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Abstract: During development, experience continuously
interacts with genetic information to shape and optimize
neuronal circuits and behaviour. Therefore, environmental conditions have a powerful impact on the brain. To
date, accumulating evidence shows that raising animals
in a so-called “enriched environment” elicits remarkable
effects on the brain across molecular, anatomical, and
functional levels when compared to animals raised in a
“standard cage” environment. In our article, we provide a
brief review of the field and illustrate the different results
of “enriched” versus standard cage-raised rodents with
examples from visual system plasticity. We also briefly discuss parallel studies of enrichment effects in humans. Collectively, these data highlight that results should always
be considered in the context of the animals’ environment.
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Introduction and objectives
Canadian psychologist Donald Hebb is known for his influential theory on how neurons in the brain adapt during
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learning, presented in his classic work “The Organization
of Behavior” (1949). Hebb’s postulate is often summarized
by the phrase: “Neurons wire together if they fire together” (Löwel and Singer, 1992). Though less well known,
he is also an inadvertent founding father of research on
so-called “enriched environment” effects on animal behaviour. In the 1940s, he took some laboratory rats home
and let his kids play with them like pets. While in Hebb’s
house, the pet rats were taken out of their cages and provided the opportunity to play and socialize with the other
pet rats. Anecdotally, Hebb observed that the pet rats were
better at problem solving tasks compared to the laboratory rats (Hebb, 1947). In the 1960s, the psychologist Mark
Rosenzweig reported that enriched adult rats had an 8%
increase in thickness of the cerebral cortex (Rosenzweig et
al., 1962). Despite this amazing finding, the idea that the
brain could be plastic (grow and change) in adult rats –
a property thought to be limited to juveniles – continued
to escape attention of the scientific community. It was not
until the landmark experiments by William T. Greenough
in the late 1960s and 1970s, demonstrating greater dendritic growth in the visual cortex of rats that were raised in
stimulating cages, with daily replacement of toys and repositioning of wooden climbing boards, that environmental influences on the brain came into focus. Indeed, this
seminal work represented a paradigm shift: previously,
the brain was believed to be fixed very early in life, largely
under genetic control, while these findings revealed the
profound influence of environment in shaping the brain
(for a brief historical review see Markham and Greenough,
2004).
Since these first studies, there is a vast, and still accumulating, body of scientific studies examining enrichment effects on the brain. Enriched environment is classically defined as “a combination of complex inanimate
and social stimulation” (Rosenzweig et al., 1962). While
the specifics of enrichment vary between species, and
between laboratories/studies, enrichment is generally
characterized by enhanced opportunities to engage in
voluntary physical, social, and cognitive stimulation. In
the context of laboratory rodents, standard cages are relatively small, usually translucent, with a small number of
animals (up to 5) housed together in an otherwise empty
cage with woodchip bedding, and water and food ad li-
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Fig. 1: Comparison of different mouse rearing conditions, as used in the Löwel-laboratory: standard cage, standard cage with running wheel,
and “enriched” environment (EE) cage.

bitum. In contrast, enriched environment (EE) cages are
bigger, house a larger number of animals, and provide a
variety of stimulation, for example, running wheels, regularly changed labyrinths and toys (Figure 1; see also van
Praag et al., 2000).
Animals raised in EE-cages, or transferred, even for a
short period, show remarkable changes across molecular,
anatomical, and functional levels, compared to standard
cage-housed animals (for a review see Sale et al., 2014).
For example, in rodents, enrichment alters expression of
key signalling molecules involved in regulating brain excitability and plasticity (Cancedda et al., 2004), increases
volume of many brain areas (Diamond et al., 1964; Beaulieu and Colonnier, 1987), and alters maternal behaviour
(Sale et al., 2004).
Here, we review studies of enrichment effects on
age-related declines in plasticity. Early in life, the brain is
exceedingly ‘plastic’ and neural circuit organization and
function is readily modified in response to experience.
With age, the capability for plasticity declines. In this
review, we use examples from enrichment studies in rodent visual cortex to discuss the influence of housing on
plasticity capability at different ages, with standard cagehoused animals showing severely reduced neuronal plas-

