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A B S T R A C T   

During early phases of life, an organism’s phenotype can be shaped by the environmental conditions which it 
experiences. If the conditions change subsequently, the mismatch between the environment in early and later life 
could have negative effects on the individual’s health and welfare. The aim of this study was to systematically 
test the predictions of this Match-Mismatch hypothesis in laboratory mice. Therefore, female C57BL/6 J mice 
were exposed to matching or mismatching combinations of low and high food availability in adolescence and 
early adulthood. A comprehensive analysis of various physiological and behavioral parameters was conducted. 
No indication of a mismatch effect was found, which might be attributed to the specific ecology of mice. 
Alternatively, food availability might cause a shaping of the phenotype only during the prenatal or early post
natal development. However, various effects of low vs high food availability were found regarding the in
dividuals’ physiology and, to a small extent, their behavior. Low food availability caused higher concentrations 
of fecal corticosterone metabolites, as well as higher liver and lower spleen weights, suggesting an adaptation of 
the metabolism to this situation.   

1. Introduction 

During early phases of life, an organism’s phenotype can be shaped 
in various different ways by the current environmental conditions, a 
process called developmental plasticity [1,2]. There is increasing evi
dence that the information gained about the environment throughout 
this time can be used as a prediction about the future conditions the 
organism will experience. The trajectory of development could then be 
adjusted accordingly [3,4]. This would result in a phenotype that is 
adapted to the current and predicted future environmental conditions as 
well as possible. However, according to the Match-Mismatch hypothesis, 
if the environment changes subsequently, a mismatch between the ex
pected and actual environment during adulthood can cause negative 
consequences for the individual’s welfare and health [4–8]. Therefore, 
predictions of the future environment and a corresponding adjustment 
of the phenotype are of profound importance, particularly when 
fundamental needs like nutrition are affected. 

A well-known example for this Match-Mismatch hypothesis concerns 
availability of food in humans. A matching situation of low food 

availability during early and later life is associated with various adap
tations, e.g. a high set point for satiety, arguably rendering affected 
individuals well-adjusted to an environment of low food availability [4]. 
In contrast, according to studies of historical events, such as the Dutch 
potato famine (e.g. Lindeboom et al. [9]; Roseboom et al. [10]; Rose
boom [11]), a mismatch effect can be caused by a discrepancy between 
the maternal nutritional state during pregnancy and the nutrition 
encountered during later life. For example, a mismatch from low to high 
food availability increased the risk of a range of health problems, 
including cardio-metabolic disorders, greater stress responsiveness, 
poorer mental health, and lower cognitive function [12–15]. Corre
spondingly, individuals that experienced normal maternal nutrition and 
later lived in an environment of low food availability (e.g. during war) 
have been reported to suffer from diseases associated with malnutrition 
more often [3]. 

So far, studies regarding the Match-Mismatch hypothesis focused on 
the very early development of individuals, namely the prenatal and 
early postnatal phase (see for example Heijmans et al. [16]; Roseboom 
et al. [10]; Stein et al. [17]). However, more recently, also adolescence 
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has come into focus as a developmental phase during which the 
phenotype of human and non-human individuals can be shaped pro
foundly by the acute environmental conditions [18,19]. This phase 
comprises the transition from infancy to adulthood during which in
dividuals now receive information about the environment directly. The 
information could then allow for an adjustment of the phenotype to the 
current or predicted environment [18,19]. Evidence suggests that this is 
made possible for example by significant maturation processes occurring 
in brain regions important for emotion and cognition [20,21], as well as 
a significant modulation of the hypothalamic–pituitary–adrenal axis and 
other neuroendocrine systems (e.g. Romeo [22]; Zimmermann et al. 
[23]). 

The aim of the present study was to systematically test the Match- 
Mismatch hypothesis using mice as a model species. For this purpose, 
female C57BL/6 J mice were exposed to matching or mismatching 
conditions of low and high food availability during adolescence and 
adulthood. The four groups comprised the matching situations of low to 
low and high to high food availability, as well as the mismatching sit
uations of low to high food availability and vice versa. Subsequently, a 
comprehensive analysis of various physiological and behavioral pa
rameters was conducted to test the effects on welfare and health. In line 
with the effects found in humans, the two mismatch groups were ex
pected to show a greater stress responsiveness as shown in an increase of 
fecal corticosterone metabolites, poorer emotional state indicated by 
higher levels of anxiety-like behavior, a lower cognitive function re
flected in a decreased learning- and problem-solving ability, as well as 
impaired social behavior compared to the two matching groups. Addi
tionally, since organ weights can be valuable indicators of general health 
(see e.g. Marshall et al. [24]; Freymann et al. [25]), the weights of heart, 
spleen, liver, kidneys and adrenals were measured at the end of the 
experiment. 

2. Material and methods 

2.1. Animals and housing conditions 

For this study, 64 female C57BL/6 J mice were obtained from 
Charles River Laboratories (Research Models and Services, Germany 
GmbH, Sulzfeld). The animals arrived on postnatal day (PND) 21, after 
they had been weaned from their mothers. All mice were housed in pairs 
in transparent standard Makrolon type III cages (38 cm × 22 cm × 15 
cm). Wood shavings as bedding material (Tierwohl, J. Reckhorn GmbH 
& Co.KG, Rosenberg, Germany) and a paper towel as nesting material 
were provided. Additionally, the cages were enriched with a transparent 
red plastic mouse house (Mouse House™, Tecniplast Deutschland 
GmbH, Hohenpeißenberg, Germany) as a hiding possibility and a 
wooden stick for gnawing. All animals had ad libitum access to food 
(Altromin 1324, Altromin GmbH, Lage, Germany) and tap water during 
the first week of habituation until the start of the experimental phase on 
PND 28. Individual earmarks were used to identify all animals. Cages 
were changed weekly and positions of the cages in the housing room 
were balanced across the treatments. Housing rooms were kept at a 
reversed dark / light cycle with lights off at 9.00 a.m., a temperature of 
about 22 ◦C and a relative air humidity of about 50%. 

