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Emergence of Individuality in
Genetically Identical Mice
Julia Freund,1* Andreas M. Brandmaier,2* Lars Lewejohann,3 Imke Kirste,1† Mareike Kritzler,4

Antonio Krüger,4,5 Norbert Sachser,3 Ulman Lindenberger,2 Gerd Kempermann1,6‡

Brain plasticity as a neurobiological reflection of individuality is difficult to capture in animal
models. Inspired by behavioral-genetic investigations of human monozygotic twins reared
together, we obtained dense longitudinal activity data on 40 inbred mice living in one large
enriched environment. The exploratory activity of the mice diverged over time, resulting in
increasing individual differences with advancing age. Individual differences in cumulative
roaming entropy, indicating the active coverage of territory, correlated positively with individual
differences in adult hippocampal neurogenesis. Our results show that factors unfolding or
emerging during development contribute to individual differences in structural brain plasticity
and behavior. The paradigm introduced here serves as an animal model for identifying mechanisms
of plasticity underlying nonshared environmental contributions to individual differences in behavior.

Plasticity, or the reciprocal interaction be-
tween brain structure and function, draws
on genetic and nongenetic sources of var-

iation and forms the neurobiological basis of
individuality. Behavioral-genetic studies with hu-
mans provide statistical tools for estimating the
additive and interactive contributions of genetic
and environmental variations to individual differ-
ences in behavioral development (1). In the case
of monozygotic twins reared together, sibling
differences reflect the influence of individual re-
sponses, based on the same genetic makeup, to
a nominally identical environment. Somewhat
paradoxically, this source of variation is generally

referred to as the “nonshared environment” in be-
havior genetics.As Turkheimer has noted, “exactly
what the nonshared environment consists of has
been amatter ofmystery and controversy for some
time” [(2) p. 826].We developed an animal model
for studying the nonshared environment and exam-
ined its effects onbehavioral andneural development.

In rodents, enriched environments are among
the tools of choice for addressing the influence of
a given environment on individuals with identical
genetic background (3, 4). However, with some
exceptions [(5), see also (3, 6)] the emergence
of experience-based individual differences within
groups of genetically identical animals exposed
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to the same enriched environment has rarely been
addressed. We used a large group of animals and
a particularly complex environment to capture the
emergence of individual differences in brain and be-
havior over time.Weused exploration as amarker of
behavioral development, and adult neurogenesis
in the hippocampus as amarker for continued brain
development.

Adult hippocampal neurogenesis allows life-
long plastic adaptation of the hippocampal neural
network in the face of environmental complexity
and novelty, is regulated by physical and cogni-
tive aspects of behavioral activity, and can be
quantified in a straightforward way and captured
with numerical key parameters (7). We used the
individual regulation of adult hippocampal neu-
rogenesis in response to individual differences in
experiencing a nominally identical environment
as a proxy for individual brain plasticity. What
happens when genetically identical mice inhabit
the same environment? How much individuality
emerges over time, and is it related to adult hip-
pocampal neurogenesis? Do initial individual dif-
ferences in behavior dominate later individual
differences, or will novel variance emerge?

Forty female inbredmice (C57BL/6N), 4weeks
old at the beginning of the experiments, were
kept in a large enriched environment (ENR) for

3months [(8); see Fig. 1A and detailed description
in the supplementary materials]. The mice were
taggedwith radio-frequency identification (RFID)
transponders, and 20 antennas, distributed over the
entire environment, monitored their current locations.

Over the experimental period of 3 months
(Fig. 1B), we saw an increase inmean bodyweight
(Fig. 1C) compared with the baseline group
(N = 8). Besides this age effect, variability of both
body and brainweight (Fig. 1D) seemed larger in
ENR mice than in control (CTR) mice at the end
of the experiment (but P= 0.057 for brain-weight
variance, Bartlett-boxF test,F11,39 = 0.338; andP=
0.154 for body-weight variance, F11,39 = 0.449).

