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Fostering in mice induces cardiovascular and metabolic
dysfunction in adulthood
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Non-technical summary Cross-fostering of newborn pups to different dams is a method widely
used in rodent studies of developmental ‘programming’ to determine whether pregnancy or the
suckling period is more important in determining adult characteristics following changes to the
maternal environment. We have investigated whether the process of fostering per se influences
cardiovascular and metabolic development in mice. Compared with mice reared by their biological
mother, fostered mice showed increased appetite, body weight, abdominal fatness and altered
blood sugar metabolism. A marked increase in blood pressure was also apparent. This study
demonstrates that the process of fostering can lead to profound effects in cardiovascular and
metabolic function in otherwise normal mice. The findings have implications both for the inter-
pretation of previous cross-fostering studies in mice and for studies investigating the hypothesis
of developmental programming, in which early postnatal manipulation of litters is common
practice.

Abstract Cross-fostering is widely used in developmental programming studies to determine
the relative contribution of the in utero and suckling periods in establishing the adult offspring
phenotype in response to an environmental challenge. We have investigated whether the process of
fostering per se influences cardiovascular and metabolic function in adult offspring of C57BL/6J
mice in comparison with animals suckled by their biological dams. Cross-fostered (CF) mice
demonstrated juvenile onset hyperphagia and significantly higher body weight (from weaning to
12 weeks: male control (CON) vs. CF: P < 0.01, female CON vs. CF: P < 0.001; RM ANOVA)
accompanied by increased abdominal adiposity in males only (white adipose tissue mass (mg):
CON 280.5 ± 13.4 [mean ± SEM] (n = 7) vs. CF, 549.8 ± 99.3 (n = 8), P < 0.01). Both male
and female CF mice demonstrated significantly enhanced glucose tolerance. A marked increase in
systolic blood pressure (SBP) was observed in male CF mice (SBP (mmHg), day: CON 100.5 ± 1.4
(n = 6) vs. CF 114.3 ± 0.7 (n = 6), P < 0.001; night: CON 108.0 ± 2.0 (n = 6) vs. CF 123.2 ± 1.1
(n = 6), P < 0.001). Endothelium-dependent relaxation was enhanced in male CF mice, and renal
noradrenaline was increased in female CF mice. Concentration of serum triglycerides, cholesterol,
insulin and leptin were increased in CF vs. CON. The process of cross-fostering profoundly
affects cardiovascular and metabolic phenotype in mice. The findings have implications for the
inclusion of appropriate controls in the design of future studies and in the interpretation of
previous cross-fostering studies in mice.
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Introduction

The method of fostering in which a litter of rodents born
to one dam is suckled by another has played an important
role in identifying the suckling period as a critical stage
of developmental plasticity in response to environmental
influences (Cierpial & McCarty, 1987b; Reifsnyder et al.
2000; Ozanne & Hales, 2004; Khan et al. 2005; Kappeler
et al. 2009), thereby contributing to the experimental
evidence supporting the developmental programming
hypothesis. However, very few studies have included
appropriate controls to assess whether the process of
fostering is itself innocuous. Indeed, isolated reports
suggest some effect. In suckling piglets, for example,
fostering is associated with a reduced rate of survival
(Neal & Irvin, 1991), and in mice with increased body
weight and altered emotional behaviour (Bartolomucci
et al. 2004; Leussis & Heinrichs, 2009; Lu et al. 2009).
Also, in rats changes in nociception and emotional
behaviour have been reported after fostering pups to a
different dam (Malkesman et al. 2008; Dickinson et al.
2009).

Numerous studies have concluded that modulation
of the gestational or post partum environment whether
by nutritional, hormonal or behavioural methods gives
rise to persistent modification of the adult metabolic
and cardiovascular phenotype. In this study therefore
we have designed a protocol to address the influence
of fostering on these parameters. Further rationale was
provided by the limited evidence suggesting that fostering
may influence glucose metabolism (Siebel et al. 2008) and
the observation that fostering has played an integral role
in defining the early life origins of spontaneous hyper-
tension in genetically prone rodents (Cierpial & McCarty,
1987a).