2.2. Ethics statement 

All procedures complied with the regulations covering animal 
experimentation within Germany (Animal Welfare Act) and the EU 
(European Communities Council DIRECTIVE 2010/63/EU) and were 
approved by the local (Gesundheits-und Veterinäramt Münster, 
Nordrhein-Westfalen) and federal authorities (Landesamt für Natur, 
Umwelt und Verbraucherschutz Nordrhein-Westfalen ‘LANUV NRW,” 
reference number 84–02.04.2018.A067). 

2.3. Experimental design 

To test the Match-Mismatch hypothesis, female C57BL/6 J mice were 
assigned to one out of four groups of matching or mismatching condi
tions during adolescence and adulthood. More specifically, in phase 1, 
which was conducted during adolescence, (PND 28 – PND 70 ± 1; 
Fig. 1), two groups were exposed to a situation of low (L) food avail
ability, while two groups were exposed to a situation of high (H) food 
availability for a period of six weeks. Upon reaching adulthood (PND 71 
± 2), phase 2 started and the food availability was either kept the same 
(‘match’) or differed (‘mismatch’) for another six weeks. This procedure 
resulted in the following groups: HH (n = 15), HL (n = 15), LH (n = 16) 
and LL (n = 16). 

Subsequently, the animals were tested in a battery of tests (see 2.3.2 
Measurement of physiological and behavioral parameters) over a 
duration of five weeks (PND 111 – 142 ± 1) while remaining in the same 
environment as after the match / mismatch. Additionally, organ weights 
of 10 randomly selected animals of each group were assessed. A more 
detailed description of the experimental procedures is given in the 
following. 

2.3.1. Feeding routines 
High food availability was simulated by an ad libitum diet of a 

standard laboratory food (Altromin 1324, Altromin GmbH, Lage, Ger
many). Low food availability was characterized by feeding once per day 
a reduced amount of food of the same diet. 

Upon arrival in our institute, mice were weighed using a digital scale 
(accuracy: 0.1 g; CM 150–1 N, Kern, Balligen, Germany) and subse
quently housed in pairs with a mouse of similar body weight. To ensure 
that the results were not impacted by initial differences in body weight 
between the groups, these pairs were assigned to the different combi
nations of food availability pseudorandomly. For this purpose, an equal 
number of cages with mouse pairs in similar body weight ranges were 
assigned to each of the four combinations of food availability. 

Upon the start of the experiment, each cage with a pair of mice of the 
low food availability (‘L cage’) was assigned to a cage with a pair of mice 
of the high food availability (‘H cage’) of a similar weight range (< 1.7 g 
difference in mean body weight). Body weights of all animals were 
measured daily between 9 am and 10:30 am. In phase 1, during which 
animals were considered adolescent and in a time at which body growth 
is not yet completed, mice in the L cages were kept to approximately 
90% of the body weight of the animals in the H cages. Despite feeding a 
reduced amount of food, this procedure still allowed for growth of the L 
animals [26,27]. After PND 71 ± 2 in phase 2, when mice were 
considered adult and hence fully grown, the body weight of the animals 
in L cages was adjusted somewhat differently. Namely, dependent on the 
respective combination of food availability, either the animal’s own 
maximum body weight (group HL) or that of the mice in the reference 
cage (group LL) during the last 7 days before the match / mismatch 
(PND 71 ± 2) was used as the reference body weight for the late phase. 
Animals were kept to about 90% of that reference body weight for the 
remaining experiment. 

2.3.2. Measurement of physiological and behavioral parameters 
To gain a comprehensive picture of the effects of the different com

binations of high and low food availability on the animals’ physiological 
health, body weight and fecal corticosterone metabolites (FCMs) were 
evaluated during six weeks each in adolescence and adulthood. FCMs 
were monitored non-invasively [28–30] to evaluate the activity of the 
hypothalamic-pituitary-adrenal axis (for a review see Palme [31]) at the 
beginning and the end of phase 1 (PND 35; PND 64 ± 2) and 2 (PND 78 
± 1; PND 106 ± 2), as well as directly after the match / mismatch (PND 
71 ± 2). Body weights were analyzed before the onset of the different 
feeding routines (PND 27), at the beginning and the end of phase 1 (PND 
35; PND 64 ± 2) and 2 (PND 78 ± 1; PND 106 ± 2), as well as directly 
before the match / mismatch (PND 70 ± 1). 
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Additionally, to assess welfare, social behavior and stereotypic be
haviors, which are repetitive and invariant behaviors without any 
obvious goal or function, were measured [32,33] at the end of phase 1 
and 2 (PND 64 – 65 ± 2; PND 106 – 107 ± 2) and directly after the match 
/ mismatch (PND 71 – 72 ± 2). 