Adult neurogenesis was assessed at the end of
the experiment by counting proliferating precur-
sor cells that had been labeled with bromode-
oxyuridine (BrdU) 3 weeks before (Fig. 1B).
Average adult neurogenesis was increased in the
ENRgroupcomparedwith theCTRgroup (Fig. 2A),
decreasing the physiological age-related decline
in adult neurogenesis (as shown in the compar-
ison with the baseline value at 8 weeks). In line
with previous studies, ENR animals also had sig-
nificantly more new astrocytes than CTR animals
(t = 4.321, P = 0.0002) but there was no signif-
icant difference in cells with undefined pheno-
type (t = 0.736, P = 0.5) (fig. S1) (9).

New neurons in the hippocampus are assumed
to enable the hippocampus to flexibly cope with
novelty and complexity (10). Physical activity
and locomotion provide subjective proxy feedback
signals that tend to indicate situations potentially
rich in cognitive challenges requiring plasticity
(11, 12). Our specific hypothesis was that mice
with a greater range of experiences, as reflected
in more explorative behavior corresponding to a
larger and more intensive coverage of the ter-
ritory, would show higher levels of adult hip-
pocampal neurogenesis. Within the ENR group,
individual differences in the total number of an-
tenna contacts as proxy for the sheer amount of
locomotion were not associated with individual

differences in neurogenesis [correlation coefficient
(r) = 0.133; t = 0.829; P = 0.412] (fig. S2) (13).
Hence, we sought to identify a trait marker of
activity that would be more likely to be associ-
ated with adult neurogenesis.

To obtain an ethologically valid index of ex-
plorative behavior, we derived a new measure,
called “roaming entropy” (RE; formore details, see
methods in the supplementarymaterials). RE is the
entropy of the probability distribution of finding a
mouse at a given antenna at a given time and,
thus, is an indicator of the territorial range covered
by a givenmouse in a given period of time. RE is a
continuous measure. RE is low when a mouse
has a stable and small home range, independent
of the amount of locomotion within that area. But
even a relatively large range can be covered with
lowRE if few stable spots of attendance are spread
out over larger distances. RE is high, in contrast, if
coverage is evenly distributed over the entire area
of the cage (Fig. 2B; see also movies S1 and S2).

Measurements of RE were aggregated into
four adjacent time periods (T1, T2, T3, and T4),
each representing the average RE over 24 cal-
endar days, and summed over time periods to
obtain an index of cumulative roaming entropy
(cRE; i.e., cRET1 =RET1; cRET2 = cRET1 +RET2;
cRET3 = cRET2 + RET3; cRET4 = cRET3 + RET4).
A three-factor latent–growth curve model was fit
to the data to obtain estimates of intercept, linear
change, and exponential change (for details, see
methods in the supplementary materials). The
fit of the model was acceptable, comparative fit
index (CFI) = 0.986, root mean square error of
approximation (RMSEA) = 0.099. Although re-
liable individual differences in cRE were present
at baseline, these differences were completely
wiped out by individual differences that emerged
during the observation period (Fig. 2C). The cor-
relation between cRE and neurons labeled with
BrdU and neuronal marker NeuN did not differ
significantly from zero at baseline, r = 0.24 (P =
0.144). In contrast, at the end of the experiment,
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Fig. 1. Experimental setup and ef-
fects on body and brain weight. (A)
Schematic illustration of the large en-
richment enclosure housing 40 mice in-
cluding RFID antenna positions (shown
as red rings). Positions of levels, water
sources, nesting boxes, and connecting
tubes are drawn to scale. (Inset) Sche-
matic illustration of animal tracking; an
RFID passive integrated transponder (PIT)
is implanted in mouse’s neck. The elec-
tromagnetic field issued by the antenna
induces the PIT to emit the number
identifying the animal. This information
is then picked up by the antenna and
stored into a database together with
spatial and temporal annotations. (B)
Experimental time line. (C) Body weight
development: weights (in grams) of CTR
(blue) and ENR (red) mice at the be-
ginning and end of the experiment. (D)
Brain weights at perfusion (in grams). The difference in variance between CTR and ENR missed conventional statistical significance at P = 0.057.
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the number of new neurons (BrdU and NeuN
double-positive cells) correlated significantly with
cRE at T4, r = 0.46 (t = 3.227, P = 0.0026). Mice
who explored their habitat more broadly also grew
more new neurons in the hippocampus (Fig. 2D).
An estimate of distance traveled (i.e., number of
unique, nonrepetitive antenna contacts over the pe-
riod of the experiment) showed a weaker but still
significant association with adult neurogenesis (r =
0.345; t = 2.268; P= 0.029), which explained 12%
of the variance (fig. S2 and related information).