Here we report the effects of cross-fostering on
offspring cardiovascular and metabolic function in mice.
Offspring body weight, calorific intake, organ weights,
serum analytes, activity, heart rate, blood pressure,
renal noradrenaline (NA) content, liver triglyceride
(TG) content, vascular function and glucose tolerance
were assessed. Given the sexual dimorphism frequently
observed in models of developmental programming
(Grigore et al. 2008; Gabory et al. 2009), we also
investigated the potential interaction of sex within the
fostering method.

Methods

Ethical approval

All studies were carried out in accordance with the United
Kingdom Home Office Regulations and were approved by
the King’s College London local Ethical Review Procedures
Committee.

Animal husbandry

Throughout all protocols, mice were provided with food
and water ad libitum and maintained in controlled
conditions (12 h light–dark cycle, 25◦C). Proven breeder
(one previous litter) female C57BL/6J mice (Charles
River Laboratories, UK) were fed a standard chow diet
(RM1; Special Diets Services, UK). After 6 weeks on the
diet, females were mated and maintained on the same
diet throughout pregnancy and lactation. In all litters,
to obviate any of the reported effects of litter size on
metabolic function and to parallel commonly adopted
protocols in the developmental programming literature,
litters of less than four pups were excluded, and larger
litters were reduced to six pups at 48 h post partum,
maintaining equal sex ratios where possible. A sub-
group of litters was cross-fostered at this time. Control
offspring (CON) were suckled by the biological mother
(n = 12 litters), whilst fostered offspring (CF) were suckled
by a different dam (n = 10 litters). Litter size was not
different between groups (CF, 6.2 ± 0.2 versus CON,
5.9 ± 0.4, not significant (NS)) and no litters were lost
subsequent to cross-fostering. All offspring were weaned
onto standard chow at 21 days of age and cardiovascular
and metabolic parameters were assessed at 3 months of age
prior to necropsy. Offspring were assigned to procedures
randomly. One male and one female per litter were used
for; radiotelemetry; myography and collection of organs
and serum samples; and GTTs, unless there were less than
three pups of a certain sex in the litter, in which case
GTTs were performed in animals which were subsequently
used for organ collection and myography. All animals were
fasted prior to tissue collection.

Serum and organ collection and analysis

Offspring were killed by exposure to a rising concentration
of carbon dioxide following an overnight fast. Serum
(from blood obtained by cardiac puncture) and tissue were
collected, snap frozen and stored at –80◦C. Serum glucose,
triglycerides and total cholesterol were determined with
an autoanalyser (Synchron LX20, Beckman Coulter,
Uppsala, The Netherlands), using Beckman Coulter kits.
Mouse insulin (Mercodia, Uppsala, Sweden) and leptin
(Biovendor, Brno, Czech Republic) were determined by
enzyme-linked immunosorbent assay. For measurement
of renal noradrenaline content, kidneys were homo-
genised in 0.01 mol l−1 HCl in the presence of EDTA
(1 mmol l−1) and sodium metabisulphite (4 mmol l−1)
for prevention of catecholamine degradation. Homo-
genates were centrifuged at 4◦C and noradrenaline
concentration in the supernatant was determined by
enzyme immunoassay according to the manufacturer’s
protocol. (ALPCO Diagnostics, Salem, NH, USA). Whole
liver tissue triglyceride content was determined using
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an adaptation of the Folch Method (Folch et al. 1957)
and enzymatic colorimetric assay (UNIMATE 5 TRIG,
Roche BC1, Roche Diagnostics, Burgess Hill, West Sussex,
UK).

Radiotelemetry

Blood pressure (systolic and diastolic), heart rate
and locomotor activity were measured in conscious,
unrestrained animals employing radiotelemetry.
Implantation of the radio-telemetry probe catheter
(TA11PA-C10, O.D 0.4 mm, Data Sciences International
Inc., St Paul, MN, USA) into the aortic arch via the left
carotid artery was performed under general anaesthesia
(medetomidine as Domitor, Orion Corp., Espoo, Finland,
0.5 mg kg−1, I.P. and ketamine; 75 mg kg−1, I.P. as
Vetalar, Pfizer, Sandwich, Kent, UK, in PBS). Pre- and
post-surgical analgesia was provided and maintained
for 24 h post-surgery (Buprenorphine, 0.1 mg kg−1