Subsequently, emotional state was assessed in a battery of behavioral 
tests. The animals were investigated for their state anxiety, i.e. the 
anxiety at a certain moment in response to certain stimuli [34,35], and 
their exploratory behavior in several well-established and regularly 
applied tests, which included the Elevated Plus Maze test (EPM; PND 
111 ± 1), the Open Field test (OF; PND 113 ± 1) and the Dark Light test 
(DL; PND 115 ± 1). Additionally, the Barrier test (B; PND 122 ± 1) was 
conducted as further assessment of exploratory behavior. In the Free 
Exploration test (FE; PND 119 ± 2) trait anxiety was measured, i.e. the 
general tendency of an individual to display anxiety-like behavior [34]. 
Social interest in same-sex conspecifics was evaluated in the Social In
terest test (SI; PND 25 ± 1) and lastly, learning and problem-solving 
ability were tested in the Puzzle Box test (PB; PND 127 - 137). After
wards, body length and weights of specific organs (heart, spleen, liver, 
kidneys and adrenals) were measured to evaluate general health (PND 
142 ± 1). 

2.3.2.1. Fecal corticosterone metabolites. After weighing, the mice were 
transferred separately to new Makrolon type III cages (‘sample cages”) 
with the standard equipment (see also ‘2.1 Animals and housing con
ditions’). After 3 h the animals were moved back to their respective 
home cages. Fecal samples were collected and frozen at – 20 ◦C until 
further preparation. After thawing, fecal samples were dried and ho
mogenized. Aliquots of 0.05 g were extracted with 1 ml of 80% meth
anol. Subsequently, a 5α-pregnane-3b,11b,21-triol-20-one enzyme 
immunoassay (established and validated by Touma et al. [30]; Touma 
et al. [29]) was used to measure the corticosterone metabolites. EIA 
sensitivity was 1.7 ng/0.05 g and the intra- and inter-assay coefficients 
of variation were below 10% and 12%, respectively. 

2.3.2.2. Home cage behavior. Spontaneous home cage behavior was 
filmed under red light conditions. At each of the three observation time 
points (end of phase 1 and 2, after the match / mismatch), videos were 
recorded for two consecutive days for four hours in the afternoon. The 
time from 1 pm to 5 pm was chosen because all animals had access to 
food for about three hours beforehand, resulting in similar satiation 
levels. To ensure and make individual identification easier, mice were 
color-marked (edding 3000 Permanentmarker, edding Vertrieb GmbH, 
Wunstorf, Germany) on the tail prior to the recording. Videos were 
analyzed by an experienced researcher (JF-D) and social and stereotypic 
behaviors were recorded using the software Observer XT 7.0 (Noldus 
Information Technology, Wageningen, The Netherlands). During 

analysis, the observer was blind to the situation of food availability of 
the mice as well as to the time point of recording. Definitions of be
haviors were based on previous publications (Lewejohann et al. [36]; 
Gross et al. [37]; Kästner et al. [38], Table 1). Stereotypic behaviors 
were corrected for individual differences in activity. The following so
cial behaviors were defined: approaching, facial/body sniffing, 
ano-genital sniffing, following, close contact. 

2.3.2.3. Battery of behavioral tests. All behavioral tests were conducted 
between PND 111 and 143. Testing was performed during the animals’ 
active phase when the lights were off in the housing room (between 2 
pm and 7 pm). Mice were tested according to a pseudorandomized daily 
order, which was balanced across the different food availability com
binations. Since food trays were either full or empty, depending on the 
current situation of food availability, blinding was not possible. Barrier 
test and Social Interest test were executed under red light conditions in 
the housing room and evaluated by live observations. For the tests on 
anxiety-like and exploratory behavior (Elevated Plus Maze test, Dark 
Light test, Open Field test, Free Exploration test) and on learning and 
problem-solving ability (Puzzle Box test) the animals were transferred to 
a separate testing room using a darkened transport box. All tests on 
anxiety-like and exploratory behaviors were recorded by a camera 
(Logitech Webcam Pro 9000) and automatically analyzed in real time by 
the video-tracking system ANY-maze (v. 5.33, Stoelting Co., Wood Dale, 

Fig. 1. Experimental design. Mice were provided 
with either matching or mismatching conditions of 
high (H) or low (L) food availability during phase 1 
and phase 2. Fecal corticosterone metabolites (FCMs) 
and Home cage behavior (HCB) were assessed during 
six weeks before and after the match / mismatch. 
Subsequently, anxiety-like and exploratory behavior, 
learning and problem-solving ability as well as social 
interest were evaluated. Afterwards, body weight, 
body length and organ weights were measured. Age 
is given in postnatal days (PND).   

Table 1 
Definitions of behaviors, based on previous publications [37,38,36].  

Behavior Definition 

Active / Inactive 
(Duration) 

The mouse is active when it shows any kind of motion. Tiny 
whisker, ear or tail movements are excluded. 
The mouse is inactive when it is not active. 

Stereotypies 
(Duration) 

The mouse shows stereotypies when it displays at least one of 
the following patterns three times or more without interruption: 
Patterned running: Running on the cage floor along fixed routes; 
Patterned climbing: Climbing at the cage lid along fixed routes; 
Circling lid: Climbing in tight circles on the cage lid. 

Social behaviors  
Approaching: 

(Frequency) 
The focal mouse moves directly towards the partner mouse until 
the distance between both is less than one body length. 

Facial/body 
sniffing: 
(Duration) 

The focal mouse contacts the head / body of the partner mouse 
excluding the ano-genital region. 