ticity and progressive decline in plasticity with age, which
is prevented by enrichment housing.
Enrichment housing also induced beneficial effects
in mouse models of many brain disorders, including Huntington’s, multiple sclerosis, epilepsy, Parkinson’s, Alzheimer’s, schizophrenia, autism spectrum disorders, and
depression (Hannan, 2014; Mo et al., 2015; Fischer, 2016).
Though detailed discussion of translational and clinical
studies is beyond the scope of this review, we give examples of complementary findings from enrichment studies
in healthy humans.
As others have noted, ‘enrichment’ is obviously a relative term, and ‘standard’ cages in laboratory rodents represent an impoverished – rather than ‘normal’ – environment (Hannan, 2014). Although the influence of housing is
routinely considered in preclinical and translational studies, particularly when assessing validity of mouse models
(reviewed extensively elsewhere: Tkacs and Thompson,
2006; Burrows and Hannan, 2013; Burrows et al., 2015; Mo
et al., 2015), in basic research, housing and other contextual factors have only recently gained attention. We argue
that it is essential to consider the influence of housing on
“baseline” or control measures when interpreting results
from laboratory animals.

Bereitgestellt von | SUB Göttingen
Angemeldet | sloewel@gwdg.de Autorenexemplar
Heruntergeladen am | 14.12.17 10:37

