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Abstract

 

After birth, exposure to visual inputs modulates cortical development, inducing numerous changes in all of the
components of the visual cortex. Most of the cortical changes thus induced occur during what is called the critical
period. Astrocytes play an important role in the development, maintenance and plasticity of the cortex as well as
in the structure and function of the vascular network. Visual deprivation induces a decrease in the astroglial
population, whereas enhanced experience increases it. Exposure to an enriched environment has been shown
to prevent the effects of dark-rearing in the visual cortex. Our purpose was to study the effects of an enriched
environment on the density of astrocytes per reference surface at the visual cortex of dark-reared rats, in order to
determine if enhanced experience is able to compensate the quantitative effects of visual deprivation and the role
of physical exercise on the enrichment paradigm. Pregnant Sprague-Dawley rats were raised in one of the following
rearing conditions: control rats with standard housing (12-h light/dark cycle); in total darkness for the dark-rearing
experiments; and dark-rearing in conditions of enriched environment without and with physical exercise. The
astrocytic density was estimated by immunohistochemistry for S-100

 

β

 

 protein. Quantifications were performed in
layer IV. The somatosensorial cortex barrel field was also studied as control. The volume of layer IV was stereologically
calculated for each region, age and experimental condition. From the beginning of the critical period, astrocyte
density was higher in control rats than in the enriched environment group without physical exercise, with densities
of astrocytes around 20% higher at all of the different ages. In contrast, when the animals had access to voluntary
exercise, densities were significantly higher than even the control rats. Our main result shows that strategies to
apply environmental enrichment should always consider the incorporation of physical exercise, even for sensorial
areas such as the visual area, where complex enriched experience by itself is not enough to compensate the effects
of visual deprivation.
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Introduction

 

The postnatal development of the visual cortex is modu-
lated by experience, which shapes functional and cortical
architecture. Experience-mediated changes are at a maximum
during a predetermined time window called the critical

period (Berardi et al. 2000; Hensch, 2005), which in the rat
visual cortex is between the third and fifth postnatal week
with a peak at the fourth week (Fagiolini et al. 1994). Some
authors have studied the effects of the increase and/or
deprivation of visual experience on the neuronal (Bennett
et al. 1964; Cancedda et al. 2004), genetic (Rampon et al.
2000), vascular (Black et al. 1987; Sirevaag et al. 1988;
Argandoña & Lafuente, 1996, 2000; Argandoña et al. 2005;
Bengoetxea et al. 2008) and astroglial (Corvetti et al. 2003,
2006) components of the cortex (see reviews by Markham
& Greenough, 2004; Spires & Hannan, 2005).

Environmental enrichment was described as the com-
bination of complex inanimate and social stimulation
(Rosenzweig et al. 1978), has been shown to be connected
with anatomical changes (review by Rosenzweig & Bennett,
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1996) and neurogenesis (review by van Praag et al. 2000),
and is widely proposed as a neuroprotective solution in
neurodegenerative diseases (see reviews by Will et al. 2004;
Nithianantharajah & Hannan, 2006; Laviola et al. 2008).
Studies include diseases such as Alzheimer’s (Jankowsky
et al. 2005), Parkinson’s (Bezard et al. 2003), Huntington’s
(Nithianantharajah et al. 2008), traumatic brain injury (Hamm
et al. 1996; Hoffman et al. 2008; Ortuzar et al. 2009) and
stroke (Briones et al. 2006). In experimental models, some
authors have described how exposure to enriched environ-
ments prevents the effects of dark-rearing on the rat visual
cortex (Bartoletti et al. 2004).

Astrocytes play a major role in the development of the
cortex, as they are involved in the establishment of the
neuronal networks and the maturation of the blood–brain
barrier. Previous reports have shown that whereas visual
deprivation induces a decrease in the astroglial population
(Müller, 1990; Argandoña et al. 2003), enriched experience
increases the density of astrocytes in the visual cortex
(Sirevaag & Greenough, 1987; Sirevaag & Greenough, 1991).

