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Abstract
Epidemiologically, metabolic disorders have garnered much attention, perhaps due to the predominance of obesity. The early postnatal life
represents a critical period for programming multifactorial metabolic disorders of adult life. Though altricial rodents are prime subjects for inves-
tigating neonatal programming, there is still no sufficiently generalised literature on their usage and methodology. This review focuses on estab-
lishing five approach-based models of neonatal rodents adopted for studying metabolic phenotypes. Here, some modelled interventions that
currently exist to avoid or prevent metabolic disorders are also highlighted.We also bring forth recommendations, guidelines and considerations
to aid research on neonatal programming. It is hoped that this provides a background to researchers focused on the aetiology, mechanisms,
prevention and treatment of metabolic disorders.
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Obesity and non-communicable diseases like type 2 diabetes
mellitus constitute global health concerns due to their high mor-
bidity and mortality(1). These and other metabolic diseases arise
due to one or more abnormalities in the components of cellular
metabolism. Studies have implicated not only genetic variations
like polymorphisms and mutations of certain genes but also pre-
natal and postnatal environmental factors that influence the
expression of the genes responsible for themetabolism of carbo-
hydrates and lipids(2).

The term ‘developmental programming’ describes adaptive
phenotypic changes that occur in later life following environ-
mental exposure to certain factors, termed ‘stressors’ or ‘cues’,
at critical periods of early life. The intrauterine and neonatal life
represent critical and sensitive periods of programming for

cellular metabolism. In some cases, the subsequent reprogram-
ming of neonatal life outweighs the programmed developments
of intrauterine life(3,4). Despite the need for more scientific inves-
tigations on developmental programming of neonatal life,
several factors, such as ethical considerations, genetic hetero-
geneity, differential disease outcomes, intensive care treatment
and methodological constraints, limit direct investigations on
the human neonate. Consequently, studies have predominantly
adopted the rodent model to study neonatal exposure and adult
health(5). These animal models are useful for the study of malle-
able environmental factors such as diets, acting predominantly
through epigenetic routes(6).

A number of reviews identify the general use of adult animal
models programmed for specific pathologies such as metabolic
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syndrome(7,8), diabetes and obesity(2,9). Some others focus on the
use of single faceted nutritional models to neonatal program-
ming(5,10–12). However, the predominant use of rodents (rats
and mice) for neonatal programming lacks full evaluation.
Also, emphasis has been raised for the documentation of newer
models and clarification of the considerations and caveats for
their selection(2,8,9). Herein, we employed a pioneer attempt to
consolidate the altricial models of neonatal programming and
document their suitability in the prevention and treatment of
metabolic disorders. Furthermore, we present some guidelines
and confounding points for model selection and animal
experimentation.

Neonatal programming

Previously, the ‘Foetal Origins of Adult Disease’ hypothesis was
used to define the relationship between gestational exposure to
stressors and the emergence of adult metabolic disorders(13–15).
This phenomenonwas termed ‘fetal programming’ due to its rec-
ognition of the fetal life as a period of plasticity. Subsequently, it
was established that exposure to stressors in the postnatal (suck-
ling) period also programme the outcome of adult health(16). This
recognition of ‘neonatal programming’ led to a shift in the
hypothesis to ‘the Developmental Origins of Adult Health and
Disease’. The overall phenomenon thus became
‘Developmental programming’(17,18).

While the stressors that trigger developmental programming
could be either exogenous, endogenous or both(19), they are not
always detrimental, and the outcomes of developmental pro-
gramming could be inherited intergenerationally or transgenera-
tionally(20). For instance, Benyshek et al.(21) demonstrated
transgenerationally altered glucose metabolism of F3 descend-
ants of rats (F1) undernourished during lactation. Furthermore,
exposure to stressors could either be gestational, triggering fetal
programming, or may occur in the early postnatal period, caus-
ing alterations in adult metabolism due to neonatal
programming(22).

Neonatal programming occurs during the suckling period.
This period for humans, if allowed, can naturally extend from
the neonatal phase of development (birth to 1 month) into
infancy (1 month to 2 years)(23). Comparatively, the suckling
period for laboratory altricial rodents (rats and mice) extends
to 3 weeks (day 21) after birth and weaning is marked by sepa-
ration of pups from the dams. However, thismay also extend nat-
urally past the 21 d period. The suckling period for rodents
comprises of a neonatal phase (birth to 1 week) and an infancy
phase (week 1 end to week 3 end) (24,25).

Mechanistic bases for the metabolic programming in early
life

With respect to Developmental Origins of Adult Health and
Disease, metabolic alterations rely on the mechanistic ‘retention’
of the impact made by an exposure at early life. So far, such
mechanisms are accounted for by some morphological memo-
ries and epigenetics(26). As outlined later on, morphological
changes (particularly of the gut) are peculiar to the suckling

period. These include tissue remodelling, altered cell numbers,
cell distribution or cell selection which may alter in response to
nutrition and environment. Accumulating evidence also shows
that epigenetics is a primary mechanism by which developmen-
tal programming influences and prepares an organism for adult
life(27). This includes changes in the DNA methylome, histone
modifications and regulatory noncoding RNA, all affecting gene
expression. Notably, the DNA methylome is particularly re-
established in early life. During fertilisation and implantation,
huge portions of the mammalian DNA methylation are lost,
but later regained during the developmental periods (intra-ute-
rine life, suckling period and puberty)(26). This re-methylation
can be modified by nutrition or environment, and a number
of reports have demonstrated the role of DNA methylome to
neonatal programming. For instance, Plagemann et al.(28) illus-
trated that over-nourished rat pups possessed a dose-depend-
ently increased methylation of their hypothalamic insulin
receptor promoter sites, predisposing them to diabesity in later
life. We believe, at least anecdotally, that the nutritional influ-
ence on epigenetics is partly a function of the one-carbon cycle,
which generates the methyl groups needed for DNA methyla-
tion. This is because nutrients, such as vitamin B12, folic acid,
choline and betaine present in milk, are relevant for the mainte-
nance of this cycle(29). Further investigations are required to fully
understand these mechanisms and possibly uncover new ones.

Epigenetic changes alongside morphological memories
(such as cellular distribution/tissue remodelling) may influence
metabolic activity, the development of hormonal systems and
trigger programming to a degree dependent on timing, type,
magnitude and duration of stressor exposure, from conception
to the first 1000 d of human life(18,26). This period of life stretches
from the beginning of gestation to the end of the early postnatal
life. Notably, prematurity presents a classic case of exposure to
adversity during these 1000 d, both gestational and postnatal(19).

Neonatal programming usually primes the subject to cope
with future adversity such as a scarcity of nutrients. This ‘predic-
tive adaptive response’ is an anticipatory process involving
developmental adjustments after early-life exposure to stres-
sors(30). It occurs to match and adapt an organism’s phenotype
against later life exposure(31). However, stress results when
the predictive adaptive response is mismatched with the future
condition resulting in cardiovascular andmetabolic disorders(27).
In line with this concept of mismatch, studies relating the neo-
natal environment to developmental conditions reveal that off-
spring suckled by diabetic, obese or malnourished mothers
are predisposed to metabolic disorders in later life(32–36). Even
so, the collective mechanisms by which such responses develop
are yet to be fully elucidated. Notwithstanding, this critical neo-
natal period is a potent window for developing some targeted
metabolic studies and possible preventive measures(37).

Altricial rodents

The nidicolous or altricial rat andmouse are subsets of the largest
mammalian order, Rodentia, whose blind pups display absolute
dependency on the dams, including a need for stimulation to
micturate and defecate(38,39). For reasons we shall discuss, these
altricial mammals present a stream of species with conditions
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that translate to the human state and may prove useful in inves-
tigating and understanding the fundamental mechanisms
involved in neonatal programming. Research with these animal
models targets some environmental and/or even genetic events
that may shape the metabolic development of a suckling pup, at
a period of developmental plasticity. Furthermore, beside the
traditional approaches to disease treatment using these animal
models(40,41), some novel attempts at disease prevention have
been established. For instance, neonatal intake of Hibiscus
Sabdariffa was shown to protect against fructose-induced dys-
lipidaemia(42), while neonatal intake of oleanolic acid was
reported to repress the development of fructose-induced non-
alcoholic fatty liver disease in adult rats(43).

Why rats and mice represent good animal models for
investigating the neonatal development of metabolic
disorders?

Altricial rodents are themost widely used laboratory animals due
to their relatively short life span, little space for maintenance,
fecundity, short gestation period and well-defined genetic back-
ground, completely sequenced genome of mice (2002: Mouse
Genome Sequencing Consortium) and rats (2004: Rat Genome
Consortium) (38,44,45). Models of these rodents are useful in evalu-
ating maternal interventions that exert influence on the meta-
bolic development of the neonate. Their known genomic
status provides foundation for genetically modified forms that
can be purposely bred to investigate specific disorders(46).

During the neonatal period, the maternal milk, via nutrients
and bioactive factors, has the major influence on pup develop-
ment. Though the pups are blind at birth, they are attracted to the
mother’s nipples by certain odoriferous cues that coat them(47).
Milk-laden factors, antigens, immunoglobulins, bacteria and
macromolecules are absorbed across a highly permeable enteric
epithelium. For rats and mice, this permeability to macromole-
cules completely halts after weaning, a process called ‘gut clo-
sure’ which limits the absorption some dietary inclusions(48,49).
Like humans, suckling rodents have a hardwired age-related
increase in receptor number, sensitivity and signal transduction
than weaned rodents. This comes with associated conse-
quences. For instance, the increased receptors and sensitivity
for enterotoxins of Escherichia coli and cholera in the suckling
period increase neonatal susceptibility to diarrhoea in man and
rat(50–53). A similar increase with development is noted for certain
transporters such as sodium-glucose transporter 1, apical
sodium-dependent bile acid transporter, water and Na transport
channels in neonatal man, rats and mice(49). Also, a precociously
increased expression of other transporters like GLuT-2 and
GLuT-5 can occur through transcriptomic influence in response
to early dietary exposure such as a high fructose intake(49). This
has been adopted for the neonatal induction and accelerated
development of adult metabolic disorders in these rodents(54,55).

Furthermore, altricial rodents are characterised by low forms
of developmental maturity surrounding aspects of gastrointesti-
nal nutrition and evacuation, thermoregulation, locomotion with
most ontogeny finishing after birth. The periodical similarity of
rodent-human ontogeny of several organs or systems makes
suckling rodents suitable targets for neonatal research directed

at specific metabolic conditions. Underneath this descriptive
similarity of the suckling period of rodents to humans are certain
changes that mirror the different phases of human development.
For instance, some underdevelopments of the brain and gut
show similarity to human premature babies and third trimester
of human gestation(5). The enteric maturation occurring within
the suckling period of altricial rodents relates to in utero intes-
tinal development for humans. The time lapse is perhaps due
to the shorter gestational period for rodents as compared with
the longer gestational periods in man(49). More so, the develop-
mental increase in disaccharidases (sucrase, isomaltase) for
humans occurs from the 12th week of gestation while that for
rats and mice is increased at weaning(56–58).