Siegrid Löwel et al.: Environmental conditions strongly affect brain plasticity

Environmental enrichment affects
capability and rate of experience-
dependent plasticity in rodent
visual cortex
Ocular dominance (OD), or eye preference, refers to the
relative strength of responses in primary visual cortex (V1)
from inputs of one eye compared to the other eye. OD-plasticity in V1 of mammals is one of the best studied models
of experience-dependent plasticity (Wiesel and Hubel,
1963, Espinosa and Stryker, 2012) and is a well-characterised paradigm in which to test effects of environmental
enrichment on plasticity. As in humans, rodent V1 is divided into a monocular part, receiving inputs from only the
contralateral eye, and a binocular part, receiving inputs
from both eyes. The classic experiments of Hubel and Wiesel in the 1960s demonstrated in cats that disrupting normal binocular experience by closing one eye (monocular
deprivation, an experimental model of cataract) during an
early phase of postnatal development caused irreversible
modifications of V1 circuits. Likewise, in rodents, V1 activity is normally dominated by inputs from the contralateral eye, however, with monocular deprivation, OD shifts
to favour inputs from the open eye (Dräger, 1975, Dräger,
1978). In standard cage-raised mice, OD-plasticity peaks
in juveniles (postnatal day (P) 28; Dräger, 1978; Gordon
and Stryker, 1996; Sawtell et al., 2003) but declines with
age (Gordon and Stryker, 1996; Cang et al., 2005). In adult
mice, significant OD shifts are still possible up to age P110,
but require a longer period of monocular deprivation (7
days vs. 4 days in juvenile mice) (Sato and Stryker, 2008).
Beyond age P110, even 14 days of monocular deprivation
failed to induce OD-plasticity in standard cage-housed
mice (Lehmann and Löwel, 2008; Espinosa and Stryker,
2012; Levelt and Hübener, 2012).
Enrichment cages strongly influenced deprivation-induced changes in V1 activation (Greifzu et al., 2014) (Figure 2). In a first study, we compared standard cage and
EE-raised mice up to age ~P200. In contrast to standard
cage-housed mice, that lost OD-plasticity beyond P110,
even the oldest EE-raised mice continued to display
OD-plasticity after 7 days of monocular deprivation. Since
200 days represents a mature, but by no means ‘elderly’
age for laboratory mice, we tested even older mice and
surprisingly observed that optically recorded OD-plasticity was preserved lifelong in mice raised in the EE-cages
(Greifzu et al., 2016). Notably, transferring standard cageraised mice to EE cages at an advanced age (beyond P 110),
restored optically recorded OD-plasticity: even the oldest
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enriched mouse tested (P 922) still displayed OD-plasticity
(Greifzu et al., 2014; Greifzu et al., 2016).
Another age-related feature of OD-plasticity is that
a longer duration monocular deprivation is required for
OD-plasticity in older compared to younger standard cagehoused animals. While young standard cage-housed mice
require only 4 days monocular deprivation for OD-plasticity, older animals require at least 7 days monocular
deprivation to induce the same magnitude of shift in OD,
measured by optical imaging and electrophysiological
methods (Gordon and Stryker, 1996; Lehmann and Löwel, 2008; Sato and Stryker, 2008). How about EE-housed
mice? Recently, we showed that monocular deprivation-induced activation changes in V1 are already visible
after only 2 days in EE-raised mice of all tested ages (up to
P283), suggesting that EE enables this rapid plasticity at
any age. In some cases of young EE-raised mice, OD-plasticity was present after just 1 day of monocular deprivation (Kalogeraki et al., 2017). These data clearly show that
housing conditions affect not only capability but also rate
of experience-dependent plasticity in visual cortex, and
thus that standard cage housing may strongly slow down
experience-dependent network changes.
While plasticity declines with aging, it is also compromised after brain injury. For example, adult standard cageraised mice do not express OD-plasticity after small stroke
lesions in cortical regions outside V1: primary somatosensory cortex (Greifzu et al., 2011, Greifzu et al., 2012), or
motor cortex, despite being further from V1 (Pielecka-Fortuna et al., 2015). Interestingly, this was not the case in EEraised mice: OD-plasticity persisted not only in much older mice, but also after an S1-stroke (Greifzu et al., 2014). We
next tested whether juvenile (standard cage-raised) mice
would also be less affected by the S1-stroke. This was also
the case: Young standard cage-mice continued to display
OD-plasticity in V1, resembling non-lesioned animals.
Thus mice were protected from (at least some) stroke-induced impairments of cortical plasticity if they were either
young or raised in EE-cages. In other words, adult mice
had compromised OD-plasticity after a stroke only if they
were raised in the impoverished standard cages.
What can we conclude from these observations? Since
raising mice in less impoverished EE-cages preserves or
rescues compromised OD-plasticity in aged and stroke-affected animals, in our opinion, the fairest conclusion is
that standard cage housing conditions are detrimental to
plasticity, resulting in a rapid decline in OD-plasticity with
age.
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Fig. 2: Brain plasticity declines with age: a stimulating environment can both counteract age-dependent decline of plasticity and help with
restoring plasticity in the brain. A: Scheme of the age-dependent decline of brain plasticity: there are windows of heightened plasticity in
early postnatal brain development. B: Environmental enrichment (EE) preserved a lifelong ocular dominance (OD) plasticity in the primary
visual cortex (V1), and restored plasticity, even if EE was started after postnatal day (P) 110. Activity-dependent changes in the activation of
V1 were visualized using intrinsic signal optical imaging after stimulation of the contra- or ipsilateral eye before (upper row) and after
monocular deprivation (lower row). Gray scale-coded activity maps from the binocular zone of V1 are illustrated: darker activity patches
correspond to higher V1 activation. In addition, two-dimensional OD-maps, and the histogram of OD-scores, including the average OD-index
are shown. Before monocular deprivation (black spot indicates deprived eye), the activity patch evoked by stimulation of the contralateral
(contra) eye is darker than after stimulation of the ipsilateral (ipsi) eye in both standard cage-raised (left) and enriched mice (right), the
two-dimensional OD-map shows warm colors (red represents positive, blue negative values) and the average OD-index is positive, indicating that V1-activity is dominated by the contralateral eye. After monocular deprivation of the contralateral eye, the OD shifts towards the
open (ipsilateral) eye only in enriched, but not in adult standard cage mice: cold colors prevail in the OD-map and the OD-index is reduced
(blue arrows). Note that the illustrated V1-activity maps after monocular deprivation (lower right) are from a P 922 mouse that still exhibited
OD-plasticity. Modified from Greifzu et al., 2014; 2016.