Our purpose was to study the effects of an enriched
environment and the role of physical exercise in the astro-
glial population in the visual cortex of dark-reared rats, in
order to determine if the recovery of electrical properties
and the closure of the critical period described by other
authors can be correlated to quantitative effects on the
astrocytic population.

 

Materials and methods

 

Animals

 

Four pregnant Sprague-Dawley rats were raised in one of the
following rearing conditions: (a) control rats with standard housing
(12-h light/dark cycle); (b) in total darkness for the dark-rearing
experiments (DR); (c) dark-rearing in conditions of enriched environ-
ment consisting of a large cage (720 

 

×

 

 550 

 

×

 

 300 mm) furnished with
toys and differently shaped objects (shelters, tunnels) that were
changed every 2 days (with 12-h light/dark cycle) (DR-EE); and (d)
dark-rearing in conditions of enriched environment with physical
exercise, with unlimited access to a running wheel (DR-EE-Ex).

For dark-reared groups, pregnant rats were placed in a dark room
at the beginning of pregnancy. Litters were born in complete
darkness and weaned at postnatal day (P)21. Daily care was
performed under dim red light.

Animals were anaesthetized with 6% chloral hydrate (performed
under dim red light for the dark-reared groups). After anaesthesia,
the animals were transcardially perfused with a fixative containing
4% paraformaldehyde in 0.1 

 

M

 

 phosphate buffer. Perfusion was
carried out with a pump at a constant pressure of 20 mmHg.
Following perfusion, brains were stored overnight at 4 

 

°

 

C in fresh
fixative. The following day, a thick block of occipital cortex con-
taining the visual area and a thick block of medial cortex containing
the primary somatosensory area were removed coronally with a
rodent brain matrix (Electron Microscopic Sciences, USA), rinsed in
cold phosphate-buffered saline for 4 h and embedded in paraffin.
The block was serially cut with a microtome into sections of 5 

 

μ

 

m
and mounted on slides coated with 3-aminopropyltriethoxylane.

 

Immunohistochemistry

 

Sections were incubated with an anti-S-100

 

β

 

 polyclonal antibody
(Ref. S2644; working dilution 1 : 200; Sigma-Aldrich, USA) and
biotinylated secondary antibodies were used (Vector, USA). The
immunohistochemical reaction was revealed by the avidin–biotin
complex using diaminobenzidyne as chromogen. Sections were
finally dehydrated and covered. As control for S-100

 

β

 

, we used
brains of rats and humans that had been subjected to trauma.
Negative controls in which the primary antiserum was omitted
were also included in each staining run. Parallel sections were
processed for haematoxylin/eosin for the identification and
localization of the primary visual cortex (V1) and the primary
somatosensory cortex barrel field (S1BF).

 

Quantitative analysis

 

To quantify the changes during development and to compare
groups from both situations (normal and dark-rearing), a blind
morphometric study was performed where the person who measured
the sections did not know the particular characteristics of each
case (neither the age of the rats nor whether they belonged to
dark-reared or control groups). To estimate the number of astrocytes
per area, we counted the number of positive cell bodies present
in an area delimited by a grid fixed in the eyepiece, excluding
those intersected by both the X and Y axes. The grid was a square
with sides measuring 250 

 

μ

 

m and the total surface area was there-
fore 62 500 

 

μ

 

m

 

2

 

. The grid was randomly placed on the V1 between
cortical layers III and V, ensuring that layer IV was included. For
each condition, measurements were also taken from a non-visual
area, e.g. the S1BF on layer IV (see Fig. 1). The areas were selected
with the aid of the atlas of Paxinos & Watson (1998). A total of 224
animals, of both sexes, aged between P21 and P63 were used
(

 

n

 

 = 8 per age and condition). Astrocytes were recognized by their
morphological characteristics, i.e. S-100

 

β

 

-positive cell bodies
with short positive cytoplasmic processes, and by their nuclear
morphology. We did not count positive cells that did not fit the
morphology of astrocytes.