Ano-genital 
sniffing: 
(Duration) 

The focal mouse contacts the ano-genital region of the partner 
mouse. 

Following: 
(Duration) 

The focal mouse locomotes after the partner mouse, while its 
head is directed to the latter’s backside. The maximum distance 
between the animals is one body length. 

Close-contact: 
(Duration) 

The focal mouse sits or lies down in direct contact to the partner 
animal.  
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USA), while the Puzzle Box test was manually evaluated by live obser
vation. Between subjects, all test equipment was cleaned with 70% 
ethanol. Mice were given a pause of at least 48 h between individual 
tests. 

2.3.2.4. Elevated Plus Maze test. The light gray apparatus of the 
Elevated Plus Maze (EPM; Pellow et al., 1985; Lister, 1987, [35]) con
sisted of a wooden plus-formed apparatus with four arms (30 cm x 5 cm 
each) and a central square (5 cm x 5 cm), elevated 50 cm above the floor. 
While two opposing arms were enclosed by a wall of 20 cm height, the 
open arms only had a small barrier of 0.4 cm to prevent the mice from 
falling off. The illumination level was set to 25 lux in the center. After 
transportation to the testing room and one minute in the transportation 
box, mice were placed on the apparatus with their head facing towards 
the closed arm of the apparatus pointing away from the experimenter. 
After starting the tracking software, the mice were allowed to explore 
the apparatus for 5 min, while the experimenter left the room. The time 
spent on the open arms compared to the total time spent on open and 
closed arms and the number of entries to the open arms compared to the 
total number of entries to open and closed arms were used to assess 
anxiety-like behavior. Exploratory behavior was assessed by comparing 
the total number of arm entries. 

2.3.2.5. Dark Light test. For the Dark Light test (DL; Crawley and 
Goodwin [39]) a standard Makrolon type III cage (37 cm x 21 cm x 15 
cm) was separated into two compartments by an opaque partition 
including a sliding door. One third of the cage was painted black and 
covered by an opaque lid, representing the dark compartment. The light 
compartment was not modified and illumination was set to 40 lux. For 
acclimatization, the mice were placed for one minute in the dark 
compartment. Subsequently, the sliding door was opened, the 
ANY-maze tracking started and the experimenter left the room. The 
animals were then allowed to explore the apparatus for 5 min. The la
tency to the first entry to the light compartment and the time spent in the 
light compartment were used as assessment of the anxiety-like behavior. 
The number of entries to the light compartment were used to evaluate 
the exploratory behavior. 

2.3.2.6. Open Field test. The Open Field test (OF; Archer [40,41]) con
sisted of a white square arena (80 × 80 cm) surrounded by walls (42 
cm). The illumination level in the center was set to 35 lux. After one 
minute in the transport box the mouse was placed into the apparatus 
with its head facing towards the lower left corner of the apparatus. After 
starting the ANY-Maze tracking, the experimenter immediately left the 
room. The mouse was then allowed to freely explore the apparatus for 5 
min. Measures for anxiety-like behavior were the duration spent in the 
center (defined as at least 20 cm distant from the wall) and the number 
of entries to the center. Exploratory behavior was assessed by the total 
distance travelled. 

2.3.2.7. Barrier test. In the Barrier test (B) mice were individually 
placed into a standard Makrolon type III cage with a barrier of 3 cm 
height connecting the long sides of the cage in the middle [42–44]. After 
placing the animal into the right lower corner, the cage was covered 
with a transparent Plexiglas. The latency to the first crossing of the 
barrier within a maximum of 5 min was recorded by live observation. 

2.3.2.8. Free Exploration test. In the Free Exploration test (FE; [45,34]), 
the animal could freely choose to explore a new environment or to stay 
in the safety of its home cage. The apparatus was a white 60 cm × 60 cm 
× 35 cm arena surrounded by white walls. The illumination level in the 
center was set to 40 lux. An opening in one wall (11 cm × 15 cm) 
connected the apparatus to the animal’s home cage via a Plexiglas 
tunnel. After spending 1 min in the transport box, the mouse was placed 
back into its home cage and a sliding door was opened, allowing the 

individual to explore the FE arena for 15 min. After starting the 
ANY-maze tracking, the experimenter immediately left the room. The 
entries and time in the arena and the total distance traveled in the arena 
were analyzed. 

2.3.2.9. Puzzle Box test. For the Puzzle Box test (PB; based on O’Connor 
et al. [46]) a rectangular shaped apparatus of the dimensions 75 cm x 28 
cm x 25 cm was divided in a dark (15 cm x 28 cm) and a light (60 cm x 
28 cm) compartment enlightened from above (40 lux). The dark 
compartment served as a goal box and was connected to the light 
compartment via a small rectangular doorway (4 cm x 4 cm). 

Each mouse was tested for five consecutive days with three trials on 
days one to four and one trial on day five. After the first trial on day one, 
the doorway was blocked by varying obstructions. These included a u- 
shaped tunnel (4 cm x 4 cm x 8 cm), 100 ml of bedding material, a 
balled-up tissue paper and a small Styrofoam plug (4 cm x 4 cm x 3 cm). 
The animals were always given two consecutive trials with one 
obstruction to first test the native problem-solving ability and subse
quently the ability to reinforce learned behavior. By repeating the same 
situation during the first trial on the next testing day, retention of the 
problem-solving was tested. The latency to enter the goal box in the 
different trials was analyzed. 