How does environmental enrichment enhance plasticity?
One important question is whether OD-plasticity in
EE-animals occurs via shared or distinct mechanisms as
OD-plasticity in juvenile impoverished standard cage-animals. Inhibition-excitation balance is a key difference between juvenile and adult standard cage animals, and mat-

uration of inhibition is suggested to play an important role
in age-related changes in plasticity (Hensch, 2005). For
instance, in juvenile standard cage-raised rodents, pharmacologically increasing inhibition results in precocious
loss of visual cortical plasticity, while conversely, reducing
inhibition promotes adult OD-plasticity (Maya-Vetencourt
et al., 2008; Harauzov et al., 2010; Morishita et al., 2010).
The implication is that a lower level of inhibition may be
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permissive for plasticity, and that reducing inhibition is a
prerequisite for plasticity expression in adults. In support
of this hypothesis, intracortical inhibition in V1 of adult
(>P130) EE-raised mice was as low as in juvenile standard
cage-raised mice (Greifzu et al., 2014). Likewise, in rats,
enrichment-induced plasticity after long term monocular
deprivation was also accompanied by reduced extracellular GABA, indicating decreased inhibition (Sale et al.,
2007; Baroncelli et al., 2010).
However, suggesting that the effects of enrichment
are not a simple case of reactivating a juvenile-like brain
state, there appear to be epigenetic, and even transgenerational, effects of enrichment on plasticity expression. For
example, defective long-term potentiation normally associated with a particular knock-out (ras-grf-/-) was masked
in both short-term enriched knock-out mice and their
non-enriched offspring (Arai et al., 2009; Arai and Feig,
2011). Other changes accompanying enrichment have
also been implicated in enhanced plasticity effects seen
in adult rodents: enrichment altered expression of several
key signalling factors known to regulate cortical activity
and plasticity, including brain-derived neurotrophic factor (Falkenberg et al., 1992; Ickes et al., 2000; Cancedda
et al., 2004; Sale et al., 2004), serotonin (Baroncelli et al.,
2010), nerve growth factor (Mohammed et al., 1993; Pham
et al., 1999), and insulin-like growth factor I (IGF; Carro et
al., 2000; Ciucci et al., 2007).
EE combines motor, social, cognitive, and multisensory stimulation and exerts a global influence on the brain
(van Praag et al., 2000). There is increasing evidence that
primary sensory cortices receive and integrate multimodal input through cortico-cortical networks (Ghazanfar and
Schroeder, 2006; Kayser and Logothetis, 2007; Driver and
Noesselt, 2008; Henschke et al., 2017). Accordingly, environmental enrichment influences neuronal activity and
plasticity in multiple cortical and subcortical brain areas
concomitantly, and alters cortico-cortical network interactions beyond the local activity. For example, enrichment
decreased coupling between local field potentials (LFPs)
of visual and motor cortices of freely exploring mice in
time scales pointing to a decorrelation in the direct monosynaptic connection between the two areas. This decorrelation might indicate a transition to a more active and
stimulated brain state of enriched environment-housed
animals during exploration (Di Garbo et al., 2011). Further suggesting a role for network activity interactions in
plasticity, enrichment counteracted the LFP spectral shift
and decorrelation between primary auditory cortex and
V1 that occurs with ageing in standard cage-housed mice
(Mainardi et al., 2014).
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Enrichment-induced plasticity is not necessarily modality specific. Indeed, visual cortical plasticity does not
require visual enrichment per se. Rats dark-reared in an enriched environment developed normal visual acuity, while
rats dark-reared in standard cages showed impaired acuity (Bartoletti et al., 2004). Additionally, rat pups receiving body massage without any other form of enrichment
showed accelerated visual acuity development which was
accompanied by increased IGF expression across multiple
brain regions, an effect also seen in multi-component enrichment paradigms (Guzzetta et al., 2009). This similarity
could arise via direct connections between the brain areas stimulated by single-component sensory enrichment
(e.g. massage), and/or via convergent effects of different
enrichment components on shared molecular pathways
(Maya-Vetencourt and Origlia, 2012; Vivar et al., 2013).
Effects of enriched environment have also been observed in other sensory modalities. In the auditory system,
environmental enrichment paired with passive acoustic
stimulation increased response strength and decreased
response threshold of auditory cortex neurons (e.g. Dinse
2004; Engineer et al., 2004), and altered temporal processing and spatial representation of sound (Percaccio et al.,
2005; Percaccio et al., 2007; Kilgard et al., 2007; Cai et al.,
2009; Cai et al., 2010; Jakkamsetti et al., 2012). Environmental acoustic enrichment also promoted recovery from
early noise-induced auditory dysfunction (Zhu et al., 2014;
Jiang et al., 2015; Sturm et al., 2017), and long-term physical exercise was recently shown to delay the progression
of age-related hearing loss (Han et al., 2016). Likewise,
plasticity promoting effects of enrichment have been documented for the somatosensory cortex (e.g. Coq and Xerri,
1998; Florence et al., 2001; Godde et al., 2002; Bourgeon et
al., 2004; Polley et al., 2004; Landers et al., 2011).

