoni et al., 2013, 2018), in bonnet
macaques born from stressed mothers (Coplan et al., 2010)
or in formula-fed rhesus macaques (Liu et al., 2019). Based
on description of T1w signal intensity, FA and RD changes in
the typical human brain (Barkovich et al., 1988; Flood et al.,
2019; Mukherjee et al., 2002; Westlye et al., 2010) and our
observations in mother-reared lambs, we conclude that mater-
nal deprivation and milk replacement leads to delay in brain
maturation in lambs. As mentioned in the introduction, the
impact on white matter may result from imbalanced nutrition
from the milk replacer. But it may also result from chronic
stress caused by the absence of the mother. Similar to results
that show in utero exposure to stress in sheep modifies neural
cells in corticolimbic structures (Petit et al., 2015) and alters
neuronal myelination in corpus callosum (Huang et al., 2001)
of new-born lambs. Specifically concerning myelination, it

is debated whether the myelination process, when measured
by lipid composition, is completed or not at birth in lambs
(Barlow, 1969; Finnie, 2012; McIntosh et al., 1979; Patter-
son et al., 1971; Turley et al., 1996). In this context, it would
be necessary to investigate postnatal myelination by studying
oligodendrocyte progenitor cells (Singh et al., 2018). Indi-
cators of the myelination process that are regularly explored
to clearly describe this process in mammals such as humans
(Williamson & Lyons, 2018).

5 CONCLUSION

This study characterizes for the first time the developing
brain of lambs reared with their mother. Increased volumes
of brain, gray and white matter were observed together with
increased values of FA and decreased values of RD, and
these changes are particularly significant before 4.5 months
of age. In addition, the current findings indicate that early
maternal deprivation, currently practised in sheep produc-
tion, delays brain maturation as early as 1.5 weeks of age.
These alterations observed may help to explain the behavioral,
endocrine and health alterations reported in artificially reared
lambs.
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