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Only watching others making 
their experiences is insufficient to 
enhance adult neurogenesis and 
water maze performance in mice
Deetje Iggena1, Charlotte Klein1, Alexander Garthe2,3, York Winter4, Gerd Kempermann2,3 & 
Barbara Steiner1

In the context of television consumption and its opportunity costs the question arises how far 
experiencing mere representations of the outer world would have the same neural and cognitive 
consequences than actively interacting with that environment. Here we demonstrate that physical 
interaction and direct exposition are essential for the beneficial effects of environmental enrichment. 
In our experiment, the mice living in a simple standard cage placed in the centre of a large enriched 
environment only indirectly experiencing the stimulus-rich surroundings (IND) did not display 
increased adult hippocampal neurogenesis. In contrast, the mice living in and directly experiencing 
the surrounding enriched environment (DIR) and mice living in a similar enriched cage containing an 
uninhabited inner cage (ENR) showed enhanced neurogenesis compared to mice in control conditions 
(CTR). Similarly, the beneficial effects of environmental enrichment on learning performance in the 
Morris Water maze depended on the direct interaction of the individual with the enrichment. In 
contrast, indirectly experiencing a stimulus-rich environment failed to improve memory functions 
indicating that direct interaction and activity within the stimulus-rich environment are necessary to 
induce structural and functional changes in the hippocampus.

The exposure to environmental enrichment is beneficial for structural and functional changes in the 
brain. Living in an enriched environment enhances the survival of newborn neurons in the hippocam-
pus of adult mice, whereas physical activity predominantly stimulates the proliferation of hippocampal 
precursor cells1,2. Both external stimuli are additive and thus lead to a remarkable net increase in adult 
neurogenesis3. In several studies, this increased amount of newborn neurons has been linked to the 
improvement of certain hippocampal-dependent functions including spatial learning1,3–6. These obser-
vations relate to the medical observation that physical and cognitive activity reduce the risk of memory 
decline and neurodegenerative disorders7,8.

As “activity” promotes neurogenesis, motility in a stimulus-rich world might be a strong modulator of 
neurogenesis-related function. Indeed, in a longitudinal study individual levels of active exploration and 
territorial coverage (“roaming entropy”) correlated with adult hippocampal neurogenesis9. However, an 
enriched environment is more than merely an incentive for increased levels of motility. Instead it repre-
sents a complex inanimate and social stimulation consisting of multiple factors in numerous domains10. 
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Due to the complexity of an enriched environment the extent to which individual identifiable factors, 
including cognitive stimuli, contribute to the positive overall outcome has remained largely unknown.

Usually, mice living in an enriched environment are able to directly interact with their stimulating 
surrounding1,3,6,10. However, considering that a sedentary lifestyle is increasingly common we were in 
particular interested in the effects of indirect exposure and passive confrontation with such an envi-
ronment11. We asked whether active participation is required for the beneficial effects of environmental 
enrichment on the brain or whether the merely indirect exposure to sights, sounds and odors of other 
mice directly experiencing that environment would be sufficient to enhance adult hippocampal neuro-
genesis. To answer this question we randomly assigned our mice to four different housing conditions 
(Fig. 1A) and exposed them either directly or indirectly to environmental enrichment for four or eight 
weeks (Fig.  1B). We conducted histological studies to investigate adult hippocampal neurogenesis and 
tested the mice in the Morris water maze to assess spatial memory as example of potential functional 
consequences.

Results
Direct interaction with environmental enrichment increases the survival of newborn neu-
rons. Adult neurogenesis was assessed by the standard methodology based on bromodeoxyuridine 
(BrdU)-incorporation into the dividing precursor cells and immunohistochemical analysis of their 
progeny12. Typically for the enrichment paradigm, direct exposure to the environmental enrichment 
elicited a strong pro-survival effect on newborn cells four weeks after BrdU-incorporation (Fig.  2A,B; 
F3,25 =  13.809, P <  0.001; post-hoc: ENR versus CTR, P <  0.001; DIR versus CTR, P =  0.001). However, 
this beneficial effect on neurogenesis was absent in the IND group with prohibited direct interaction and 
only indirect exposure to an enriched environment (IND versus CTR, P =  0.227). We further explored 
whether the observed difference was due to an increased number of newborn neurons by estimating 
BrdU+/NeuN+ colabeling. ENR and DIR showed significantly more NeuN-positive neurons than CTR 
(Fig. 2C; F3,25 =  11.673, P <  0.0001; post-hoc: ENR versus CTR, P <  0.001; DIR versus CTR; P =  0.003) 
while the indirect exposure did not affect neuronal differentiation (IND versus CTR, P =  0.401) suggest-
ing that indirect exposure is an inadequate stimulus for adult neurogenesis. Instead, direct interaction is 
required to enhance the survival of newborn neurons.