In order to rule out the possibility that changes in astroglial
density could be due to changes in volume, the whole volume of
layer IV was calculated for each region (V1 and S1BF), age and
condition using the Cavalieri method (Howard & Reed, 2005).
Parallel haematoxylin/eosin-stained sections were examined with
a computer coupled to an Olympus BX41 microscope equipped with
a motorized stage, running the Mercator software (Explora Nova,
La Rochelle, France). The anterior and posterior limits of both V1
and S1BF and the boundaries of layer IV were determined using
the atlas of Paxinos & Watson (1998) aided by the cytoarchitectonic
characteristics of V1 and S1BF (Fig. 1). Layer IV was demarcated on
serially cut sections and the total volume was calculated by the
Stereology Module incorporated into the Mercator image analysis
software.

Measurements of each slice of the cortex were carried out on
both the right and left hemispheres (eight fields were assessed
on each hemisphere in each of the 10 slices taken per animal,
i.e. 160 fields per animal) and the mean value per animal was
calculated.

All statistical analyses were performed using SPSS statistical
software (version 13.0 for Mac, SPSS, Inc., Chicago, IL, USA). Prior
to analysis, data were examined for normal distribution using the
Kolmogorov-Smirnov test and for homogeneity of variances using
Levene’s test. The effects of the age period, experimental condition
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and their interaction were determined by two-way 

 

ANOVA

 

 with
posthoc analysis (posthoc tests used the Bonferroni correction for
equal variances or Tamhane’s T2 correction for unequal variances).
In order to explore the effects of experimental conditions in greater
depth, differences between them within age periods were evaluated
using the one-way 

 

ANOVA

 

 analysis with the aforementioned post-
hoc studies. Data are described as mean ± SEM. Significance was
declared at 

 

P 

 

< 0.05.
All animal experiments were carried out in accordance with

the European Community Council Directive of 24 November 1986
(86/609/EEC).

 

Results

 

The main result is the lack of significant differences in
astroglial density in the visual cortex between the dark-
reared groups without a running wheel, both of which
were significantly lower than control rats. In contrast,
when the environmental enrichment paradigm included
voluntary exercise, values were significantly higher than
even those for control rats.

Dark-rearing impacted the volume of visual cortex
layer IV, which was significantly larger in controls than
in all dark-reared groups. There were no differences
between the dark-reared groups. In the somatosensory
cortex, the volume of layer IV increased in dark-reared
groups.

Immunoreactivity for S-100

 

β

 

 was similar at all of the
different ages and in all of the different areas that we
studied, when strongly stained cell bodies and star-shaped
processes were found in all cortical layers (Fig. 2). No
morphological differences were found at any of the different
ages between any of the different groups.

 

Astroglial density at each age

 

Primary visual cortex 

 

(Fig. 3)
At P21, the density of S-100

 

β

 

 cells per reference surface was
34% lower in DR-EE groups compared with controls (11.6 vs.
17.7 astrocytes per 62 500 μm

 

2

 

), whereas it was respectively
24% and 29% higher in DR (22) and DR-EE-Ex (22.95). At P28,
the astroglial density was 14% lower in DR-EE (14.3 vs. 16.7
astrocytes per 62 500 μm

 

2

 

) astrocytes per 62 500 μm

 

2

 

 and
17% and 10% higher in DR-EE-Ex (19.6) and DR (18.4). At
P35, it was 23% lower in DR (13 vs. 16.8 astrocytes per 62
500 μm

 

2

 

), 33% lower in DR-EE (11.1) and 17% higher in DR-
EE-Ex (19.7). At P42, it was 23% lower in DR (11.7 vs. 15.3
astrocytes per 62 500 μm

 

2

 

), 13% lower in DR-EE (13.2) and
27% higher in DR-EE-Ex (19.5). At P49, it was 19% lower in
DR (13.2 vs. 16.3 astrocytes per 62 500 μm

 

2

 

), 27% lower in
DR-EE (11.9) and 25% higher in DR-EE-Ex (20.5). At P56, it
was 5% lower in DR (14.7 vs. 15.5 astrocytes per 62 500 μm

 

2

 

),
22% lower in DR-EE (12.1) and 19% higher in DR-EE-Ex
(18.5). Finally, at P63, the astroglial density was 20% lower
in DR (13.1 vs. 16.3 astrocytes per 62 500 μm

 

2

 

), 19% lower
in DR-EE (13.1) and 19% higher in DR-EE-Ex (19.5).