Like humans, suckling rodents express critical development
in white adipose tissue(59); immune system and adaptation(11);
establishment of neural networks (hypothalamus) and astrocyte
development(60) and permanent metabolic programming of
appetite and growth dynamics. All these become useful targets
and biomarkers for neonatal programming which are leveraged
upon by researchers to test hypotheses and bridge scientific
gaps. Specifically, these similarities found in suckling altricial
rodents have created opportunities to assess food composi-
tion/quality and natural products (for prophylaxis)(61,62); under-
stand gut microbes and mucosal homoeostasis(63); conduct
immune programming (immuno-nutrition) and genetic studies
(advantaged in toe clipping)(11,64) among others.

Despite some marked differences from humans and a major
setback in repeated blood sampling due to low blood volume,
altricial rodents retain benefits to their undersize and underdevel-
opment. Rodent pups bear underdeveloped guts and brains that
mature during lactation, before weaning and prove useful in the
shared similarity with that of a premature human infant(5). Though
adult rodents can be surgically manipulated, the diminutive pup
size, particularly ofmice, presents a key obstacle for studies begin-
ning at postnatal day 1. Regardless of this challenge, scientists the
world over have developed and are still brainstorming upon
newer techniques that rightly fit for neonatal programming.
This has come with some potent breakthroughs(36,65–71).

Notably, no animal species possess complete similarities to
human, along enzymatic form and activity. However, some
enzyme isoforms acting upon specific metabolites show similar-
ity in humans and rodents. For instance, the human cytochrome
P450, subfamily 1A enzyme (CYP1A), has shown similarity with
mice, while human cytochrome P450, subfamily 3A enzyme
(CYP3A) exists similarly in both mice and male rats(72). On the
other hand, certain specie-specific differences also exist with
some other enzyme isoforms, their organ specificity, expression
and/or catalytic action. Marcella et al.(72) gave a detailed com-
parison of enzymes critical to oxidative metabolism in mice, rats
and humans. This knowledge is essential for extrapolation of
data to humans particularly in studies for preclinical drug devel-
opment, metabolism and/or drug interactions. Additionally, altri-
cial rodents share similarities with humans in many genes and
biochemical pathways(5). Consequently, experimental methods
into themetabolic programming of neonatal rodents are useful in
establishing developmental mechanisms and assessing natural
products that potentially prevent deficits of early life from trig-
gering the metabolic adversities of later life.
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Models of altricial rodents for neonatal programming

Animal models are useful representations of humans that allow
for extensive hypotheses testing and interventions. The animal
models for neonatal programming study direct or indirect post-
natal exposure to stressors in the suckling stage of life. These ani-
mal models have specific focus on either postnatal exposure and
neonatal programming or on the combinational effects of a
longitudinal exposure from the pre-conceptional or in utero
period to the postnatal period(4,55). In this review, we categorised
the models into five, based on the approaches used to trigger
neonatal programming (see Tables 1–5 for summary of some
articles). These models include altered litter size models, models
of altered lactational conditions of the dams, models of altered
condition of the pups (diet, photic experience, smoking and
maternal separation), foster models and genetic models. These
models alongside control groups are useful, singly or in conjunc-
tion, to study the development of metabolic phenotype. Using
these models, structural changes in the brain, GIT, skeletal
muscle, liver and plasma, alongside epigenetic events have been
identified in the development of metabolic disruptions(60,63,73–76).

Altered litter size model

The suckling period is a time of intense dependency of the off-
spring on the mother for caregiving. As this secondary mother–
offspring interaction occurs at a periodical hallmark of develop-
ment for vital organs, studying variations programmable at differ-
ent stages in this period is commonplace. Also, modelling in this
form is a potent tool for comparing and deepening knowledge
about rodents and humans. The maternal, paternal, littermate,
environmental and predatory events are associations with vary-
ing contributions to neonatal programming(77). Studying one fac-
tor effectively involves altering the variable while normalising
the others.

For long, nursing of fewer human offspring is believed to
facilitate weight gain and predispose to other disorders of adult
life(78). Consequently, altering the litter has been used singly or in
combination with other models(79), to study neonatal program-
ming. Following its pioneer usage by Widdowson and
McCance(78), modelling alterations in litter size of maternally
reared pups (littermate) are currently employed in investigations
of under- (large litter) and over-nutrition (small litter) on the pro-
gramming of new born animals (see Table 1). Techniques such
as this use carefully planned mating strategies. For instance, in
the pioneer study, female rats were placed in groups of six across
five cages and one male was introduced per cage. This ensured
that at least two litters were born on same day. Once pregnant,
the rats were moved to separate cages where they delivered.
Same-day-old pups were immediately mixed and redistributed
into small and large litters formaternal rearing. It should be noted
that while some studies count the day of birth as postnatal day
(PND) 1(80), others mark the day of parturition as PND 0(81).
Though the use of PND 0 predominates (see Table 1), whatever
protocol is adopted should be indicated.

Themothers’milk contains essential micronutrients and com-
ponents which are substrates for metabolism and basis for devel-
opment. The female rats and mice have six and five pairs of
mammary glands, respectively(82). Adjustments in the litter size

affect milk availability. A reduction in litter size below normal
creates an increased availability of milk for the pups(83). Such off-
spring subjected to increased feeding by the ‘litter size effect’
have been reported to come up with weight gain and develop-
mental changes through adult life. Small litter offspring of both
rats and mice commonly develop overweight as the resulting
phenotype and as such are used for investigating obesity(40,84).
Notably, suckling generates a directly proportional surge in oxy-
tocin, and this endogenous oxytocin increases milk supply via
the milk let-down reflex(85). Given the maximum nipple occupa-
tion for mice and rats are five and six, respectively, only small
litters below these numbers are useful for initiating litter size
effects. Also, caution must be exercised in the use of exogenous
oxytocin to stimulate milk release as this affects the study of litter
size. Aside obesity, small litters have also been used in the study
of Ca metabolism, the homoeostatic endocannabinoid
system(79,86).

In contrast to the small litter, increased litter size results in an
initial rise in milk volume until a limit is reached (approximately
fourteen pups), beyondwhichmilk deprivation occurs. Large lit-
ter models of numbers beyond this limit may be used to inves-
tigate growth retardation and telomere shortening(87). The length
of chromosomal telomeres is significant indicators of early life
exposure to multiple forms of stress, and they have been
reported to shorten in disease states associated with stress expo-
sure such as obesity, diabetes mellitus, CVD and more(88).
Furthermore, large litters have also been used in the study of
obesity and insulin resistance(40,73). Large litters are associated
with lesser nursing time and selective killing of runts between
postnatal days 3 and 7(89,90). Ranges for small, normal and large
litter studies have been described(91) (see Fig. 1). With large litter
sizing, groups with death count of two or more pups are
excluded to avoid auxological development, which may present
similar outcomes as small litters(79). In addition, the type of diet,
the class and animal species are equally important in investigat-
ing for emergence of metabolic disorders resulting from
feeding(92).

Overall, the litter size correlates with variable diets in little or
excess. A small litter may initiate overnutrition while a large litter
may initiate undernutrition. Consequently, investigations that
adopt other neonatal models for programming take measures
to avoid the ‘litter size effect’ by adjusting/controlling litter size
to an average number (commonly 8–12) per dam, a term known
as ‘culling’ or ‘to standardise’. This helps ensure that any
observed phenotypic change is due to the experimental variable
and not masked by the litter size. Additionally, culling has been
adopted in balancing and avoiding biased sexual ratios(85,93).
However, variability in culling protocols may result in variability
in results and as such care must be taken when choosing a pro-
tocol. The optimumnumber of rodents to cull ranges from 6 to 10
pups(85,94); usually on the first(81), second(87), third(40), fourth, fifth
or sixth PND(85).

Model of altered lactational condition of the dam

Most investigations in the lactational period of the nursing dam
involve nutritional perturbations. Additional studies examine
some other perturbations like maternal disorders, surgical
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Table 1. Summary of some publications using the altered litter size model for neonatal programming

Model
class

Rodent stock/
strain

Neonatal
trigger

Metabolic
disorder/related
condition of
concern Methods Sample used

Target
biomarkers Findings

Comment/con-
siderations Ref.

Altered
litter
size

CB6F1 hybrid
mice
(C57BL/
6þBalb/c)

Altered pop-
ulation
density
and milk
availabil-
ity

Endocannabinoid
(eCB) system,
active metabo-
lising tissues
(fat and liver)

Sizing and shuffling the litter to
three groups; 3, 6 or 10 per
dam on PND 1. Redistributing
at PND 21 (4F/cage, 1M/cage).
Assessed at PND 50–100

Tissues (liver,
visceral fat,
hypothala-
mus)

Body weight,
length, sur-
face area,
BMI, Gene
analyses

3 per dam group showed increase of
certain eCB, less eCB receptor tran-
scripts and less sociability compared
with 10 per dam group. Differ also in
length, weight, BMI, fat mass, hepatic
IGF-1 expression and eCB enzyme
expression

Excluding
group with≥
2 deceased
pups. 12/12
h light/dark.
Temp; 22°C

Schreiner
et al.(79)

(2017)

Sprague-
Dawley rats

Excess milk
availabil-
ity

Insulin resistance
and muscle
epigenetics

At PND 3; CL (12 F/dam) v. SL (3
F/dam). Assessed on PND 21

Blood, tissue
(skeletal
muscle (SK),
liver), body
weight, food
intake

Glucose, insu-
lin, leptin,
DNA,
muscle
mRNA, pro-
tein, methyl-
ated CpG
sites

Over-nourished pups developed
obesity, hyperphagia, increased insu-
lin, glucose and leptin levels. In SK
muscle, IRS1 and GLUT 4 genes had
increased CpG methylation at pro-
moter sites and decreased mRNA
levels. SK muscle IRS1 was low and
with serine phosphorylation. SK
muscle epigenetics could trigger insu-
lin resistance

Temp 23°C 12
h light
Culled to 12/
dam; PND
1. Only
females

Liu
et al.(73)

(2013)

Sprague-
Dawley rats

Preweaning
overfeed-
ing

Obesity At PND 3–21; normal litter-NL (12
M/dam) v. small litter-SL (3 M /
dam). Postweaning; mild CR
(pair-feeding – 14%) v. moder-
ate CR (24%). Assessed on
PND 140

Blood, tissue
(hypothala-
mus), weight,
food intake

Insulin, leptin,
RNA, DNA-
CpG
methylation

Moderate CR triggers sustainably
reversed weight, insulin and leptin to
normal for SL rats. Also, reverses
effects on the hypothalamic appetite
regulation (reduced hyperphagia)
which limits weight gain

Temp; 23°C
12 h light
culled to 12/
dam; PND
1. Only
males

Liu
et al.(40)

(2013)

CL, control litter; CR, energetic restriction; GLUT, glucose transporter; ipGTT, intraperitoneal glucose tolerance test; ipITT, intraperitoneal insulin tolerance test; IRS, insulin receptor substrate; NL, normal litter; PND, postnatal day; SL, small
litter.
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Table 2. Summary of some publications using the model of altered lactational condition of the dam for neonatal programming

Model
class

Rodent
stock/strain Neonatal trigger

Metabolic disor-
der/related con-
dition of concern Methods Sample used Target biomarkers Findings

Comment/consider-
ations Ref.