Hippocampal cell proliferation remains unaffected by environmental enrichment. We next 
examined hippocampal proliferation in transgenic Nestin-GFP mice using BrdU-immunohistochemistry 
and determined the different subpopulations of neuronal precursor cells by colabeling for neuronal 

Figure 1. Experimental set-up. (A) Housing conditions. Mice lived in and directly experienced an enriched 
environment (DIR) while the mice in the inner standard cage indirectly experienced the surrounding 
enriched environment and its inhabitants (IND). Mice lived in an enriched environment which contained 
an uninhabited inner cage (ENR). Mice lived in a standard cage without any confrontation to environmental 
enrichment (CTR). The measures of the ENR/DIR cage: 0.74 m × 0.3 m × 0.74 m (W/H/D), the measures 
of the CTR/IND cage: 0.27 m × 0.15 m × 0.42 m (W/H/D). (B) Experimental timeline. Mice received three 
BrdU-injections on day 28 of the experiment. To assess cell proliferation mice were killed 24h after injection, 
to investigate cell survival mice were killed four weeks after injection. Spatial memory was assessed during 
the eighth week of the experiment.
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Figure 2. Newborn cells in the granule cell layer of the dentate gyrus. (A) Representative DIC-images of 
BrdU-immunohistochemistry in CTR, IND, ENR and DIR showing four weeks old cells. Arrows highlight 
exemplary BrdU+-cells. Scale bar, 100 μ m. (B) Absolute number of survived BrdU+-cells four weeks after 
BrdU-incorporation. ENR and DIR displayed significantly more cells (ENR versus CTR, P <  0.001; DIR 
versus CTR, P =  0.001) while IND and CTR did not differ (IND versus CTR, P 0.227). (C) Absolute number 
of survived neurons colabeled by BrdU and the neuronal marker NeuN. ENR and DIR (ENR versus DIR, 
P =  0.481) did not differ, but showed increased neurogenesis compared to CTR (ENR versus CTR, P <  0.001; 
DIR versus CTR, P =  0.003) while IND did not differ from CTR and ENR (IND versus CTR, P =  0.401;  
IND versus ENR, P =  0.219), but from DIR (IND versus DIR, P =  0.048). CTR, N =  7; IND, N =  6; ENR, 
N =  7; DIR, N =  9. (D) Representative confocal images of NeuN+ (green)/BrdU+ (red) cells appearing 
orange when colabeled. Scale bars 20 μ m. (E) Absolute number of BrdU+-cells 24 hours after BrdU-
incorporation. Environmental enrichment did not affect cell proliferation rate (P =  0.761). CTR, N =  5;  
IND, N =  6; ENR, N =  5; DIR, N =  10. (F) Absolute number of BrdU+-cells in the subpopulations of 
hippocampal proliferating neurons 24 hours after BrdU-incorporation. Environmental enrichment did not 
affect any neuronal subpopulation of precursor cells. (G) Representative confocal images of BrdU-colabeled 
type 1 (GFAP+/Nestin+), type 2a (Nestin+), type 2b (Nestin+/Dcx+) and type 3 (Dcx+) neuronal precursor 
cells. Scale bars 20 μ m. Data presented as boxplots with a centre line as median, Tukey-style whiskers extend 
1.5 times the interquartile range from 25th and 75th percentiles and dots represent outliers. Numbers of 
precursor cells shown as mean±  s.e.m.
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markers13,14. As predicted, neither direct nor indirect exposure to an enriched environment increased 
hippocampal cell proliferation 24 hours after BrdU-incorporation (Fig.  2E; F3,22 =  0.391; P =  0.761). 
Similarly, our additional investigations revealed no differences in the subtypes of neuronal precursor 
cells (Fig. 2F). The groups neither differed in the number of type 1, Nestin+/GFAP+-cells, (F3,17 =  0.730, 
P =  0.548) type 2a, Nestin+-cells, (F3,21 =  0.467, P =  0.709) type 2b, Nestin+/Dcx+-cells (F3,21 =  0.704, 
P =  0.560) nor type 3, Dcx+-cells, (F3,21 =  0.271, P =  0.846) cells. The histological analysis indicates 
that the beneficial effects of direct interaction with an enriched environment are in particular due to 
survival-promoting effects instead of increasing the cell proliferation rate or influencing the distribution 
of the different subpopulations of neuronal precursor cells.