2.3.2.10. Social Interest test. In the Social Interest test (SI; Lukas et al. 
[47]; Kästner et al. [48]) subjects were taken out of the home cage and 
placed in the test arena that consisted of a standard Makrolon type III 
cage (37 × 21 × 15 cm) containing a thin layer of wood shavings. A 
transparent plastic cover was placed on the arena to prevent the mice 
from jumping out. After a habituation phase of 1 min, a cylindrical wire 
mesh cage (diameter: 10 cm, height: 8 cm) was put in the middle of the 
arena and the mice could freely explore the set-up for 3 min to become 
accustomed to it. For the actual test, an unfamiliar female mouse not in 
estrus was introduced into the wire mesh cage. Subjects could explore 
the arena for another 3 min and the time the focal mouse investigated (i. 
e. was sniffing at) the cage containing the stimulus animal was recorded. 

2.3.3. Organ weights 
On PND 142 ± 1, at least 5 days after the last behavioral test, the 

body weight and length of 10 mice of each group of the different food 
availability combinations were measured. Subsequently, the animals 
were anesthetized using 2.5% isoflurane in oxygen and decapitated. 
Heart, spleen, liver, kidneys and adrenals were immediately removed 
and freed from excessive fat tissue. The organs were kept in a moist 
chamber and weighed using a sensitive digital scale (accuracy: 0.001 g; 
510–23, Kern, Balligen, Germany). The whole procedure took about 6 
min for each individual animal. Total kidney weight was calculated by 
adding the weight of the left and right kidneys; this was also done for the 
adrenals. Relative organ weights were calculated by correcting for final 
body weight. 

2.4. Statistics 

Graphs were created and the analysis of this study was conducted 
using the statistical software R (R Core Team [49], Version 3.5.1) and R 
Studio (RStudio Team [50], Version 1.1.453). To test for normal dis
tribution, residuals were examined graphically for homoscedasticity and 
outliers. Additionally, the Kolmogorov-Smirnov test and the Shapiro test 
were applied. Parametric statistics were applied and, if necessary, data 
were transformed using logarithmic, square root or inverse trans
formation (for detailed information, see Supplementary Material, 
Table 1). Specifically, two different models were established and fitted 
to the different dependent variables. Both models tested for effects of the 
four different food availability combinations using either repeated 
measures ANOVA (Model A) or univariate ANOVA (Model B) and post 
hoc comparisons. 
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Model (A): Repeated measures ANOVA (RM ANOVA) was used to 
assess the impact of food availability over a number of repeated tests. 
For body weight and fecal corticosterone metabolites, the within-subject 
factor ‘week’ was included, as these measurements were assessed 
repeatedly over the duration of the experiment. Regarding learning and 
problem-solving ability in the Puzzle Box test, ‘trial’ was included as 
within-subject factor, as animals had to complete several successive 
trials. For home cage behavior (stereotypies, social behaviors), ‘phase’ 
was included as within-subject factor, representing the measurements 
during phase 1 and 2, as well as directly after the match / mismatch. 

The effects of the respective within-subjects factor ‘week / phase / 
trial’ and the fixed between-subject factors ‘food availability’ as well as 
the interaction of ‘food availability’ and ‘week / phase / trial’ were 
analyzed. 

Model (B): Univariate ANOVA was used to test the impact of food 
availability on tests that were executed only once. Anxiety-like and 
exploratory behavior, social interest, final body length and organ 
weights were analyzed with fixed between-subject factor ‘food 
availability’. 

In both models, batches, paired animals and paired cages were 
included as random factors to control for possible differences not caused 
by experimental procedures. In case of significant main or interaction 
effects, Bonferroni-Holm post hoc comparisons were conducted. Partial 
eta squared (η2p) was calculated as a measure of the magnitude of the 
reported effects (Lakens [51], Supplementary Material, Table 1). Dif
ferences were considered to be significant at p < 0.05. 

3. Results 

3.1. Validation of different feeding routines 

Animals of the match group of high food availability (HH) gained 
weight throughout the experiment. In contrast, animals of the match 
group of low food availability (LL) were successfully kept to ~ 90% of 
the body weight of animals of the high food availability during phase 1. 
Afterwards, during phase 2, the LL animals were kept at their maximum 
body weight of phase 1, with no remarkable further weight gain (Fig. 2). 

Accordingly, the repeated measures ANOVA revealed a significant 
main effect of food availability (Model A, F (3, 169.6) = 4.259, p =
0.006) and week on body weight (F (1, 368.0) = 1113.567, p < 0.001). 
The animals of the mismatch groups HL and LH quickly readjusted their 
weight to the new situation after the mismatch, reflected by a significant 
interaction of week and food availability (F (3, 368.0) = 23.509, p <
0.001). 

3.2. Effects of food availability on hormones, behavior and organ weights 

3.2.1. Fecal corticosterone metabolites 
Concentrations of fecal corticosterone metabolites were assessed at 

the beginning and the end of the respective phases, as well as directly 
after the match / mismatch. Mirroring the body weight development in 
an inversed way, H animals generally showed lower concentrations than 
L animals. Mice, which experienced a mismatch, showed a rapid change 
in concentrations when confronted with the new situation. 

Accordingly, both a significant main effect of food availability (RM 
ANOVA, Model A, F (3, 54.900) = 3.418, p = 0.023; Fig. 3), as well as a 
significant interaction of food availability and week was found (F (12, 
232.000) = 6.745, p < 0.001). Bonferroni-Holm post hoc between-group 
comparisons revealed significant differences in week 8 between HL and 
LH (p = 0.020) and week 12 between HH and HL (p = 0.034) and LL (p =
0.011). 