Altered
lacta-
tional
condi-
tion of
the dam

Wistar rats Milk of malnour-
ished dam

Glucose-insulin
homoeostasis

4% low protein (LP) diet;
PND 1–14 and 20·5%
normal protein (NP) diet;
PND 15–21. Terminal
assessment after wean-
ing

Milk, weight
blood, vagus
nerve, tissue
(pancreatic
islets, visceral
adipose)

Glucose, ipGTT, insu-
lin, ipITT, vagal
depolarisation, corti-
costerone, leptin,
weight, M3 Ach
receptor function

LP pup had low vagal tone,
glucose, insulin and lep-
tin. Normal corticoster-
one. Increased milk
leptin of LP dams. Less
responsive M3AChR,
pancreatic insulin inad-
equacy and glucose
intolerance

Culled to 6/dam;
PND 0.
Preference for
male. Euthanised
at end of light
cycle after fasting
overnight. Temp
22 ± 2°C, humidity
55 ± 5%. 12 h
light

Mathias
et al.(95)

(2020)

Wistar rats Milk of high-fat
fed dam

Visceral adipos-
ity and epige-
netics

High fat (60% kcal fat) v.
control diet (10% kcal
fat). Assessed at PND
12(peak lactation).
Weaned to control diet.
HFD or C from 3–6
month Assessed after
3rd and 6th month

Milk, blood and
tissue (WAT)

Glucose (oGTT), glu-
cose, TG, insulin,
leptin, adiponectin,
milk FA, epidydimal
and inguinal adipo-
cyte cell number,
mRNA, DNA chro-
matin CpG methyla-
tion – SCD1

Altered milk FA content.
Reduced methylation
and increased stearoyl-
CoA desaturase-1
(SCD1) expression.
Increase WAT cellularity
and mass

Culling to 8 (4/4)
preference for
male Temp &
humidity-con-
trolled environ-
ment. 12 h light

Butruille
et al.(59)

(2019)

Wistar rats Milk of dam fed
low protein
diet

Obesity and
insulin resis-
tance

Dam: normal protein-NP
(20·5%) v. low protein.
diet-LP (4%) from 0 to
14th PND. PND 21–60;
standard diet. Offspring.
60–90 PND: normal fat
(4·5%) v. HFD diet
(35%). Assessed at
PND 90

Weight, length,
food intake,
blood, tissue
(pancreas),
vagus

Lee index, ivGTT,
ipITT, insulin, glu-
cose, leptin, TAG,
total cholesterol,
HDL-cholesterol,
vagal activity

LP/HFD offspring had not
as much increased
weight, fat leptin, altered
glucose homoeostasis
and insulin levels com-
pared with the NP/HFD
group. Protein restriction
counters obesogenic
outcomes

Temp; 23 ± 2°C); 1
week adaptation;
cull 8/dam (day
0); preferentially
male 12 light

Martins
et al.(147)

(2018)

Primiparous
Sprague–
Dawley
rats

Milk of DHA diet
fed dams

Inflammation
and immune
maturation

Dams (2 d pre-parturition)
control (0 % DHA of FA)
v. DHA (0·9% DHA of
FA). Female pups (week
3–6); control v. DHA diet.
Assessed after week 3 &
6

Tissue (spleen,
intestine),
milk

Immune cells (count,
phenotype), intes-
tinal length, cyto-
kine, FA’s (milk &
spleen)

DHA-supplemented diet
increases the ALA and
DHA of milk. It triggers
improved anti-inflamma-
tory response and
favours immune matura-
tion, without significant
effect on growth

Controlled temp,
humidity 12 h
light culled to 10/
dam used female
rats, however,
recommended
male study

Richard
et al.(99)

(2016)

Wistar rats Milk of low pro-
tein fed dams

Obesity and
insulin resis-
tance

Nursing dams; control
(15% protein) v. treat-
ment groups (2% argi-
nine). PND 21–6 week;
normal diet (15% pro-
tein) at week 6; normal
diet (12·5% fat) v. HFD
(35% fat)

Blood, tissue
(liver muscle,
fat), milk

Weight, oGTT, glu-
cose, insulin, CT
scan, TG, aa and
hormones (milk and
dams’ plasma), food
intake

Offspring of arginine fed
dams become prone to
obesity and insulin resis-
tance. Milk supplied less
threonine and glycine

Culled to 8/dam;
PND 4.
Preference for
male

Otani
et al.(98)

(2016)

Sprague–
Dawley
rats

Milk of HFD fed
dams

Cerebrovascular
stroke

Dams (10 d preGþGþ L);
normal (5·3% fat) or
HFD (25·7% fat).
Offspring from PND 21–
120; control v. HFD diet
forming four groups

Tissue (artery,
brains), blood

Weight, food intake,
cerebral blood flow,
stroke volume,
behaviour, glucose,
insulin, corticoster-
oid, mRNA

HFD/C group had
increased chance of
ischaemic injury,
increased BDNF, gluco-
corticoid conc. and
receptor expression.
Adrenalectomy reverses
effects on stroke

12 h light Temp;
22 ± 2°C culled to
8/dam; PND 1.
Preference for
male

Lin et al.(81)

(2016)
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Table 2. (Continued )

Model
class

Rodent
stock/strain Neonatal trigger

Metabolic disor-
der/related con-
dition of concern Methods Sample used Target biomarkers Findings

Comment/consider-
ations Ref.

C57BL/6J
mice

Milk of under-
nourished
dams

Reproduction
(brain and
gonadal func-
tion)

F1 from birth – PND21:
control (C: F0 dam 22%
fat) v. lactational under-
nutrition (LUN: F0 dam
fed 50% food ate by C
the previous day).
Normal diet (11% fat)
post-weaning. F2 has
four groups; CC, CL, LC,
LL (Mating C v. LUN at
week 8). No lactational
restriction. Birth to
PND21: all control diet
(22% fat). Postweaning
normal diet (11% fat)

Tissues (brain),
body NMRI

Body weight, adiposity,
composition, puberty
markers (VO, VE,
BPS), RNA

Postnatal malnutrition trig-
gers delayed puberty,
alter gene expression
and body composition,
disturbed repro. of F1 (&
F2 – depend on parental
history and sex)

Culled to 8/dam
included both sex

Kaczmarek
et al.(101)

(2016)

C57BL/6 J
mouse

Milk of under-
nourished
dams

Hormonal repro
metabolism

F0; nursing dams with
undernutrition F1; lactat-
ing pup (weaned and
grown on normal diet to
8 week) – no alteration
F2: lactating pup (no
alteration), weaned

Brain, body
weight and
composition

Hypothalamus (mRNA
– RT-qPCR, micro-
array), adiposity,
puberty

Undernutrition affects
development of hypo-
thalamus in F1 (altered
gene expression, body
composition and delayed
puberty) depending on
sex and parental malnu-
trition

Sexual dimorphism Kaczmarek
et al.(101)

(2016)

Swiss mice Milk of HFD
dam

Insulin signalling Dams (3 weeks
preGþGþ L); St. chow
(C) v. HFD (45%). Pup
groups: C/C, H/H.
weaned at 18. SC from
18–28 or 42. Then HFD
or not till PND 82

Food intake, tis-
sue (liver,
muscle, fat
brain), blood

GTT, ITT, PTT, glyco-
gen, TNF-alpha, lep-
tin, proteins, RNA

HFD offspring gained
weight, were hyperpha-
gic with impaired insulin
signalling at central and
peripheral sites.

12 h light Culled to
8/dam Weaned
on PND18
Preference for
male Temp:
22 ± 1°C

Fante
et al.(32)

(2016)

Wistar rats Milk of malnour-
ished dam

Glucose metabo-
lism

4% low protein (LP) diet
from PND 1–14, v. 23%
normal protein (NP) diet
from PND 15–21. normal
diet for 60 d; assessed
after PND 81

Blood, vagus
nerve and
sympathetic
branch of
sup. cerv.
ganglai, tis-
sue (pancre-
atic islets,
adrenal
medulla, adi-
pose)

Glucose, ivGTT, insu-
lin, ipITT, vagal
depolarisation,
weight (lee index),
chow consumption,
receptor function (M
and α2),
AChesterase activ-
ity, catecholamine
secretion

LP adult pup had low vagal
tone, glucose, insulin
and leptin

Litter size effect (6/
dam); preferential
to male pups;
temp. (22 ± 2 °C)
and light (12 h

de Oliveira
et al.(148)

(2011)

C57BL/6
mice

Milk of high-fat
fed dam

Non-alcoholic
fatty liver dis-
ease

Dams: standard chow v.
HFD (G, L, GL).
Offspring from PND 21–
3rd month; HFD

Weight, food
intake, blood,
tissue (liver,
fat)

oGTT, insulin, micros-
copy, liver enzymes,
TNF-α, proteins, liver
stereology

Increased fatty liver content
and expression of sterol
regulatory binding pro-
tein-1c due to maternal
HFD

12 h light culled to
6/dam. PND 0

Gregorio
et al.(94)

(2010)

ACh, acetylCholine; ALA, α-linolenic acid; BDNF, brain-derived neurotrophic factor; BPS, balano preputial separation; C/C, control-control diet; C, control; C57BL/6, C fifty-seven black six mice; F0/1/2, filial generation 0/1/2; FA, fatty acid; G,
gestation period; GL, gestation and lactation period; H/H, HFD toHFDdam;HFD, high-fat diet; ipITT, intraperitoneal insulin tolerance test; ivGTT, intra-venous glucose tolerance test; L, lactation period; LUN, lactation undernutrition condition;
M, muscarinic; NMRI, nuclear magnetic resonance imaging; o/ip-GTT, oral/intraperitoneal-GTT; PND, postnatal day; PTT, pyruvate tolerance test; SCD1, stearoyl-CoA desaturase-1; VE, age of vaginal oestrous; VO, age of vaginal opening;
WAT, white adipose tissue.
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Table 3. Summary of some publications using the model of altered lactational condition of the pup for neonatal programming

Model
class

Rodent
stock/
strain Neonatal trigger

Metabolic disorder/
related condition of

concern Methods Sample used Target biomarkers Findings
Comment/con-
siderations Ref.