Direct interaction with environmental enrichment improves Morris water maze perfor-
mance. We next related our morphological results to behavioral data. Our mice were tested in a 
modified reversal learning version of the Morris water maze task that is able to detect alterations in 
cognitive performance associated with adult neurogenesis15. All groups started from the same base line 
showing no differences regarding the length of swim path during the first trial of day 1 (F3,37 =  0.603, 
P =  0.617) and performed similar over the entire first day. As indicated by the number of crossings at 
the previous goal location during the first trial after moving the platform to another quadrant all groups 
learned the task well (Fig. 3A; F3,37 =  0.216, P =  0.885). Additionally, no differences were found for swim 
path lengths during the first trial following goal reversal (day 4, F3,37 =  0.599, P =  0.620).

Environmental enrichment had the anticipated beneficial effect on task performance compared to 
CTR. Post-hoc analysis over all trials revealed that the average swim path to the hidden platform was 
significantly shorter in ENR (Fig. 3B; Repeated measures ANOVA: F3,241 =  10.343, P <  0.001; post-hoc: 
ENR versus CTR, P =  0.030). This effect appeared to be particular strong at the end of the acquisition 
phase (day 3, F3,242 =  6.920, P <  0.001; post-hoc: ENR versus CTR, P =  0.031). Interestingly, although DIR 
experienced the same length of exposure to environmental enrichment as mice from the ENR group, 
the swim path to target shown by DIR mice did not differ from CTR (over all days: DIR versus CTR, 
P =  0.999) nor on any single day (Day 1: P =  0.135; day 2: P =  0.154; day 3: P =  0.961; day 4: P =  0.971; 
day 5: P =  1.000). On the second day, DIR even appeared to perform worse than ENR (F3,242 =  6.248, 
P <  0.001 post-hoc: ENR versus DIR, P =  0.050).

Even more surprising was the observation that IND performed worse than CTR in the water maze. 
Over all trials, IND showed significantly longer swim paths to target (IND versus CTR, P =  0.036). This 
discrepancy became particularly apparent on day 2 (IND versus CTR, P =  0.012), while on day 4 at least 
a trend to difference was observable (F3,242 =  5.078, P =  0.002; IND versus CTR, P =  0.076). These results 
suggest that the merely indirect exposure to environmental enrichment is insufficient to improve spatial 
memory and might even induce certain adverse effects on memory formation.

In addition to this overall analysis of water maze performance, we assessed the effect of different types 
of enrichment on distinct learning phases. We analyzed the swim path to target separately during acqui-
sition (days 1 to 3) and reversal (days 4 and 5). Remarkably, the inferiority of IND compared to CTR was 
predominantly present during the reversal phase. While the analysis revealed a difference between IND 
and CTR on days 4 and 5 (Repeated measures ANOVA: F3,242 =  7.549, P <  0.0001; post-hoc: IND versus 
CTR, P =  0.032), no difference between IND and CTR during acquisition could be detected (Repeated 
measures ANOVA: F3,241 =  6.397, P <  0.001; post-hoc: IND versus CTR, P =  0.379). These results indi-
cate that in IND memory is especially affected in terms of flexibility and the ability to relearn. A similar 
pattern was revealed comparing DIR to ENR: during acquisition DIR and ENR performed similarly 
(P =  0.730), but reversal analysis revealed a trend to worse performance in DIR mice, which however 
remained statistically insignificant (P =  0.087). Neither during acquisition nor during reversal DIR dif-
fered from CTR (P =  0.881 and P =  0.987, respectively). The “normal” enrichment group ENR displayed 
a trend to differ from CTR during acquisition (P =  0.084), while there was no evidence of a difference 
between ENR and CTR during reversal (P =  0.349). It seems that while ENR possibly outperformed 
CTR during acquisition, IND and DIR were unable to do likewise and even performed worse during 
reversal compared to CTR and ENR, respectively. Flexibility seems to be the main aspect of memory 
formation to be affected by the experimental design of indirect versus direct exposure to environmental 
enrichment, thereby contributing to the reduced overall performance of IND and DIR in the Morris 
water maze (Fig. 4).