Two-way 

 

ANOVA

 

 revealed a significant interaction between
age and experimental condition (

 

F

 

 = 20.1, df = 18, 

 

P 

 

< 0.000),
as well as age (

 

F

 

 = 23.9, df = 6, 

 

P 

 

< 0.000) and condition
effects (

 

F

 

 = 324.3, df = 3, 

 

P 

 

< 0.000). We therefore decided
to perform a one-way 

 

ANOVA

 

 analysis with corresponding
posthoc tests to study the differences between experimental
conditions at each age period. The statistical analysis
showed that differences between DR-EE-Ex and controls
were significant at all ages (

 

P 

 

≤

 

 0.05), as were differences
between DR-EE and controls. Differences between DR and

Fig. 1 Photographs of haematoxylin/eosin-stained coronal sections containing the primary somatosensory cortex (left image) and the primary visual 
cortex (right image). Surrounding pictures show both cortices where interfaces between layers are indicated by lines (these lines serve as scale 
bars = 100 μm). M, medial side of the cortex; L, lateral side of the cortex.
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controls were significant at all ages except at P28 and P56.
In addition, whereas differences between DR-EE and DR
were significant at P21, P28, P35 and P56, they were not
significant at P42, P49 and P63. The differences between
DR-EE and DR-EE-Ex were significant at all ages up to P35
(Supporting Information).

 

Primary somatosensory cortex barrel field 

 

(Fig. 4)
At P21, the density of S-100

 

β

 

 cells per reference surface
was 5% lower in DR groups compared with controls

(12.6 vs. 13.2 astrocytes per 62 500 μm

 

2

 

), whereas it was
respectively 43.7% and 57.8% higher in DR-EE (19) and DR-
EE-Ex (20.9). At P28, the astroglial density was 10% higher in
DR (13.1 vs. 11.9 astrocytes per 62 500 μm

 

2

 

) and 64% and
22% higher in DR-EE-Ex (19.6) and DR-EE (14.5). At P35, it was
12% higher in DR (13.8 vs. 12.3 astrocytes per 62 500 μm

 

2

 

),
23.4% higher in DR-EE (15.2) and 40% higher in DR-EE-
Ex (17.2). At P42, it was 14% higher in DR (13 vs. 11.4
astrocytes per 62 500 μm

 

2

 

), 18% higher in DR-EE (13.4) and
57% higher in DR-EE-Ex (17.9). At P49, it was 16% higher in

Fig. 2 (A) S-100β positivity throughout the primary somatosensory cortex barrel field at postnatal day (P)28 in control rats and the placement of the 
counting grid in layer IV. Scale bar = 100 μm. (B) S-100β positivity throughout the primary visual cortex at P28 in control rats and the placement of 
the counting grid in layer IV. Scale bar = 100 μm. (C) Astroglial density was measured by counting the number of positive cells per area delimited by 
an overlying grid, excluding those intersected by both the X and Y axes. Grid side, 250 μm; grid area, 62 00 μm2; M, medial side of the cortex; L, lateral 
side of the cortex.

Fig. 3 Comparison of average measurements between DR, DR-EE, DR-
EE-Ex and control (C) groups at each of the ages considered. Horizontal 
axis shows the age of the animals. Vertical axis shows S-100β-positive 
astrocyte density per 62 500 μm2 of primary visual cortex (mean ± SEM). 
(a) C vs. DR significance; (b) C vs. DR-EE significance; (c) C vs. DR-EE-Ex 
significance (P ≤ 0.05) (one-way ANOVA test with posthoc correction). 
P, postnatal day.