Altered
lacta-
tional
condi-
tion of
the pup

Sprague-
Dawl-
ey rats

Fructose and
ursolic acid
(UA)

NAFLD Pups from PND6–20;
fructose (50%) and/or
ursolic acid (0·5%).
PND70; water or fruc-
tose (20%)

Weight, food
& fluid
intake, fat,

ALT, ALP, ALB, NAFLD
activity score

UA abrogates fructose
induced fat accumulation
in the liver

Double hit.
Used both
male and
female

Mukonowenzou
et al.(149)

(2020)

NMRI
mice

Resveratol
(RSV) and
nicotinamide
riboside (NR)

Adipogenesis Pups from PND 2–20;
10–15 μl water
(vehicle) v. RSV v.
NR. Standard chow;
PND 21–75. NFD
(10%); PND 75–90.
HFD (45%); PND 90–
164

iWAT, tissue RNA, DNA, methylation RSV & NR supplementation
supports white adipocyte
beiging via epigenetic
change

Only males
Culled to 12/
l Euthanized
while being
fed; within 2
h of light
cycle

Serrano et al.(75)

(2020)

Sprague
Dawl-
ey rats

Oleanolic acid
(OA)

Oxidative stress
and metabolic
syndrome

PND 6–14; vehicle v.
oleanolic acid v. High
fructose (V, OA, HFrc,
OAHF)

Blood, tissue
(muscle),
weight

Visceral & bone morphome-
try, cholesterol, glucose,
phosphate, Ca2þ, renal,
lipid, hepatic and protein
profiles, enzyme marker.
Antioxidants, lipid peroxi-
dation and nitrite assays

Early postnatal OA protects
against oxidative damage
associated with MetS or
precocious entero-ontol-
ogy

Limit to PND
14 when
eyes open.
Oral gavage
temperature
25 ± 2°C 12
h Light

Nyakudya
et al.(104)

(2019)

Sprague
Dawl-
ey rats

Oligosaccharide GIT homeostasis
and feeding

PND 5–14/15; FOS,
GOS/In mix, αGOS or
a mix of the monomers
resent in the OS solu-
tions. Assessed at
PND14/15 and
PND124/126

Blood, tissue
(ileum,
colon),
feeding pat-
tern & pref-
erence

GLP-1, PYY, D&L-lactates,
immunochemistry, RNA,
DNA

Oligosaccharides (OS)
affect intestinal, endo-
crine features but have
no influence on satiety
peptides or food intake

12 h light,
Temp;
22 ± 2°C
culled to 8/
dam

Le Dréan
et al.(62)

(2019)

Sprague
Dawl-
ey Rat
pups

Fructose and
curcumin

Glucose & fructose
metabolism.
Fructose
induced bone
diseases

P1; oral administration of
curcumin singly and
combined with
Fructose from PND 6–
21. P2; PND 21–63
Fructose- second hit

Blood, femur,
tibia

Plasma osteocalcin, radiog-
raphy (bone density) and
morphometry (length,
mass & seedor index)

Curcumin triggers significant
decrease in plasma
osteocalcin (in both male
and female)

Used orogas-
tric tube for
gavage.
Avoided the
litter-size
effect temp:
26 ± 2°C, 12
h light

Ibrahim et al.(54)

(2019)

Wistar
rats

Retinyle ester
(RE) or β-
carotene (BC)

Adipogenesis Pups from PND 1–20;
control v. vitamin A (as
RE) v. vitamin A (as
BC)

Tissue RNA, DNA, CpG methyla-
tion

Vitamin A supplement as
retinyle ester (RE) or β-
carotene (BC) differen-
tially impacts epigenetic
methylation in WAT

Temp: 22°C,
12 h light.
Culled to 10/
dam at
PND1.
Pipette gav-
age

Arreguín
et al.(106)

(2018)

Wistar
rats

Milk substitution Obesity Pups; From PND 14: (rat
milk, RM) v. (cow’s
milk, CM) v. (cow’s
milk þ casein protein,

Blood, milk,
tissues,
weight

Fat and lean mass, protein,
adipocyte morphometry,
hormones, lipid profile,
glucose, insulin, RNA

CM males had low fat mass
while CM females had
high fat and hyperphagia.
CM-H males had high
corticosterone and low

Temp: 25 ± 1°
C, 12 light.
Culled to 6/
dam at PND

Rodrigues
et al.(80)

(2018)
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Table 3. (Continued )

Model
class

Rodent
stock/
strain Neonatal trigger

Metabolic disorder/
related condition of

concern Methods Sample used Target biomarkers Findings
Comment/con-
siderations Ref.

CM-H). Assessed on
PND 21, 180

protein mass while CM-H
females had high fat,
hyperphagia, and low
insulin

0. 1:1 sex
ratio

Sprague
Dawl-
ey rats

Oleanolic acid
and high fruc-
tose

Non-alcoholic fatty
liver disease

Pups: PND 7–13: DW v.
OA v. HFD v. OAHF.
P2: PND56–112: stan-
dard v. HFD.
Assessed on PND 112

Blood, tissue
(liver)

Lipid profile, micrographs,
histology

Neonatally administered
oleanolic acid protects
against hepatic lipid accu-
mulation caused by high
fructose diet

Temp: 25 ± 2°
C, 12 h light.
Avoided
dam-effect
bias

Nyakudya
et al.(43)

(2018)

Sprague-
Dawl-
ey rats

Oligosaccharide
(FOS, GOS/
lcF mix, AOS)
and amoxicil-
lin

GI microbiota Pups from PND 5–14:
FOS v. GOS/lcF mix
(9/1) v. AOS, v.
Controls (þ/–) v. Amx
or a mix of monomers.
Weaned to St. chow.
Assessed on PND 131

Caecal con-
tent

Bacteria, DNA All treatment particularly
amoxicillin altered gut
microbiota. All effects
fade at adulthood except
for that induced by GOS/
lcF mix

Culled to 8/
dam (M/F-
6:2)

Morel et al.(128)

(2015)

C57BL/
6J
mice

Photic experi-
ence; light &
darkness

Long-term neuro-
chemical and
structural altera-
tions of SCN
and circadian
system

PND0–21; L/L, L/D, D/D
(using white fluores-
cent source) then LD;
PND21–50

Brain Astrocyte by observing the
glial fibrillary acidic pro-
tein (GFAP) in SCN

Pup exposure to light has
long-term effects on the
astrocytic population of
the SCN

Post-gravid
considera-
tion Other
conditions;
ambient
temp, water
and food

Canal et al.(60)

(2009)

Sprague
Dawl-
ey rats

High carbohy-
drate (HC)
milk formula

Metabolic profile
(insulin, leptin
homeostasis,
obesity, hypo-
thalamic cir-
cuitry) and
inheritance

F1: PND4–24 (3 weeks),
AR (56% HC) v. MR
(natural milk, 8%
carbohydrate). F2:
mating F1 females þ
naïve male (PND 80).

Intake, weight,
blood, brain

Insulin, leptin, interleukin
(IL) −6 & −12, monocyte
chemoattractant protein
(MCP)-1, macrophage
migration inhibitory factor
(MIF)-α, and vascular
endothelial growth factor
(VEGF), lipid peroxides,
neuropeptide Y (NPY),
agouti-related polypeptide
(AgRP), galanin (GAL),
and insulin receptor (IR)-
β

HC milk formula triggers
immediate postnatal lep-
tin resistance and hyper-
phagia in F1. Also
predisposes to later life
insulin resistance, oxida-
tive damage and elevated
proinflammatory signa-
tures in F1. F2 showed
increased susceptibility to
obesity and metabolic
deficits.

Temp: 25 ± 2°
C, 12 h light.
Female pref-
erence for
the transmis-
sion of HC
phenotype.
Culled to 11
pups/dam.

Srinivasan
et al.(120)

(2008)

ICR
mice

n-3 essential
fatty acid
restriction v.
supplementa-
tion (DHA)

Fatty acid
homoeostasis in
the cardio-
vascular, neural
and other organ
systems

PND2–15: AR (n-3 fatty
acid adequate
(3·1%þ 1% DHA) v.
deficient (0·06%)) v.
MR (3·1%).

Brain, liver,
heart,
plasma and
retina

Lipid profile, phospholipid
molecules, fatty acid

n-3 fatty acid restriction low-
ers adult tissue levels of
DHA. Adequacy reveals
phosphatidylethanola-
mine, phosphatidylcholine
and the novel cardiolipin
as major repositories for
DHA.

Temp: 23 ± 1°
C, 12 h light.
First applica-
tion of AR to
mouse pup
nutrition.

Hussein
et al.(117)

(2009)

Sprague
Dawl-
ey rats

High carbohy-
drate (HC)
milk formula

Hyperinsulinaemia
and pancreatic
ontogeny

PND4–12; AR (56%
carbohydrate) v. MR
(natural milk; 8%
carbohydrate) v. AR

Islets Preproinsulin, insulin,
upstream stimulatory fac-
tor-1 (USF-1), phosphati-
dylinositol 3-kinase (PI3-

HC elevates expression of
preproinsulin, insulin,
PDX-1, its stimulatory fac-
tor and downstream

Culled 12/dam.
Short term
program-
ming using

Srinivasan
et al.(150)

(2001)
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Table 3. (Continued )

Model
class

Rodent
stock/
strain Neonatal trigger

Metabolic disorder/
related condition of

concern Methods Sample used Target biomarkers Findings
Comment/con-
siderations Ref.

(high fat milk formula;
similar to rat milk with
8% carbohydrate).
Endpoint; PND12

k), stress activated pro-
tein kinase-2 (SAPK-2),
pancreatic duodenal
homeobox factor-1 (PDX-
1) (mRNA and protein)

kinases. This adaptation
was independent of
hyperglycemia.

the pup-in a
cup model.
Carbohydra-
te derived
from poly-
cose

Sprague
Dawl-
ey rats

High carbohy-
drate (HC)
milk formula

Hyperinsulinemia
and long-term
pancreatic func-
tion

PND4–24; AR (56%
carbohydrate) v. MR
(natural milk; 8%
carbohydrate) v. AR
(high fat milk formula;
similar to rat milk with
8% carbohydrate).
Endpoint; PND100

Blood, pan-
creas

Plasma (Insulin, GLP-1,
Glucose, TAG, FFA),
Islets (preproinsulin,
upstream stimulating fac-
tor-1 (USF-1), glucose
transporter-2 (GLUT-2),
phosphatidylinositol 3-kin-
ase (PI 3-kinase), and
stress-activated protein
kinase-2 (SAPK-2)

HC triggers an adapted
elevation of insulin secre-
tion in adulthood.

Culled 12/dam.
Long term
program-
ming using
the pup-in a
cup model.

Aalinkeel
et al.(39)

(2001)

Sprague-
Dawl-
ey rats

High carbohy-
drate (HC)
milk formula

Long term pancre-
atic islet ontog-
eny

PND4–18; AR (56%
carbohydrate) v. MR
(natural milk; 8%
carbohydrate) v. AR
(high fat milk formula;
similar to rat milk with
8% carbohydrate).
Endpoints;
PND6,12,14,18 and 24

Pancreas,
blood

Insulin, IGF-I, and IGF-II. HC trigger decrease in islets
size and α cells. While
islets were apoptotic,
ductal epithelia had
elevated proliferation. HC
also warrants decreased
IGF-II expression.
Elevated insulin levels at
PND24

Both male and
female pup
in a cup
model.