Direct interaction with environmental enrichment enhances the quality of spatial learn-
ing. We next analyzed qualitative aspects of the spatial learning. First, we plotted the presence proba-
bility of the mice in the circular water maze arena. On day 4, the heatmap visualizes the faster reversal 
learning in ENR. ENR evolved a clear local preference for the new target already during the third trial, 
whereas the other groups struggled to develop a new preference. Even in DIR a new strong local pref-
erence for the new platform location did not evolve as quickly as in ENR. This fits the observation that 
DIR required a longer swim path to the target than ENR. However, group differences regarding the aver-
age distance to target could not be revealed, but between IND and ENR during the third trial on day 4 
((F3,37 =  4.786, P =  0.006, IND versus ENR, P =  0.004). Second, we investigated the efficiency of the cho-
sen search strategies and whether these strategies were hippocampus-dependent. To classify the search 
strategies the sequence of xy-coordinates was analysed using an algorithm introduced previously15. The 
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Figure 3. Performance in a reversal-learning type of the Morris water maze. (A) All groups learned to 
navigate to the platform during the acquisition phase (days 1 to 3) thus the groups did not differ in the 
total number of crossing of the previous target zone during the first trial on day four after the platform was 
relocated. (P =  0.885). (B) The ability to reach the platform as fast as possible differed between the groups. 
ENR displayed a significantly shorter swim path than CTR while DIR only differed from IND but not from 
CTR. IND needed even a significantly longer swim path than CTR. (IND versus ENR, P <  0.001; IND versus 
DIR, P =  0.016; CTR versus ENR, P =  0.030; CTR versus IND, P =  0.036; ENR versus DIR, P =  0.141; CTR 
versus DIR, P =  0.999) (C) Heatmaps depict the development of spatial preferences in the water tank after 
the platform had been relocated into the opposite quadrant on day four. Although no statistical difference 
regarding distance to target could be revealed but between IND and ENR in trial 3 (F3,37 =  4.786, P =  0.006, 
IND versus ENR, P =  0.004), the heatmaps visualize ENR’s faster reversal learning and development of a 
local preference for the new target already during the third trial while the other groups struggled to develop 
a new preference. (D) Distribution of performed search-strategies during the five days. IND used more 
inefficient non-spatial strategies to reach the goal than expected (Chi-square =  34.276, P <  0.001; IND 58.4%, 
CTR 43.9%, DIR 42.1%, ENR 35.4%). Number of platform crossings presented as boxplots with a centre 
line as median, Tukey-style whiskers extend 1.5 times the interquartile range from 25th and 75th percentiles. 
Swim path to target presented as mean±  s.e.m. CTR, N =  10; IND, N =  11; ENR, N =  10; DIR, N =  10.
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statistical analysis of independence revealed that IND mice more often used hippocampus independ-
ent non-spatial like thigmotaxis, random search, scanning and chaining and thus chose less efficient 
strategies to navigate to the platform than compared to control and the other groups would have been 
expected (Fig.  3D; chi-square (3) =  34.276, P <  0.001, IND (53.8%) versus CTR (43.9%), DIR (42.1%), 
ENR (35.4%)). This result adds qualitative details to the observed prolonged latency and swim paths to 
the platform and indicates that functional plasticity is reduced in IND compared to CTR. With respect to 
“perseverance”, characterized by an incorrect, prolonged preference for the previous goal on day 4, ENR 
persevered less than CTR and IND (chi-square (21) =  44.782, P =  0.002, IND (31.3%), CTR (28.3%), 
DIR (15.3%), ENR (6.7%). This is matching the impression that can be gained from the heatmaps. The 
general preference of other strategies than perseverance probably contributes to the overall superior 
performance of ENR (Fig. 4).