Fig. 4 Comparison of average measurements between DR, DR-EE, DR-
EE-Ex and control (C) groups at each of the ages considered. Horizontal 
axis shows the age of the animals. Vertical axis shows S-100β-positive 
astrocyte density per 62 500 μm2 of primary somatosensory cortex barrel 
field (mean ± SEM). (a) C vs. DR significance; (b) C vs. DR-EE significance; 
(c) C vs. DR-EE-Ex significance (P ≤ 0.05) (one-way ANOVA test with 
posthoc correction). P, postnatal day.
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DR (13.1 vs. 11.3 astrocytes per 62 500 μm

 

2

 

), 25% higher in
DR-EE (14) and 40% higher in DR-EE-Ex (15.9). At P56, it was
14% higher in DR (13.7 vs. 12 astrocytes per 62 500 μm

 

2

 

),
17% higher in DR-EE (14.1) and 36% higher in DR-EE-Ex
(16.4). Finally, at P63, the astroglial density was 8% lower in
DR (11.5 vs. 12.4 astrocytes per 62 500 μm

 

2

 

), 20% higher in
DR-EE (15) and 23% higher in DR-EE-Ex (16.5).

Two-way 

 

ANOVA

 

 revealed a significant interaction between
age and experimental condition (

 

F

 

 = 8.9, df = 18, 

 

P 

 

< 0.000),
as well as age (

 

F

 

 = 21.1, df = 6, 

 

P 

 

< 0.000) and condition effects
(

 

F

 

 = 280, df = 3, 

 

P 

 

< 0.000). We therefore decided to perform
a one-way 

 

ANOVA

 

 analysis with corresponding posthoc tests
to study the differences between experimental conditions
at each age period. The statistical analysis showed that dif-
ferences between DR-EE-Ex and controls were significant
at all ages (

 

P 

 

≤

 

 0.05), as were differences between DR-EE and
controls, except at P42. In contrast, differences between DR
and controls were significant only at P35, P49 and P56. How-
ever, whereas differences between DR-EE and DR were sig-
nificant at P21, P28, P35 and P63, they were not significant
at P42, P49 and P56. The differences between DR-EE and DR-
EE-Ex were significant at all ages (Supporting Information).

 

Volume of layer IV at each age

 

Primary visual cortex 

 

(Fig. 5)
At P21, the volume of layer IV was 4% lower in DR (0.52 vs.
0.55 mm

 

3

 

), 20% higher in DR-EE (0.66) and 9% higher in
DR-EE-Ex (0.6). At P28, it was 32% lower in DR (0.26 vs.
0.39 mm

 

3

 

), 29% lower in DR-EE (0.28) and 25% lower in
DR-EE-Ex (0.3). At P35, it was 36% lower in DR (0.25 vs.
0.4 mm

 

3

 

), 31% lower in DR-EE (0.27) and 35% lower in
DR-EE-Ex (0.26). At P42, it was 24% lower in DR (0.27 vs.
0.36 mm

 

3

 

), 21% lower in DR-EE (0.28) and 28% lower in
DR-EE-Ex (0.26). At P49, it was 21% lower in DR (0.26 vs.

0.33 mm

 

3

 

), 24% lower in DR-EE (0.25) and 25% lower in
DR-EE-Ex (0.24). At P56, it was 10% lower in DR (0.28 vs.
0.32 mm

 

3

 

), 18% lower in DR-EE (0.26) and 13% lower in
DR-EE-Ex (0.27). Finally, at P63, the volume of layer IV was
22% lower in DR (0.24 vs. 0.31 mm

 

3

 

), 19% lower in DR-EE
(0.25) and 13% lower in DR-EE-Ex (0.27).