S.C.). Anaesthesia was reversed via subcutaneous
administration (0.005 ml (g body weight)−1) of a 1:25
dilution of atipamezole hydrochloride in PBS. Recordings
were made over one 24 h period (7 days post-surgery)
by scheduled sampling for 10 s every 5 min (Dataquest
LabPRO Acquisition System, version 3.01, Data Sciences
International). Mice were subsequently exposed to a
brief 20 min restraint stress, and cardiovascular responses
recorded. Mice were then returned to their home cage,
and measurements continued for 120 min.

Vascular function

Concentration-dependent constriction to NA and
relaxation to ACh and nitric oxide (NO) was assessed
in second order mesenteric arteries mounted in physio-
logical saline solution (PSS) on a wire myograph (Multi
Myograph, model 610M, Danish Myo Technology, Aarhus,
Denmark) as previously described (Samuelsson et al.
2008).

Intraperitoneal glucose tolerance test

Blood from the tail vein was used to determine
baseline blood glucose concentration, measured by
glucometer (GlucoMen Sensor, A. Menarini Diagnostics,
Winnersh-Wokingham, UK) following and overnight fast.
Blood glucose concentration was then measured 15, 30, 60,
90 and 120 min subsequent to an intraperitoneal injection
of a glucose bolus (1 g (kg body weight)−1).

Statistical analysis

Where possible, one male and one female from each litter
were studied. n refers to the number of litters in each group.

Data are expressed as means ± SEM. Data from control
(CON) and cross-fostered (CF) offspring were compared
using Student’s unpaired t test or repeated measures
ANOVA. When considering differences at multiple time
points, Bonferroni post hoc tests were applied following
ANOVA. Statistical significance was assumed at the 5%
level. Area under the curve for the glucose tolerance
tests was calculated using GraphPad Prism 5 (GraphPad
Software Inc., San Diego, CA, USA) employing using the
trapezoid rule. Radiotelemetry data were further analysed
using generalised estimating equations in SPSS. The effects
of fostering and sex were analysed, then interactions
between these two factors were examined. Subject effect
was defined as number of litters and the model allowed for
clustering within the litter where one male and one female
from each litter were analysed together. Power calculations
for the primary outcome of blood pressure required a
minimum sample size of six animals per group to detect
a 10% mean difference in SBP with 80% power, at the 5%
significance level.

Results

Body weight

Male and female CF mice were heavier than the control
(CON) over the time period studied (male CON vs.
CF: P < 0.01, female CON vs. CF: P < 0.001; RM
ANOVA, Fig. 1A and C). Bonferroni post hoc tests to
compare weights at each time point showed that CF
were consistently heavier than CON from 9 weeks of
age onwards, following an earlier increase in female, but
not male CF between weeks 4 and 7 (Fig. 1A and C).
Pup weights over the suckling period were not different
between the groups (Fig. 1E).

Calorific intake

Both male and female CF mice increased their calorific
intake compared to CON over the 3 month time period
studied (male CON vs. CF: P < 0.001, female CON vs. CF:
P < 0.001; RM ANOVA, Fig. 1B and D).

Organ weights

Abdominal white adipose tissue (WAT, combined
abdominal fat pads) mass was increased in male but not
female CF mice compared to CON (Table 1). Offspring
heart weight was not affected by fostering (Table 1).
Fostering was also associated with increased liver weight
in male and female CF vs. CON, whilst muscle mass was
decreased in male and female CF vs. CON (Table 1).

C© 2011 The Authors. Journal compilation C© 2011 The Physiological Society



3972 P. A. Matthews and others J Physiol 589.16

Serum analysis

Fostering was associated with increased serum triglyceride,
cholesterol and insulin concentrations in both males and
females compared to controls (Fig. 2A and B). No effect of
fostering on fasting serum glucose was observed. As anti-
cipated, the higher values for WAT mass were associated
with a higher leptin concentration which was elevated
approximately 2-fold in male but not female fostered mice
compared to controls.

