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Abstract

With each trajectory taken during the ontogeny of an individual, the number of optional behavioural phenotypes
that can be expressed across its life span is reduced. The initial range of phenotypic plasticity is largely determined
by the genetic material/composition of the gametes whereas interacting with the given environment shapes
individuals to adapt to/cope with specific demands. In mammalian species, the phenotype is shaped as the foetus
grows, depending on the environment in the uterus, which in turn depends on the outer environment the mother
experiences during pregnancy. After birth, a complex interaction between innate constitution and environmental
conditions shapes individual lifetime trajectories, bringing about a wide range of diversity among individual
subjects.
In laboratory mice inbreeding has been systematically induced in order to reduce the genetic variability between
experimental subjects. In addition, within most laboratories conducting behavioural phenotyping with mice,
breeding and housing conditions are highly standardised. Despite such standardisation efforts a considerable
amount of variability persists in the behaviour of mice. There is good evidence that phenotypic variation is not
merely random but might involve individual specific behavioural patterns consistent over time. In order to
understand the mechanisms and the possible adaptive value of the maintenance of individuality we review the
emergence of behavioural phenotypes over the course of the life of (laboratory) mice. We present a literature
review summarizing developmental stages of behavioural development of mice along with three illustrative case
studies. We conclude that the accumulation of environmental differences and experiences lead to a “mouse
individuality” that becomes increasingly stable over the lifetime.

Introduction
Reduction of phenotypic plasticity (i.e. the ability of one
genotype to produce various phenotypes when exposed to
different environments) is a gradual process during the
ontogeny of an individual. So far it was widely accepted
that the full initial range of plasticity is determined by the
genetic material/composition of the gametes. Thus, in a
theoretical framework which can be imagined as in
Waddington’s landscape model [1], there is an almost end-
less range of possible phenotypic outcomes for each indivi-
dual. Environmental conditions experienced during the
ontogeny of an individual set stage for individual trajec-
tories and thereby successively reduce the number of

options [2]. With each trajectory taken the individual
adapts to the specific environmental demands. In recent
years it has been shown that epigenetic modifications per-
sist over several generations and apparently act even
before fertilisation begins [3]. Hence, environmental as
well as genetic and epigenetic factors begin shaping an
individuals’ phenotype well before birth. In mice, as in all
mammalian species, phenotypes are shaped as the foetus
grows, depending on the environment in the uterus, which
in turn is largely dependent upon the environment the
mother experiences during pregnancy. This early shaping
of the phenotype of the unborn offspring has been dis-
cussed in terms of an adaptive process by which the
mother shapes her progeny to suit the environment it is
born into. After birth, a complex interaction between
innate constitution and environmental conditions shapes
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the individual’s phenotype and further reduces plasticity
in terms of hurdles in reversing the trajectory taken.
Mammals are known to change in physiology, cognitive
capabilities, social dimensions, and behaviour over the
course of their lifespan. In seeking to understand the onto-
geny of behaviour of an individual across its lifespan, such
developmental changes are of great importance. Although
there is an overall gradual developmental course, different
developmental phases can be identified and are indicated
by distinct events or maturational changes like e.g. birth
or the onset of puberty [4]. We will review these phases of
life in order to provide a concise overview how develop-
mental aspects shape the behavioural phenotype.

A mouse’s life
In laboratory mice, breeding and housing conditions are
usually highly standardised, facilitating a consistent and
reliable environment. Additionally, inbreeding has been
systematically induced in order to reduce the genetic
variability between experimental subjects [5]. These
standardisation efforts, however, have not led to one
standard behavioural phenotype, i.e. behavioural reac-
tions repeatable over time and similar in each mouse.
Instead, considerable variability has been found in the
behaviour of laboratory mice [6]. These findings indicate
that it is virtually impossible to control for all potential
developmental impacts even under standardised labora-
tory conditions. Given these facts, a detailed analysis of
the developmental stages and possible onsets of diversi-
fication of behavioural phenotypes is a timely endeavour
to be addressed in this model species. A quick PubMed
query [7] reveals more than 11.000 publications using
the searchwords “mice”, “development”, and “behaviour”.
Interestingly, in modern biomedical research indivi-

duals are usually tested only in a single short term
experiment and disposed directly thereafter. Mice are
easily available by commercial breeders at any age class
and previous experiments are well known to influence
the outcome of future testing [8]. Consequently, the
usage of new animals in each test has clear advantages
that may have led to this prevalent use of mice as “dis-
posable goods” in science. However, one consequence of
this approach is that long term studies, tracking the
development of individuals over their whole lifetime,
have been widely neglected. Accordingly, an extended
PubMed search including an additional term to filter for
at least one of three terms “lifetime”, “long-term” or
“longitudinal” ([9]; 2015/03/15), narrows the number of
papers available down to 89. This search query reveals
that the lion’s share of information on behavioural
development in the mouse is highly fragmented. This is
not only true for research papers, but also for previous
reviews, which deal either with behavioural development
in tightly restricted periods of life (e.g. [10]) or focus on

single causes of alterations in behaviour over longer
time periods (e.g. [11]).

Phases of life in mice
In this review, we aim at putting the available pieces
together to take a first step to reveal the full picture of
behavioural development. In doing so, we will embrace
all five main stages of mouse development, i.e. the pre-
natal phase, the early postnatal phase, adolescence,
adulthood, and the post-reproductive phase. Each phase
description will consist of a review of the present litera-
ture record. We will provide three additional case stu-
dies using our own data to illustrate important concepts
relevant to the developmental phases. For the sake of
conciseness, we will focus our review on proximate
mechanisms and only briefly refer to possible adaptive
values. For evolutionary aspects of behavioural develop-
ment we encourage reading accompanying papers in
this issue by [12] and [13].
The developing foetus underlies daily changes during

the process of prenatal ontogeny, which is generally
highly predictable in mice [14]. Still, the exact timing of
developmental events and consequently the exact end of
the prenatal phase can vary, leading to a delayed or
advanced onset of the postnatal phase in a range of
about one day [15]. After being born the variation with
regard to the exact timing of developmental milestones
expands to several days and even months as the mice
grow older. Different strains of inbred mice do further
extend or shorten certain life periods or have shifted
distinct developmental events (e.g. [16-19]). In addition,
distinct environmental cues might delay or increase the
speed of maturation [20]. Thus, the time of the onset
and end of the following phases described here can dif-
fer up to several days depending on the criteria and
strain of mice used. Be this as it may, in principle all
events are harmoniously coordinated and occur in the
same order in every individual [21]. Within each phase
there can be salient developmental moments (e.g. SRY
gene expression leading to sexual differentiation [22])
with special impact on behavioural phenotypes leading
to a non-linear development. A detailed description of
the five stages of development and important events
therein follows below; for an overview see Fig. 1. Male
and female mice differ in development over the course
of their lives. Whenever major sex differences were
obvious from the literature we state this. However, for a
more detailed view of how sex related personality differ-
ences emerge see [23].

The prenatal phase
In recent years it has been shown that environmental fac-
tors mediated by epigenetic influences shape the beha-
vioural phenotype [3,24]. For example, the descendant F1
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and F2 generations of olfactory fear conditioned C57BL/
6J male mice showed a significantly increased sensitivity
to odour cues their fathers or grandfathers were condi-
tioned to [25].
After conception a single cell develops to give rise to

a complex, multicellular organism over a period of
19 days. During this period the fertilised egg divides and
a variety of cell types, specialised tissues, and organs are
shaped. Processes during embryogenesis include coordi-
nated cell division, cell specialisation, cell migration, and
genetically programmed cell death [26]. Of special interest
for any behavioural development are processes following
the neurulation which begins around embryonic day 8.5
[27] with the closure of the neural tube. The neural tube
develops into the spinal cord and the brain, orchestrated
by coordinated and precisely timed gene expression of
thousands of genes [28]. During the maturation of neuro-
nal tissues the brain circuits are highly plastic. In male
mice at embryonic day 11.5 the SRY gene transcription
peaks [29] and initiates sexual differentiation with the
induction of Leydig cells secreting testosterone. Interest-
ingly, there is an inter-uterine transfer of testosterone
between foetuses. Thereby individuals are affected by the

number of neighbouring males leading to developmental
differences in physiology and behaviour later in life [30].
Generally, it is assumed that changes in the uterine envir-
onment are capable to exert long-lasting changes in beha-
viour and physiology [31-34]. Already during prenatal
development, motor-sensory and cognitive behaviours can
be observed in rodents [35,36]. Testing learning abilities in
utero is challenging and was conducted during the last day
of uterine life in rats in a taste/odour aversion learning
task [36]. In mice, possibly due to size limitations, tasks
investigating early learning have been conducted more
focused on the postnatal phase, with successful condition-
ing as early as PND 3 [37].
It has been suggested that any alterations in beha-

vioural phenotype that are linked to specific experiences
in early pre- and postnatal life represent adaptive mater-
nal effects, allowing mothers to adjust their offspring to
the prevailing environment [38,39]. Basically, the mother
has a limited number of options to raise offspring per-
fectly adapted to the future environment: by means of
female choice the mother can choose a male that is
most promising to father high quality offspring. Indeed
it could be shown that offspring resulting from preferred

