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Environmental enrichment restores cognitive deficits
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Objective: To evaluate the influence of environmental enrichment (EE) on memory, cytokines, and
brain-derived neurotrophic factor (BDNF) in the brain of adult rats subjected to experimental
pneumococcal meningitis during infancy.
Methods: On postnatal day 11, the animals received either artificial cerebrospinal fluid (CSF) or
Streptococcus pneumoniae suspension intracisternally at 1 6 106 CFU/mL and remained with their
mothers until age 21 days. Animals were divided into the following groups: control, control + EE,
meningitis, and meningitis + EE. EE began at 21 days and continued until 60 days of age (adulthood).
EE consisted of a large cage with three floors, ramps, running wheels, and objects of different shapes
and textures. At 60 days, animals were randomized and subjected to habituation to the open-field task
and the step-down inhibitory avoidance task. After the tasks, the hippocampus and CSF were isolated
for analysis.
Results: The meningitis group showed no difference in performance between training and test
sessions of the open-field task, suggesting habituation memory impairment; in the meningitis + EE
group, performance was significantly different, showing preservation of habituation memory. In the
step-down inhibitory avoidance task, there were no differences in behavior between training and test
sessions in the meningitis group, showing aversive memory impairment; conversely, differences were
observed in the meningitis + EE group, demonstrating aversive memory preservation. In the two
meningitis groups, IL-4, IL-10, and BDNF levels were increased in the hippocampus, and BDNF levels
in the CSF.
Conclusions: The data presented suggest that EE, a non-invasive therapy, enables recovery from
memory deficits caused by neonatal meningitis.
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Introduction

Meningitis is a life-threatening condition with a high
mortality rate, particularly in neonates and children.1

Several microorganisms that are pathogenic to humans
can cause meningitis, but Streptococcus pneumoniae,
Neisseria meningitis, and Haemophilus influenzae are
generally reported in children with acute bacterial
meningitis.2,3 In young children, colonization of the na-
sopharynx, oropharynx, or paranasal sinuses by virulent
strains of bacteria is a prerequisite for the development of

meningitis. Transmission usually occurs from person to
person via large-droplet secretions and the respiratory
route.2 When S. pneumoniae reaches the subarachnoid
space, it reproduces rapidly, releasing cell wall frag-
ments, lipoteichoic acid, teichoic acid, pneumolysin,
and peptidoglycans.4 These bacterial compounds are
highly immunogenic and may be recognized by antigen-
presenting cells through toll-like receptors.5,6 This cas-
cade induces translocation of nuclear factor kappa B
(NF-kB) to the nucleus, which stimulates the synthesis of
cytokines, chemokines, and other pro-inflammatory
molecules in response to bacterial stimuli. As a result,
polymorphonuclear cells are attracted and activated,
releasing large amounts of superoxide anions and ni-
tric oxide and leading to peroxynitrite formation and
oxidative stress. This cascade leads to lipid peroxidation,
mitochondrial damage, and breakdown of the blood-
brain barrier, which contributes to cell injury during
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pneumococcal meningitis.2,7 Long-term neurological se-
quelae are found in patients who survive bacterial
meningitis during infancy, including deafness, sensor-
imotor deficits, seizure disorders, and cognitive impair-
ments, such as deficits in learning and memory.8 In
animal models of meningitis, adjuvant treatment with
antioxidant,9 cannabidiol,10 or dexamethasone has been
shown to prevent cognitive impairment.11 In addition,
when utilized in an attempt to minimize cognitive damage,
environmental enrichment (EE) is a novel and promising
non-pharmacological approach and has been shown to
stimulate brain plasticity, neurogenesis, and increased
neurotrophic factor expression, as well as protect against
the effects of brain insults.12