Locomotor activity, heart rate and blood pressure

No differences in activity were observed between CF and
CON in either males (Fig. 3A and B) or females (Fig. 3C
and D). No interaction was observed between fostering
status and sex; analysis of the combined data continued to
show no significant differences in activity.

No effect of fostering on heart rate was observed in male
offspring (Fig. 3E and F); however heart rate was reduced
in female CF vs. CON during both the day and night
(Fig. 3G and H). No interaction was observed between
fostering status and sex. Analysis of the combined data
showed a significant overall decrease in heart rate during
both the day (P = 0.003) and the night (P < 0.001).

Systolic blood pressure (SBP) was markedly increased
in male CF compared to CON during both the day and
night (Fig. 4E and B). No effect of fostering on female SBP
was observed (Fig. 4C and D). A significant (P < 0.001)
interaction was observed between fostering status
and sex.

No differences in diastolic blood pressure between
CF and CON were observed in offspring of either
sex (Fig. 4E–H). No interaction was observed between
fostering status and sex. Analysis of the combined data
showed no significant differences in diastolic blood

Figure 1. Body weights and calorific intakes
Body weights (A and C and E) and calorific intake (B and D) of male (A and B) and female (C and D) and combined
male and female pups (E) for control (CON) and cross-fostered (CF) offspring. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001
vs. CON, RM ANOVA.

C© 2011 The Authors. Journal compilation C© 2011 The Physiological Society



J Physiol 589.16 Effects of fostering on offspring phenotype in mice 3973

Table 1. Offspring organ weights

Organ Sex CON CF

WAT (mg) ♂ 280.5 ± 13.38
(n = 7)

549.8 ± 99.28∗ ↑
(n = 8)

♀ 256.4 ± 22.92
(n = 9)

358.6 ± 58.31
(n = 8)

Heart (mg) ♂ 184.5 ± 10.49
(n = 7)

156.6 ± 12.93
(n = 8)

♀ 149.2 ± 5.32
(n = 9)

132.9 ± 6.14
(n = 8)

Liver (mg) ♂ 843.5 ± 53.99
(n = 6)

1235 ± 51.61∗∗∗ ↑
(n = 8)

♀ 804.1 ± 18.95
(n = 9)

940.9 ± 40.32∗∗ ↑
(n = 8)

Muscle (mg) ♂ 149.3 ± 2.06
(n = 6)

103.3 ± 6.73∗∗∗ ↓
(n = 7)

♀ 125.1 ± 4.22
(n = 6)

101.0 ± 2.60∗∗∗ ↓
(n = 8)

Body weights and organ weights of male and female control
(CON) and cross-fostered (CF) offspring at 3 months of age.
Data expressed as means ± SEM. WAT, white adipose tissue
(inguinal fat pad); Muscle, tibialis anterior. ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001 vs. non-cross-fostered offspring, Student’s unpaired
t test.

pressure. Mean arterial pressure (MAP) was significantly
increased in the male offspring (day-time MAP (mmHg)
CF, 109.2 ± 5.0 versus CON, 93.9 ± 1.9, P < 0.05, n = 5-6;
night-time MAP (mmHg) CF, 119.8 ± 3.9 versus CON,
101.0 ± 3.1, P < 0.01, n = 5-6).

Cardiovascular reactivity to stress. Responses to restraint
stress are shown in Fig. 5A and B. Male CF mice showed
a significantly higher SBP response to restraint (RM
ANOVA, P < 0.05) compared to control. SBP remained
elevated in male CF mice over the 120 min recovery period
(RM ANOVA, P < 0.05) relative to controls, indicating an
exaggerated and prolonged stress response in CF mice.
Female CF mice showed no difference in SBP reactivity to
restrain stress.

Renal noradrenaline. A significant increase in renal
noradrenaline content was observed in female (Fig. 5D)
CF compared to CON, but not in male CF mice (Fig. 5C
and D).

Liver triglycerides

A significant increase in liver triglyceride content
was observed in female CF compared to CON
(Liver triglyceride content (mmol l−1 g−1) female, CON
4.8 ± 0.9, n = 3 vs. 30.2 ± 2.9, n = 5, P < 0.001).