Figure 1 Development of physiology and behaviour over the lifetime of a mouse. Events are indicated at the mean time point of their
occurrence according to the literature record including various non-genetically modified strains of mice. Detailed information on the expression
of single traits can be found in the corresponding text sections.
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mating partners had a significantly higher fitness than
offspring from non-preferred males [40]. However, in
wild living house mice and especially in breeding colo-
nies of laboratory mice female choice might be limited
or restricted to the one male available for mating. After
mating, the mother might reduce [41] or even stop any
investment into the current offspring either by terminat-
ing pregnancy [42] or abandoning or killing her young
immediately after giving birth [43]. These phenomena
are often observed in breeding colonies of laboratory
mice. Noteworthy, it has been shown by Hilda Bruce
and colleagues that these processes can indeed be adap-
tive: males taking over a territory often kill the offspring
sired by the former territory holder. By terminating
pregnancy females might increase their lifetime fitness
by stopping an investment into a litter that is doomed
in favour of a litter sired by the new territory holder
[42], “Bruce effect”.
If the litter is carried to term, the young will have to

deal with the environment they are born in, be it good
or adverse. Naturally, a beneficial environment (e.g. food
abundance, low risk of predation and infant killing,
stable and predictable social conditions) would be com-
pletely different compared to a challenging adverse
environment (e.g. food shortage, high predation risk,
social instability). As the genetic basis has been set
before by female choice (or the lack of any choice), only
modifications by means of shaping the developing foetus
can further increase the chance of survival. Since during
gestation the mother is the only link between her off-
spring and the current environment, it is likely that
such effects are mediated by intra-uterine mechanisms
(e.g. [38]). Special emphasis regarding the mechanisms
has been laid on stress and stress hormones which are
capable of crossing the placenta and thus directly affect
intra-uterine development. Stress hormone levels are
increased in pregnant females that encounter adverse
environmental conditions. In order to experimentally
model such adversity, pregnant females have been
exposed to a variety of stressors such as daily handling,
repeated saline injections, constant light, noise, forced
swimming, olfactory cues of unknown males, or
repeated restraint [39,44-51].
Whereas in rats these procedures reliably cause

increased anxiety-like behaviour, decreased locomotion
and altered hypothalamic–pituitary–adrenal (HPA) axis
regulation [31,39,46,47,51-53], such treatments do not
seem to affect the offspring in a consistent way in mice.
In some studies anxiety-related behaviour was reduced
later in life [54] while in other studies increased anxiety
[55,56] or no change in anxiety-related behaviour was
found [39]. The exposure to olfactory cues of unknown
males (signalling the danger of infant killing)is thought
to be of ecological relevance, while for example, saline

injections would not occur under natural conditions.
However, there is no clear indication that the nature of
the stressor is related to a predictable outcome [39].
In addition, adverse or beneficial conditions experienced
by the mother can have direct effects on the foetus dur-
ing pregnancy or influence maternal care behaviour
after birth. Therefore it cannot always be clearly distin-
guished if any effects of experiences the mother made
prior to giving birth on her offspring are induced during
pregnancy or mediated through postnatal maternal
behaviour [39].

Case study: long term prenatal effects
Apart from prenatal stress there is increasing evidence
that physical activity of the mother during pregnancy
impacts on behaviour later in life. It has been shown that
wheel-running during pregnancy increases neurogenesis
in preadolescent offspring. It was thus hypothesised that
such a cognitive enhancement might persist in adulthood
[57]. Especially in the light of neurodegenerative diseases,
such as Alzheimer’s disease, an enhancement of cognitive
capacities might even serve as a cognitive reserve allow-
ing for better coping with the neurodegenerative chal-
lenges of the adult brain. Figure 2 shows data from a
study conducted with a transgenic model of Alzheimer’s
disease [58]. In brief, pregnant dams were divided into
two groups housed alone either in standard cages (37 ×
21 × 15 cm) or in cages of the same size additionally pro-
viding a running wheel. The female offspring were
housed without access to running wheels. Four groups of
mice differed by genotype (wt: wildtype, tg: transgenic)
and conditions the mothers experienced during preg-
nancy (SH: standard housing, RW: running wheel) were
tested for spatial memory on a Barnes maze. The test
apparatus is a circular platform of 1m diameter and has
12 holes drilled equally spaced near the edge. While 11 of
the holes are blind ended, one hole is connected via a
tunnel to the home cage placed below the platform. Mice
were tested twice a day on four consecutive days and a
trial-wise decline in the path length covered on the maze
served as a measure for spatial memory. An ANOVA
revealed a significant effect of genotype (F1,48=4.54,
p=0.038) and condition the mothers experienced during
pregnancy (F1,48=5.9, p=0.019) on spatial learning. Post
hoc analysis indicated that these differences were mainly
due to tgRW mice showing enhanced performance com-
pared with tgSH mice (t-test, t20=3.2, p=0.005). The fact
that learning enhancement was most pronounced in
transgenic mice carrying the neuropathological burden of
plaques in their brains renders it tempting to speculate
that neuroprotective mechanisms were enhanced by phy-
sical exercise of the mother. Overall this case study
demonstrates that environmental effects experienced by
the mother during pregnancy are potentially carried over
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to the unborn offspring and significantly influence their
behaviour as adults.

The early postnatal phase
Being born implies the most dramatic environmental
change during the life of a mouse. Temperature and
nutrition which have been constantly supplied by the
mother are now variable and more or less unpredictable.
In addition, struggle for livelihood comprises interacting
with siblings who are competing for the same resources.
Although mouse pups are altricial and are thus born in a
highly immature, blind and deaf state, they do have whis-
kers and the ability to process tactile as well as olfactory
and thermal cues on their first day of life [59]. The hair
begins appearing around three days of age but thermore-
gulation continues to be largely dependent upon ambient
temperature as well as the quality of the nest, maternal
care, and position within the litter [60,61]. Learning tasks
have been conducted successfully with mice at PND 3
although full retention of learning after 24 hours could
only be detected in mice from PND 9 onwards [37].
Ultrasonic vocalisation eliciting maternal care begins
after birth and increases in intensity until around PND 8
[62]. The ears open on PND 3 [63] and the ability to be
conditioned to auditory cues is present as early as on
PND 4 [15]. Still, the complete development of the inner
ear structures takes more time and is completed at PND
13 [63]. The eyes open around that time, too, in the

range of PND 11-13 [15,63]. Until around day 16, mice
pups are fed by nursing only. Nursing continues until an
age of about 22 days and is successively complemented
by solid food. The digestive system of new-born mice is
also dependent on maternal care and pups produce ultra-
sonic wriggling calls to demand licking of the trunk by
the mother for stimulating digestion, urination and defe-
cation [64]. From PND 0 onwards a rapid development
of behavioural abilities and reflexes begins. First complex
motor abilities like forelimb grasping, placing of hin-
dlimbs, standing, and self-grooming develop continu-
ously over the first six days of life [16]. First agonistic
traits, i.e. biting and defensive posture can be elicited
between PND 12-14. With full sensory perception avail-
able, young mice following PND 14 are most of their
time engaged in exploratory and investigatory behaviour.
Along with developing motor abilities the pups begin to
leave the nest and explore the surroundings. As a conse-
quence, affiliative behaviour towards the nestmates, like
huddling, decreases while exploration and jumping beha-
viour increases [65].
On PND 15 a behavioural phenomenon is observable

which is known as ‘hoppy’ or ‘popcorn’ stage and is
manifested in vigorous jumping [14] based on synchro-
nous contraction of fore and hind limb extensors [66].
This behaviour is shown with or without observable dis-
turbing stimuli. In the absence of any noticeable stimuli,
running and jumping can be considered solitary play
behaviour [67]. If this behaviour is shown in response to
external stimuli, it was proposed to be adaptive for
avoiding predators. As sensory perception is not entirely
completed, young mice are unable to discriminate
between harmful and harmless stimuli. Therefore jump-
ing behaviour serves as an alternative response to preda-
tors until optimal adult strategies that would require
advanced physiological and behavioural skills are devel-
oped [15,66,68,69]. The stage peaks at around PND 20
showing an inverted u-shaped curve over the early post-
natal period [65] and according to Scott & Williams
[15] the hoppy-phase ends at PND 25.
Towards the end of the early prenatal phase the peak

in exploratory tendency seems to have already passed,
i.e. [70] found B6129SF1/J wild type mice to spend less
time with an unknown object at PND 24 compared to
PND 22. The early postnatal period ends about PND
21-25 with the completion of weaning and thus inde-
pendence from the mother [21]. The maturation to
nutritional and behavioural independence is a change in
the life of young mice that marks one of the focal points
in development [71]. Weaned mice are, however, still
small in size and not fully sexually differentiated.
Differences in maternal care can lead to epigenetic

changes during this phase of early development which can
persist through life [72,73]. Tsuda et al. [71] demonstrate

Figure 2 Enhanced spatial memory in offspring of mothers
with physical activity during pregnancy. Transgenic (tg) and wild
type (wt) mice modelling Alzheimer’s disease were tested for spatial
memory in a Barnes maze. The mothers of half of the animals were
physically active by using a running wheel (RW) during pregnancy
while the other mothers lived in standard housing (SH) conditions
without access to a running wheel. None of the mice tested as
adults at an age of 136 days had access to a running wheel
themselves. Offspring of running mothers performed significantly
better in the test, indicating a long lasting effect of environmental
conditions during pregnancy on cognitive behaviour in adult
offspring. Figure redrawn after [103].
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that stress caused by maternal separation during this life
stage (2 weeks after birth) reduces plasma testosterone
levels, decreases arginine-vasopressin and increases oxyto-
cin immuno reactivity in the paraventricular nucleus of
males. Such hormonal changes can lead to long term
behavioural changes like an increase in aggressiveness of
adolescent males. Thus, the age at which experimental
subjects are separated from their mother can have great
influences on a variety of behavioural traits later in life as
has been shown in rats [74] as well as in mice [65].