Two-way 

 

ANOVA

 

 revealed a significant interaction between
age and experimental condition (

 

F

 

 = 5.55, df = 18, 

 

P 

 

< 0.000),
as well as age (

 

F

 

 = 210.18, df = 6, 

 

P 

 

< 0.000) and condition
effects (

 

F

 

 = 36.1, df = 3, 

 

P 

 

< 0.000). We therefore decided
to perform a one-way 

 

ANOVA

 

 analysis with corresponding
posthoc tests to study the differences between experimental
conditions at each age period. The statistical analysis
showed that differences between dark-reared groups and
controls were significant at all ages (

 

P 

 

≤

 

 0.05), except at
P21 for all groups, at P42 for DR and DR-EE and at P56 for
DR. No difference was found at any age between DR, DR-EE
and DR-EE-Ex (Supporting Information).

 

Primary somatosensory cortex barrel field 

 

(Fig. 6)
At P21, the volume of layer IV was 34% higher in DR (0.68
vs. 0.51 mm

 

3

 

), 32% higher in DR-EE (0.67) and 24% higher
in DR-EE-Ex (0.63). At P28, it was 14% lower in DR (0.55 vs.
0.65 mm

 

3

 

), 26% higher in DR-EE (0.82) and 36% higher in
DR-EE-Ex (0.88). At P35, it was 2% lower in DR (0.64 vs.
0.65 mm

 

3

 

), 47% higher in DR-EE (0.96) and 38% higher in
DR-EE-Ex (0.91). At P42, it was 101% higher in DR (1.1 vs.
0.53 mm

 

3

 

), 81% higher in DR-EE (0.96) and 84% higher in
DR-EE-Ex (0.97). At P49, it was 76% higher in DR (0.87 vs.
0.5 mm

 

3

 

), 86% higher in DR-EE (0.92) and 92% higher in
DR-EE-Ex (0.95). At P56, it was 64% higher in DR (0.98 vs.
0.6 mm

 

3

 

), 31% higher in DR-EE (0.78) and 56% higher in
DR-EE-Ex (0.94). Finally, at P63, the volume of layer IV was
10% higher in DR (0.68 vs. 0.62 mm

 

3

 

), 4% lower in DR-EE
(0.59) and 6% higher in DR-EE-Ex (0.66).

Fig. 5 Comparison of average measurements between DR, DR-EE, 
DR-EE-Ex and control (C) groups at each of the ages considered. 
Horizontal axis shows the age of the animals. Vertical axis shows 
primary visual cortex layer IV volume (mm3) (mean ± SEM). (a) C vs. DR 
significance; (b) C vs. DR-EE significance; (c) C vs. DR-EE-Ex significance 
(P ≤ 0.05) (one-way ANOVA test with posthoc correction). 
P, postnatal day.

Fig. 6 Comparison of average measurements between DR, DR-EE, 
DR-EE-Ex and control (C) groups at each of the ages considered. 
Horizontal axis shows the age of the animals. Vertical axis shows 
primary somatosensory cortex barrel field volume (mm3) (mean ± SEM). 
(a) C vs. DR significance; (b) C vs. DR-EE significance; (c) C vs. DR-EE-Ex 
significance (P ≤ 0.05) (one-way ANOVA test with posthoc correction). 
P, postnatal day.
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Two-way ANOVA revealed a significant interaction between
age and experimental condition (F = 11.65, df = 18, P < 0.000),
as well as age (F = 29.49, df = 6, P < 0.000) and condition
effects (F = 81.8, df = 3, P < 0.000). We therefore decided
to perform a one-way ANOVA analysis with corresponding
posthoc tests to study the differences between experimental
conditions at each age period. The statistical analysis
showed that differences between dark-reared groups and
controls were significant at all ages (P ≤ 0.05), except at
P63 for all groups and at P35 for DR. However, whereas
differences between DR-EE and DR were significant at P28
and P35, they were not significant at all other ages. The
differences between DR and DR-EE-Ex showed a similar
pattern. The differences between DR-EE and DR-EE-Ex were
not significant at any age, except for a slight difference at
P56 (Supporting Information).