Vascular function

Normalised vessel diameter was significantly greater in
male and female CF compared to CON (Vessel diameter
(microns) (mean ± SEM) male CON: 193 ± 15, n = 5
vs. CF: 248 ± 6, n = 7, P < 0.05; Student’s unpaired
t test). To control for variation in vessel size, contra-
ctile responses were expressed as the percentage of
the maximum response to a 5 μM solution of NA in
potassium-substituted PSS. In males and females, no
significant effect of fostering on response to NA was
observed across the concentration range (Fig. 6A and
B; NS, RM ANOVA) or when comparing maximum
responses (V max) or sensitivity (pEC50).

In male offspring fostering did not significantly affect
the response to ACh across the concentration range
(Fig. 6C; NS, RM ANOVA) or the sensitivity to ACh
(pEC50); however, the maximum response to ACh was
increased in CF compared to CON (V max to ACh (% initial
pre-constriction) (mean ± SEM) CON: 39.1 ± 8.3, n = 5
vs. CF: 18.1 ± 4.17, n = 7, P < 0.05; Student’s unpaired
t test). Responses to ACh were similar in female CF and
CON (Fig. 6D).

Fostering did not result in any differences in the
response to nitric oxide (NO) in males or females (Fig. 6E
and F).

Offspring glucose tolerance

Fostering was associated with significantly enhanced
glucose tolerance, in male and female CF mice (Fig. 7)
as evidenced by a reduced area under the glucose curve
(Fig. 7C and D, P < 0.001, RM ANOVA), a lower peak in
the glucose curve and an improved recovery phase (Fig. 7A
and B).

Discussion

This study demonstrates that the process of cross-fostering
in mice can effect changes in offspring cardiovascular
and metabolic function in adulthood. The results also
emphasise the importance of the suckling period as a
critical stage of developmental plasticity. The influence
of fostering was profound, leading to changes in most of
the parameters studied, with important sex differences.

Fostering appears to programme a ‘thrifty’ phenotype,
particularly in the males, all elements of which would
tend towards energy conservation. Thus food intake was
increased and glucose tolerance enhanced. As would be
anticipated, the mass of white adipose tissue and of the
liver both increased.

Fostering-induced hyperphagia and adiposity have not
previously been reported and are likely to contribute to the
increase in body weight observed in this and potentially in
a previous report demonstrating increased body weight in
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cross-fostered Swiss CD1 adult mice (Bartolomucci et al.
2004).

Fostering led to a marked increase in systolic blood
pressure in male offspring. Few studies have reported the
measurement of blood pressure in fostering protocols in
mice. In a recent report, in which pups were redistributed
between dams to yield large and small litters, hypertension
was associated with small litter rearing. Variable degrees of
fostering between groups, on the basis of the present data,
could have influenced cardiovascular function (Kappeler
et al. 2009). Others have shown that fostering offspring
of the spontaneously hypertensive rat (SHR) or the
Dahl hypertension-sensitive rat to a normotensive dam
significantly reduces adulthood blood pressure (Cierpial
& McCarty, 1987a, 1991; Di Nicolantonio, 1987; Cierpial
et al. 1988; Murphy & McCarty, 1989). This would not
imply that fostering itself led to an increase in blood
pressure. However, the converse, i.e. suckling pups of
normotensive dams to genetically hypertensive dams, did
not lead to an increase in blood pressure, suggesting
that the response to suckling by the normotensive dam
was genetically determined in SHRs (Cierpial et al.

1988; McCarty et al. 1992). Importantly, appropriate
within-group fostering controls were not performed in
these studies.