Petrik et al.(119)

(2001)

Abbreviations: ALB= albumin; ALP= alkaline phosphatase; ALT= alanine aminotransferase; Amx= amoxicillin; AOS= pectin-derived acidic oligosaccharides; AR= artificial rearing; D/D= dark/dark; DHA= docosahexanoic acid;
DW=Distilled water; F0/1/2= filial generation 0/1/2; FOS= fructo-oligosaccharides; GLP-1= glucagon like peptide; GLP-1= glucagon like peptide; GOS/In= beta-galacto-oligosaccharides/inulin mix; GOS/lcF= galacto-oligosaccha-
rides/long-chain fructan mix; HFD= high fat diet; HFrc= high fructose; IGF= insulin growth factor; iWAT= inguinal white adipose tissue; L/D= light/dark; L/L= light/light; MR =maternal rearing; NAFLD= non-alcoholic fatty liver disease;
NFD= normal fat diet; NR= nicotinamide riboside; OA= oleanolic acid; OA = oleanolic acid; OAHF= oleanolic acid and high fructose; PND= postnatal day; PYY= peptide YY (tyrosine tyrosine); RSV= resveratrol; SCN= suprachiasmatic
nucleus; V= vehicle; αGOS= alpha-galacto-oligosaccharides.
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Table 4. Summary of some publications using cross-foster or genetic models for neonatal programming

Model
class

Rodent stock/
strain

Neonatal trig-
ger

Metabolic
disorder/
related
condition
of concern Methods Sample used

Target
biomarkers Findings

Comment/
considerations Ref.

Cross-
foster
mod-
els

Wistar rats Milk content
and yield of
mono-
sodium L-
glutamate
(MSG) dam

Obesity F0 mated. F1: MSG (4 mg/g) to female’s v.
control (saline) during first 5 PND for
obesity. For F2 mate 70D old F1 with
lean rat. F2 male: cross fostered (four
groups pup/dam; C/C, C/MSG, MSG/C,
MSG/MSG). Standard diet from PND21–
120

Tissues (fat,
hypothala-
mus), weight,
food intake,
milk, plasma

ivGTT, glu-
cose, lipid
profile, pro-
tein, leptin,
insulin, pro-
tein expres-
sion

Cross mitigates obesity and nor-
malised food intake, leptin sig-
nalling, lipid profiles and
insulinaemia but not glucose
homoeostasis or insulin secre-
tion

Cull to 8/dam
at PND1 12
h light
Temp:
21 ± 2°C

Miranda
et al.(35)

(2016)

Genetic
mod-
els

Goto-Zakizaki
rats

Milk of GK rat
þ adversity
of cross

T2D Crossbreeding Wistar (W) and with GK Plasma, pan-
creas (beta-
cell)

Glucose toler-
ance
(ivGTT)
insulin, beta-
cell mass,
body weight

W/GK pup had defective pancre-
atic beta-cell function even
after lactation by W dam, sug-
gesting a paternal genetic in-
fluence

Culled to 8–
10/dam at
PND1.
Preference
for male
pups

Calderari
et al.(14)

(2006)

C57/BL6 ×DBA
mouse (trans-
genic mouse
dams)

DHA-rich milk
of trans-
genic dams

FA
metabo-
lism

PND 1–21 suckling Toe, milk,
plasma, brain

DNA, FA –
DHA, total
lipids

Pups suckling under DHA-rich
milk transgenic Dams have
increased brain DHA, which
promotes development of neu-
ral structures

Toe clipping Kao
et al.(34)

(2006)

FA, fatty acid; ivGTT, intra-venous GTT; PND, postnatal day; T2D, type II diabetes.
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Table 5. Summary of some publications using combined models for neonatal programming

Model classes
Rodent stock/
strain Neonatal trigger

Metabolic dis-
order/related
condition of
concern Methods Sample used Target biomarkers Findings

Comment/consid-
erations Ref.

Altered litter
size, altered
lactational
condition of
the dam,
altered lacta-
tional condi-
tion of the
pup and
cross-foster

Wistar kyoto
(WKY) rats

Uteroplacental
insufficiency.
Milk changes

Ca homoeo-
stasis and
cardio-
metabolism

Normal or altered
(restricted) milk dams
with unadjusted (7–15)
or reduced litter size (5–
6) pups

Blood, whole
body,
plasma,
stomach con-
tent, milk,
weight, tis-
sue (mam-
mary, bone)

Tissue RNA, pro-
tein, lactose,
Ca, PTHrP, cor-
ticosterone, Na,
K, milk FA’s,
BP, iaGTT,
bone morphom-
etry, density
and content,
glucose

Reduced litter trigger
altered Ca homoeosta-
sis, elevated BP,
increased w3 and
reduced w6-fatty acids

12 h light; temp
19–22°C; cull-
ing to SL and
standard litter
(unaltered sur-
rogate); mater-
nal separation

Briffa
et al.(86)

(2019)

Altered litter
size and
altered lacta-
tional condi-
tion of the
dam

Wistar rats Milk content and
availability
from activity-
modulated
dams

Obesity Dam: Gþ L; exercised (E)
v. sedentary (S). Pup:
PND 3; small (3/dam) v.
normal litter (9) making a
total four groups

Body weight,
milk, tissue
(nerve, fat)

Lipid profile,
ivGTT, insulin,
nerve activity,
weight

SL of E mothers had low
fat, improved glucose tol-
erance, insulin sensitiv-
ity, insulinaemia and
glycaemia. Exercise pro-
tects against metabolic
dysfunctions

Preference for
male pups

Ribeiro
et al.(84)

(2017)

Wistar rats Milk of low pro-
tein fed dam þ
litter size

Telomere
growth and
ageing

Dam; gestation (G) þ lacta-
tion (L) period; 3 groups;
control protein (20% for
G & LþNL), recuper-
ated (8% for G, 20% for
LþSL) and low protein
(8 % for G & Lþ LL) diet
groups. Weaned into
control diet

– Telomere DNA,
length and deg-
radation

Growth retardation of post-
natal life is proportional
to telomere and life span
lengthening. While pro-
tein restriction of fetal life
(growth retardation) fol-
lowed by normal protein
(catch-up growth) during
neonatal life is propor-
tional to their shortening

Temp 22°C; light
12 h; culling to
8, 4 and 14 for
three groups,
respectively
(PND2)

Jennings
et al.(87)

(1999)

Altered lacta-
tional condi-
tion of the
dam and
cross-foster

Wistar rat pups Adversity of cross
fostering
(healthy to
obese dams)

Adiposity and
insulin re-
sistance

PND4–21; cafeteria diet-
induced maternal
obesity, cross-fostering

Tissue (liver,
gastrocne-
mius, perire-
nal and
gonadal adi-
pocytes)
plasma, peri-
toneum

Glucose clear-
ance, adipose
tissue mass
and mRNA
expression.
Fasting glucose
and insulin, glu-
cose tolerance
test (ipGTT)

Hyperglycaemia, insulin re-
sistance, increased adi-
posity, etc., i.e. maternal
obesity during lactation
programmed offspring
adiposity and insulin re-
sistance

Light v. dark cycle
(12/12).
Showed some
elements of
sexual dimor-
phism

George
et al.(3)

(2019)

Sprague Dawley
rats

Milk of protein
restricted dams
and cross

Plasma
metabolo-
mics and
liver lipido-
mics

Dam (Gþ L period): control
prot. (20%) v. low pro-
tein (8%). Crossed at
birth (4 groups).
Weaning – 10th week;
standard diet (17% pro-
tein, 43% CHO, 41%
fat). C/R starts from
PND16

Blood (plasma),
tissue (liver)

mRNA, FA’s,
ketone bodies,
carnitine and
acylcarnitine,
metabolic and
lipidomic mark-
ers of pheno-
type

C/R pups had increased
FA β-oxidation and
BCAA (branched -chain
amino acid) while R/R &
R/C pups had impaired
β-oxidation

Culling 8 male/
dam at PND0.
Preference for
male.
Sacrificing at
same period

Martin
Agnoux
et al.(74)

(2018)

Albino Wistar rat Milk of dams fed
high-fat/high-

Adiposity Control or CAF dam with
control or CAF litter.

CAF litter developed
increased body fat

12 h light; room
temp. 25°C;
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Table 5. (Continued )

Model classes
Rodent stock/
strain Neonatal trigger

Metabolic dis-
order/related
condition of
concern Methods Sample used Target biomarkers Findings

Comment/consid-
erations Ref.

sugar cafeteria
diet

House same sex 3–4
after weaning. Assessed
at 3rd & 6th week

Weight, blood,
tissue
(adipose)

ipGTT, glucose,
FA, insulin,
leptin, mRNA

(neutralises at 6th week),
PPAR-alpha, adiponectin
and leptin expression at
weaning (independent of
birth parent). Lower
SREBP-1C expression
in CAF litter at weaning
(M) or 6th week (F)

acclimatisation
period (1
week); culled to
8/dam (4/4)

Vithayathil
et al.(4)

(2018)

Albino Wistar rats Milk of high fruc-
tose and 10%
sucrose fed
dams and
cross

Obesity and
T2DM

Dams (4 weeks
PreGþGþ L); control
diet v. 10% sucrose or
HFCS-55 diet. Weaned
to control diet. Assessed
at week 3 and 12

Blood, tissues IpGTT, glucose,
TAG, total C,
HDL-choles-
terol, FFA, insu-
lin, leptin, liver
lipids, weight,
fat stores

Pronounced increase in
FA’s for S/S and C/H
groups. S/C and H/C
groups had persistently
high FA’s at 12th week.

12 light Temp; 22°

C 1 week accli-
matisation
Culled to 8/
dam (4/4, PND
0)

Toop
et al.(55)

(2017)

ICR mice Milk of high fat
fed damþ
cross

Milk transcrip-
tome

Dams (4 weeks
PreGþGþ L); HFD
(60% fat, 7% sucrose)
v. control (10%F, 7%S).
Cross-fostered to give 4
groups (CC, CH, HC,
HH). Assessed at PND
12

Milk, blood. Weight, length,
BMI, milk and
serum (protein,
lactose, fat,
mi- & mRNA
analyses)

High lactose & fat in HFD
dams. mRNA and
miRNA increased
expression in milk of
HFD dams. Increased
weight in CH and HH
compared to HC and CC
groups

Cull to 10/dam
(PND 2) 12 h
light

Chen
et al.(151)

(2017)

Altered lacta-
tional condi-
tion of the
dam and
altered lacta-
tional condi-
tion of the
pup

Wistar rats Cigarette smok-
ing

Obesity P1; PND 3–21 (smoking
machine) P2; assessed
every 4 d PND 180

Tissue (liver)
adipocytes,
serum

Imaging, TAG,
cholesterol, hor-
mones (25(OH)
D), protein
analysis, mRNA
expression

Increased abdominal fat,
HPA axis dysfunction
(not GC changes), less
severe in females, lipo-
genesis and vitamin D
more affected in males

Sexual dimor-
phism Temp;
23–24°C 12 h
light (artificial) 1
week acclimati-
sation culled to
6(3/3)

Novaes
Soares
et al.(124)

(2018)

Albino Wistar rats Milk of junk food
(JF) fed dams
and JF diet for
pups

Opioid signal-
ling system

Dams (2 weeks
preGþGþ L); control
(C) v. junk food (JF).
Post-weaning pup diet
same as dam until PND
28

Tissue (brain,
liver, fat),
blood, mor-
phometrics

DNA, histology,
total body fat
mass, imaging,
MuR
expression

Female offspring of JF
group had reduced mu-
opioid receptor (MuR)
expression and ligand
binding. No effect on
male offspring

1 week acclimati-
sation Temp;
25°C 12 h light
culled to 10/
dam sex ratio
1:1 assessed
at same phase
of day (morn-
ing)

Gugusheff
et al.(107)

(2016)

Wistar rats Maternal separa-
tionþmilk of
HFD fed dams

Metabolic
stress

Dams (Gþ L): standard
diet – SD (12%) or HFD
(40%). F= Vegetable
oil. Pups; control v.
MatSep groups. MS
pup = PND 2–14 (180
min/d). C pup= undis-
turbed with dam.

