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Ich fühle
also bin ich

Damasio, A.R. (2000). Ich fühle, also bin ich. 
München: Econ Ullstein List Verlag GmbH.
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Der Lebensstil beeinflusst die adulte Neurogenese

Van Praag et al., 1999 Nature Neuroscience; Bracke et al., 2019 J of Exp Nsci; Czéh et al., 2007 Neuropsychopharmacology

Stress = weniger Zellteilung, weniger
neue Zellen überleben
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from the day of housing in each of the respective conditions, sug-
gesting that effects on neurogenesis are relatively rapid.

Enriched living and running-wheel exercise resulted in
approximately equal numbers of surviving BrdU-positive cells.
In addition, in both protocols, relatively more cells became neu-
rons than in controls. Furthermore, the percentage of cells that
stained for neither glial nor neuronal markers was reduced. This
group of cells may contain mature cells with phenotypes not
examined here, neurons or astrocytes, in the process of differen-
tiation before expression of specific markers, or neural and glial
progenitor cells. It is possible that these progenitors are derived
from a pool of multipotent hippocampal stem cells35, whose fate
could be influenced similarly by enriched experience and run-
ning. Neurochemical markers such as acetylcholine36,37 and
trophic factors, such as nerve growth factor and brain-derived
neurotrophic factor25,38, are affected by exercise and enrichment.
However, these factors are elevated in enriched conditions only
after additional exposure to behavioral tests36,38, suggesting the
existence of differential mechanisms. Moreover, enriched living
had no effect on proliferation in C57BL/6J mice6,16, whereas run-
ning did increase the number of BrdU-positive cells at one day
after the last BrdU injection in this strain. Interestingly, in 129/SvJ
mice, exposure to an enriched environment does increase BrdU-
positive cell number at one day17, suggesting different genetic
bases for cell proliferation. Our present study shows that, within
a constant genetic background, cell proliferation and survival can
be controlled by different behavioral manipulations. Thus, one
type of very focused activity, running, may have shortened the
cell cycle (see also ref. 39) or induced additional quiescent cells
to enter the cell cycle. Moreover, although runner and enriched
mice had comparable numbers of BrdU-positive cells four weeks
after the last injection, in relative terms the survival of newly gen-

articles

erated cells was lower in runner (56%) than in
enriched (85%) mice, suggesting differential long-
term effects of these behavioral protocols.

Locomotion is highly correlated with the hip-
pocampal theta rhythm40. Mice usually make heavy
use of their running wheel, going about
20,000–40,000 revolutions per day41. Indeed, pro-
longed, locomotion-induced, synchronous elec-
troencephalogram activity may alter
neurochemistry. In turn, changes in neurotrans-
mitter function may cause subtle, but important,
changes in theta-rhythm frequency. For example,
changes in serotonergic transmission can shift theta-
rhythm frequency upward42,43, enhance long-term
potentiation as well as memory function42, and pos-
sibly affect production of newborn granule cells
(B.L. Jacobs, P. Tanapat, A.J. Reeves & E. Gould, Soc.
Neurosci. Abstr. 24, 796.6, 1998). In contrast, the

length of the period of forced locomotion in our swimming tasks
(approximately between 12 and 40 s per day) may be too short
to cause long-lasting changes. Alternatively, these tasks may cause
stress9,44, counterbalancing the possible effects of activity on sur-
vival of BrdU-positive cells.

Maze training may evoke neurochemical events similar to
those observed under enrichment conditions18. However, in our
study, basal rates of proliferation and neurogenesis did not change
after one month of training in the Morris water maze. It is pos-
sible that two trials per day did not provide sufficient exposure

Fig. 2. Proliferation and neurogenesis in the dentate
gyrus. Photomicrographs of BrdU-positive cells one day
(a–e) and four weeks (f–j) after the last injection in con-
trol (a, f), learner (b, g), swimmer (c, h), runner (d, i) and
enriched (e, j) mice. Confocal images of BrdU-positive
cells in control (k), learner (l), swimmer (m), runner (n)
and enriched groups (o), four weeks after the last injec-
tion. Sections were immunofluorescent triple labeled for
BrdU (red), NeuN indicating neuronal phenotype (green)
and S100b selective for glial phenotype (blue). Arrow in
(O) shows BrdU-labeled neurons. (Orange is red plus
green.) Scale bar, 100 µm.
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Fig. 3. Water-maze training in the learners group. Latency to the plat-
form became significantly shorter over 23 days as well as after 7 days of
platform reversal (p < 0.0001).
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from the day of housing in each of the respective conditions, sug-
gesting that effects on neurogenesis are relatively rapid.