Increases in renal sympathetic nerve activity, as
measured indirectly by an increase in renal NA
content, have been associated with the developmental
programming of hypertension (Alexander et al. 2005;
Samuelsson et al. 2010). Since increased basal renal
NA content was only observed in fostered female mice,
mechanisms other than a sympatho-excitatory effect on
the kidney are more likely to contribute to basal hyper-
tension in fostered males. The exaggerated and prolonged
cardiovascular stress responses to restraint in male CF
mice may in part be explained by a resetting of the HPA
axis, or an enhanced sympathetically mediated response
to an acute stressful stimulus, which is implicated in
the developmental programming of hypertension (for
review see Seckl & Meaney, 2004; McMillen et al. 2008;
Cottrell & Seckl, 2009). Endothelial dysfunction did not
appear to contribute to the observed hypertension in
fostered male mice. However, without confirmation in
other vascular beds a role for the endothelium cannot

Figure 2. Serum analytes at 3 months of age
Concentrations of serum analytes from control (CON)
and cross-fostered (CF) offspring at 3 months of age.
Data expressed as means ± SEM. ∗P < 0.05, ∗∗P < 0.01
vs. CON, Student’s unpaired t test. Astrix indicate 10
times and 100 times concentration
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Figure 3. Activity and heart rate at 3 months of age
Hourly averages measured over 24 h (A, C, E, G) and overall averages (B, D, F, H) for day and night in male (A, B,
E, F) and female (C, D, G, H) control (CON) and cross-fostered (CF) offspring at 3 months of age. Data expressed
as means ± SEM. ∗P < 0.05, ∗∗P < 0.01 vs. CON, unpaired t test (B, D, F, H). Shaded bar represents night-time
period.
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Figure 4. Systolic blood pressure at 3 months of age
Hourly averages measured over 24 h (A, C, E, G) and overall averages (B, D, F, H) for day and night in male (A, B,
E, F) and female (C, D, G, H) control (CON) and cross-fostered (CF) offspring at 3 months of age. Data expressed
as means ± SEM. ∗∗∗P < 0.001 vs. CON, unpaired t test (B, D, F, H). Shaded bar represents night-time period.
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be definitively excluded (Docherty et al. 2001). Enhanced
endothelium-dependent relaxation in mesenteric vessels
may represent a response to the persistent hyperphagia,
since feeding is associated with a decrease in vascular
resistance, leading to increased mesenteric blood flow
(Sit & Chou, 1984). This is consistent with the observed
increase in normalised mesenteric vessel diameter in
the fostered animals. The increase in blood pressure in
fostered male mice in the absence of a fall in heart
rate may be indicative of altered baroreceptor function,
although this was not formally investigated in the current
protocol.

The glucose tolerance tests indicate improved glucose
tolerance in young fostered offspring. In a rat model
of prenatal fetal growth restriction achieved by bilateral
uterine artery ligation, fostering the pups to a dam with
normal uterine artery blood flow also led to improved
glucose tolerance and first phase insulin secretion (Siebel
et al. 2008). The decreased areas under the glucose curves
observed in the present study together with markedly
elevated fasting plasma insulin, suggests a similar

enhancement in insulin profiles. Hyperinsulinaemia is
one of the earliest metabolic markers of obesity and
type 2 diabetes and is a key feature of developmental
programming models of prenatal undernutrition in
which the offspring phenotype is characterised by hyper-
phagia, hypertension, obesity, hyperleptinaemia and
insulin hypersecretion in the progression to frank diabetes
(Vickers et al. 2000, 2001). Maturation of both β cell
metabolism and elements of the secretory apparatus are
established in early postnatal life (Roberts et al. 2001) and
may therefore be influenced by fostering.

The imposition of specific phenotypic traits through
fostering must arise either as a consequence of an
altered postnatal maternal environment, in which case
the programming vector must be either milk-borne or
behavioural in nature, or alternatively the neonate is
capable of sensing and mounting a physiological response
to the change in its maternal environmental. We did
not measure maternal food intake during the suckling
period, but pup weights were similar throughout the
suckling period suggesting normal lactation and pup