This study shows that adult neurogenesis, as
an instantiation of brain plasticity, is linked to
individual differences in experience among ge-
netically identical individuals who live in a nom-
inally identical environment. About one-fifth of
the experiential effects on adult neurogenesis was
captured by a measure of roaming through an
enriched environment. This finding supports the
idea that the key function of adult neurogenesis is
to shape hippocampal connectivity according to
individual needs and thereby to improve adapt-
ability over the life course and to provide evo-
lutionary advantage (11, 14, 15). The observed
individual differences in behavioral trajectories
were reliable. This is in line with the observation
that behavioral traits can be strongly influenced
by external stimuli that vary between individuals
or populations of individuals, as evidenced by
diverging results of behavioral testing across dif-
ferent laboratories (16, 17).

The molecular mechanisms driving individual
differences in behavioral and neural plasticity
await further study. From the present results, three
routes seem worth pursuing: (i) As full inbreed-
ing is impossible, minimal residual segregation
remains, and ontogeny may amplify the func-
tional consequences of this residual genetic varia-
tion.However, this variability due to novelmutations
corresponds to only 8 to 12 single-nucleotide
polymorphisms across the entire genome (18). In
addition, inbred mice might possibly genetically
vary with respect to variable number tandem re-
peats and transposon insertions (19, 20) (ii) Sto-
chastic gene regulation may lead to individual
differences in molecular states, which are further
amplified through experience. (iii) Animals might
show small changes in the epigenetic state of
their genome and may drift epigenetically apart
over time, which reflects the cumulative effects
of the choices they make in the course of their
lives. This last explanation would be particularly
in line with Turkheimer’s argument (2) and con-
sistent with data from humanmonozygotic twins,
according to which epigenetic differences increase
from young adulthood to old age and contribute
to a growing discordance of monozygotic twins
with advancing age (21). In addition, Lathe has
suggested the following sources of initial indi-
viduality in rodents (19): intrauterine position,
nutrition and interaction, imprinting errors, ma-
ternal stress and disease, and early postnatal in-
teractions (including handling). Presumably,
all of these would result in differences in the
epigenome. When we obtained the animals for

our study, we received mice randomly picked
from as many litters as possible to achieve the
best possible randomization.

As foreshadowed by psychological (22) and
neurobiological (23) theories of ontogenetic de-
velopment and in line with general theories of
neural self-organization (24), small perturbations,

possibly related to the factors mentioned above,
may lead to initial individual differences in action
tendencies. These differences, in turn, may trig-
ger differences in experience that accumulate over
time, result in differential plasticity, and corre-
spond to different epigenetic states and develop-
mental trajectories.