Enriched living and running-wheel exercise resulted in
approximately equal numbers of surviving BrdU-positive cells.
In addition, in both protocols, relatively more cells became neu-
rons than in controls. Furthermore, the percentage of cells that
stained for neither glial nor neuronal markers was reduced. This
group of cells may contain mature cells with phenotypes not
examined here, neurons or astrocytes, in the process of differen-
tiation before expression of specific markers, or neural and glial
progenitor cells. It is possible that these progenitors are derived
from a pool of multipotent hippocampal stem cells35, whose fate
could be influenced similarly by enriched experience and run-
ning. Neurochemical markers such as acetylcholine36,37 and
trophic factors, such as nerve growth factor and brain-derived
neurotrophic factor25,38, are affected by exercise and enrichment.
However, these factors are elevated in enriched conditions only
after additional exposure to behavioral tests36,38, suggesting the
existence of differential mechanisms. Moreover, enriched living
had no effect on proliferation in C57BL/6J mice6,16, whereas run-
ning did increase the number of BrdU-positive cells at one day
after the last BrdU injection in this strain. Interestingly, in 129/SvJ
mice, exposure to an enriched environment does increase BrdU-
positive cell number at one day17, suggesting different genetic
bases for cell proliferation. Our present study shows that, within
a constant genetic background, cell proliferation and survival can
be controlled by different behavioral manipulations. Thus, one
type of very focused activity, running, may have shortened the
cell cycle (see also ref. 39) or induced additional quiescent cells
to enter the cell cycle. Moreover, although runner and enriched
mice had comparable numbers of BrdU-positive cells four weeks
after the last injection, in relative terms the survival of newly gen-

articles

erated cells was lower in runner (56%) than in
enriched (85%) mice, suggesting differential long-
term effects of these behavioral protocols.

Locomotion is highly correlated with the hip-
pocampal theta rhythm40. Mice usually make heavy
use of their running wheel, going about
20,000–40,000 revolutions per day41. Indeed, pro-
longed, locomotion-induced, synchronous elec-
troencephalogram activity may alter
neurochemistry. In turn, changes in neurotrans-
mitter function may cause subtle, but important,
changes in theta-rhythm frequency. For example,
changes in serotonergic transmission can shift theta-
rhythm frequency upward42,43, enhance long-term
potentiation as well as memory function42, and pos-
sibly affect production of newborn granule cells
(B.L. Jacobs, P. Tanapat, A.J. Reeves & E. Gould, Soc.
Neurosci. Abstr. 24, 796.6, 1998). In contrast, the

length of the period of forced locomotion in our swimming tasks
(approximately between 12 and 40 s per day) may be too short
to cause long-lasting changes. Alternatively, these tasks may cause
stress9,44, counterbalancing the possible effects of activity on sur-
vival of BrdU-positive cells.

Maze training may evoke neurochemical events similar to
those observed under enrichment conditions18. However, in our
study, basal rates of proliferation and neurogenesis did not change
after one month of training in the Morris water maze. It is pos-
sible that two trials per day did not provide sufficient exposure

Fig. 2. Proliferation and neurogenesis in the dentate
gyrus. Photomicrographs of BrdU-positive cells one day
(a–e) and four weeks (f–j) after the last injection in con-
trol (a, f), learner (b, g), swimmer (c, h), runner (d, i) and
enriched (e, j) mice. Confocal images of BrdU-positive
cells in control (k), learner (l), swimmer (m), runner (n)
and enriched groups (o), four weeks after the last injec-
tion. Sections were immunofluorescent triple labeled for
BrdU (red), NeuN indicating neuronal phenotype (green)
and S100b selective for glial phenotype (blue). Arrow in
(O) shows BrdU-labeled neurons. (Orange is red plus
green.) Scale bar, 100 µm.
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Fig. 3. Water-maze training in the learners group. Latency to the plat-
form became significantly shorter over 23 days as well as after 7 days of
platform reversal (p < 0.0001).
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4 Journal of Experimental Neuroscience

values or as mean ± standard deviation (SD). Significant 
changes are labeled as *P ⩽ .05, **P ⩽ .01, and ***P ⩽ .001.

Results
Weight nearly doubles in ob/ob mice during the f irst 
120 postnatal days
Leptin-deficient mice show an obese phenotype that con-
tinuously develops over time. Therefore, we monitored 
body weight of the mice from postnatal day 60 until post-
natal day 200 (Figure 1A). We observed that, at postnatal 
days 120 to 180, the mean weight of the obese mice strongly 
increased (59.35 ± 4.84 g) compared with the control mice 
(26.19 ± 4.58 g; Figure 1B).

Brain volume is reduced in ob/ob mice
For analyzing the whole brain volume of ob/ob mice and wt ani-
mals, µ-VM was used. Adult ob/ob mice display a significantly 
(P < .0001; t = 5.72; df = 36) reduced brain volume of about 
10.7% compared with age-matched wt controls (Figure 1C).