Discussion
Our data indicate that the beneficial effects of environmental enrichment depend on the direct interac-
tion of the individual with that environment. In contrast, merely watching (as well as hearing and smell-
ing) other mice directly experiencing that stimulus-rich environment was insufficient to enhance adult 
hippocampal neurogenesis and failed to improve memory functions. The prevented direct interaction of 
the mice with environmental enrichment and other mice close-by even seems to have certain adverse 
effects on spatial learning.

Generally, our study confirms that environmental enrichment is a strong extrinsic neurogenic stim-
ulus. But we also found the three groups experiencing enrichment in the present experiment (DIR, 

Figure 4. Table of results. Showing an overview of the experimental results regarding histology, length of 
swim path and choice of search strategies during the Morris water maze. The groups IND, ENR and DIR are 
compared to CTR. Data is presented as mean value ±  s.e.m. In case of significant main effects, the p-value 
of the followed post-hoc analysis is presented.
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IND and ENR) to be benefitting differently from the external stimulation. It appeared, for example, that 
the beneficial effects of an enriched environment on spatial memory were less pronounced in the DIR 
group than in the classical ENR group. These data were surprising at first. Potential confounders have 
to be discussed, which would result in a reduced enhancement of spatial memory by environmental 
enrichment that otherwise is known to be a robust stimulus of learning and memory performance and 
adult neurogenesis. However, both DIR and ENR groups had indeed the exact same floor size and cage 
design with the same possibility for physical activity and inter-individual stimulation, but ENR lacked 
mice in the inner cage. Possibly, the mice living in the inner cage acted as a distracting factor for DIR 
and thus reduced the positive impact of environmental enrichment on water maze performance. This 
might likewise apply to IND, which showed the poorest performance in the Morris water maze task. Also 
here the cage size and design were exactly the same as in CTR. The surroundings of the cages and the 
experimenters and animal care takers did not change over the experiment period to avoid the potential 
influence of an additional stimulation or stress. It might be that the proximity of other mice, which are 
only separated from the own group by a transparent wall, influenced hippocampus-dependent cognitive 
functions. Potentially, this effect was provoked by the inability of the two groups to directly interact with 
each other. This observation raises interesting questions about the role of social interactions in the effects 
elicited by environmental enrichment16.

A study from the 1970s is in line with our findings, reporting that rats observing other rats in 
environmental enrichment neither displayed increased brain weight nor improved exploratory behav-
ior17. Similarly, passive motion in a visually stimulating environment did not enhance performance in 
visual-spatial discrimination tasks18. Neither adult hippocampal neurogenesis nor spatial memory have 
been investigated in these paradigms.

Another study has confronted mice with a locked running-wheel, which, surprisingly, resulted in an 
increase in cell proliferation in the hippocampus19. Even though in that study the running-wheel could 
not be used for running, the mice could still directly interact with the running-wheel which thus by itself 
might be sufficient to contribute to enrichment, resulting in the observed effect on adult neurogenesis. 
We did not see a similar effect on hippocampal cell proliferation in any of our groups though, which 
is consistent with the prevailing notion that enriched environments primarily affect cell survival rather 
than precursor cell proliferation.

That previous evidence is also relevant with respect to the obvious notion that the levels of physical 
activity will have differed between our groups. Given that as yet no monitoring system is available that 
would allow measuring the low levels of motility in our cage-in-cage set up we do not know to what exact 
degree our groups differed in this respect. However, in none of the groups in the larger enriched cages 
did we observe increased precursor cell proliferation as it is normally displayed by mice with access to a 
running wheel2. In fact, it was the expected survival-promoting effect on newborn neurons that resulted 
in increased levels of adult neurogenesis in ENR and DIR.

Physical inactivity and the mere indirect exposure to external stimulation are characteristic of a sed-
entary lifestyle as it is found in modern humans. Such sedentary lifestyle is characterized by sitting in 
conjunction with excessive television consumption and computer use and is associated with increased 
morbidity and mortality20–23. Even though a direct transfer of our results to a human lifestyle is not advis-
able, cautious extrapolation to the human condition can be instructive since inactivity strongly interferes 
with mental and physical health20–23.