Fig. 2. Adult hippocampal neurogenesis and RE. (A) Total number of new neurons (BrdU+ and
NeuN+ cells) in the hippocampal dentate gyrus. Both CTR and ENR groups show the typical age-related
decrease in neurogenesis. Compared with CTR mice, ENR mice increased adult hippocampal neurogenesis
and resulted in a relative increase in variability. (Baseline versus CTR: P = 5.82 × 10−9; baseline versus
ENR: P = 7.17 × 10−12, CTR versus ENR: P= 7.68 × 10−5.) Exemplary histological images. (Top) “ENR low”
shows the dentate gyrus of an animal with an adult neurogenesis level in the range of CTR, whereas the
mouse in “ENR high” is at the upper end of neurogenesis levels in ENR. Scale bar, 150 mm. All analyses
were done on continuous data, not by classifying animals into categories of high or low neurogenesis. (B)
Exemplary heat maps of the RE of twomice in the large ENR enclosure (see also supplementary materials).
The two panels are heat maps of explorative behavior for two mice assessed during one night depicting
the probability of a mouse being in a specific location when viewed from above (i.e., aggregating across
the four levels of the cage). Low probabilities are shown in blue, medium probabilities in green, and high
probabilities in orange (see arrow on the left). Antenna positions are shown in black. (Left) A mouse with
low RE (animal no. 2 at day 19); (right) a mouse with high RE (animal no. 93 at day 9). All analyses were
done on continuous data, not by classifying animals into categories of high or low RE. (C) Measurements
of RE were aggregated into four adjacent time periods to obtain an index of cumulative RE (cRE). Each line
displays the cRE for a single mouse. Corresponding levels of neurogenesis are continuously color-coded
from low (blue) to high (yellow). For exact values, see also the scatterplots in Fig. 2D. The mice differed in
cRE at T1 (variance T1 = 0.001, c2 = 28.91, df = 1, P < 0.0001). At the same time, they differed markedly
in rates of linear change (c2 = 18.76, df = 1, P< 0.0001) and exponential change (c2 = 27.80, df = 1, P<
0.0001). As a result, the variance in cRE at T4 (variance T4 = 0.022, c2 = 35.12) increased by a factor of
22 relative to the variance in cRE at T1 (for the difference, c2 = 31.73, df = 1, P < 0.0001). Individual
differences in linear change predicted individual differences in cRE at the end of the observation period, r=
0.98 (c2 = 118.742, P< 0.0001), whereas individual differences in cRE at the beginning of the observation
period did not predict individual differences in linear change (c2 = 3.19, P = 0.074). (D) Individual
differences in cRE are associated with individual differences in adult hippocampal neurogenesis. The
number of new neurons correlated significantly with cRE at T4, r = 0.46 (t = 3.227, P = 0.0026).
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Environmental enrichment does not seem gen-
erally to increase variability, although some con-
troversy exists with regard to parameters such as
body weight (17, 25, 26). Most studies, however,
have followed smaller cohorts of animals over
shorter periods of time than in our study.Wheth-
er long-term enrichment in large groups and
seminaturalistic conditions have a general variance-
increasing effect across a wide range of param-
eters remains to be determined.

Three months of living in a complex envi-
ronment led to a massive magnification of indi-
vidual differences in explorative behavior among
genetically identical individuals over time, and
these differences were related to adult hippocam-
pal neurogenesis. The rich environment lost its
“sameness” over time and gave way to the emer-
gence of a personalized “life space” (27) and a
“mouse individuality,” similar to what has been ob-
served in humans for personality traits (28). Hence,
the magnitude of individual differences observed
in replications of this experiment is likely to
vary across studies: As the members of each new
cohort individualize, their “society” will also be
shaped in a slightly different, individual way. The
present paradigm serves as an animal model for
addressing the “mystery and controversy” (2) of

the nonshared environment, or the ways in which
living our lives makes us who we are (29).
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Compartmentalization of GABAergic
Inhibition by Dendritic Spines
Chiayu Q. Chiu,1,2* Gyorgy Lur,1,2* Thomas M. Morse,1 Nicholas T. Carnevale,1

Graham C. R. Ellis-Davies,3 Michael J. Higley1,2†

g-aminobutyric acid–mediated (GABAergic) inhibition plays a critical role in shaping neuronal activity in
the neocortex. Numerous experimental investigations have examined perisomatic inhibitory synapses,
which control action potential output from pyramidal neurons. However, most inhibitory synapses in the
neocortex are formed onto pyramidal cell dendrites, where theoretical studies suggest they may focally
regulate cellular activity. The precision of GABAergic control over dendritic electrical and biochemical
signaling is unknown. By using cell type-specific optical stimulation in combination with two-photon
calcium (Ca2+) imaging, we show that somatostatin-expressing interneurons exert compartmentalized
control over postsynaptic Ca2+ signals within individual dendritic spines. This highly focal inhibitory action
is mediated by a subset of GABAergic synapses that directly target spine heads. GABAergic inhibition thus
participates in localized control of dendritic electrical and biochemical signaling.