EE refers to housing conditions in which the animals
are kept in spacious cages containing toys, running
wheels, climbing ropes, and objects with different shapes
and textures.13 This environment promotes visual and
sensory stimulation, minimizes stressful social interac-
tions, increases voluntary exercise, and may have an
effect on cognitive functions compromised in disorders of
the central nervous system (CNS).12-14 Compared with
rats reared in groups in conventional cages, rats housed
in an enriched environment exhibit increased cortical
thickness, hippocampal neurogenesis, and hippocampal
levels of transcripts that encode various genes involved in
tissue plasticity and remodeling. EE rats also perform
better on learning and memory tasks.12 During the early
postnatal period, EE increases cell proliferation in the
dentate gyrus of guinea pigs.15 The stimulation provided
by EE fosters recovery from spatial memory deficits,16

improves memory impairment on object recognition tests,
and preserves hippocampal dendritic spine density
following neonatal hypoxia-ischemia injury in rats.17 EE
has also been shown to attenuate the motor and cognitive
deficits that result from traumatic brain injury.18 We
hypothesize that cognitive impairment in adult Wistar rats
subjected to experimental pneumococcal meningitis
during childhood will be reversed or mitigated by EE
exposure. In the present study, we evaluated the
influence of EE on habituation and aversive memories
and cytokine and brain-derived neurotrophic factor
(BDNF) levels in the brain of adult survivors of childhood
pneumococcal meningitis.

Materials and methods

Infecting organism

S. pneumoniae (serotype 3) was cultured overnight in 10
mL of Todd Hewitt Broth (HimediaH), diluted in fresh
medium, and grown to exponential phase. These cultures
were centrifuged for 10 min at 5,000 6 g and
resuspended in sterile saline solution at a concentration
of 1 6 106 CFU/mL. The size of the inoculum was
confirmed using quantitative cultures.19

Animal model of meningitis

Infant male Wistar rats (body weight 15-20 g) from our
breeding colony were used for the experiments on

postnatal day 11. All procedures were approved by the
Animal Care and Experimentation Committee of
Universidade do Extremo Sul Catarinense (UNESC),
Brazil, under protocol no. 88/2012, and were conducted in
accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (NIH
Publication No. 80-23, revised in 1996). All surgical
procedures and bacterial inoculations were performed
under anesthesia, which consisted of the intraperitoneal
administration of ketamine (6.6 mg/kg), xylazine (0.3 mg/
kg), and acepromazine (0.16 mg/kg).20 Rats underwent a
cisterna magna tap with a 23-gauge needle. The animals
received either 10 mL artificial cerebrospinal fluid (CSF)
as a placebo or an equivalent volume of S. pneumoniae
suspension. At the time of inoculation, the animals
received fluid replacement (1 mL saline subcutaneously)
and were then returned to their cages and kept under a
12-h light/dark cycle (lights on at 7 a.m.). Meningitis was
documented by a quantitative culture of 5 mL CSF, which
was obtained via puncture of the cisterna magna 18 h
after experimental infection.20 After the animals received
ceftriaxone (ceftriaxone, 100 mg/kg, during 7 days).

Organization of the experimental groups

The animals were divided into the following experimental
groups: control, control + EE, meningitis, and meningitis +
EE (10-13 animals per group). Eighteen hours after
induction of pneumococcal meningitis or intracisternal
administration of artificial CSF as a placebo, all animals
were treated with ceftriaxone for 7 days (100 mg/kg twice
daily until 168 h after documented meningitis), and
remained with their mothers until age 21 days.

Environmental enrichment

EE began when rats reached 21 days of age and
continued until they reached 60 days of age, equivalent
to adulthood.16,21 EE consisted of a large cage (40 6 60
6 90 cm) with three floors, ramps, running wheels,
and several objects of different shapes and textures
(Figure 1). Small changes were made once a week by
adding new objects and withdrawing others.16,22 The
running wheels and stairs enhanced voluntary exercise, a
seesaw provided somatosensory stimulation, and large
tubes, a set of tunnels, LEGOH blocks, wood pieces, and
hanging items provided cognitive stimulation13 (Figure 1).

Standard housing

Standard environmental housing consisted of non-
enriched cages (49 6 34 6 16 cm) containing only
bedding. The animals were housed in groups of six and
provided free access to food and water.

Behavioral tasks

At 60 days of age, the animals were randomized and
subjected to habituation to the open-field task and the
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step-down inhibitory avoidance task. After the behavioral
tests, the animals were sacrificed by decapitation.