Overall, the concentrations decreased over the duration of the 
experiment, reflected by a significant main effect of week (F (4, 
232.000) = 59.274, p < 0.001). 

3.2.2. Home cage behavior 
Social and stereotypic behaviors were assessed at the beginning and 

the end of phase 1 and 2, as well as directly after the match / mismatch. 
An interaction effect of food availability and time point was found only 
regarding sociopositive behaviors (sum of following, facial/body sniff
ing and ano-genital sniffing; RM ANOVA, Model A, F (6, 114.941) =
3.159, p = 0.007)) and mice being in close contact to each other (RM 
ANOVA, Model A, F (6, 147.321) = 6.789, p < 0.001). However, in both 
cases, post hoc comparisons revealed no significant differences between 
groups. 

Furthermore, a significant main effect of the combination of food 

Fig. 2. Body weight development under different combinations of food avail
ability throughout the experiment. Week 1 = Ad libitum feeding for all groups, 
last weight before onset of feeding routines. Groups experienced either high (H) 
or low (L) food availability before and after the match / mismatch, resulting in 
four possible food availability combinations (HH, HL, LH, LL). Data are pre
sented as means ± SD. Sample sizes: HH = HL = 15; LH = LL = 16. For details 
regarding statistical significances, please refer to the text in ‘3.1 Validation of 
different feeding routines’. 

Fig. 3. Levels of fecal corticosterone metabolites (FCMs) throughout the 
experiment. Groups experienced either high (H) or low (L) food availability 
before and after the match / mismatch, resulting in four possible food avail
ability combinations (HH, HL, LH, LL). Please note that, although data needed 
to be transformed for the statistical analysis, graphs are based on untrans
formed raw data, displaying means ± SD, to facilitate readability and inter
pretability. Sample sizes: HH = HL = 15; LH = LL = 16. For details regarding 
significant differences please refer to the text ‘3.2 Fecal corticosterone 
metabolites’. 
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availability was found on stereotypies (RM ANOVA, Model A, F (3, 
57.586) = 3.762, p = 0.016), with mice of the low food availability 
condition (LL, LH) performing more stereotypies than mice of the high 
food availability condition (HH, HL) in phase 1 of the experiment. 
However, post hoc analyses did not reveal any significant differences 
between the groups. 

Lastly, a significant main effect of time point was found for close 
contact (RM ANOVA, Model A, F (2, 147.462) = 28.995, p < 0.001) and 
approaching (RM ANOVA, Model A, F (2, 147.824) = 7.917, p < 0.001) 
suggesting an effect of aging. Post hoc comparisons indicated that ani
mals of groups HL and LL spent more time in close contact to each other 
during adulthood than directly after the match / mismatch or during 
adolescence (p ≤ 0.001). Descriptively, levels of approaching were 
overall highest during phase 1 and lowest during phase 2. However, post 
hoc comparisons were not significant. Please refer to Supplementary 
Material, Table 2 regarding means and standard deviations of the 
respective behavioral parameters. 

3.2.3. Behavioral tests 

3.2.3.11. Anxiety-like and exploratory behavior. To assess anxiety-like 
and exploratory behavior, different tests were conducted (EPM, DL, 
OF, FE, B). Regarding anxiety-like behavior, a significant effect of food 
availability was found only regarding the time spent in the light 

compartment of the Dark Light test (Univariate ANOVA, Model B, F (3, 
52.172) = 4.671, p = 0.006; Fig. 4). 

Animals that experienced high food availability during phase 1 (HH, 
HL) reached higher values than animals that experienced low food 
availability during this phase (LH, LL). However, post hoc analysis 
revealed no significant between-group differences. No statistically sig
nificant effects of food availability were found regarding exploratory 
behavior in the EPM, DL, OF, FE or B. 

3.2.3.12. Social Interest test. Social interest of the animals was assessed 
by means of an encounter with an unfamiliar female. A significant main 
effect of food availability (ANOVA, Model B, F (3, 44.165) = 6.663, p <
0.001; Fig. 5) was found. Post hoc comparisons indicated that animals of 
the LL group spent significantly more time on sniffing at an unfamiliar 
female than animals of the HH group, while animals of the HL and the 
LH group reached intermediate levels. 

3.2.3.13. Puzzle Box test. In the Puzzle Box test, the mice had to 
repeatedly solve different problems over 5 consecutive days. A signifi
cant effect of trial (RM ANOVA, Model A, F (12, 692.330) = 95.147, p <
0.001) was found, indicating that the time needed to solve the problem 
was dependent on the kind of obstruction as well as the number of trials. 
However, no significant effect of food availability was revealed. 