Adolescence
Adolescence is the developmental transition from child-
hood to adulthood. During this phase a multitude of
hormonal and behavioural changes as well as alterations
in neurobiological structures occur together with a sub-
stantial remodelling of cortical and limbic circuits [75].
This variety of changes leads to cognitive, emotional,
social, and sexual maturation [76,77]. The temporal
boundaries of adolescence in rodents, the exact begin-
ning and the end, are not precisely defined. Several
authors, however, see it roughly as the range from
weaning (PND 22-25) to adulthood (PND 55-65). The
period of adolescence can be subdivided into three
intervals, early- (prepubescent, PND 22-34), mid- (pub-
escent, PND 35-47) and late adolescence (sexually
mature, PND 48-60) [78,79] which will be characterized
in more detail in the following subsections.
Generally, the phase of adolescence is characterised by

behaviour and physiology that differs substantially from
adulthood, e.g. there is a general trend of increased open
field activity throughout all three stages of adolescence
well into adulthood [17,70,80,81]. Increased food con-
sumption during this phase is accompanied by high
energy expenditure [17]. Furthermore, stressors cause
greater behavioural changes than in previous or following
periods of life. For example, four week old mice exposed
to social or restraint stress showed an increase in anxiety
measured in an elevated plus maze. In contrast, anxiety
was unchanged in stressed versus unstressed individuals
tested at eight weeks of age [82]. One reason for this
higher reactivity to stressful events might be maturational
changes in the hypothalamic–pituitary–adrenal (HPA)
axis [83] which is most likely more sensitive to stress
during adolescence [84]. Vulnerability to stress is thus
linked to the state of sexual maturity [82].
The stage of early adolescence starts at weaning and

is characterised by the onset of sexual maturation and
an increase in growth hormones which peak at PND
28-30 [85]. In female mice, the vagina is closed at birth
and opens at around PND 26. In male mice, spermato-
genesis starts around day 21 with elongated spermato-
zoa present at around day 35 [86]. Characteristic
behavioural and physiological patterns like greater

exploration, lower anxiety and a lowered stress reactivity
[87] sum up to an increased risk-taking behaviour
shortly after weaning when mice begin to explore the
surrounding area [88]. These traits go along with the
start of an increase in activity between PND 28 and
42 in C57BL/6J mice. Aggressive behaviour is further
developed beginning with competition over food at this
stage [15]. Early adolescent male mice which were sub-
jected to social stress by exposure to an isolated adult
male were more affected in terms of decreased food
intake, reduced growth rate, and anxiety-related plus-
maze behaviour than their late adolescent conspecifics.
During mid-adolescence, mice become fully fertile

[89]. Sexual maturity, however, precedes behavioural
maturity [16]. Pheromone production in male mice is
detectable in this phase of puberty [90] and elevated
secretion of gonadal steroid hormones occurs [76].
Additionally, male mice begin to display severe conspe-
cific-related aggression, although aggressive behaviour
per se is not observed in all individuals before late ado-
lescence [71].
In late adolescence mice start to disperse, i.e. disper-

sal in males is around PND 49 and in females around
PND 71 [91]. Males are generally more likely to disperse
than females although such a sex bias was not found in
all studies [92]. Going along with this, agonistic beha-
viours are further developed coinciding with social
encounters with unfamiliar conspecifics under natural
conditions [93]. Social interest measured as time spent
near an unfamiliar mouse, however, decreases slightly
compared to the phase of early adolescence [94].
Experiences throughout adolescence also have pro-

found effects on behaviour later in life. Mice exposed to
chronic social stress between PND 28-77 showed
increased anxiety-like behaviour in adulthood [95]. Such
stressful experiences may induce serious changes in
metabolism which can lead to impairments of hippo-
campus-dependent cognitive function or alterations of
body fat distribution in adulthood involved in metabolic
diseases [96,97].
Regarding anxiety measured in the open field or ele-

vated plus maze, prepubescent mice (PND 24) exhibit
more fearful behaviour than adult mice (PND 75) [98].
Locomotor behaviour in the open field was found to
increase from the early and mid-adolescent phase to
adulthood [17,80]. In contrast, Macri et al. [88] describe
that mice of both sexes are more explorative and less
anxious at PND 48 compared with adult mice at PND
61. Johnson & Wilbrecht [99] were able to demonstrate
that adolescent mice (PND 26-28) often exhibit a highly
flexible behaviour compared to adults (PND 60-70) in a
multiple choice reversal learning test. In line with these
findings are observations of increased risk taking [78] and
sensitivity to drugs and alcohol consumption [79,80]
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during adolescence. Overall, changes in exploration, risk
taking behaviour, and behavioural flexibility reflect the
preparation for becoming independent [77].

Case study: emergence of predictable individual
behavioural phenotypes
As outlined above, adolescence is often described as a
phase of life allowing for adjustments and optimisation
of behaviour. Alterations in neurobiological structures
and hormonal milieu underlie plasticity during beha-
vioural development. Consequently, it is hypothesised
that behavioural patterns shown in adolescence are less
repeatable and thus also less predictive of future beha-
vioural phenotypes. In line with this hypothesis are
empirical data from other species including humans
[100,101] as well as model predictions indicating that
the “rate of change of behaviour is higher early in onto-
geny than later in ontogeny” [102]. To illustrate this
effect in mice, we return to data that were obtained in a
longitudinal study [103,104]. We reanalysed the data
and tested whether or not stable behavioural activity
patterns emerge with age. The analysis comprises data
from 40 female mice that were obtained from a com-
mercial breeder at the age of 28 days. The mice were
individually marked with subcutaneous implanted RFID
transponders and from PND 35 to PND 125 they lived
in a large semi-naturalistic enclosure (SNE). 20 RFID-
antennas were placed at strategically chosen spots
within the SNE in order to measure activity and spatial
distribution for each individual. For the analysis of
repeatability and predictability we summarised activity
for 5-day bouts measured as total antenna visits within
that time frame. Afterwards we calculated repeatabilities
using generalised linear mixed models (GLMM) [105].
In order to show changes in repeatabilities over time,
we split the data up in six blocks of three adjacent mea-
surements each and calculated separate models for each
block (Figure 3). As a general pattern the repeatability
increases with age demonstrating an increase in beha-
vioural stability based on extensive longitudinal mea-
sures of activity.

Adulthood
In adulthood sexual maturity is accompanied by beha-
vioural maturity, i.e., mice are capable of mating and suc-
cessfully siring and raising offspring. Although it might be
debatable whether or not an individual mouse at PND
55-65 is to be considered as early adult or as being in late
adolescence, we adhere to defining adulthood as being
able to sire offspring successfully. In female mice earliest
mating starts around PND 35, at PND 50 half of the
female mice paired with a male were mated and 100%
were mated at PND 60 [106]. In male mice the balanopre-
putial-separation, that allows pheromonal communication,

is often used as an external indicator for completed pub-
erty and first sign of adulthood. However, the balanopre-
putial-separation is usually detectable as early as around
PND 30 [107], which is long before mating attempts can
be observed and thus falls clearly into adolescence. In gen-
eral pheromonal communication is correlated with rank of
male mice with subdominant adults depositing more scent
marks than juveniles but less than dominant adult male
mice [108]. Thus, scent marking allows priming to avoid
costly aggressive interactions [109]. Male mice of the
strain C57 BL/6J begin to mount at about PND 42 and
SEC/IReJ males at about PND 50. Not only strain differ-
ences, but also the presence of other adult females or
males can significantly bring forward or delay sexual
maturation [110]. Around PND 60 the intratesticular tes-
tosterone levels of males reach adult levels [111]. Thus,
commonly PND 60 is defined as the onset of adulthood
where male and female mice possess a fully developed
body as well as the full behavioural repertoire of the spe-
cies. Behavioural changes within the adult phase seem to
happen more or less continuously and no apparent devel-
opmental physiological changes are present in healthy

Figure 3 Repeatability of activity measures increases with age.
40 female mice (strain C57BL/6) were housed in a semi naturalistic
environment and automatically tracked using RFID transponders
and 20 Ring antennas [103,104]. Activity was measured from PND
35 (mid adolescence) to PND 125 (adulthood) by total antenna
contacts measured in bouts of 5 days. The figure shows the
repeatabilites taken from generalised linear mixed models (GLMM)
including age at testing as a fixed and animal ID as a random
factor. Each repeatability measure is calculated over three adjacent
measurements of activity. The grouping of data is indicated on the
x-axis. In green, the 95% confidence intervals of the repeatabilities
are given. With the exception of the very first repeatability
measurement taken between day 35 and 45, all repeatabilities are
significant. As a general trend, the older the animals grew, the
better the predictability for their future activity got.
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adult mice. Activity measured in a motor activity chamber
[112,113] as well as anxiety [113] and exploratory tenden-
cies [114] seem to decrease slowly and in a more or less
linear fashion. Unfortunately, statistical proof for these
observed effects is rare due to a lack of tests on repeatabil-
ity explicitly done with data of adult mice, although the
raw data are often available (e.g. [112,115]). The general
trends, however, seem to be in line with statistically con-
firmed findings of Marquette and Schneider [116]. They
found vitality of mice in general to decline over the period
of 2 to 24 months of age regardless of individual differ-
ences in experience. Notwithstanding this decline, the
authors also report that activity in the open field remains
stable in the same individuals within this time period. The
overall decrease in performance might be due to deteriora-
tion of neuronal mediators as well as a reduction of mus-
cles and muscle flexibility. In addition, divergent results
found in different traits and testing setups might be due to
differences in relative importance of changes in brain and
physiology [116]. Good evidence for individual stability in
performance comes from [117], who found female outbred
mice (strain RjHan:NMR1) to remain stable in their anxi-
ety-related behaviour measured in an elevated plus-maze
at PND 90 and PND 135, regardless of changes in their
reproductive state. In inbred mice behavioural stability
was demonstrated in a study [6] by showing that male
mice (strain C57BL/6N) were stable in their anxiety-
related behaviour measured in an elevated plus-maze
around PND 60 and PND 90. Interestingly, both studies
report behavioural consistencies despite considerable
inter-individual variability. Possibly some of the variability
was experimentally induced by either including two
groups of females with different breeding experiences
[117] or different subgroups of mice that were housed in
either stable or instable social groups [6].