While the “couch-potato analogy” is tempting and suggestive, a cautionary note is nevertheless 
required: we have been studying a highly reductionistic situation in mice. Lifestyle is a far more complex 
event consisting of multiple contributing factors. However, investigations in inbred mice with constant 
genetic factors enable scientists to assess the exclusive impact of emblematic environmental constella-
tions in laboratory animals thus providing the opportunity to deepen our understanding of extrinsic 
neurogenic stimulation.

At present, few good experimental models are available to elucidate the complexity of lifestyle com-
pounds and lifestyle interventions24. Some researcher consider housing in a standard cage as model for 
inactivity, while other researchers have introduced an audio-visual overstimulation paradigm for infant 
mice resembling a television-like set-up and revealed ensuing deficits in cognitive performance25,26.

Despite all limitations and potential confounders, our findings are first experimental steps in address-
ing the biological basis of the more extensive multifactorial situation in humans. In the future, advanced 
lifestyle experiments are needed to assess the consequences of unhealthy lifestyles. In any case, our results 
do support the clear indications that physical activity and direct interaction with the environment is 
superior to second-hand experience.

Materials and Methods
Animals. A total number of 97 female mice at the age of six to seven weeks were assigned to our 
experiment. 71 C57Bl/6N mice were purchased from Charles River for the assessment of cell survival 
and spatial memory while 26 transgenic Nestin-GFP mice, expressing green fluorescent protein under 
the promotor of nestin on a C57Bl/6N background, were obtained from FEM Beyer to enable the qualifi-
cation of proliferating neuronal precursor cells13. All experimental procedures were conducted according 
to federal laws, and approved by the appropriate local authorities (LAGESO Berlin, Germany).
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Experimental set-up. The mice were randomly assigned to four different groups with a minimum 
of n =  5. After an adaption period, mice were placed into their assigned housing condition (Fig.  1A). 
The first group (IND) was housed in a simple standard cage (0.27 m × 0.15 m × 0.42 m) placed in the 
centre of a large enriched environment cage (0.74 m × 0.3 m × 0.74 m) and thus enabled to indirectly 
experience the stimulus-rich surrounding. The second group (DIR) was housed in the former mentioned 
enriched environment, enabled to directly experience and to physically interact with this stimulus-rich 
surrounding. IND and DIR were permanently confronted with each other and only separated by an 
acrylic Perspex wall and grids. The third group (ENR) was housed in an enriched environment cage 
(0.74m × 0.3m × 0.74m) similar to the one of the DIR group, but containing an uninhabited inner stand-
ard cage. The fourth group (CTR) was housed in a standard cage (0.27 m × 0.15 m × 0.42 m) without 
any confrontation to environmental enrichment or any other mice and held under control conditions. 
Environmental enrichment was rearranged two to three times a week and consisted of a rearrangeable 
set of plastic tubes, cardboard tubes, grids, colourful cartons, varying shelters, and changing food and 
drinking places. All mice received food and water ad libitum and remained in a constant light/dark cycle 
of 12 hours. The standard cage housed 5 to 7 mice at the same time, while the ENR/DIR cage housed 
5 to 10 mice at the same time. A total of 22 mice were used as CTR, four standard cages were used for 
this condition. A total of 23 mice were used as IND, four standard cages were used for this condition. 
A total of 22 mice were used as ENR, three ENR cages were used for this condition. A total of 29 mice 
were used as DIR, four DIR cages were used for this condition. A total of 26 transgenic GFP-nestin 
mice (CTR: N =  5, IND: N =  6, ENR: N =  5, DIR =  10) spent four weeks in the experiment and were 
used to analyse the proliferation of dividing precursor cells in the hippocampus. A total of 29 C57Bl/6 
mice (CTR: N =  7, IND: N =  6, ENR: N =  7, DIR: N =  9) spent eight weeks in the experiment to assess 
the survival of newborn cells. A total of 41 C57Bl/6 mice were tested in the Morris water maze (CTR: 
N =  10, IND: N =  11, ENR: N =  10, DIR: N =  10) and visuo-spatial memory was assessed (Fig. 1B). The 
equipment of the room, experimentators and animal facility care personel remained stable over the 
whole experimental period.