Developmental value trends

Primary visual cortex
In controls, the number of S-100β-positive cells per measured
surface (62 500 μm2) remained almost constant with a
maximum difference of 10% between P21 and P42. A
similar pattern was observed in DR-EE rats but with lower
figures at all ages. This group showed a maximum difference
of 28% between P28 and P35. In contrast, data for DR-EE-
Ex rats had homogeneous values at all ages (the maximum
difference was 24% between P21 and P56). These values
were higher than in controls at all of the studied ages. The
main variability of values was achieved in the DR group, as
a 47% decrease was found from P21 to P42. Whereas up
to P28 values were higher than in controls, from then on
they were more homogeneous and lower than in controls.
In controls, the volume of layer IV decreased by 27% from
P21 to P28 remaining constant from then on, with a
maximum difference of 20% between P35 and P63. A similar
pattern was observed in dark-reared groups, with values
dropping by 50% from P21 to P28 and remaining constant
up to P63, at around 25–35% lower than in controls.

Primary somatosensory cortex barrel field
In controls, the number of S-100β-positive cells per measured
surface (62 500 μm2) remained almost constant with a
maximum difference of 14% between P21 and P49. A
similar pattern was observed in DR rats, with slightly
higher figures at all ages except at P21 and P63, when they
were lower. Whereas the maximum difference against
controls was 16% at P49, the maximum difference within
the DR group was between P35 and P63 (16%). For the
DR-EE group, maximum values were at P21 and decreased
thereafter remaining more or less stable at 18–24% higher
than in controls. The largest drop was between P21 and
P28 (23%), for the rest of the values apart from P21, the
maximum difference was between P35 and P42 (12%).
The main difference against controls was measured in the

DR-EE-Ex group, where maximum values were at P21,
66% higher than in controls. Afterwards, there was a slight
decrease, although not as dramatic as in the DR-EE group
(5% between P21 and P28), and differences against controls
varied from 64% at P28 to 33% at P63. The main difference
within the group was between P21 and P49 (23%). In
controls, the volume of layer IV remained constant with a
maximum difference of 25% between P35 and P42. A
similar pattern was observed in DR rats up to P35, with a
maximum difference of 34% at P21 and a minimum of 2%
at P35. From this age, the volume increased dramatically
(60%) and it was 100% higher than in controls at P42, 76%
higher at P49, 63% higher at P56 and only 10% at P63. The
volume observed for DR-EE and DR-EE-Ex followed a similar
pattern. It increased from P21 to P42 (54%), remained
constant up to P56 and then decreased between P56 and
P63 (30% in DR-EE-Ex and 24% in DR-EE). The volume was
similar for the three dark-reared groups from P42.

Discussion

The present study shows that enriched environments have
no effects on the decrease of the astroglial population of
the visual cortex induced by visual deprivation, if they
do not include physical exercise. Visual deprivation occurs
with an increase of the astroglial density in the somatosensory
cortex that can be interpreted as a compensatory mechanism.
The effects of physical exercise are similar in both areas,
suggesting a general effect all over the cortex. Although
all dark-reared groups had lower volumes than controls,
the lack of differences in volume between dark-rearing
conditions means that differences in astroglial density
cannot be due to variations in volume.

The effects of environmental enrichment have been widely
studied since the work of Krech et al. (1960). Although most
of the environmental paradigms include the use of a running
wheel in the enrichment paradigm, its use to study specific
visual enrichment can mask results, as exercise by itself can
increase the secretion of growth factors such as brain-derived
neurotrophic factor (Cotman et al. 2007) or insulin-like growth
factor (Trejo et al. 2001). In a recent work, we demonstrated
the visual exclusiveness of the environmental enrichment
without exercise, as it was unable to compensate the decrease
in vascular density and vascular endothelial growth factor
secretion in dark-reared rats (Bengoetxea et al. 2008). In
contrast, some authors have described the lack of usefulness
of physical exercise in behavioral models that use enriched
environments, as results do not differ when a running wheel
is included in the environmental enrichment paradigm
(Pietropaolo et al. 2006, 2008).