Are all components of the EE-cages
necessary for the plasticity preserving effect?
As described above, EE paradigms feature the combination of physical activity, social and cognitive stimulation.
The relative importance of each component to enrichment-induced changes appears to depend on the specific
outcome and experimental model under study, suggesting
multiple mechanisms of action, and likely combinatorial
effects (Hannan, 2014). Although difficult to isolate, social
aspects of enrichment may play a lesser role compared to
visual enrichment and physical exercise for expression of
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visual cortical plasticity in rodents. Indeed, although solitary housing was detrimental to plasticity in mice (Balog
et al., 2014), increasing housing group size (predominantly a social enrichment) was not sufficient to alter plasticity
outcomes in rats (Rosenzweig et al., 1978; Baroncelli et al.,
2012). In contrast, engaging in a visual learning task (reflecting sensory, cognitive and motor enrichment, without
social aspects) restored visual acuity in amblyopic rats
(Baroncelli et al., 2012). Similarly, in amblyopic mice, the
combination of locomotion and visual stimulation resulted in faster recovery of visual acuity (Kaneko and Stryker,
2014). However, visual enrichment alone could promote
OD-plasticity in standard cage-housed mice (Matthies et
al., 2013).
Furthermore, voluntary physical exercise also appears to contribute substantially to enrichment-induced
changes in OD-plasticity: Adding a running wheel to
standard (slightly larger) cages was sufficient to both preserve OD-plasticity into late adulthood, and to reactivate
plasticity in old and stroke-lesioned mice (Kalogeraki et
al., 2014; Kalogeraki et al., 2016). Notably, starting wheel
running after the stroke lesion was sufficient to rescue
OD-plasticity in mouse V1. Thus, voluntary physical exercise alone already strongly promoted V1-plasticity in adult
mice, even if it was started late. Running is a particularly
interesting parameter because running not only promotes
brain plasticity and neurogenesis, but there is also evidence that running may alter attention to visual stimuli
(Stryker, 2014; Fu et al., 2015; Pakan et al., 2016; Cooper
et al., 2017).

Human brain plasticity resembles
environmental enrichment effects
seen in animal studies
The plasticity promoting effect of enrichment and voluntary physical exercise in animal studies is reminiscent
of positive effects of physical exercise or a more “active
lifestyle” in adult and ageing humans. Although it is more
difficult to define exactly what kind of enrichment components are needed to promote human brain plasticity,
there are numerous studies describing plasticity effects
in humans which strikingly resemble the results from
animal studies (reviewed in Hertzog et al., 2008; Hotting
and Röder, 2013; Voss et al., 2013). For example, in healthy
participants aged 65–84 years, dancing, which combines
physical activity, social interaction, sensory and cognitive
stimulation, improved performance in a range of cogni-