Open-field test

Behavior was assessed in an open-field apparatus to
evaluate both locomotor and exploratory activity. The
apparatus was a 40 6 60 cm open field surrounded by
50-cm-high dark grey walls and a glass front wall. Black
lines divided the floor of the open field into nine
rectangles. Each animal was gently placed in the center
of the open field and was left to explore the arena for 5
min (training session). The number of crossings (i.e., the
number of times that each animal crossed the black lines,
an assessment of locomotor activity) and rearing move-
ments (i.e., the exploratory behavior observed in rats
subjected to a new environment) were measured.
Immediately after this procedure, the animals were taken
back to their home cage. Twenty-four hours later, they
were subjected to a second open-field session (test
session). In both sessions, the number of crossings and
rearings was counted during a 5-min period. A reduction
in the number of crossings and rearings between the two
sessions was considered as a measure of the retention of
memory. The same experimenter, who was blind to group
allocation, performed all of the behavioral testing and
manual scoring.23 The experimental box was thoroughly
cleaned with 70% ethanol between testing sessions.

Step-down inhibitory avoidance task

The apparatus and procedures used for this task have
been described in previous reports.24,25 Briefly, the
training apparatus was a 50 6 25 6 25 cm acrylic box

(Albarsch, Porto Alegre, Brazil), the floor of which
consisted of parallel stainless steel bars (1 mm diameter)
spaced 1 cm apart. A 7-cm-wide, 2.5-cm-high platform
was placed on the floor of the box against the left wall.
In the training trial, the animals were placed on the
platform, and their latency to step down on the grid with
all four paws was measured with an automatic device.
Immediately after stepping down on the grid, the animals
received a 0.4-mA, 2.0-s foot shock and were returned to
their home cage. A retention test trial was performed 24 h
after the training trial (long-term memory). The retention
test trial was procedurally identical to the training trial,
except that no foot shock was administered. The step-
down latency during the retention test (maximum 180 s)
was used as a measure of the retention of the inhibitory
avoidance memory.24,25

Assessment of levels of cytokines, chemokines, and
brain-derived neurotrophic factor

After the behavioral tests, the animals were anaesthe-
tized and killed by decapitation. The hippocampus and
CSF were immediately isolated on dry ice and stored at
-806C for analysis of cytokine and BDNF levels.

Assessment of the concentration of tumor necrosis
factor-alpha (TNF-a), interleukin (IL)-4, IL-6, IL-10, and
cytokine-induced neutrophil chemoattractant-1 (CINC-1)

Briefly, the hippocampus was homogenized in extraction
solution containing aprotinin (100 mg of tissue per 1 mL).
The levels of cytokines and chemokines in the hippo-
campus were determined using commercially available
enzyme-linked immunosorbent assays (ELISA), following

Figure 1 Schematic representation of animals in the enriched environment.
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the instructions supplied by the manufacturer (DuoSet
kits, R&D Systems, Minneapolis, MN, USA). The results
are expressed as pg/100 mg of hippocampal tissue and
pg/100 mL CSF.

Assessment of BDNF

Serum BDNF levels were measured by sandwich-ELISA,
using a commercial kit in accordance with manufacturer
instructions (Millipore, Billerica, MA, USA). Briefly, 96-
well, flat-bottom microtiter plates were coated overnight
at 46C with the samples, which were diluted 1:100 in
sample diluent. The standard curve ranged from 7.8 to
500 pg of BDNF/mL. Plates were washed four times with
wash buffer before biotinylated mouse anti-human BDNF
monoclonal antibody (diluted 1:1000 in sample diluent)
was added and the plates incubated for 3 h at room

temperature. After washing, a second incubation with
streptavidin-peroxidase conjugate solution (diluted
1:1000) was carried out for 1 h at room temperature.
After the addition of substrate and stop solution, the
amount of BDNF present was quantified (absorbance set
at 450 nm). The standard curve represents a direct
relationship between optical density and BDNF concen-
tration. Total protein was measured by Bradford’s
method26 (samples diluted 1:200) using bovine serum
albumin as the standard.

Statistics

For the cytokine and chemokine analyses, the variables
are presented as the means 6 SEM of 10-13 animals per
group. Differences between groups were measured on
postnatal day 21 and evaluated using analysis of variance
(ANOVA) followed by Tukey’s post-hoc test (p-values:
*p , 0.05, {p , 0.01, and {p , 0.001). Data from the
habituation to the open field task are reported as the
means 6 SEM of 10-13 animals per group and were
analyzed using a paired Student’s t test and ANOVA
followed by Tukey’s post-hoc test. Data from the step-
down inhibitory avoidance task are reported as the
median and interquartile ranges of 10-13 animals per
group, and comparisons among groups were performed
using Mann-Whitney U tests. Differences within individual
groups were analyzed using Wilcoxon’s tests. For all
comparisons, p , 0.05 indicated statistical significance.
All analyses were performed using SPSS version 20.0.