Our results in controls (Fig. 5) show a decrease in the
visual cortex layer IV volume at the beginning of the critical
period that could be linked to the decrease in the neuronal,
vascular and astroglial densities previously reported
(Argandoña & Lafuente, 2000; Argandoña et al. 2003, 2005;
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Heck et al. 2008). Dark-reared groups show a similar
pattern but at a significantly lower level that mirrors the
lower astroglial, vascular and neuronal densities previously
found in dark-reared rats. Although there is an increase in
astroglial density when exercise is included, it does not show
changes in volume. Our results agree with previous findings
that showed a similar volume of layer IV in the visual cortex
of control young adult rats (Yates et al. 2008).

Results on the somatosensory cortex show that environ-
mental enrichment in dark-reared animals (Fig. 4), even
without physical exercise, induces a higher astroglial
density that could be explained as a compensation for the
lower activity in the visual cortex induced by light deprivation
(Rauschecker et al. 1992). It must be taken into account that
the critical period for the somatosensory cortex is already
closed at P21, when the first data were examined. In
addition, physical exercise increases the number of astrocytes
compared with those produced by environmental enrichment
alone. The increase of astroglial density in both studied areas
suggests a general effect all over the cortex. Some authors
have described an experience-mediated up-regulation
of growth factors such as brain-derived neurotrophic factor
or insulin-like growth factor, supporting this hypothesis
for a global brain effect (Vaynman & Gomez-Pinilla, 2005;
Trejo et al. 2008). Indeed, some authors have described that
wheel-running induces microglial proliferation, whereas
environmental enrichment stimulates astroglial prolifera-
tion (Ehninger & Kempermann, 2003).

Previous evidence also indicates that physical activity
induces astrocytic proliferation in adult brain areas that
undergo plasticity during motoric behaviour (Li et al. 2005)
and reduced numbers of glial cells in areas related to
olfactory behaviour (Ang et al. 2004). Therefore, the relative
role played by exercise alone when in combination with
environmental enrichment in sensorial areas has yet to be
determined.

Our results on the volume of visual cortex layer IV show
a similar pattern (Fig. 5), as animals reared in EE with or
without exercise show a greater volume from the beginning
of the critical period for the visual cortex (P21), due to the
aforementioned compensation. As the critical period for
the somatosensory cortex occurs earlier (in the first week
of life), the effects of EE are noticeable right from the
beginning of the study. In contrast, effects on DR animals are
produced only after P21, when the lack of visual experience
requires compensation by the somatosensory cortex.

Another point of interest is the differences between
groups at the first stages of the critical period, when astroglial
density in the DR group is greater than in controls (Fig. 3).
Previous research has shown that environmental enrichment
can accelerate the beginning of the critical period, which has
been described as manifesting a decrease in the expression
of astroglial markers such as glial fibrillary acidic protein
or S-100 (Corvetti et al. 2003, 2006). Although numbers are
similar in DR and DR-EE-Ex animals, at levels higher than

age-matched controls, the underlying reason could be
completely different, as the figures for DR could be due to
immaturity of the cortex due to retardation at the beginning
of the critical period and those for DR-EE-Ex to the general
effects of exercise. In contrast, EE in DR animals prior to
the critical period could be a factor in the recovery of the
starting point of the critical period before the consequences
of visual deprivation. Nevertheless, once the critical period
reaches its peak in physiological conditions (P35), density
is always lower in dark-reared animals not submitted to
voluntary physical exercise. The fact that animals are weaned
at P21 with a change from liquid to solid diet could also
explain certain variations in the data, as some authors have
found some metabolic changes at this age due to the change
of feeding by weaning (Nehlig et al. 1989; Argandoña
et al. 2003).

Concluding remarks

Our main result shows that strategies to apply environmental
enrichment should always consider the incorporation of
physical exercise, even for sensorial areas such as the visual
area, where complex environmental enrichment is not
enough by itself to offset the effects of visual deprivation
on a key player in the cerebral cortex such as the astroglial
population. In addition, physical exercise enhances the
effect of environmental enrichment in the somatosensory
cortex, where enrichment alone can affect the astroglial
population.
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62 500 μm2 of primary visual cortex ± SEM; percentage of
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