Fig. 4. Behavioral tests on anxiety-like and exploratory behavior. Groups experienced either high (H) or low (L) food availability in phase 1 and 2 of the experiment, 
resulting in four possible food availability combinations (HH, HL, LH, LL). A) Elevated Plus Maze test (EPM): Relative time on open arms; B) Dark Light test (DL): 
Time in the light compartment; C) Free Exploration test (FE): Time in the arena; D) Open Field test (OF): Time in the center of the arena. Please note that, although 
data needed to be transformed for the statistical analysis, graphs are based on untransformed raw data, displaying means ± SD, to facilitate readability and 
interpretability. Statistics: ANOVA (Model B),post hoc: Bonferroni-Holm corrected; sample size: HH = HL = 15; LH = LL = 16. A significant main effect of food 
availability was found for the time spent in the light compartment of the DL test. 
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3.2.4. Relative organ weights 
At the end of the experiment, body length and relative organ weights 

of 10 randomly selected animals of each group were assessed. A sig
nificant main effect of food availability (ANOVA, Model B, F (3, 16.003) 
= 11.171, p < 0.001; Fig. 6) was found for relative spleen weights. Post 
hoc analysis revealed significantly heavier spleens for HH animals than 
for HL animals (p = 0.007) and LL animals (p = 0.010). Furthermore, LH 
animals had significantly heavier spleens than HL animals (p = 0.014) 
and LL animals (p = 0.018). Additionally, relative liver weights were 
significantly influenced by food availability (ANOVA, Model B, F (3, 
13.556) = 5.320, p = 0.012). Post hoc comparisons revealed significantly 
heavier livers for animals of the LL group than for animals of the HH 
group (p = 0.015), while for HL and LH animals intermediate values 
were found. No significant differences were found regarding body length 
and relative weights of kidneys, heart and adrenals. 

Regarding total organ weights, results for spleens did not notably 
differ from the results regarding relative organ weights (ANOVA, Model 
B, F (3, 30.276) = 26.241, p < 0.001). Likewise, a significant main effect 
of food availability was found concerning total liver weights (ANOVA, 
Model B, F (3, 15) = 8.333, p = 0.002). However, in contrast to relative 
weights, post hoc comparisons indicated significantly lighter livers for 
HL animals than for animals from the groups HH and LH. Furthermore, 
food availability significantly influenced total kidney weights (ANOVA, 
Model B, F (3, 13.096) = 16.502, p < 0.001). Post hoc comparisons 
revealed significantly lighter kidneys for animals, which experienced 
low food availability in adulthood (HL, LL), than for animals, which 
experienced high food availability during adulthood (HH, LH, p value 
range: 0.002 – 0.004). Please refer to Supplementary Material, Fig. 1 and 
Table 3 for more details regarding total organ weights and the respective 
statistical results. 

4. Discussion 

In the present study, the Match-Mismatch hypothesis was tested by 
exposing mice to either a matching or mismatching situation of low or 
high food availability between adolescence and early adulthood. In 
contrast to our hypothesis, no effects of a mismatch were found in any of 
the physiological and behavioral measurements. However, the current 
food availability situation was reflected in the individuals’ physiology 
and, to a small extent, in their behavior. 

4.1. No indication of a mismatch effect 

The two mismatch groups were expected to show signs of an 

impaired welfare or health caused by a suboptimal adaptation of the 
phenotype to the environment during early adulthood, including higher 
levels of fecal corticosterone metabolites in response to the mismatch, 
increased levels of anxiety-like behavior, a decreased learning- and 
problem-solving ability as well as changes in organ weights. However, in 
none of the measured parameters did the mismatch groups differ 
significantly from the match groups. 

Concerning its ecology, the mouse is a species that under natural 
conditions lives in an ever-changing environment, where food avail
ability can vary quickly and often for numerous reasons (reviewed in 
Latham and Mason [52]). Thus, if the phenotype is permanently 
adjusted to low or high food availability early in life, it would almost 
certainly result in a maladaptation at some point during the later life. 
Instead, a quick adjustment of the physiology and behavior in response 
to changes in the environment would enable these animals to adjust 
their metabolism to the currently prevailing situation of food avail
ability, without committing to a permanent change of the phenotype 
[4]. The absence of any significant differences between the mismatch 
and the match groups might, thus, be explained by the specific ecology 
of the mouse. 

Furthermore, the focus of match-mismatch studies so far was on the 
shaping of the phenotype during the very early development of an in
dividual, namely the prenatal and early postnatal phase. However, more 
recent studies have shown that also during adolescence an individual’s 
phenotype can be shaped profoundly by the acute environmental con
ditions, thereby adjusting the organism to the current and predicted 
environment (reviewed in Sachser et al. [19]; Sachser et al. [18]). The 
influence of the social environment experienced during adolescence on 
the behavioral and endocrine phenotype of guinea pigs in adulthood is a 
good example for such a shaping. Namely, males living in mixed-sex 
colonies during adolescence developed a low-aggressive phenotype in 
adulthood, enabling them to integrate into large unfamiliar colonies. In 
contrast, males living in mixed-sex pairs during adolescence developed a 
highly aggressive phenotype towards strangers, allowing them to defend 
their mating partners against rivals [53,19,54,23]. Considering a 
possible similar adjustment of the phenotype in response to varying food 
availability, the present study tested for a mismatch effect between 
adolescence and early adulthood in mice. Yet, since no indication of 
such an effect was found, the shaping caused by food availability might 
in fact be restricted to the earlier development, on the one hand. On the 
other hand, the shaping of the phenotype during adolescence might be 
limited to other environmental factors than nutrition, such as the social 
environment. Furthermore, negative effects on health and welfare 
caused by the mismatch situations might become apparent only during 
later life stages. 

Additionally, much evidence stems from situations of large discrep
ancies between the two mismatching environments, such as the Dutch 
potato famine, which compares very low food availability to food in 
abundance (e.g. Heijmans et al. [16]; Lindeboom et al. [9]; Lumey et al. 
[55]; Roseboom et al. [10]; Roseboom [11]). In contrast, the discrep
ancies in the present study were caused by the comparison of ad libitum 
feeding and feeding a mildly reduced diet, which lead only to a slight 
reduction of body weight. Although evidence suggests various effects of 
such a reduction on the phenotype of rats [56–58], the discrepancy 
between low and high food availability in this study was possibly too 
small to bring about a significant mismatch effect on the mice’s 
phenotype. 