Results

In the open-field task, there were no differences between
groups in the number of crossings and rearings in the
training session (p . 0.05) (Figure 2), demonstrating that
there was no difference in motor and exploratory activity

Figure 2 Habituation to the open-field task on postnatal day
60 in animals subjected to experimental pneumococcal
meningitis during infancy. Data analyzed by a paired
Student’s t test or ANOVA followed by Tukey’s post-hoc
test and expressed as means 6 SEM of 10-13 animals per
group. Symbols indicate statistical significance vs. the
control group. EE = enriched environment. * p , 0.05.

Figure 3 Performance of animals subjected to experimental
pneumococcal meningitis during infancy on the step-down
inhibitory avoidance task at postnatal day 60. Data
expressed as median and interquartile ranges. Comparisons
between groups performed using Mann-Whitney U tests, with
10-13 animals per group. Differences within individual groups
were analyzed by Wilcoxon’s tests. Symbols indicate statis-
tically significant differences vs. the control group. EE =
enriched environment. * p , 0.05.
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between the groups. In the meningitis group, there was
no difference in behavior between the training and test
sessions, demonstrating the presence of memory impair-
ment in this group. In contrast, in the control, control +
EE, and meningitis + EE groups, behavior was signifi-
cantly different between the training and test sessions
(p , 0.0001), suggesting that animals subjected to EE
exhibited memory of the previous experience.

With regard to step-down latency (Figure 3), there was
no statistically significant difference in latency between

any of the groups in the training test session (p . 0.05).
In the meningitis group, there was no difference in latency
between the training and test sessions, demonstrating
memory impairment in this group. However, in the
control, control + EE, and meningitis + EE groups, the
latencies were significantly different between the training
and test sessions (p , 0.0001), demonstrating that the
animals exhibited aversive memory.

Figures 4 and 5 show the effects of the EE on cytokine,
chemokine, and BDNF levels in the hippocampus and

Figure 4 TNF-a, IL-6, IL-10, IL-4, CINC-1, and BDNF expression in the hippocampus at postnatal day 60 in animals subjected
to experimental pneumococcal meningitis during infancy. Cytokine/chemokine levels were assessed by ELISA, and the results
are expressed as pg cytokine/chemokine per 100 mg tissue. Results show the means 6 SEM of 10-13 animals per group.
Statistical significance was assessed by ANOVA followed by Tukey’s post-hoc test. Symbols indicate statistically significant
differences as compared with the appropriate control group. BDNF = brain-derived neurotrophic factor; CINC = cytokine-
induced neutrophil chemoattractant-1; EE = enriched environment; IL = interleukin; TNF-a = tumor necrosis factor-alpha.
* p , 0.05, { p , 0.01, and { p , 0.001 vs. control group, and 1 p , 0.05, || p , 0.01, and " p , 0.001 vs. control + EE group.
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CSF, respectively, in adult rats subjected to pneumococ-
cal meningitis during infancy. In the hippocampus, IL-10
and IL-4 levels were increased in the meningitis and
meningitis + EE groups as compared with the control and
control + EE groups (F3,41 = 34.48, p , 0.001 and F3,42 =
75.77, p , 0.001, respectively) (Figure 4C and 4D).
BDNF levels were also increased in the meningitis and
meningitis + EE groups compared to the control + EE
group (F3,41 = 5,360, p , 0.05 and p , 0.01, respectively)
(Figure 4F). However, the TNF-a, IL-6, and CINC-1 levels
did not change (F3,39 = 0.05049, F3,42 = 1,130, and F3,41 =
0.6895, respectively).

In the CSF, TNF-a levels did not change (F3,42 = 1.190)
(Figure 5A). In addition, BDNF levels were increased in
the meningitis and meningitis + EE groups as compared
with the control and control + EE groups (F3,42 = 278.6,
p , 0.001) (Figure 5B).