Adult hippocampal neurogenesis is altered in ob/ob 
mice
As neurogenesis can be classified into different phases such as, 
eg, stages of proliferation, differentiation, migration, matura-
tion, and synaptic integration, we used immunofluorescence 
staining of marker proteins that are expressed in distinct phases 
of neuronal development.13 Antibodies directed against PH3 
label proliferating cells in the m-phase. The number of PH3-
positive cells (Figure 2A) in the DG was significantly (P = .044; 
t = 2.171; df = 17) reduced by ~18% in ob/ob mice (n = 10) com-
pared with control littermates (n = 9). As PH3 is specific for 
mitotic cells, but does not differentiate between neuronal and 
non-neuronal cells, the population of newly formed immature 
neuronal cells (mitotic as well as postmitotic) was visualized 
using antibodies directed against DCX. The analysis revealed 
that ob/ob mice (n = 9) showed significantly (P = .0003; 
t = 4.371; df = 19) less (~32%) DCX-positive cells in the DG 
compared with controls (n = 12; Figure 2B and Bc). As prolif-
eration and differentiation during adult neurogenesis are 
accompanied by apoptosis, we next analyzed whether differ-
ences in apoptosis could be noted in the DG using antibodies 
directed against active (cleaved) Casp3. The analysis revealed 
no significant differences between wt (n = 12) and ob/ob (n = 8) 
mice (Figure 2C).

Dendritic spine densities in area CA1 are not 
altered in ob/ob mice
We analyzed densities of dendritic spines on apical and basal 
dendrites of CA1 pyramidal hippocampal neurons. Although 
elevated spine densities were noted on apical dendrites (wt: 
1.193 ± 0.036 vs ob/ob: 1.367 ± 0.074; Figure 2D) and basal 

dendrites (wt: 1.137 ± 0.027 vs ob/ob: 1.206 ± 0.064; Figure 
2E) of ob/ob mice, these differences did not reach statistical 
significance.

Locomotor activity is reduced in ob/ob mice
The OF test is a common and standardized test to analyze 
general locomotor activity. Locomotor activity was deter-
mined in 4- to 6-month-old ob/ob mice and their wt controls 
by analyzing the animals in a time window of 7 minutes. The 
wt animals (n = 29) traveled an average of 3817 ± 153.3 cm, 
whereas ob/ob mice (n = 32) only traveled 1648 ± 116 cm 
within that time window. Thus, the total distance covered by 
the obese mice was 43% less compared with age-matched 

Figure 1. Body weight and brain volumes. (A) Body weights of wild-type 
(wt) and ob/ob mice were measured from postnatal day 60 until postnatal 
day 200. Data from 10 consecutive days were pooled (n = 48 per group). 
Data are represented as mean ± SD. (B) A leptin-de!cient ob/ob mouse 
in comparison to an age-matched wt mouse. (C) Whole brain volumes 
were analyzed using microvolumetry. Brains of leptin-de!cient mice (ob/
ob) are signi!cantly smaller compared with wt controls (n = 19 per group). 
Data are represented as boxplot with median line and whiskers for the 
lowest and highest values.
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controls (P ⩽ .0001; t = 11.42; df =59; Figure 3A). In addition, 
the ob/ob mice displayed a significantly (P ⩽ .0001; t = 11.33; 
df = 59) reduced average velocity of about 43.5% over time 
(wt: 9.023 ± 0.3613 cm/s vs ob/ob: 3.925 ± 0.2716 cm/s; 
Figure 3B).

The ob/ob and wt mice show comparable 
performances in the MWM test
Both ob/ob mice and their wt controls were able to learn the 
task in the MWM during the training phase. Comparable to 
the OF, the ob/ob mice (n = 26) moved with a significantly 

reduced velocity (P = .0001; t = 12.15; df = 40.81) in the MWM 
compared with controls (n = 26; Figure 3C). However, during 
the first 4 days, the mean time to the target platform was not 
significantly different between both groups (Figure 3D). 
Keeping in mind the reduced mobility of ob/ob mice, as seen, 
eg, in the OF or already demonstrated by activity measures by 
others,14 we calculated an additional parameter (“swimming 
direction”), which is independent from the velocity of the ani-
mals. The analysis of this parameter revealed that the perfor-
mance in localizing the hidden platform of ob/ob mice was 
comparable to that of lean wt controls (Figure 3E). After 5 
consecutive days of training, the animals were tested in the 

Figure 2. Adult hippocampal neurogenesis was analyzed using immuno!uorescence staining within the dentate gyrus (DG) of the hippocampus. Cell 
counts were made using Abercrombie correction. Golgi-impregnated material was used to reconstruct dendrites in area CA1 and to analyze dendritic 
spine densities. (A) Leptin-de"cient (ob/ob) mice showed a reduced amount of PH3-positive proliferating cells. (B) The ob/ob mice show a reduced 
number of DCX-positive cells in the DG compared with wild-type (wt) controls. (Bc) Example of DCX-stained neurons within the DG. Images were 
observed using an Olympus BX63 microscope with a 40× objective. (C) As an apoptosis marker for apoptotic events, caspase3 (Casp3) was used. The 
number of Casp3-positive cells did not differ between the 2 groups of mice. (D) No difference in spine densities of apical dendrites of hippocampal CA1 
pyramidal neurons was noted by comparing age-matched control (wt) or obese (ob/ob) mice. (E) Spine densities of basal dendrites of hippocampal CA1 
pyramidal neurons were also not signi"cantly different. DCX indicates doublecortin; PH3, phosphohistone H3.
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Wie wirkt Bewegung im Gehirn?
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