Case study: variability and repeatability
In order to demonstrate that stable individual differences
in behavioural patterns can emerge regardless of genetic
and environmental standardisation 40 female inbred
mice (strain C57BL/6N) were bought from a commercial
breeder and delivered at an age of 28 days. All mice were
kept following a strict standardisation regime including:
light-dark cycle, lighting conditions, room temperature,
air humidity, cage type and material, bedding, diet and
water, testing time, testing order, testing protocol, animal
caretaker, experimenter, and cage-cleaning time. The
mice were tested at an age of PND 85 and PND 120 in
an 80 by 80 cm open field test (OF) measuring locomotor
activity for 5 minutes. Path lengths covered in the respec-
tive tests were correlated using Pearsons product-
moment correlation and the coefficient of determination
(R2) was calculated. The results shown in Figure 4
(redrawn from [118]) demonstrate that there is a

considerable variation in locomotor activity in both of
the OF tests despite using inbred mice and all efforts of
laboratory environment standardisation. The tests were
significantly correlated (t = 2.39, p=0.022, R2=0.13) indi-
cating that a substantial part of the data can be explained
by non-random individual consistency. This case study
demonstrates that despite high efforts of standardisation
a notable amount of variability persists. However, the
variability is not merely random but reflects behavioural
patterns which are consistent over time.

Post-reproductive phase
In female mice the last possible parturition after which no
more offspring are born can be seen as the onset of the
post-reproductive phase. Cessation of male mouse fertility
correspondingly is indicated by the inability to sire further
offspring, although spermatozoa might still be produced at
least in low numbers [119]. Wild house mice are known to
be fertile until they reach an age of about 700 days. The
fertile period was found to be significantly reduced to 570
days when wild mice were inbred for one generation
[120]. The length of the post-reproductive phase is not
only determined by the end of fertility, but naturally also
by the age at which the animals die. Substantial variation
in lifespan has been found between different strains of
mice. While surprisingly little is known about ageing in

Figure 4 Persistent individual differences despite standardisation.
40 female mice of the inbred strain C57BL/6 were kept in strictly
standardised conditions and tested at PND 85 and PND 120 in an
open field (OF) test for locomotor behaviour. Despite genetic and
environmental standardisation considerable individual differences
emerged in both tests. Pearson’s product-moment correlation analysis
revealed a significant correlation between the different tests explaining
13% of the variance. Additionally to the regression line (black) the 95%
confidence band (inner red lines) and the 95% prediction band (outer
blue lines) are drawn.
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wild mice [121], the mean lifespan of different inbred
strains is well documented, and according to [122,123],
ages between 256 (AKR/J), 718 (DBA/2J), and 914
(C57BL/6J) days in females and 272 (AKR/J), 741 (NZB/
B1NJ), 901 (C57BL/6J) in males are common. Ageing in
general is also dependent upon life history experiences.
For example stress was shown to significantly reduce telo-
meric lengths and is therefore suspected to decrease life
expectancy [124].
However, regardless of the environmentally induced

individual differences as well as the genetically anchored
between-strain differences, there is a considerable time
span between the loss of reproductive ability and death.
This time span has been estimated to be 204±32 days in
29 female and 83±29 days in 25 male F1 hybrids of
C57BL6/Jlco female and CBA/Jlco male mice [125].
Over the course of the post-reproductive period the
central nervous system alters its structure in accordance
with behavioural changes. The cerebellum and hippo-
campus, for example, are impaired in electrophysiologi-
cal processes and comprise altered synapses or reduced
cell numbers. Such changes lead to a declining function-
ality, consistent with behavioural changes in humans
and other animals (e.g. [122,126-130]).
In mice, studies that recorded exploratory behaviour in

the open field measured as surface units crossed per time
interval found a decrease in the behaviour when compar-
ing adult mice with mice at an age of at least 22.5 months
[114,131]. Along the same line, a comparison of explora-
tion behaviour in two consecutive trials in a hole board
test revealed an increase of exploration when tested in
5 months old adults. On the other hand, when the same
test was conducted with aged mice (28 months),
decreased exploration was found. These age-related
changes in exploration behaviour have additionally been
linked to changes in the hippocampal serotonergic sys-
tem and are one physiological change contributing to an
alteration of exploration in mice with age [132]. Gener-
ally spoken, the explorative tendencies of mice seem to
decrease with age, although Brennan et al. [132] did not
find these differences between 4 and 24 month old male
mice of the A/J strain. Besides exploration, activity
decreases in ageing individuals. As reviewed in detail in
Lhotellier and Cohen-Salmon [122], ageing in mice is
accompanied by a decline in motor capability comparable
to motor disorders that have been found to appear along
with human ageing. A decline in activity has been found
across all strains of mice but might vary in its onset
between strains. A decrease in exploration and locomo-
tion is assumed to be a key factor underlying a number
of age dependant performance decreases in other con-
texts, e.g. in cognitive performance [133].
Regarding cognition, the ability to learn is greater in

adult mice compared to senescent individuals. Furthermore

adults compared with aged mice do have a stronger spatial
memory (e.g. [119,134]). Age linked neuronal changes,
like the loss of somatostatin-positive interneuron integrity
or alterations in the hippocampal serotonergic system lead
to this decline in cognitive performance with age
[119,132,134,135]. However, impaired cognitive abilities
also appear to be an averaging phenomenon, induced by
single individuals that drop in performance while many
others seem not to be affected at all [134]. This indicates
that there is huge individual phenotypic variability in neu-
ronal changes during senescence.
Given that motivation as well as exploratory tendency

is required to solve most cognitively challenging tasks,
alterations in these traits would most likely lead to
changes in cognitive performance. While exploration is
known to decrease in the post-reproductive period,
motivational changes are less well studied. Male C57BL6
mice at an age of 13 months do not decline in motiva-
tion to receive a food reward compared to 6 month old
animals [136], but should also not yet have entered the
post-reproductive phase. Shifts in motivational state
with older age in mice are not reported and conse-
quently the question whether motivational changes
might also account for the post-reproductive decline in
cognitive abilities remains unanswered.

Behavioural stability
It becomes obvious from the literature reviewed above
that especially during the first three phases of life the
mere number of physiological, environmental and social
challenges shape and alter the behavioural phenotype
dramatically. Thus it is reasonable to expect that beha-
viour remains relatively flexible, at least during the early
period of development. This, however, must not necessa-
rily result in lower repeatability of behavioural measures
during early phases of life especially when environmental
conditions stay stable between tests. Adulthood can gen-
erally be characterised as a phase of higher stability with
regard to physiology and behaviour. Especially with
regard to social dynamics, stable physiology and beha-
viour may set the stage for a self-perpetuating system
with predictable social interactions resulting in stable
behavioural patterns and stable physiology. Still, salient
lifetime events like changes in reproductive state, mating
opportunities, illness, injury, and social hierarchies con-
tribute to variability during this phase of life. The social
organisation of rodents is generally dynamic and can
change, for example, with variation in resource availabil-
ity [137]. Changes in behaviour can be experimentally
induced by changes in the social environment, i.e. isola-
tion of mice or their introduction to new social environ-
ments. Both paradigms are stressful and lead to a
decrease in locomotor activity and exploration as well as
to an increase in anxiety-like behaviour in adults tested
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shortly after the experimental manipulation [138,139].
In line with the assumption that behaviour is more stable
in adulthood compared to the previous phases of life,
Bartolomucci et al. [140] found that a change in group
composition at adult age did not affect behaviour com-
pared to that of a control group that stayed with the sib-
ling group they were raised in, while a change in group
level composition during adolescence altered the beha-
viour of male mice. Additionally, there was no effect on
long term stability of behaviour in lactating compared to
non-lactating females in an elevated plus maze. This sug-
gests that the reproductive state may not influence the
stability of these behavioural traits [117]. Hence, except
for minor (and possibly temporary) variations, behaviour
remains relatively stable during the phase of adulthood.
From an evolutionary perspective this might be a reason-
able strategy to refrain from wasting energy on readjust-
ing phenotypes as long as the chosen niche still fits.
In a recent paper [34] male mice were exposed to bene-

ficial (communal nesting) or adverse (exposure to soiled
bedding from unfamiliar males) environments during their
early postnatal phase of life. Later, in mid-adolescence
(37 PND), these mice were either experiencing a beneficial
(housed with a female) or adverse social situation (con-
fronted with an adult male). Mice that at an early phase of
life had beneficial experiences followed by adversities at a
later period of life show decreased anxiety-like behaviour
compared to mice that only had beneficial conditions and
mice that grew up under adversities. This shows that life
history events are not simply additive in bringing about
distinct adult behaviour but interact in a complex way. To
explore these interaction effects and their consequences
by conducting longitudinal studies will be an exciting chal-
lenge for future research.
While some studies do analyse behavioural traits