BrdU-injection protocol. To determine the proliferation and survival of newborn cells, mice were 
injected with 5-Bromo-2′-deoxyuridine (BrdU, Sigma) dissolved in 0.9% saline. BrdU is a thymidine 
analogon which incorporates into the DNA of dividing precursor cells and thus enables to assess prolifer-
ating cells. The mice received three BrdU-injections (50mg/kg) intraperitoneally within twelve hours on 
day 28 of the experiment. The Nestin-GFP mice were transcardially perfused 24 hours after the injection 
in order to determine the proliferation rate of cells while the other mice were perfused four weeks after 
BrdU-injection to assess the survival of the newborn cells (Fig. 1B).

Histological tissue preparation. All mice were deeply anaesthesized by an overdose of Ketamine 
and killed by transcardially perfusion with cold 0.1M phosphate-buffer saline (PBS, pH 7.4) followed by 
4% paraformaldehyde. The mice were decapitated, the brains dissected, and stored for 24 hours in 4% 
paraformaldehyde for postfixation. After postfixation, the brains were dehydrated in 30% sucrose until 
they sunk to the bottom. Subsequently, the brains were frozen in liquid nitrogene and stored at –80°C till 
further processing. For histological analysis, the brains were cut into 40μ m thick coronal sections using 
a cryostat (Leica DM 1850) and stored in cryprotectant at 4°C till staining.

Immunohistochemistry and analysis. To quantify the number of newborn cells, one-in-a-6 series 
(240 μ m apart) of the sections were stained for BrdU-detection as described previously12. Sections were 
pretreated with 0.6% H2O2 for 30 minutes to block endogenous tissue peroxidase. After washing the 
free-floating sections in PBS, DNA was denaturated with 2N HCL for 30 minutes at 37 °C. The sections 
were then rinsed in borate buffer for 10 minutes followed by washing with PBS. To prevent unspecific 
antibody binding, sections were treated with PBS+  (0.1% TritonX-100, 3% donkey serum) for 30 min-
utes before being incubated overnight with the primary antibody against BrdU (rat, Biozol) diluted 1:500 
in PBS+ . The primary antibody was washed out with PBS the next day. Subsequently, the sections were 
blocked again with PBS+  for 25 minutes followed by incubation with the biotinylated secondary anti-
body (anti-rat, Dianova) diluted 1:250 in PBS+  for two hours at room temperature. After washing out 
the secondary antibody, avidin biotin peroxidase complex reagent (ABC Elite, Vector Laboratories) at a 
concentration of 9μ l per 1ml PBS was applied for one hour and washed out. Diaminobenzidine (DAB, 
Sigma-Aldrich) was used as chromogene at the concentration of 0.025 mg/ml in destilled water and 
Tris-buffer with 0.01% H2O2 and 0.04% nickel chloride. After washing in PBS and destilled water, the 
free floating sections were mounted onto superfrost glass slides (Menzel), dehydrated in ascending con-
centrations of ethanol, cleared in ProTaqs® Clear and coverslipped with ProTaqs® PARAmount. The same 
blinded researcher analysed DAB-stained sections for BrdU-positive cells throughout the rostrocaudal 
extent of the granule cell layer in both hippocampi except for the uppermost focal layer. The resulting 
number was multiplied by six to obtain an estimation of the total number of BrdU-positive cells in the 
dentate gyrus. Exemplary pictures of BrdU-positive cells were taken by differential interference contrast 
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(DIC)-microscopy (Olympus BX50). Unessential parts of the pictures were removed, but no further 
manipulation occurred.