Achallenge to elucidating the function of
synaptic inhibition is the diversity of g-
aminobutyric acid–releasing (GABAergic)

interneurons found in cortical circuits (1–3). Sev-
eral interneuron classes, including those that ex-
press somatostatin (SOM-INs), target the dendrites
of excitatory, glutamatergic pyramidal cells (3–5).
SOM-INs regulate the initiation of action potential
bursts generated via active currents in postsynaptic
dendrites (6–8). We hypothesized that these in-
putsmight also exert focal influence over dendrit-
ic signaling. Here, we used electrophysiological,
optical, and computational approaches to inves-
tigate the localized actions of GABAergic in-
hibition in pyramidal cell dendrites.

To activate dendritic GABAergic synapses,
we used a somatostatin-Cremouse line (9) (Fig. 1A

and fig. S1, A and B) to conditionally express
channelrhodopsin-2 (ChR2) (10) in SOM-INs of
the prefrontal cortex (fig. S1, C and D). In acute
brain slices prepared 2 to 3 weeks after viral
injection, pulses of light (5ms, 473 nm) delivered
through the microscope objective evoked action
potentials (APs) in fluorescently identified SOM-
INs (fig. S2, A to C). Whole-cell recordings in
layer 2/3 pyramidal neurons revealed correspond-
ing inhibitory postsynaptic potentials (IPSPs)
(Fig. 1, B and C, and fig. S2, D to F). For sub-
sequent experiments, type A GABA receptor
(GABAAR)–mediated IPSPs were isolated by
including the selective type B GABA receptor
(GABABR) antagonist CGP-55845 in the per-
fusate (Fig. 1C). IPSPs exhibited a reversal po-
tential of –69.9 T 1.5 mV (mean T SEM, n = 5)

that did not differ significantly from the value
recorded via gramicidin-based perforated patch
(–72.4 T 1.7, n = 6, P = 0.3, fig. S2, G and H).

To determine how inhibition influences den-
dritic activity in pyramidal neurons, we used two-
photon laser scanning microscopy (2PLSM) to
image calcium (Ca2+) in apical dendritic spines
and shafts. Ca2+ transients (DCa2+) were evoked
by somatic APs (Fig. 1, D and E, and fig. S3, A
and B) and were mediated by voltage-gated Ca2+

channels (VGCCs) (fig. S3C).We compared AP-
evoked Ca2+ signals under control conditions
(DCa2+ctl) andwhen preceded by an IPSP (DCa

2+
inh)

(15-ms interval) evoked by a light pulse targeting
the imaged region (Fig. 1E). In 57% (73/127)
of randomly imaged spines, optical activation
of SOM-INs produced a significant reduction
(>15%, see methods and fig. S3, D to F) in the
AP-evoked DCa2+. At these locations, the aver-
age Ca2+ inhibition (DCa2+inh /DCa

2+
ctl) was sig-

nificantly greater for spines than for neighboring
dendritic shafts (0.60 T 0.02 versus 0.78 T 0.03,
P < 0.001; Fig. 1, F and G). The inhibition of
DCa2+was abolished by application of theGABAA

antagonist picrotoxin (n = 8, P < 0.05, Fig. 1H).
Similar Ca2+ inhibition was seen in basal dendrites
(23/49 spines; 0.73 T 0.02 versus 0.87 T 0.02 for
spines and shafts, respectively, P < 0.01; fig. S4).
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