Blood, plasma,
tissue (brain)

Genes, mRNA,
behavioural
tests, hormones
(leptin, insulin,
etc.)

HFD prevented MatSep
endophenotypes of
adulthood, reduced anxi-
ety and improved mater-
nal care in stressed
dams. MS-triggered
changes in genes of

12 h light (artifi-
cial) Temp; 22°

C (controlled)
culled to 8–10
(PND 0) equal
litter males and
females during

Rincel
et al.(102)

(2016)
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Table 5. (Continued )

Model classes
Rodent stock/
strain Neonatal trigger

Metabolic dis-
order/related
condition of
concern Methods Sample used Target biomarkers Findings

Comment/consid-
erations Ref.

Assessed PND 11 to 8th
month

PFC which are attenu-
ated by HFD

Sep. pups at
temp; 28 ± 2°C

Wistar rats Milk of diet
restricted dam
and supple-
mentation

adipogenesis Dam (G: 1–12): standard
chow v. energetic restric-
tion (20%). PND 1: CR
v. CR-leptin (murine lep-
tin). Assessed on PND
24

Blood, Tissue RNA, glucose,
insulin, T3, pro-
tein expression,
adipose morph-
ometry and
micrography

Leptin reverses the mal-
programmed events of
WAT

Temp; 22°C, 12 h
light 1:1 male:
female

Konieczna
et al.(152)

(2015)

Altered lacta-
tional condi-
tion of the
pup and
cross-foster

BALB/c mice WPH in artificial
milk formula

Development
of infant
immunity

PND2–14. AR pups:
crossed to ovariectom-
ized dam with v. without
5 % WPH
supplement.MR: natural
dam

Weight, milk,
spleen, thy-
mus

Body weight gain
rate, feed effi-
ciency and pro-
tein efficiency,
thymocyte num-
ber and viability

WPH counters AR depen-
dent weight loss,
improves feed and pro-
tein efficiency and posi-
tively elevates some
immune signatures.
VRTPEVDDE represents
the most immunomodu-
latory peptide of WPH.

Intermittent hand
feeding (every
3 h) for AR
pups. Temp:
23 ± 3°C, 12 h
light.

Takeda
et al.(114)

(2020)

Altered lacta-
tional condi-
tion of the
pup and
genetic mod-
els

C57BL6 PPARα ligand
(Wy)

Epigenetics
and Obesity

G (14–18)þ L (PND 2–16);
Wy postweaning (week
4–14); HFD (60%).
PPARα-KO mice (as WT
control). FGF21-deficient
(KO) mice (G (14–
18)þ L (PND 2–16)) with
HFD 10 weeks (4–14
weeks)

Milk, tissue
(liver, adi-
pose), blood

Milk (lipid) DNA,
CpG methyla-
tion, RNA, GTT,
histology
(slides)

Ligand-induced PPARα
activation triggers deme-
thylation of Fgf21, thus
facilitating its expression
that persists and may
affect obesity of later life

Culled to 5–6/
dam at PND 0

Yuan
et al.(76)

(2018)

AR, artificially reared; BP, blood pressure; C/H, control-HFCS diet; C/R, control dam-low protein dam; CH, control to HFD dam; CHO, carbohydrate; CR, energetic restriction; FGF21, fibroblast growth factor-21 gene; G, gestation period; GC,
glucocorticoid; H/C, HFCS-control diet; HC, HFD to control dam; HFCS, high fructose corn syrup; HFD, high-fat diet; HH, HFD to HFD dam; HPA, hypothalamo–pituitary–adrenal axis; ia/ip/oGTT, intra-arterial/intraperitoneal/oral-GTT; L,
lactation period; LL, large litter; MatSep, maternal separation; MR,maternally reared; NL, normal litter; P1, phase one; P2, phase two; PFC, pre-frontal cortex; PND, postnatal day; PPAR, peroxisome proliferator activator receptor; PPARα-KO,
peroxisome proliferator activator receptor alfa – knock out; PTHrP, parathyroid hormone-related protein; R/C , low protein dam – control dam; R, protein-restricted dam; S/C, sucrose-control diet; S/S, sucrose–sucrose diet; SL, small litter; SL,
small litter; SREBP-1c, sterol regulatory element binding protein-1c; T3, triiodothyronine; WAT , white adipose tissue; WPH, whey protein hydrolysate; WT, wild type.
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alterations and even exercise on neonatal development(84,86,95).
Pups suckled by diabetic and obese mothers are also common
(see Table 2). Using this approach, the nursing mother is influ-
enced, and the response is sought in the milk fed offspring. For
instance, the maternal postnatal undernutrition during suckling
has been studied and is implicated in the programming of meta-
bolic diseases via changes in milk composition(36,96). Also, nutri-
tional protocols such as the maternal low-protein diets have
been developed(97) (see Fig. 2). These exposure of dams to sev-
eral cues during lactation represents the commonest of models
for usage in neonatal programming and like other models can be
adopted singly or in combination(98). With this model, it is
common to quantitatively and qualitatively assess milk produc-
tion. Consequently, several milk measurement strategies have
been developed and adopted to determine the immediate effects
of maternal disruptions to milk yield and content in mice and
rats(36,66,67,70,71). Some investigators also adopt milk collection
from the pup stomach(99). In addition, variabilities in milk vol-
ume have been documented, with decreased amounts being

collected from inbred and primiparous compared with outbred
and multiparous dams(67). Consequently, we recommend that
comparative group studies should use dams of same stock/strain
and parity. Furthermore, aside the weight-suckle-weight method
of quantifying milk output, a water turnover method has been
established(100).

Models of altered lactational condition of the pup

Modifications in pup diet and other direct neonatal experiences
can programme the development of adult metabolic pheno-
types. Consequently, investigators commonly adopt the model
of altered lactational condition of the pup to test for metabolic
phenotypes(84,98,101,102) and examine prophylactic agents which
may protect from adversities of later life(42,61,75,103,104). Here we
highlight models that employ diet, maternal separation, photic
experience or cigarette smoking in the investigation of neonatal
programming (see Table 3).

Calcium metabolism
eCB homeostasis
social behaviour
leptin
hyperphagia
overweight
obesity
insulin resistance

Small litter
(<6)

Large litter
(>14)

Normal litter
(˜10)

Growth retardation
longevity

Telomere
lengthening?

Undernourished mouse

Normal mouse

Intervention
exercise
CR

Overnourished mouse

Metabolic phenotypes

Epigenetics
CpG methylation

(IRS, GLUT4)Availability of milk,
space and care

(a)

(b)

(c)

Postnalal days 0-21 Post weaning-adulthood

Fig. 1. An illustration of the litter size model useful for metabolic programming at early postnatal life. Adjustments in litter size (a) small or (b) large; determine milk
availability and trigger the development of metabolic phenotypes with age. Using this model, several behaviours and phenotypes have been studied (trace boxes).
CR, energetic restriction; eCB, endocannabinoid; GLUT4, glucose transporter 4; IRS, insulin receptor substrate.
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Dietary inclusions

Altered diet models providemeans for assessing the outcomes of
several administrations or intakes – nutrients, toxins, food com-
position, energy – on premature gut development and metabo-
lism. Though the mouse and rat widely differ from humans in
bioavailability of nutrients, the differences on how they metab-
olise, utilise and dispose of nutrients are well documented and
suited for research(105). Consequently, the neonatal mice and rats
have been adopted for varying dietary protocols. Additionally,
due in part to their lack of emesis and increased intestinal per-
meability of pups as compared with adults(49), we are able to
examine the influence of several dietary inclusions on neonatal
development and adult metabolic health(5).

Dietary inclusion as amodel of altered lactational condition of
the pup may involve either maternally or artificially reared pups.
The dietary inclusions may be supplementations to maternal
suckling or synthesised substitutes for artificial rearing. Unlike
the altered litter size models, a precise control of neonatal nutri-
tion in terms of composition or amount can be achieved by arti-
ficial rearing. Also, aside gavage techniques, commonly adopted
for supplementing littermate (maternally reared,MR) pups, intra-
gastric feeding tubes are employed when administering rodent
milk substitutes (RMS) to artificially reared pups. Feeding proce-
dures include the ‘pup in a cup’ technique as established by
Hall(68) for artificially reared pups and a hand-feeding technique
first described by Hoshiba(69) for MR pups. Using comparable

RMS formula to natural milk composition, artificially reared pups
have been proven to exhibit non-distinct growth and develop-
ment from MR pups(65,68). Some investigators of neonatal pro-
gramming limit dietary exposure to the PND 14 based on the
fact that pups gain sight and begin to forage/nibble upon ambi-
ent substances aside the dams’ milk, i.e. pelleting(62,102,104).
However, others extend the period of exposure to PND 21
(weaning) as all the pups are still exposed to the same con-
founding variables(54,75,80,106). Some others even extend further
(PND 28) (107).

Rodent milk substitute. Unlike maternal rearing, the artificial
rearing of pups requires alternatives to the natural milk. The
common alternative regimes use synthetic modifications that
are comparable with the natural rodent milk composition and
are termed RMS. RMS are chemically derived from diary or
non-diary formula under aseptic conditions for the artificial rear-
ing of rat(108–110) and mice pups(111). So far, RMS include several
diet models: high-carbohydrate diet model, low-protein diet(97)

and high-fat diary diet model(92). Some of these diets, like the
high-fat diary diet, have proven useful in investigating amelio-
rants of metabolic phenotypes(75), as well as protective strate-
gies(102). Notably, modifications to enrich or deplete specific
composition(s) may be made to a RMS in order to study specific
interventions(112).

Fig. 2. An illustration of the model of altered lactational condition of the dam. Development of the offspring metabolic health following lactation is influenced by maternal
exposure and health during lactation via notable changes in milk content (untraced boxes). Using this model, several behaviours and metabolic phenotypes have been
studied (traced box). ALA, α-linolenic acid; DHA, docosahexaenoic acid; FA, fatty acid; HFD, high-fat diet; NAFLD, non-alcoholic fatty liver disease; PND, postnatal
day; SCD1, stearoyl-CoA desaturase-1; SREBP-1C, sterol regulatory element-binding protein-1c.
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The pup in a cup; a technique for artificial rearing. The rat
‘pup’ in a ‘cup’ technique developed in 1975 by Hall(68) involves
the transfer of few day old rat pups into several styrofoam cups
floating on a thermo-regulated water bath(5). A miniaturised
intragastric feeding cannula and an incubator housing arrange-
ment are the two major components of this technique(68) (see
Fig. 3). The introduction of intragastric feeding cannula (a poly-
ethylene tubing) for mouse by Beierle et al.(65) opened doors to
the permissive usage of nutritional manipulations with a mouse
pup in a cup. Thus, pup in a cup method is currently useful for
both rats and mice and has proven helpful with rearing trans-
genic rodents(5). The insertion of intragastric cannulas employ
a surgical technique for mice(65) and nonsurgical technique for
rats(68). A useful comparison of these techniques is found in
the paper by Patel et al.(110). However, such neonatal handling
methods reportedly produce reproductive deficits(83). Further
descriptions of artificial rearing and the pup in a cup, and their
usefulness to nutritional research, has also been provided by
Patel et al.(110) and Patel and Hiremagalur(113). Using artificial
rearing, several research works have examined the immediate
metabolic outcomes of neonatal nutrition in mice – bodyweight,
immunomodulation(114), – and rats – hyperinsulinaemia and glu-
cose metabolism(115,116). Also, certain long-term metabolic con-
sequences of specific neonatal nutrition have been established
for mice – cardiovascular(117) – and rats – hyperinsulinaemia
and adult-onset obesity(39,118), glucose and insulin homoeosta-
sis(119) and leptin homoeostasis(120).