repeatedly over a course of several months [136,141,142],
to our knowledge no available study covers behavioural
development over the full life cycle of the mouse. Addi-
tionally, the vast majority of behavioural studies in mice
is conducted with individuals older than 40 days. Also in
other animals, long term data on behavioural develop-
ment are largely lacking. From long term studies in
humans, however, we know that stability of dispositional
traits increases from childhood onwards to young adults
and reaches a plateau in adulthood. These findings hold
true for all human personality dimensions as well as for
males and females, irrespective of the method used to
measure the traits [143-145]. Thus it seems as if a stable
structure of personality is, once it occurs, more or less
preserved into old age. These findings fit to our repeat-
ability measurements in mice that increase from adoles-
cent to young adult individuals and remain relatively
stable from about 70 days of age onward (see fig. 3). In
our dataset the young adolescent individuals did not

show repeatable activity patterns, a phenomenon which
has also been found in behaviour of other species like
three-spined sticklebacks and wild guinea pigs [146,147].
In a number of species individual stability in traits has
been found to appear already early in life [148]. Such
emergence of (temporarily) stable individual behavioural
trajectories does not rule out the possibility of an
increased stabilisation over lifetime. This especially holds
true as subjects are usually analysed within relatively
short intervals only. One immanent problem in measur-
ing repeatability of behaviour over a lifetime is the enor-
mous change in the behavioural repertoire: A new born,
altricial mouse with its particular specialisations (e.g.
suckling behaviour) and limitations (e.g. in sensory-
motor control) differs widely from the highly differen-
tiated adults of the same species. This problem has also
been faced by psychologists studying humans, who found
it difficult to assess continuity over the whole period
from child- to adulthood due to distinct assessment stra-
tegies used at different ages [149]. Consequently, the
developmental path over the whole lifetime is not straight
forward to measure and might be hard to retrace. Never-
theless, as any behavioural phenotype observed at any
point in time is based upon the individual life history, the
deciphering of the accumulation of genetic and epige-
netic predispositions and individual experiences is of
particular importance.

Conclusions and outlook
This review sheds light on the necessity for careful
consideration of individual life histories of experimental
subjects like mice and other species. Any investigation
using genetically more or less identical inbred mice must
consider that such genetic uniformity does not at all
translate into phenotypic uniformity. We demonstrated
that typically measured behaviours develop over the life-
time, setting the stage for a wealth of gene by environ-
ment interactions. There also is good evidence that the
emergence of individual difference in itself might be
inherent in the developmental process and possibly adap-
tive and thus cannot be eliminated by standardisation
[6,103]. As a side note, variability should not only be con-
sidered a nuisance as in correlational analyses greater
coefficients of determination are computed if there is
more variability among the observations [150].
Individual experiences at certain ages might substan-

tially affect results of behavioural tests administered
later in life. If someone is interested in stable and pre-
dictable behaviour on an individual level, adult mice
might be more suitable as test subjects. On the other
hand, if one looks at treatment effects inducing long
term behavioural changes, one might prefer to introduce
the treatment during early phases of life. Taken
together, one should be aware of these confounds and
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communicate as much information on life history events
as possible in the method section of any publication.
What is missing so far are elaborated life-time

approaches analysing behavioural development of labora-
tory mice. There is an abundance of literature describing
the behaviour of mice over narrow ranges of time but
surprisingly little is known on detailed behavioural devel-
opment over the lifetime. Our literature survey revealed
that indeed a restricted usage of mice for single experi-
ments is the norm. This seems also to be true in experi-
ments that do not include physiological measurements or
tissue sampling that would necessarily involve sacrificing
the animals. We urge here to preserve mice in future
research and conduct follow up studies using mice that
already were characterised earlier in their lives. In addi-
tion, we opt for analysing behaviour on an individual
basis with special emphasis on stability of measures taken
at different ages. Given the relatively short lifespan of the
species this endeavour can be realised within a reason-
able time-frame.

Ethics statement
All procedures complied with the regulations covering ani-
mal experimentation within the EU (European Commu-
nities Council DIRECTIVE 2010/63/EU). They were
conducted in accordance with the institution’s animal care
and use guidelines and approved by the national and local
authorities (reference nos. case study 1: 50.0835.1.0
(G100/2005), case study 2: 8.87-50.10.36.08.250, case study
3: 8.87-50.10.46.08.250).

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
VB, PMS, and LL wrote the manuscript. LL supervised the experiments and
analysed the data presented in the case studies. All authors read and
approved the final version of the manuscript.

Acknowledgements
We would like to thank Norbert Sachser for granting access to data
obtained in the Department of Behavioural Biology of the University of
Muenster, Germany. This work was funded by the German Research
Foundation (FOR 1232; LE 2356/4-1).

Declaration
The Publication of this paper was funded by the German Research
Foundation (DFG-Forschergruppe FOR 1232) and the Open Access
Publication Fund of Bielefeld and Muenster University.

Published: 24 August 2015

References
1. Waddington CH: Evolutionary adaptation. In The Evolution of life - its origin,

history and future. Volume 1. Chicago: University of Chicago Press; Edited by
Tax S. 1959.

2. Sisk CL, Zehr JL: Pubertal hormones organize the adolescent brain and
behavior. Front Neuroendocrinol 2005, 26:163-174.

3. Crews D, Gillette R, Miller-Crews I, Gore AC, Skinner MK: Nature, nurture
and epigenetics. Mol Cell Endocrinol 2014, 398:42-52.

4. Fingerman KL, Berg CA, Smith J, Antonucci TC: Handbook of lifespan
development New York: Springer publishing Company; 2011.

5. Beck JA, Lloyd S, Hafezparast M, Lennon-Pierce M, Eppig JT, Festing MF,
Fisher EM: Genealogies of mouse inbred strains. Nat Genet 2000, 24:23-25.

6. Lewejohann L, Zipser B, Sachser N: ”Personality” in Laboratory Mice Used
for Biomedical Research: A Way of Understanding Variability? Dev
Psychobiol 2011, 53:624-630.

7. [http://www.ncbi.nlm.nih.gov/pubmed/?term=mouse AND behaviour AND
development].

8. Ibáñez MI, Moya J, Ávila C, Moro M, Ortet G: Temperamental traits in mice
(II): Consistency across apparatus. Pers Indiv Differ 2009, 46:3-7.

9. [http://www.ncbi.nlm.nih.gov/pubmed/?term=%28%28mouse+AND
+behaviour+AND+development%29%29+AND+%28lifetime+OR+long-term
+OR+longitudinal%29].

10. Hudson R, Bautista A, Reyes-Meza V, Montor JM, Rodel HG: The effect of
Siblings on early development: A potential contributor to personality
differences in mammals. Dev Psychobiol 2011, 53:564-574.

11. Lesch KP, Araragi N, Waider J, van den Hove D, Gutknecht L: Targeting
brain serotonin synthesis: insights into neurodevelopmental disorders
with long-term outcomes related to negative emotionality, aggression
and antisocial behaviour. Philos Trans R Soc Lond B Biol Sci 2012,
2426-2443.

12. Fawcett R, Frankenhuis WE: Adaptive explanations for sensitive windows
in development. Front Zool 2015, 12(Suppl. 1).

13. Kappeler P, Fichtel C: Eco-evo-devo of the lemur syndrome: Did adaptive
behavioural plasticity get canalized in a large primate radiation? Front
Zool 2015, 12(Suppl. 1).

14. Wahlsten D: A developmental time scale for postnatal changes in brain
and behaviour of B6D2F2 mice. Brain Res 1974, 72:251-264.

15. Williams E, Scott JP: The development of social behavior patterns in the
house mouse in relation to natural periods. Behaviour 1953, 6:35-65.

16. Fox WM: Reflex-ontogeny and behavioural development of the mouse.
Anim Behav 1965, 13:234-241.

17. Moore EM, Linsenbardt DN, Melon LC, Boehm SL 2nd: Ontogenetic
differences in adolescent and adult C57BL/6J and DBA/2J mice: anxiety-
like, locomotor, and consummatory behaviors. Dev Psychobiol 2011,
53:141-156.

18. Yuan R, Meng Q, Nautiyal J, Flurkey K, Tsaih S-W, Krier R, Parker MG,
Harrison DE, Paigen B: Genetic coregulation of age of female sexual
maturation and lifespan through circulating IGF1 among inbred mouse
strains. P Natl Acad Sci USA 2012, 109:8224-8229.

19. Nelson JF, Karelus K, Felicio LS, Johnson TE: Genetic influences on the
timing of puberty in mice. Biol Reprod 1990, 42:649-655.

20. Wittingham DG, Wood MJ: Reproductive Physiology New York: Academic
Press; 1983.

21. Le Roy I, Carlier M, Roubertoux PL: Sensory and motor development in
mice: genes, environment and their interactions. Behav Brain Res 2001,
125:57-64.

22. Berta P, Hawkins JR, Sinclair AH, Taylor A, Griffiths BL, Goodfellow PN,
Fellous M: Genetic evidence equating sry and the testis-deteriming
factor. Nature 1990, 348:448-450.

23. Schuett W, Tregenza T, Dall SRX: Sexual selection and animal personality.
Biol Rev 2010, 85:217-246.

24. Jensen P: Transgenerational epigenetic effects on animal behaviour. Prog
Biophys Mol Biol 2013, 113:447-454.

25. Dias BG, Ressler KJ: Parental olfactory experience influences behavior and
neural structure in subsequent generations. Nat Neurosci 2014, 17:89-96.

26. Prather RS, First NL: A review of early mouse embryogenesis and its
applications to domestic species. J Anim Sci 1988, 66:2626-2635.

27. Copp AJ, Greene NDE, Murdoch JN: The genetic basis of mammalian
neurulation. Nat Rev Genet 2003, 4:784-793.

28. Liscovitch N, Chechik G: Specialization of Gene Expression during Mouse
Brain Development. PLoS Comput Biol 2013, 9:e1003185.