Immunofluorescence staining and analysis. To determine the phenotype of the newborn cells, 
one-in-a-12 series (480μ m apart) of the sections were double- or triple-labelled by the proliferating 
marker BrdU, the marker for mature neurons NeuN or marker for premature neurons Doublecortin, 
GFP for nestin-staining, and GFAP. After DNA denaturation, rinsing in borate buffer and blocking of 
unspecific antibody binding as described above, the sections were incubated overnight with the pri-
mary antibody diluted in PBS+  in the following concentrations: anti-BrdU 1:500 (rat, AbD Serotec), 
anti-NeuN 1:100 (mouse, Millipore), anti-GFP 1:250 (rabbit, Abcam), anti-Doublecortin 1:200 (goat, 
Santa-Cruz), anti-GFAP 1:200 (goat, Santa-Cruz). The next day, sections were rinsed followed by block-
ing with PBS+ , and incubated with the secondary antibodies diluted in PBS+  at room temperature for 
four hours. The following secondary fluorochrome antibodies and concentrations were used: anti-rat 
Rhodamine X, 1:250 (Dianova), anti-mouse Alexa 488, 1:1000 (Invitrogen), anti-rabbit Alexa 488, 1:1000 
(Invitrogen), anti-goat Alexa 647, 1:100 (Invitrogen). After incubation, sections were washed, mounted, 
dehydrated, cleared, and coverslipped. Immunofluorescence stained sections were analysed by taking 
confocal z-stacks scanned at 1μ m intervals using a Leica TCS SP2. Fifty randomly selected BrdU-positive 
cells within the granule cell layer were investigated for co-expression of additional neuronal marker. The 
ratio of the neuronal phenotypes was multiplied by the total number of BrdU-positive cells and yielded 
an estimation of the absolute numbers of newborn neurons within the granule cell layer.

Behavioural testing and analysis. To assess spatial memory, a total of forty-one mice (CTR: N =  10, 
IND: N =  11, ENR: N =  10, DIR: N =  10) were tested in a modified reversal learning version of the 
Morris water maze as described previously15. For five consecutive days, mice were trained to navigate 
through opaque water to a hidden platform 1 cm below the surface of a circular tank (1.2m diameter). 
The temperature was kept constant at 19 °C to 20 ° C. Every day consisted of six trials with a maximum 
duration of 120 seconds and an inter-trial interval time of 30 minutes. The starting position changed 
daily, but was kept constant during the day (Fig.  3D). The platform was relocated into the opposite 
quadrant on day four. In case a mouse failed to find the platform, it was guided to the platform and 
remained there for 15 seconds. Animals were tracked and recorded by Viewer3 (Biobserve). The lengths 
of the swim paths to target and the number of crossings of the previous target zone were automatically 
analysed by Viewer3. To investigate qualitative properties of the learning in the Morris water maze, 
classification and analysis of search strategies were performed. Therefore, the recorded xy-coordinates 
were transferred into a Matlab-script (Mathworks, USA) and automatically analysed based on the algo-
rithm elaborated previously15. Search strategies were classified as spatial or non-spatial strategies and 
chi-square-independence test was used to determine if groups performed more or less often spatial 
or non-spatial strategies as expected. Furthermore, the xy-coordinates were used to depict the spatial 
preference of the mice in heat maps of presence probability drafted automatically by the Matlab-script.

Statistical analysis and data presentation. Statistical analysis was performed in SPSS 21. The met-
ric variables “number of cells” and “crossing of platform” were analysed with one-way ANOVA while the 
metric variable “length of swim path” was analysed using repeated measures ANOVA. For comparison 
between groups, post-hoc tests were used when main analysis revealed significance and Levene’s test was 
performed to validate homogeneity of variances. Bonferroni-correction was chosen for post-hoc analysis 
in case of variance homogeneity and Tamhane’s-T2 was selected in case of variance inhomogeneity. To 
determine an association between housing condition and the nominal variable hippocampal-dependent 
search strategy respectively hippocampal-independent search strategy the chi-square-independence test 
was applied. Therefore, the different search strategies were classified as hippocampal-dependent “spa-
tial” strategies or as hippocampal-independent “non-spatial” strategies. According to the literature, 
the following strategies were defined as “spatial”: “directed search”, “focal search”, “direct swimming” 
while the following strategies were defined as “non-spatial”: “thigmotaxis”, “random search”, “scanning”, 
“chaining”15,27. Likewise, chi-square-test was selected for assessment of “perseverance” and its association 
with housing conditions. For all applied statistical tests, the level of significance was set to the conven-
tional level of 0.05. Absolute numbers of cells (Fig. 2B,C,E) and absolute numbers of platform crossings 
(Fig. 3A) are presented as boxplots with a center line as median, Tukey-style whiskers extend 1.5 times 
the interquartile range from 25th and 75th percentiles. The length of the swim path to reach the hidden 
platform is presented as mean+  s.e.m (Fig. 3B).
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