Hand-feeding technique for maternal rearing. Rodents are
omnivores and several commercial diets are available for their

intake(121). Oral gavage represents the classical involuntary
and most common way of administering liquid compounds to
conscious pups. Of the different types of gavage needles (curved
or straight, flexible or rigid), we recommend the use of the
curved flexible kind due to lower risks of oesophageal damage
and since they cannot be chewed by the pups (see Fig. 4). Also in
use is a hand-feeding technique first described by Hoshiba(69).
This uses a surrogate nipple for artificially reared mouse pups,
which despite tediousness and time devotion, enables post-
gravid study of pups and prevents physical injuries. Several nip-
ple sizes have been described for mice and rats(69). With this
method, mouse pups receive calibrated amounts of nutrients
with relatively reduced chances of physical trauma as inherent
in the native gavage method of larger rats(122).

Maternal separation

Some studies have adopted maternal separation (MatSep) as a
model for simulating neglect and predisposing to metabolic dis-
orders(102). The suckling pups are typically separated from the
dam for 2–8 h daily across several days(83). A similar procedure
to MatSep called ‘neonatal handling’ involves lesser timed sep-
arations of pup or litter from the dam and has been described
elsewhere(123). Furthermore, with MatSep, the outcomes appear
to bemore prominentwith inbred rat strains than outbred stocks.
Lastly, when conducting MatSep, it is important to consider the
age at initiation, short (<24 h) or long term.

Other models of altered pup condition; photic experience
and smoking

Though uncommon, pup exposure to light has been investigated
and shown to account for phenotypic changes associated with
circadian rhythm such as related to astrocytes(60). The effect of
cigarette smoking has also been studied on pup
development(124).

Cross-foster models

Cross-fostering involves the transfer of nursing pups from con-
trol dams to either metabolically compromised, stressor exposed
or even healthy dams during the period of lactation. This is illus-
trated in Fig. 5. It is useful in the nutritional, hormonal or behav-
ioural investigation of metabolic phenotypes(125). This model is
most advantageous in delineating the outcomes of neonatal/lac-
tational programming from gestational programming(35).

Though sometimes useful as an adversity in itself(125), cross-
fostering of offspring from metabolically compromised dams
(e.g. obese dams) to normal dams has reportedly mitigated
the adverse effects of programming(35,126). Conversely, cross-fos-
tering of pups from a healthy to a malprogrammed dam (such as
protein restricted, diabetic dams) triggers metabolic disruptions
of adult life(74,127). When cross fostering, investigators avoid
biased maternal care that may result from co-housing of biologi-
cal and fostered pups. This is by ensuring none of the new born
animals remains together with the biological dam(79).
Furthermore, the systematic cross-fostering of pups involves
the distribution of pups across dams of the same status and
has been adopted in culling pups(128). Following cross-fostering,

Fig. 3. Illustration of the pup-in-a-cup model used for breeding artificially reared
(AR) pups. The pups in warmmoist incubators (floating Styrofoam cups insulate
the pups from direct contact with heat source, i.e. water bath) water at 40°C from
2 to 13 postnatal day (PND) to keep pup axillary temp at 32–36°C. The intragas-
tric cannula (PE leads) emerge from the lids of the cups (not shown) and pass
across to syringe mounted infusion pumps(68). PE, polyethylene.
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the pup/dam cages are sometimes maintained for an extended
period (e.g. PND 35) to account for natural weaning that may be
longer than standard weaning at PND 21(126). Additionally, this
model has also been adopted alongside other models such as
the genetic model(41), models of altered pup condition –

MatSep(129) (see Table 4).

Genetic models

More so in mice than rats, rodents are resourceful models in the
study of the genetic aetiology of some complex human dis-
eases(38). Using potent advances in reproductive and genetic
technology, researchers have been able to understand and dis-
sect themolecular basis behind certain metabolic conditions(130).
Genetically modified rodents could be modelled for diseases
(resistant or predisposed to the condition) or for identifying/val-
idating new drugs. They include inbred and hybrid (F1 and F2)
strains, most of which are products of mutations, transgenic
modifications (gain) or gene inactivation (loss of func-
tion)(130,131). These models are powerful tools that give room
to tease apart the influence of metabolic primers or other
selected variables on neonatal development (see Table 4).

Genetic models may serve several roles in neonatal program-
ming. First, as a means of examining the effects of wet nursing in
cross-fostering paradigms. Modified rodents are introduced as
nursing dams to suckle pups cross-fostered from a control

lineage. As like other models, Table 5 shows the combinational
utility of this model alongside others. Using such genetic models
in combination with cross-fostering, Reifsnyder and co-workers
have been able to demonstrate that the maternal environmental
influence is due to early obesity-inducing factors present in the
milk of obese dams(132). In this scenario, the rodents may be
engineered to possess a knownmetabolic disorder. Such studies
are usually aimed at elucidating the independent influences the
malprogrammed dam has on the suckling pup. In another usage,
the offspring are genetically predisposed to or even exempted
from a disorder(76), while testing for the therapeutic impacts that
neonatal interventions have on the inheritance and/or develop-
ment of the adult phenotype, that is, they serve as control sub-
jects in neonatal programming(76).

Following the development of the first knockout mouse in
1987(133), and the first knockout rat in 2009(134), genetic models
are gradually permeating investigations in neonatal program-
ming. Interestingly, genetically engineered mice have found
use in the development of milk substitutes(34) and aid the study
of genes in lactational programming(135). An example of genet-
ically engineered mice used for neonatal metabolic program-
ming include C57B/6J, New Zealand obese mouse pups (a
genetic animal model for obesity and type 2 diabetes)(132).
Examples of genetically modified rats used for neonatal meta-
bolic programming include ZDF (Zucker rat), GK (Goto-
Zakiki rat) – for type 2 diabetes mellitus and Otsuka Long

Fig. 4. Oral supplementation/intermittent feeding of maternally reared (MR) pups. Using this model of altered lactational condition of the pup, several behaviours and
phenotypes have been studied (traced box). Fgf21= fibroblast growth factor-21; NAFLD, non-alcoholic fatty liver disease; OA, oleanolic acid; OS, oligosaccharide;
PPAR-α, peroxisome proliferator activated protein -alpha; WAT, white adipose tissue.
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Evans Tokushima Fatty (OLETF) rats (diabetes, obesity and CCK1

receptor)(41).

Considerations when selecting altricial rodents for
neonatal programming

Despite the extensive degree of investigations that can be con-
ducted using pups even of inbred status, there remains some
potential to derail an experiment, creating bias that hinder the
initial focus of experimentation. These biases could arise from
methodology chosen and are prevented when pertinent caveats
and certain factors such as history, physiology, identification,
sample collection, sexual dimorphism and breeding are taken
into account. When selecting suitable models that suit research
objectives, these principal considerations must be made.

Historical profile

Thorough knowledge of the rodent history is crucial for research.
Perhaps, a vital criterion for the examination of an accurate pup
phenotype is to obtain a healthy parent. It is important to con-
sider the genetic background of the dam and fetal environment
of the pup. Through the right enquiry, the source of the animal,
age, stock or strain and breeding profile (previous environment)
could be ascertained(136). Furthermore, it is important to enquire
about housing conditions and feeding/drinking paradigms (diet
type – for open-formula diet, diet source and water source/sup-
ply method) of laboratory rodents to avoid interference with
research methods particularly with neophobic strains. An

indication of rodent history and origin is primary to the replica-
bility of a research. In addition, during procurement, we recom-
mend that the rodent undergoes relative physical examination
for diseases (general and zoonotic).

Rodent physiology

The laboratory mouse and rat may sometimes exhibit cop-
rophagy and cannibalism(136), which affects the outcome of
research. These we believe arise when dams are stressed.
Consequently, care and close monitoring must be adopted to
reduce stress. Noteworthy, rodent’s eyes are exophthalmic
and bear a periorbital harderian gland for the secretion of por-
phyrin, predominantly when stressed(38). This secretion gives
tears a reddish tinge which could be mistaken for bleeding.
Though rodents lack sweat glands and emetic centre, they pos-
sess scent glands(38), which hypothetically could detect foreign
cues on pups post-handling and may trigger cannibalism via
an unknown mechanism. Furthermore, Table 6 highlights some
variable physiologic parameters of rats and mice. These may
show deviations based on rodent source, stock or strain.

Sexing of the pups

Though other methods exist, sexing of the pups is commonly
done by comparing the anogenital distance of male and female
littermates, as shown in Fig. 6. This distance is longer in
males(137). Also, pre-weaned male pups have undescended

Fig. 5. A cross-foster of litter from a healthy dam to an obese dam. Using the cross-foster model some behaviour and phenotypes have been studied (traced box).
Alterations in milk composition influences the offspring metabolic phenotype via epigenetics.
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testes, while the females have rudimentary mammae (appearing
at PND 8–9) and an occluded vaginal opening(82,138).

Sexual differences (sexual dimorphism)

Several studies of metabolic programming have demonstrated
that same stimulus elicits variable long-term effects based on
the sex of the rodent offspring(3,80,101,124). The molecular mech-
anisms behind this dimorphism are not well understood.
However, this unavoidable sexual differences appear long
before embryo implantation, gonadal development, sex hor-
mone differentiation or even programming(19). This could be a
result of unidentical sex chromosomes (i.e. Y and X chromoso-
mal genes), which give rise to dissimilar transcripts whose
expression can also alter the transcription of autosomal genes
(in a process of genetic imprinting: in which only a paternal
or maternal copy of an allele is exclusively expressed), thus
amplifying the sexual difference(139). Possibly, the early differen-
tial expression of proteins influences molecular pathways (glu-
cose and protein metabolism) and impacts on epigenetic

mechanisms (especially DNA methylation). The result is a sex-
based difference with susceptibility to environmental cues lead-
ing to distinct outcomes in adult health independent of neonatal
programming. Consequently, a number of outcomes have been
attributed to sexual dimorphism. For instance, though runts are
rare, male pups are slightly heavier than female littermates and
maternal behaviour has been shown to also vary with the sex of
the pup. Due to such dimorphisms, several studies show sex
preference for male than female pups(73,75,95,140). However, sex-
ual bias should be used only with genuine justifications, as new
discoveries could be masked by sex.