29. Hacker A, Capel B, Goodfellow P, Lovellbadge R: Expression of SRY the
mouse sex-determining gene. Development 1995, 121:1603-1614.

30. vom Saal FS, Bronson FH: Sexual characteristics of adult female mice are
correlated with their blood testosterone levels during prenatal
development. Science 1980, 208:597-599.

31. Cratty MS, Ward HE, Johnson EA, Azzaro AJ, Birkle DL: Prenatal stress
increases corticotropin-releasing factor (CRF) content and release in rat
amygdala minces. Brain Res 1995, 675:297-302.

Brust et al. Frontiers in Zoology 2015, 12(Suppl 1):S17
http://www.frontiersinzoology.com/content/12/S1/S17

Page 11 of 14

http://www.ncbi.nlm.nih.gov/pubmed/16309736?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16309736?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/25102229?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/25102229?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10615122?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21866543?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21866543?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/?term=mouse AND behaviour AND development
http://www.ncbi.nlm.nih.gov/pubmed/?term=mouse AND behaviour AND development
http://www.ncbi.nlm.nih.gov/pubmed/?term=%28%28mouse+AND+behaviour+AND+development%29%29+AND+%28lifetime+OR+long-term+OR+longitudinal%29
http://www.ncbi.nlm.nih.gov/pubmed/?term=%28%28mouse+AND+behaviour+AND+development%29%29+AND+%28lifetime+OR+long-term+OR+longitudinal%29
http://www.ncbi.nlm.nih.gov/pubmed/?term=%28%28mouse+AND+behaviour+AND+development%29%29+AND+%28lifetime+OR+long-term+OR+longitudinal%29
http://www.ncbi.nlm.nih.gov/pubmed/21866540?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21866540?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21866540?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22826343?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22826343?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22826343?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22826343?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4838375?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4838375?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4838375?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/5835840?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20886536?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20886536?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20886536?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2346773?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2346773?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11682094?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11682094?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2247149?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2247149?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19922534?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23369895?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24292232?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24292232?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3058673?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3058673?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13679871?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13679871?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24068900?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24068900?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7600978?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7600978?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7367881?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7367881?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7367881?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7796142?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7796142?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7796142?dopt=Abstract


32. Seckl JR: Prenatal glucocorticoids and long-term programming. Eur J
Endocrinol 2004, 151:49-62.

33. Champagne FA, Curley JP: How social experiences influence the brain.
Curr Opin Neurobiol 2005, 15:704-709.

34. Bodden C, Richter SH, Schreiber RS, Kloke V, Gerß J, Palme R, Lesch K-P,
Lewejohann L, Kaiser S, Sachser N: Benefits of adversity?! How life history
affects the behavioral profile of mice varying in serotonin transporter
genotype. Front Behav Neurosci 2015, 9.

35. Busnel MC, Granierdeferre C, Lecanuet JP: Fetal audition. Ann NY Acad Sci
1992, 662:118-134.

36. Smotherman WP, Robinson SR: The rat fetus in its environment -
behavioural adjustments to novel, familiar, aversive and conditioned
stimuli present in utero. Behav Neurosci 1985, 99:521-530.

37. Alleva E, D’ Udine B: Early learning capability in rodents: a review (Rattus
norvegicus and Mus musculus). Int J Comp Psychol 1987, 107-125.

38. Kaiser S, Sachser N: The effects of prenatal social stress on behaviour:
mechanisms and function. Neurosci Biobehav Rev 2005, 29:283-294.

39. Heiming RS, Bodden C, Jansen F, Lewejohann L, Kaiser S, Lesch KP,
Palme R, Sachser N: Living in a dangerous world decreases maternal
care: a study in serotonin transporter knockout mice. Horm Behav 2011,
60:397-407.

40. Drickamer LC, Gowaty PA, Holmes CM: Free female mate choice in house
mice affects reproductive success and offspring viability and
performance. Anim Behav 2000, 59:371-378.

41. König B: Maternal investment of communally nursing female house mice
(Mus musculus domesticus). Behav Processes 1993, 30:61-73.

42. Bruce HM: An Exteroceptive Block to Pregnancy in the Mouse. Nature
1959, 184:105-105.

43. Labov JB, Huck UW, Elwood RW, Brooks RJ: Current Problems in the Study
of Infanticidal Behavior of Rodents. Q Rev Biol 1985, 60:1-20.

44. Archer JE, Blackman DE: Prenatal psychological stress and offspring
behavior in rats and mice. Dev Psychobiol 1971, 4:193-248.

45. Chung S, Son GH, Park SH, Park E, Lee KH, Geum D, Kim K: Differential
adaptive responses to chronic stress of maternally stressed male mice
offspring. Endocrinology 2005, 146:3202-3210.

46. Kofman O: The role of prenatal stress in the etiology of developmental
behavioural disorders. Neurosci Biobehav Rev 2002, 26:457-470.

47. Maccari S, Darnaudery M, Morley-Fletcher S, Zuena AR, Cinque C, Van
Reeth O: Prenatal stress and long-term consequences: implications of
glucocorticoid hormones. Neurosci Biobehav Rev 2003, 27:119-127.

48. Richardson HN, Zorrilla EP, Mandyam CD, Rivier CL: Exposure to repetitive
versus varied stress during prenatal development generates two distinct
anxiogenic and neuroendocrine profiles in adulthood. Endocrinology
2006, 147:2506-2517.

49. Vallee M, Mayo W, Dellu F, LeMoal M, Simon H, Maccari S: Prenatal stress
induces high anxiety and postnatal handling induces low anxiety in
adult offspring: Correlation with stress-induced corticosterone secretion.
J Neurosci 1997, 17:2626-2636.

50. Ward HE, Johnson EA, Salm AK, Birkle DL: Effects of prenatal stress on
defensive withdrawal behavior and corticotropin releasing factor
systems in rat brain. Physiol Behav 2000, 70:359-366.

51. Weinstock M: The long-term behavioural consequences of prenatal
stress. Neurosci Biobehav Rev 2008, 32:1073-1086.

52. Weinstock M: Alterations induced by gestational stress in brain
morphology and behaviour of the offspring. Progress in Neurobiology
2001, 65:427-451.

53. Macrì S, WÜrbel H: Developmental plasticity of HPA and fear responses
in rats: a critical review of the maternal mediation hypothesis. Horm
Behav 2006, 667-680.

54. Coutellier L, Friedrich AC, Failing K, Marashi V, Wurbel H: Effects of rat
odour and shelter on maternal behaviour in C57BL/6 dams and on fear
and stress responses in their adult offspring. Physiol Behav 2008,
94:393-404.

55. Holmes MC, Abrahamsen CT, French KL, Paterson JM, Mullins JJ, Seckl JR:
The mother or the fetus? 11beta-hydroxysteroid dehydrogenase type 2
null mice provide evidence for direct fetal programming of behavior by
endogenous glucocorticoids. J Neurosci 2006, 26:3840-3844.

56. Carola V, Frazzetto G, Pascucci T, Audero E, Puglisi-Allegra S, Cabib S,
Lesch KP, Gross C: Identifying molecular substrates in a mouse model of
the serotonin transporter x environment risk factor for anxiety and
depression. Biol Psychiat 2008, 63:840-846.

57. Bick-Sander A, Steiner B, Wolf SA, Babu H, Kempermann G: Running in
pregnancy transiently increases postnatal hippocampal neurogenesis in
the offspring. P Natl Acad Sci USA 2006, 103:3852-3857.

58. Ludwig FT: Prenatal influences of voluntary exercise on learning abilities
and corticosterone levels in TgCRND8 Alzheimer mice. University of
MÜnster; 2008.

59. Latham N, Mason G: From house mouse to mouse house: the
behavioural biology of free-living Mus musculus and its implications in
the laboratory. Appl Anim Behav Sci 2004, 86:261-289.

60. Okon EE: The effect of environmental temperature on the production of
ultrasounds by isolated non-handled albino mouse pups. J Zool 1970,
162:71-83.

61. Sales GD, Skinner NC: The effect of ambient temperature on body
temperature and on ultrasonic behaviour in litters of albino laboratory
mice deprived of their mothers. J Zool 1979, 187:265-281.

62. Elwood RW, Keeling F: Temporal organization of ultrasonic vocalizations
in infant mice. Dev Psychobiol 1982, 15:221-227.

63. Theiler K: The house mouse - Development and normal stages from
fertilization to 4 weeks of age Berlin, Heidelberg, New York: Springer; 1972.

64. Ehret G, Bernecker C: Low-frequency sound communication by mouse
pups (Mus musculus): wriggling calls release maternal behaviour. Anim
Behav 1986, 34:821-830.

65. Terranova ML, Laviola G: Individual differences in mouse behaviour
development - effects of precocious weaning and ongoing sexual
segregation. Anim Behav 1995, 50:1261-1271.

66. Patel S, Hillard CJ: Cannabinoid CB(1) receptor agonists produce
cerebellar dysfunction in mice. J Pharmacol Exp Ther 2001, 297:629-637.

67. Walker C, Byers JA: Heritability of locomotor play in house mice, Mus
domesticus. Anim Behav 1991, 42:891-897.

68. Sorsby A, Koller PC, Attfield M, Davey JB, Lucas DR: Retinal dystrophy in
the mouse: Histological and genetic aspects. J Exp Zool 1954,
125:171-197.

69. Henderson ND: A fit mouse is a hoppy mouse: jumping behavior in
15-day-old Mus musculus. Dev Psychobiol 1981, 14:459-472.