4.2. Effects of low vs high food availability 

Although no mismatch effect was revealed in this study, various ef
fects of low vs high food availability were found regarding physiological 
and, to some extent, behavioral parameters. A quick adjustment to 
changes in food availability was found regarding body weight and fecal 
corticosterone metabolites. Specifically, after the switch from ad libitum 
to a reduced feeding or vice versa, within a week, the body weight of the 

Fig. 5. Social Interest (SI) test. Groups experienced either high (H) or low (L) 
food availability in phase 1 and 2 of the experiment, resulting in four possible 
food availability combinations (HH, HL, LH, LL). Data presented as mean ± SD. 
Statistics: ANOVA (Model B), post hoc: Bonferroni-Holm corrected; ** p < 0.01; 
sample size: HH = HL = 15; LH = LL = 16. 
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animals of the mismatch groups reached similar levels as in the 
respective match groups. Similarly, concentrations of fecal corticoste
rone metabolites (FCMs) in the mismatch groups quickly reached the 
same levels as in the respective match groups. Overall concentrations of 
FCMs decreased during the course of the experiment, which might be 

due to an age-related effect or a habituation of the animals to the general 
housing and handling procedures. Concentrations were generally higher 
for animals experiencing low food availability than for animals experi
encing high food availability at any given time point, thereby inversely 
mirroring the body weight development. Similar results have been 

Fig. 6. Final body length and relative organ weights. Groups experienced either high (H) or low (L) food availability in phase 1 and 2 of the experiment, resulting in 
four possible food availability combinations (HH, HL, LH, LL). A) Body length; B) Heart; C) Spleen; D) Liver; E) Kidneys; F) Adrenals. Please note that, although data 
needed to be transformed for the statistical analysis, graphs are based on untransformed raw data, displaying means ± SD, to facilitate readability and interpret
ability. Statistics: ANOVA (Model B), post hoc: Bonferroni-Holm corrected; *p < 0.05, ** p < 0.01; sample size: HH = HL = LH = LL = 10. 
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shown in studies regarding the effects of reduced feeding (e.g. Heider
stadt et al. [59]; Levay et al. [60]; Kenny et al. [61], indicating that low 
food availability causes an activation of the hypothal
amic–pituitary–adrenal (HPA) axis (reviewed in Palme [31]). The pri
mary role of the HPA axis is the regulation of energy acquisition, 
deposition and mobilization [62]. It affects the feeding behavior as well 
as the glucose and fat metabolism of an individual [63, 64]. Hence, 
changes in activity of the HPA axis, as seen here, can lead to a general 
adjustment of the metabolism in response to a change in food avail
ability. Correspondingly, the liver, which also plays a major role in 
metabolism, was likewise found to be influenced by food availability. 
Specifically, low food availability caused increased relative liver weights 
compared to high food availability, irrespective of whether this situation 
was experienced during adolescence or adulthood. Furthermore, high 
food availability during adulthood was found to cause higher relative 
spleen weights than low food availability. The spleen is the largest 
secondary immune organ in mammals and an increase in weight likely 
indicates an activation of the immune system and might be used as an 
index of chronic inflammation [65]. Different hypotheses exist 
regarding the origin of such an inflammation, often attributing it to 
differences in metabolism. For example, an increase of food intake, as 
indicated by the constant weight gain in animals of the high food 
availability, could lead to an increased metabolic activity, which in turn 
would cause the build-up of O2 radicals. These radicals would then 
attack the body, causing inflammation (reviewed in Masoro [66] and 
Gillespie et al. [67]). Correspondingly, improved immunologic param
eters (reviewed in Jolly [68]; Nikolich-Žugich and Messaoudi [69]) and 
improved immunity to infectious agents [70] have been found for mice 
fed a reduced diet, similar to the situation of low food availability in this 
study, compared to ad libitum fed mice. Thus, the higher fecal cortico
sterone metabolite levels, increased liver weights and decreased spleen 
weights likely indicate an adaptation of the metabolic system in 
response to low food availability, helping the mice to handle periods of 
poor nutrition. 

Regarding the behavioral parameters, only few changes in response 
to food availability occurred. Namely, low food availability caused 
slightly lower levels of anxiety-like behavior, which is basically in line 
with previous studies on rats [59,71,72]. Traditionally, low levels of 
anxiety-like behavior can be interpreted as a sign of good welfare, as we 
see such a modification also in mice that experienced for example an 
enriched environment [44,73,74]. However, slightly higher levels of 
stereotypies in response to low food availability are in contrast to this 
interpretation as stereotypies are widely considered to reflect poor 
welfare [32,33]. Based on these rather contradictory findings, it is 
difficult to draw any general conclusions about the impact of food 
availability on welfare. Furthermore, this study concentrated on female 
mice only. For a comprehensive picture of the effects caused by food 
availability on behavior and welfare, male mice should also be investi
gated (e.g. Genn et al. [75]). Considering the ecological background of 
mice living in low food availability conditions, however, an alternative 
explanation may arise: A decrease in anxiety-like behavior could also be 
interpreted as an adequate reaction towards scarce environmental 
conditions that force the animal to explore its environment and search 
for food [72]. 
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