Figure 5. Cardiovascular stress reactivity and basal renal noradrenaline content
Systolic blood pressure reactivity to a 20 min restraint stress in male (A) and female (B) control (CON) and
cross-fostered (CF) offspring at 3 months of age. Data expressed as means ± SEM. ∗P < 0.05 vs. CON, RM
ANOVA. †P < 0.05, ††P < 0.01, ††P < 0.001 vs. CON. Kidney noradrenaline (NA) content in male (C) and female
(D) control (CON) and cross-fostered (CF) offspring at 3 months of age. Data expressed as means ± SEM. ∗P < 0.05,
∗∗∗P < 0.001 vs. CON, Student’s unpaired t test.
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growth trajectory. Moreover, cross-fostering occurred at
48 h after delivery between dams at the same stage
of lactation thereby maintaining a similar plane of
nutrition and growth. This is in agreement with the
study by Lu et al. (2009), in which no differences
in pup weight were observed between control and
‘in-fostered’ offspring during the suckling period. No
pup rejection was observed in the cross-fostered group,
but the potential role of altered maternal grooming and
nursing behaviour following fostering warrants further
investigation (Maccari et al. 1995; Barbazanges et al. 1996;
Curley et al. 2010). The possibility that fostering causes
changes in maternal behaviour which may programme
offspring phenotype through epigenetic modification

of genes (Weaver et al. 2004; Meaney & Szyf, 2005)
is further supported by a recent study in fostered
mice (Hager et al. 2009). These authors identified 10
quantitative trait loci in a genome-wide scan which were
dependent on fostering, highlighting the considerable
plasticity of genomic imprinting during the postnatal
period.

Notwithstanding changes in maternal grooming
behaviour, fostering may induce a stress response in the
mother that is transferable to pups via corticosterone in
the maternal milk (Angelucci et al. 1985; Catalani et al.
1993). Stress-induced increase in maternal plasma cortico-
sterone is associated with altered anxiety traits in adult
male offspring, and also in cross-fostered male offspring

Figure 6. Vascular function at 3 months of age
Contractile responses to noradrenaline (NA; A and B), endothelium-dependent relaxation to acetylcholine (ACh;
C and D) and endothelium-independent relaxation to nitric oxide (NO; E and F) of small mesenteric arteries from
male (A, C, E) and female (B, D, F) control (CON) and cross-fostered (CF) offspring at 3 months of age. Data
expressed as means ± SEM.
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(Bartolomucci et al. 2004; Moles et al. 2004, 2008). Similar
to the observed phenotype in fostered mice, early post-
natal exposure to exogenous glucocotricods in rodents also
leads to increased body weight in adulthood (Gonzalez
et al. 1990; Loizzo et al. 2006) and increased hepatic
triglyceride content (Liu et al. 2007). A detailed profiling
of the maternal and neonatal stress axes in response to
fostering is beyond the scope of this study, but extensive
temporal profiling of glucocorticoids would be required to
establish the role of the hypothalamic–pituitary–adrenal
(HPA) axis.

The male phenotype resulting from fostering was
exaggerated compared with that of females, particularly
in relation to adiposity and blood pressure. A study of
neonatal maternal separation in rat pups has also reported
exaggerated HPA-mediated blood pressure responses
preferentially in male offspring (Genest et al. 2004).
Bartolomucci et al. (2004) reported that fostering was
linked with reduced preputial gland weight and relative
testis weight in adult male offspring, which could result
in a reduction in testosterone (Gustafasson & Pousette,

1975), a risk factor for obesity and metabolic syndrome
(Traish et al. 2009). The role of sex steroids in the sexual
dimorphism observed in the fostered animals warrants
further investigation.

Conclusions

Cross-fostering has been widely used in the field of
‘developmental programming’ but few, if any, of these
studies have adequately controlled for the potential
inherent effects of fostering. Results of the current study
suggest that reports in mice should be interpreted with
some caution. In addition to the potential implications
for fostering studies, our findings may also have wider
implications for other animal models in which early
postnatal manipulation of litter size is common. Further
investigation of the mechanisms by which fostering exerts
effects on adult phenotype could lead to improvements
in the technique or to the development of alternative
methods.

Figure 7. Glucose tolerance tests at 3 months of age
Plasma glucose measured over 2 h following an intraperitoneal injection (1 g kg−1) of glucose (A and B) and area
under the glucose curve (C and D) in male (A and C) and female (B and D) control (CON) and cross-fostered (CF)
offspring at 3 months of age. Data expressed as means ± SEM. ∗∗∗P < 0.001 vs. CON, RM AMOVA (A and B)
or unpaired t test (C and D). †P < 0.05, †††P < 0.001 vs. CON, Bonferroni post hoc test following RM ANOVA
(A and B).
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