70. Blaney CE, Gunn RK, Stover KR, Brown RE: Maternal genotype influences
behavioral development of 3xTg-AD mouse pups. Behav Brain Res 2013,
252:40-48.

71. Tsuda MC, Yamaguchi N, Ogawa S: Early life stress disrupts
peripubertal development of aggression in male mice. Neuroreport
2011, 22:259-263.

72. Champagne FA, Curley JP: Epigenetic mechanisms mediating the long-
term effects of maternal care on development. Neurosci Biobehav Rev
2009, 33:593-600.

73. Szyf M, Weaver I, Meaney M: Maternal care, the epigenome and
phenotypic differences in behavior. Reproductive Toxicology 2007, 24:9-19.

74. Smith EFS: The influence of nutrition and postpartum mating on
weaning and subsequent play-behaviour in hooded rats. Anim Behav
1991, 41:513-524.

75. Romeo RD, Richardson HN, Sisk CL: Puberty and the maturation of the
male brain and sexual behavior: recasting a behavioral potential.
Neurosci Biobehav Rev 2002, 26:381-391.

76. Sisk CL, Zehr JL: Pubertal hormones organize the adolescent brain and
behavior. Front Neuroendocrinol 2005, 2005(Oct-Dec):2163-2074, 2026
(2003-2004).

77. Spear LP: The adolescent brain and age-related behavioral
manifestations. Neurosci Biobehav Rev 2000, 24:417-463.

78. Laviola G, Macri S, Morley-Fletcher S, Adriani W: Risk-taking behavior in
adolescent mice: psychobiological determinants and early epigenetic
influence. Neurosci Biobehav Rev 2003, 27:19-31.

79. Adriani W, Granstrem O, Macri S, Izykenova G, Dambinova S, Laviola G:
Behavioral and neurochemical vulnerability during adolescence in mice:
studies with nicotine. Neuropsychopharmacol 2004, 29:869-878.

80. Hefner K, Holmes A: Ontogeny of fear-, anxiety- and depression-related
behavior across adolescence in C57BL/6J mice. Behav Brain Res 2007,
176:210-215.

81. Molenhuis RT, de Visser L, Bruining H, Kas MJ: Enhancing the value of
psychiatric mouse models; differential expression of developmental
behavioral and cognitive profiles in four inbred strains of mice. Eur
Neuropsychopharm 2014, 24:945-954.

82. Stone EA, Quartermain D: Greater Behavioral Effects of Stress in Immature
as Compared to Mature Male Mice. Physiol Behav 1997, 63:143-145.

Brust et al. Frontiers in Zoology 2015, 12(Suppl 1):S17
http://www.frontiersinzoology.com/content/12/S1/S17

Page 12 of 14

http://www.ncbi.nlm.nih.gov/pubmed/16260130?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/25784864?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/25784864?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/25784864?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1456635?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3040034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3040034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3040034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15811499?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15811499?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21787775?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21787775?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10675259?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10675259?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10675259?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24896472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24896472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13805128?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4950118?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4950118?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15802499?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15802499?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15802499?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12204192?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12204192?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12732228?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12732228?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16455779?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16455779?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16455779?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9065522?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9065522?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9065522?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11006435?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11006435?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11006435?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18423592?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18423592?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11689280?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11689280?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16890940?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16890940?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18346766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18346766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18346766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16597738?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16597738?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16597738?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17949690?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17949690?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17949690?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7095288?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7095288?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11303052?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11303052?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7274584?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7274584?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23711927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23711927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21403582?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21403582?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18430469?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18430469?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17561370?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17561370?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12034137?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12034137?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16309736?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16309736?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10817843?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10817843?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12732220?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12732220?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12732220?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17098297?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17098297?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9402627?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9402627?dopt=Abstract


83. Lynn DA, Brown GR: The ontogeny of anxiety-like behavior in rats from
adolescence to adulthood. Dev Psychobiol 2010, 52:731-739.

84. Andersen SL: Trajectories of brain development: point of vulnerability or
window of opportunity? Neurosci Biobehav Rev 2003, 27:3-18.

85. Alba M, Salvatori R: A mouse with targeted ablation of the growth
hormone-releasing hormone gene: A new model of isolated growth
hormone deficiency. Endocrinology 2004, 145:4134-4143.

86. Krishnamurthy H, Babu P, Morales C, Sairam M: Delay in sexual maturity of
the follicle-stimulating hormone receptor knockout male mouse. Biol
Reprod 2001, 65:522-531.

87. Adriani W, Laviola G: Windows of vulnerability to psychopathology and
therapeutic strategy in the adolescent rodent model. Behav Pharmacol
2004, 15:341-352.

88. Macrì S, Adriani W, Chiarotti F, Laviola G: Risk taking during exploration of
a plus-maze is greater in adolescent than in juvenile or adult mice. Anim
Behav 2002, 64:541-546.

89. Jean-Faucher C, Berger M, Turckheim MD, Veyssiere G, Jean C:
Developmental patterns of plasma and testicular testosterone in mice
from birth to adulthood. Acta Endocrinol 1978, 89:780-788.

90. Drickamer LC, Murphy RX: Female mouse maturation - effects of excreted
and bladder urine from juvenile and adult males. Dev Psychobiol 1978,
11:63-72.

91. Groo Z, Szenczi P, Banszegi O, Altbacker V: Natal dispersal in two mice
species with contrasting social systems. Behav Ecol Sociobiol 2013,
67:235-242.

92. Pocock MJO, Hauffe HC, Searle JB: Dispersal in house mice. Biol J Linn Soc
2005, 84:565-583.

93. Terranova ML, Laviola G, de Acetis L, Alleva E: A description of the
ontogeny of mouse agonistic behavior. J Comp Psychol 1998, 112:3-12.

94. Chen QL, Panksepp JB, Lahvis GP: Empathy Is Moderated by Genetic
Background in Mice. Plos One 2009, 4:e4387.

95. Schmidt MV, Sterlemann V, Ganea K, Liebl C, Alam S, Harbich D,
Greetfeld M, Uhr M, Holsboer F, Muller MB: Persistent neuroendocrine and
behavioral effects of a novel, etiologically relevant mouse paradigm for
chronic social stress during adolescence. Psychoneuroendocrino 2007,
417-429.

96. Schmidt MV, Czisch M, Sterlemann V, Reinel C, Samann P, Muller MB:
Chronic social stress during adolescence in mice alters fat distribution in
late life: prevention by antidepressant treatment. Stress 2009, 89-94.

97. Sterlemann V, Rammes G, Wolf M, Liebl C, Ganea K, Muller MB, Schmidt MV:
Chronic social stress during adolescence induces cognitive impairment
in aged mice. Hippocampus 2010, 540-549.

98. Balsevich G, Poon A, Goldowitz D, Wilking JA: The effects of pre- and
post-natal nicotine exposure and genetic background on the striatum
and behavioral phenotypes in the mouse. Behav Brain Res 2014, 266:7-18.

99. Johnson C, Wilbrecht L: Juvenile mice show greater flexibility in multiple
choice reversal learning than adults. Dev Cogn Neurosci 2011, 1:540-551.

100. Sinn DL, Gosling SD, Moltschaniwskyj NA: Development of shy/bold
behaviour in squid: context-specific phenotypes associated with
developmental plasticity. Anim Behav 2008, 75:433-442.

101. Caspi A, Roberts BW, Shiner RL: Personality development: Stability and
change. Ann Rev Psychol 2005, 56:453-484, Annual Review of Psychology].

102. Stamps JA, Krishnan VV: Combining Information from Ancestors and
Personal Experiences to Predict Individual Differences in Developmental
Trajectories. Am Nat 2014, 184:647-657.

103. Freund J, Brandmaier AM, Lewejohann L, Kirste I, Kritzler M, Kruger A,
Sachser N, Lindenberger U, Kempermann G: Emergence of Individuality in
Genetically Identical Mice. Science 2013, 340:756-759.

104. Freund J, Brandmaier AM, Lewejohann L, Kirste I, Kritzler M, KrÜger A,
Sachser N, Lindenberger U, Kempermann G: Association between
exploratory activity and social individuality in genetically identical mice
living in the same enriched environment. J Neuroscisubm. 2015, S0306-
4522(15).

105. Nakagawa S, Schielzeth H: Repeatability for Gaussian and non-Gaussian
data: a practical guide for biologists. Biol Rev Camb Philos Soc 2010,
85:935-956.

106. Chehab FF, Mounzih K, Lu RH, Lim ME: Early onset of reproductive
function in normal female mice treated with leptin. Science 1997,
275:88-90.

107. Qiu XL, Dowling AR, Marino JS, Faulkner LD, Bryant B, Bruning JC, Elias CF,
Hill JW: Delayed Puberty but Normal Fertility in Mice With Selective

Deletion of Insulin Receptors From Kiss1 Cells. Endocrinology 2013,
154:1337-1348.

108. Hurst JL: Urine marking in populations of wild house mice Mus
domesticus rutty I. Communication between males. Anim Behav 1990,
40:209-222.

109. Hurst JL: The priming effects of urine sobstrate marks on interactions
between male house mice Mus musculus-domesticus. Anim Behav 1993,
45:55-81.

110. Vandenberg JG: Influence of social environment on sexual maturation in
male mice. J Reprod Fertil 1971, 24:383.

111. Keene DE, Suescun MO, Bostwick MG, Chandrashekar V, Bartke A,
Kopchick JJ: Puberty is delayed in male growth hormone receptor gene-
disrupted mice. J Androl 2002, 23:661-668.

112. Joyal CC, Beaudin S, Lalonde R: Longitudinal age-related changes in
motor activities and spatial orientation in CD-1 mice. Arch Physiol
Biochem 2000, 108:248-256.