tive, tactile and motor tasks (Figure 3, Kattenstroth et al.,
2013; Dinse, 2016).
Similarly, in older adults, changes in physical fitness
after stationary bicycle training correlated with higher
stimulus-specificity in fMRI-measured activation, which
is associated with cognitive ability and typically declines
during ageing (Kleemeyer et al., 2017). Another study
also identified regular physical exercise as a preventative
factor against age-related worsening of odour detection
threshold (Schubert et al., 2017) and Alzheimer’s disease (Erickson et al., 2012; Santos-Lozano et al., 2016).
Finally, moderate time spent video gaming is one form
of environmental enrichment for humans because it incorporates intensive visual stimulation, sensory-motor
integration together with cognitive stimulation and reward with completion of gaming tasks. Both action and
non-action gaming improved not only visual capabilities
such as contrast sensitivity, visual acuity and stereopsis,
but also improved learning, attention and cognition performance in non-gaming tasks and is therefore a promising tool to increase plasticity in healthy older adults and
to improve vision in amblyopic patients (Li et al., 2009; Li
et al., 2011; Bavelier et al., 2012; Stryker and Löwel, 2017).
Enrichment-based interventions have also demonstrated
efficacy in treatment of many disorders, such as depression, schizophrenia and autism that are associated with
self-deprivation (e.g. social withdrawal, sensitivity and
avoidance of sensory stimuli, reduced novelty-seeking
behaviour) (Mabunga et al., 2015). Also complementing
findings in animal studies, in aged care settings, there is
increased attention on mental and physical health benefits gained by providing activities including social interaction, exercise and cognitive/sensory stimulation, rather
than merely meeting patients’ basic needs.
In summary, findings both from animal models and
humans demonstrate that living conditions influence
brain plasticity in healthy, diseased, and aged brains.
Therefore, to interpret and compare studies on brain plasticity in animals it is highly important to provide full details of housing conditions. Additionally, given that even
short-term and temporary exposure to enrichment has
marked effects on plasticity, procedures such as habituation and behavioural training and testing, should also
be considered a form of enrichment and reported accordingly. It has become clear that to study ‘normal’ plasticity processes using animals as models of a healthy brain,
enriched housing more closely resembles natural living
conditions, and thus likely has superior construct validity.
Finally, standard cage housing should more consciously
be treated as the severely impoverished condition, with all
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Fig. 3: Do sports, meet friends: an active lifestyle has been repeatedly shown to be effective in both counteracting age-dependent decline of
cognitive, sensory and motor performance, as well as acting therapeutically by causing beneficial effects in a number of neurodegenerative
diseases. Picture source (upper left): https://www.jazzmad.co.uk/learn-to-swing-dance/. Lower graphs: Six months of dance intervention
(one hour/week) enhanced postural, sensorimotor, and cognitive performance in elderly participants (figure modified from Kattenstroth et
al., 2013): Average indices characterizing individual performance for subjects in the dance (green) and control groups (grey) before (pre,
brighter color) and after (post, darker color) a six-month period consisting of either dancing or no intervention. To compare performance
across all tests and all subjects, the normalized performance indices for each subject, and each test were calculated as (wp-ip)/(wp-bp),
where wp was the worst performance of all subjects, ip the individual performance, and bp the best performance of all subjects. The best ip
is 1, while the worst ip is 0. Indices were subsequently averaged across tasks belonging to each particular domain as described above.
Tactile (p≤0.001) comprises touch-threshold, two-point discrimination, and haptic object recognition. Reaction times (p≤0.001) comprise
multiple-choice reaction times for the left and right hands and reaction time analysis. Cognition (p≤0.001) comprises the geriatric concentration test (AKT), Raven Standard Progressive Matrices (RSPM), Frankfurt Attention Inventory (FAIR), and Non-Verbal Learning Test (NVLT).
Posture (p=0.001) comprises posture and balance performance using seven static and dynamic tests on a force platform. The vertical bars
show standard errors of the mean. Asterisks mark significant differences before and after the intervention or after six months of no
intervention, respectively. Even moderate levels of dancing could counteract a wide range of age-related decline. For details see Kattenstroth et al. (2013).

the known consequences of deprivation on brain function
and plasticity.
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