In altered diet models of low protein, researchers tend to use
male pups due to sexual differences in insulin levels and glucose
tolerance that have been observed in earlier studies(95). Others
prefer male rodents due to susceptibility to changes in adiposity
and body weight in the context of metabolic programming(59).
Conversely, some articles specific for either male or female
sex fail to report appropriate justification for usage(32). This raises
serious concerns, as no satisfactory background is laid.
Consequently, single sex research should carry appropriate jus-
tification for usage.

Handling of the pups

When investigators handle pups, the goal is to accomplish the
ideal task with the least amount of restraint to avoid agitation,
reduce stress and avoid experimental variations by relaxed han-
dling. It is also important that appropriate personal protective
equipment’s are used to minimise exposure to hazardous agents
and allergens. Unlike adult rodents, the neonates are rather
fragile and a major concern when handling is the contact which
may incite cannibalism by the dam(123). Also, males and females
are housed separately after weaning to avoid aggression and
dominance(101).

Identification of the pups

Besides the use of cage and nontoxic tail colour tags for identi-
fying pup groups(43,104), researchers also adopt toe clipping and
tattooing. Toe clipping represents the removal of digits for iden-
tification and genotyping(34). It is useful for identifying geneti-
cally modified mice at the suckling stage. Though, perceived
to be painful for routine usage, toe clipping has proven to be
a fast, safe and easy method. Along established protocols, short-
or long-term effects of toe clipping are shown to be completely
avoidable(64). Manual and micro-tattoo systems create tattoo
markers on the tail, toes and footpads of pups to aid identifica-
tion. Electronic microchip devices are also available(121). Pup
identification is important for determining the origins of unex-
pected breeding errors.

Sample collection

Several methods of neonatal euthanasia have been
described(141–143). Acceptable techniques include the injection
of chemical anaesthetic, cervical dislocation and decapita-
tion(144). Euthanasia is done at the same period of the day to
avoid the circadian influence on metabolic outcomes(74). Some
articles fail to clearly highlight the samples obtained after

Table 6. Some physiological parameters to be noted for neonatal
programming(11,38,153)

Feature Rat Mouse

Length of gestation (days) 21–23 19–21
Lactation/suckling period (days) 0–21 0–21
Natural litter size 8–14 4–12
Life expectancy (years) 2·5–3 1–3
Birth weight (g) 5–6 1–1·5
Weaning weight male/female (g) 55–90/45–80 18–25/16–25
Pelleting (solid diet beginning) (days) 12 10
Puberty male/female (weeks) 6/6–8 4–6/5
Eyes open (days) 10–13 12–14

Fig. 6. Showing the anogenital distance of 7 d old Swiss mice (littermates). ♀,
anogenital distance of a female pup≈ 2·5 cm. ♂, anogenital distance of a male
pup ≈ 4 cm.
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euthanasia(87,106), which is detrimental to research reporting.
Furthermore, the collection of specimens such as blood, milk
(frompup stomach), is unavoidable parts ofmost developmental
research. Consequently, given that neonatal rats and mice are
perceptive to pain, suitable procedures that initiate the least pos-
sible harm are encouraged.

Blood represents a vast repertoire of developmental param-
eters and is a window to the physiological status of the neonate.
Considerations regarding themethod of blood collection include
anaesthesia to be used and impact of the assessment to be con-
ducted(121). Given the difficulty associated with serial blood sam-
ple collection, particularly of mice, decapitation is most
commonly adopted(74,75,98). However, cardiac puncture has
been specially adopted for collecting blood samples from neo-
natal rats by Grazer(145). Notably, though neonates metabolise
drugs slowly, they display relative resistance to hypoxia(144).
Thus, for anaesthesia, age represents another consideration
because neonatal rodents show relatively greater resistance to
CO2 compared with adults. Such resistance causes delayed time
of death (sometimes 50 min at PND0 for mice), which gradually
decreases with increasing age; 3 min decrease per day between
PND 0–10 for rats(142,143). Consequently, moderate considera-
tions must be made when euthanising the suckling mice or rats
with CO2. In addition, to confirm death following anaesthesia,
secondary techniques such as bilateral pneumothorax and
immersion in liquid nitrogen (for hairless neonates) may be
used(144). The weight and genetic background (stocks and
strains) of neonatal rodents are also important considerations
when euthanising(142–144).

Breeding

To facilitate timed and synchronised births, prime considerations
are made about the reproduction of pups from parental rodents.
Knowledge of how to identify and control rodent mating, gesta-
tion and parturition is priceless in this pursuit. For the selection of
amating regime, it is advisable to consider three conditions of the
dams: the Whitten effect (synchronised oestrus when a new
male is added), the Bruce effect (delayed embryo implantation
when a newmale is added) and the Lee-Boot effect (absent oes-
trus when females are caged together). All three conditions are
more pronounced with mice, while the Whitten effect is com-
pletely lacking in rats(137). In addition, due to their prolific nature,
these rodents exhibit fertile postpartum oestrus and special assis-
tance is needed to curb overpopulation. Notably, normal gesta-
tion that lasts about 21 days is extended by suckling. Also, under
the right conditions, a pair of housed mice can generate a prog-
eny of approximately 50,000 members in 1 year(136).

Conclusions

An appropriate understanding of the differences that lie inmodel
usage and protocols is gainfully essential. The five models rec-
ognised in this review are useful to varying degrees for the inves-
tigation of neonatal programming and several variabilities
accompanying their usage have been identified. They may be
used singly or in combination, and the metabolic outcomes from
one model may vary from that of another. For instance, neonatal
programming for adult-onset obesity had been shown to be

reversible, by Liu et al.(40) and not reversible by energy restriction
by Srinivasan et al.(146) Explanation for these opposing findings
may lie in themodels adopted aswell as different levels of caloric
restriction employed in these two studies. While Liu et al.(40)

adopted the ‘altered litter size model’, Srinivasan et al.(146)

adopted the ‘model of altered pup diet’, both arriving at scientifi-
cally acceptable results. That the animal models differ but prime
for similar metabolic outcomes such as obesity, advocates for
improved mechanistic evaluation to elucidate outcome
differences. Also, choosing the right model for research should
be accompanied with relevant considerations which when
clearly stated aid the reproducibility of an investigation and
allow for the interpretation of comparative reports and experi-
mental variability. Furthermore, it is evident that the rat and
mouse are excellent models for investigations focused at under-
standing the metabolic consequences of genetics, epigenetics,
nutrient availability, natural lactation and/or substituted suck-
ling. Thus, for example, given that prematurity is associated with
neonatal programming(19), studies using these models could
help in developing optimal nutritional strategy for pretermmam-
mals. Overall, thesemodels are useful for studying the pathogen-
esis of metabolic disorders and developing strategies for their
prevention and treatment.

Statements of Significance

According toDOHaD (developmental origins of adult health and
disease), the neonatal period is a critically responsive time to
cues that may trigger adaptation of the metabolic
phenotype.Rodent-based investigations remain the predomi-
nant means of studying the results of this ‘neonatal program-
ming’ on metabolic health.Here we establish, for the first time,
five approach-based models of rodents useful to neonatal
programming.Novel considerations to guide the design and con-
duct of newer experiments are also highlighted.This will provide
background and guide to biomedical and nutritional researchers
focused on the aetiology, mechanisms, prevention and treat-
ment of metabolic disorders.
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67. Gómez-Gallego C& Ilo T, Jaakkola UM, et al. (2014) Amethod
to collect high volumes of milk from mice (mus musculus).
Anales Veterinaria Murcia 29, 55–61.

68. Hall WJ (1975) Weaning and growth of artificially reared rats.
Science 190, 133–1315.

69. Hoshiba J (2004) Method for hand-feeding mouse pups with
nursing bottles. Contemp Topics 43, 50–53.

70. Paul HA, HallamMC& Reimer RA (2015) Milk collection in the
rat using capillary tubes and estimation of milk fat content by
creamatocrit. J Visualized Exp: JoVE 106, e53476.

71. Willingham K, McNulty E, Anderson K, et al. (2014) Milk col-
lection methods for mice and Reeves’ muntjac deer. J
Visualized Exp: JoVE 89, 51007.

72. Marcella M, Groothuis GMM & Kanter R (2007) Species
differences between mouse, rat, dog, monkey and human
CYPmediated drug metabolism, inhibition and induction.
Expert Opin Drug Metab Toxicol 2, 875–893.

73. Liu HW, Mahmood S, Srinivasan M, et al. (2013)
Developmental programming in skeletal muscle in response
to overnourishment in the immediate postnatal life in rats. J
Nutr Biochem 24, 1859–1869.

74. Martin Agnoux A, El Ghaziri A, Moyon T, et al. (2018)Maternal
protein restriction during lactation induces early and lasting
plasma metabolomic and hepatic lipidomic signatures of the

824 K. Ghandi Ibrahim et al.

https://doi.org/10.1017/S0007114521003834  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1016/B978-0-12-409527-4.00004-3
https://doi.org/10.1016/B978-0-12-409527-4.00004-3
https://doi.org/10.1017/S0007114521003834


offspring in a rodent programming model. J Nutr Biochem 55,
124–141.

75. Serrano A, Asnani-Kishnani M, Couturier C, et al. (2020) DNA
methylation changes are associated with the programming of
white adipose tissue browning features by resveratrol and
nicotinamide riboside neonatal supplementations in mice.
Nutrients 12, 461.

76. Yuan X, Tsujimoto K, Hashimoto K, et al. (2018) Epigenetic
modulation of Fgf21 in the perinatal mouse liver ameliorates
diet-induced obesity in adulthood. Nat Commun 9, 636.

77. Lucion AB & Bortolini MC (2014) Mother–pup interactions:
rodents and humans. Front Endocrinol 5, 17.

78. Widdowson EM & McCance RA (1960) Some effects of accel-
erating growth. I. General somatic development. Proc Royal
Soc London Series B Biol Sci 152, 188–206.

79. Schreiner F, Ackermann M, Michalik M, et al. (2017)
Developmental programming of somatic growth, behavior
and endocannabinoid metabolism by variation of early post-
natal nutrition in a cross-fosteringmousemodel. PLoS One 12,
e0182754.

80. Rodrigues VST, Moura EG, Bernardino DN, et al. (2018)
Supplementation of suckling rats with cow’s milk induces
hyperphagia and higher visceral adiposity in females at adult-
hood, but not in males. J Nutr Biochem 55, 89–103.

81. Lin C, Shao B, Zhou Y, et al. (2016) Maternal high-fat diet
influences stroke outcome in adult rat offspring. J Mol
Endocrinol 56, 101–112.

82. Brower M (2018) Overview of the reproduction of laboratory
mice and rats. In Encyclopedia of Reproduction, 6, 711–721
[MK Skinner, editor]. Oxford: Academic Press. https://doi.
org/10.1016/B978-0-12-809633-8.20619-5

83. Boersma GJ, Bale TL, Casanello P, et al. (2014) Long-term
impact of early life events on physiology and behaviour. J
Neuroendocrinol 26, 587–602.
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