113. Thifault S, Lalonde R, Sanon N, Hamet P: Longitudinal analysis of motor
activity and coordination, anxiety, and spatial learning in mice with
altered blood pressure. Brain Res 2001, 910:99-105.

114. Sprott RL: Behavioral characteristics of C57BL/6J, DBA/2J, and B6D2F1
mice which are potentially useful for gerontological research. Exp Aging
Res 1975, 1:313-323.

115. Szenczi P, Banszegi O, Groo Z, Altbacker V: Development of the Social
Behavior of Two Mice Species With Contrasting Social Systems.
Aggressive Behav 2012, 38:288-297.

116. Marquette BW, Schneider CW: A longitudinal investigation of the effects
of experience on the behaviour of aging mice. Growth Develop Aging
1991, 55:35-42.

117. Rödel H, Hudson R, Rammler L, Sänger N, Schwarz L, Machnik P: Lactation
does not alter the long-term stability of individual differences in
behavior of laboratory mice on the elevated plus maze. Journal of
Ethology 2012, 30:263-270.

118. Heidenreich M: Variation despite standardization: Evidence for animal
personality in laboratory mice? University of MÜnster; 2011.

119. Parkening TA: Fertilizing ability of spermatozoa from aged C57BL/6NNIA
mice. J Reprod Fertil 1989, 87:727-733.

120. Flurkey K, Brandvain Y, Klebanov S, Austad SN, Miller RA, Yuan R,
Harrison DE: PohnB6F1: A cross of wild and domestic mice that is a new
model of extended female reproductive life span. J Gerontol 2007,
62:1187-1198.

121. Garratt M, Stockley P, Armstrong SD, Beynon RJ, Hurst JL: The scent of
senescence: sexual signalling and female preference in house mice.
J Evol Biol 2011, 24:2398-2409.

122. Lhotellier L, Cohensalmon C: Senescence of motor behaviour in mice -
contribution of genetic methods. Cah Psychol Cogn 1991, 11:27-53.

123. Yuan R, Peters LL, Paigen B: Mice as a Mammalian Model for Research on
the Genetics of Aging. ILAR J 2011, 52:4-15.

124. Kotrschal A, Ilmonen P, Penn DJ: Stress impacts telomere dynamics. Biol
Letters 2007, 3:128-130.

125. Tarin JJ, Gomez-Piquer V, Garcia-Palomares S, Garcia-Perez MA, Cano A:
Absence of long-term effects of reproduction on longevity in the mouse
model. Reprod Biol Endocrin 2014, 12:84.

126. Kennard JA, Woodruff-Pak DS: Age sensitivity of behavioral tests and
brain substrates of normal aging in mice. Front Aging Neurosci 2011, 3:9.

127. Altun M, Bergman E, Edstrom E, Johnson H, Ulfhake B: Behavioral
impairments of the aging rat. Physiol Behav 2007, 92:911-923.

128. Barnes CA: Memory deficits associated with senescence -
neurophysiological and behavioural study in the rat. J Comp Physiol
Psychol 1979, 93:74-104.

129. Cheal M: The gerbil: A unique model for research on aging. Exp Aging Res
1986, 12:3-21.

130. Swanson LJ, Desjardins C, Turek FW: Aging of the reproductive system in
the male hamster: behavioral and endocrine patterns. Biol Reprod 1982,
26:791-799.

131. Elias PK, Elias MF, Eleftheriou BE: Emotionality, exploratory behaviour, and
locomotion in aging inbred strains of mice. Gerontology 1975, 21:46-55.

132. Brennan MJ, Dallob A, Friedman E: Involvement of hippocampal
serotonergic activity in age-related changes in exploratory behaviour.
Neurobiol Aging 1981, 2:199-203.

133. Fahlstrom A, Yu Q, Ulfahke B: Behavioral changes in aging female C57BL/
6 mice. Neurobiol Aging 2011, 32:1868-1880.

Brust et al. Frontiers in Zoology 2015, 12(Suppl 1):S17
http://www.frontiersinzoology.com/content/12/S1/S17

Page 13 of 14

http://www.ncbi.nlm.nih.gov/pubmed/21117243?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21117243?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12732219?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12732219?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15155578?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15155578?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15155578?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11466221?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11466221?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15343057?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15343057?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/716781?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/716781?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/564797?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/564797?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9528111?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9528111?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19209221?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19209221?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17449187?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17449187?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17449187?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18951248?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18951248?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24607511?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24607511?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24607511?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21949556?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21949556?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/25325748?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/25325748?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/25325748?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23661762?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23661762?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/25987202?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/25987202?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/25987202?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20569253?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20569253?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8974400?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8974400?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23392256?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23392256?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/5548627?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/5548627?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12185100?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12185100?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11094377?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11094377?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11489259?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11489259?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11489259?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1053265?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1053265?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2600920?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2600920?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21848973?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21848973?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21411853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21411853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21647305?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21647305?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17675121?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17675121?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/221551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/221551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3519235?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6807362?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6807362?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6171740?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6171740?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20005598?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20005598?dopt=Abstract


134. Koh MT, Spiegel AM, Gallagher M: Age-Associated Changes in
Hippocampal-Dependent Cognition in Diversity Outbred Mice.
Hippocampus 2014, 24:1300-1307.

135. Meek JL, Bertilsson L, Cheney DL, Zsilla G, Costa E: Aging-induced changes
in acetylcholine and serotonin content of discrete brain nuclei.
J Gerontol 1977, 32:129-131.

136. Harb MR, Sousa N, Zihl J, Almeida OFX: Reward components of feeding
behavior are preserved during mouse aging. Front Aging Neurosci 2014, 6.

137. Olsson IAS, Westlund K: More than numbers matter: The effect of social
factors on behaviour and welfare of laboratory rodents and non-human
primates. Appl Anim Behav Sci 2007, 103:229-254.

138. Martinez M, Calvo-Torrent A, Pico-Alfonso MA: Social defeat and
subordination as models of social stress in laboratory rodents: A review.
Aggressive Behav 1998, 24:241-256.

139. Ferrari PF, Palanza P, Parmigiani S, Rodgers RJ: Interindividual variability in
Swiss male mice: Relationship between social factors, aggression, and
anxiety. Physiol Behav 1998, 63:821-827.

140. Bartolomucci A, Chirieleison A, Gioiosa L, Ceresini G, Parmigiani S, Palanza P:
Age at group formation alters behavior and physiology in male but not
female CD-1 mice. Physiol Behav 2004, 82:425-434.

141. Ingram DK, London ED, Reynolds MA, Waller SB, Goodrick CL: Differential
effects of age on motor performance in two mouse strains. Neurobiol
Aging 1981, 2:221-227.

142. Kvist SBM, Selander R-K: Impact of age and situation-specific experience
on maze learning and learning-sensitive open-field parameters in mice.
Exp Aging Res 1993, 19:259-275.

143. McAdams DP, Olson BD: Personality Development: Continuity and
Change Over the Life Course. Annual Review of Psychology 2010,
61:517-542, Annual Review of Psychology].

144. Terracciano A, McCrae RR, Brant LJ, Costa PT: Hierarchical linear modeling
analyses of the NEO-PI-R scales in the Baltimore longitudinal study of
aging. Psychol Aging 2005, 20:493-506.

145. Clark LA: Assessment and diagnosis of personality disorder: Perennial
issues and an emerging reconceptualization. Annual Review of Psychology
2007, 58:227-257, Annual Review of Psychology].

146. Bell AM, Sih A: Exposure to predation generates personality in
threespined sticklebacks (Gasterosteus aculeatus). Ecol Lett 2007,
10:828-834.

147. Guenther A, Finkemeier MA, Trillmich F: The ontogeny of personality in
the wild guinea pig. Anim Behav 2014, 90:131-139.

148. Hudson R, Rangassamy M, Saldaña A, Bánszegi O, Rödel H: Stable
individual differences in separation calls during early development in
cats and mice. Front Zoolsubm .

149. Debast I, van Alphen SPJ, Rossi G, Tummers JHA, Bolwerk N, Derksen JJL,
Rosowsky E: Personality Traits and Personality Disorders in Late Middle
and Old Age: Do They Remain Stable? A Literature Review. Clinical
Gerontol 2014, 37:253-271.

150. Goodwin LD, Leech NL: Understanding Corelation: Factors that affect the
size of r. J Exp Educ 2010, 74:249-266.

doi:10.1186/1742-9994-12-S1-S17
Cite this article as: Brust et al.: Lifetime development of behavioural
phenotype in the house mouse (Mus musculus). Frontiers in Zoology 2015
12(Suppl 1):S17.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Brust et al. Frontiers in Zoology 2015, 12(Suppl 1):S17
http://www.frontiersinzoology.com/content/12/S1/S17

Page 14 of 14

http://www.ncbi.nlm.nih.gov/pubmed/24909986?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24909986?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/25278876?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/25278876?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9618005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9618005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9618005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15276807?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15276807?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7312100?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7312100?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8223826?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8223826?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19534589?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19534589?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16248708?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16248708?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16248708?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16903806?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16903806?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17663716?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17663716?dopt=Abstract

	Abstract
	Introduction
	A mouse’s life
	Phases of life in mice
	The prenatal phase
	Case study: long term prenatal effects
	The early postnatal phase
	Adolescence
	Case study: emergence of predictable individual behavioural phenotypes
	Adulthood
	Case study: variability and repeatability
	Post-reproductive phase
	Behavioural stability
	Conclusions and outlook
	Ethics statement
	Competing interests
	Authors&#8217; contributions
	Acknowledgements
	Declaration
	References