Discussion

The present study showed that environmental enrichment
(EE) improved cognition in rats that had pneumococcal
meningitis in their 11th day of life. EE did not change the
expression profile of BDNF or of cytokines in adult rats
that had meningitis during infancy. The present findings
are consistent with previous studies from our group
showing that rats that survived neonatal pneumococcal
meningitis or Streptococcus agalactiae meningitis exhib-
ited learning and memory impairment in adulthood.19,27

Compared with standard housing, EE provides greater
opportunities for voluntary exercise and generation of
novelty and complexity in animal housing conditions,
which facilitates enhanced sensory and cognitive stimula-
tion as well as physical activity. In several animal models
of neurological disorders, EE and exercise have been
found to have advantageous effects, including beneficial
effects on learning and memory, improved cellular
plasticity, BDNF expression, adult neurogenesis, and
associated molecular processes.12,14,28-30 Our study
showed that animals subjected to pneumococcal menin-
gitis during infancy presented memory impairment in
adulthood. In the animals that were subjected to EE
(promoting cognitive stimulation through motor activity,
visual stimuli, object recognition, novelty, and the
modulation of attention), these impairments of habituation
and aversive memories were reversed. EE was also
associated with enhanced spatial learning performance,
neuroplasticity, and increased BDNF levels in the rat
brain.30 This non-invasive adjuvant treatment was effec-
tive in inducing recovery from impaired declarative
memory for object recognition and in preserving hippo-
campal dendritic spine density in neonatal rats following
hypoxia-ischemia.17 EE has been shown to confer long-
term cognitive benefits after traumatic brain injury in rats,
including increasing the expression of genes important for
signal transduction, calcium signaling pathways, mem-
brane homeostasis, and metabolism in particular.31,32 EE
attenuated the production of cytokines and chemokines in
response to lipopolysaccharides within the hippocampus
and decreased hippocampal neuroinflammation during
influenza infection in adult rodents.33,34 In contrast, in an
animal model of social defeat, EE does not change the
expression levels of IL-1b, IL-1r, or TNF-a.35 However, in
the present study, the levels of inflammatory mediators
did not differ significantly between the meningitis group
and meningitis + EE group; thus, the prevention of
cognitive damage was not associated with these para-
meters.

As an important neurotrophin, BDNF plays a role in
neuronal development, differentiation, and survival.
Exposure to EE restored normal expression of BDNF
after reduction thereof by chronic cerebral hypoperfusion
in rats.36 EE also increased BDNF expression during
influenza infection and increased BDNF levels in the
basal forebrain, cerebral cortex, and hippocampus in
adult rats.30,33 On the other hand, in adulthood, BDNF
levels were increased in the CSF and hippocampus of
both meningitis groups. This increase in BDNF levels in
both of the meningitis groups may be related to the

Figure 5 Expression of TNF-a and BDNF in the CSF at
postnatal day 60 in animals subjected to experimental
pneumococcal meningitis during infancy. Levels of cytokines
and BDNF were assessed by ELISA, and the results are
expressed as pg per 100 mL CSF. Results show the means
6 SEM of 10-13 animals per group. Statistical significance
was assessed by ANOVA followed by Tukey’s post-hoc test.
Symbols indicate statistically significant differences as
compared with the appropriate control group. BDNF =
brain-derived neurotrophic factor; CSF = cerebrospinal fluid;
EE = enriched environment; SEM = standard error of
the mean; TNF-a = tumor necrosis factor-alpha. * p , 0.05,
{ p , 0.01, and { p , 0.001 vs. control group, and 1 p , 0.05,
|| p , 0.01, and " p , 0.001 vs. control + environmental
enrichment group.
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maintenance of cytokine levels during adulthood, con-
sidering that immune cells can express BDNF and that
neurons are the major source of this neurotrophin in
the CNS.37 Correlating with clinical findings, in pediatric
patients with bacterial meningoencephalitis and meningi-
tis, elevated BDNF levels have been found in CSF and
serum.38

In conclusion, EE can be a non-invasive experimental
strategy for neurological recovery after bacterial meningi-
tis in childhood. Further insight is necessary to elucidate
the mechanisms underlying the effects of EE in the
prevention of neuronal dysfunction.
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