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Environmental enrichment reduces brain 
excitability in adult rats overnourished 
during lactation
Enriquecimento ambiental reduz excitabilidade cerebral em ratos adultos hipernutridos 
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ABSTRACT
Objective: This study aimed to analyze whether exposure to environmental enrichment (EE) during the juvenile phase of life interferes with 
the electrical activity of the adult rat brain. In addition, the present research also investigated whether this putative effect on brain electrical 
activity could be affected by prior overnutrition during lactation. Electrophysiology was measured through cortical spreading depression 
(CSD), a phenomenon related to brain excitability. Methods: Wistar rats were suckled in litters of either nine or three pups, forming the 
nourished (N) or overnourished (ON) groups, respectively. At 36 days old, half of the animals from each nutritional condition were exposed 
to EE. The other half was kept in the standard environment (SE). At 90-120 days of life, each animal was anesthetized for CSD recordings. 
Results: Overnutrition during lactation caused increases (p < 0.05) in body and brain weights. The EE decelerated CSD propagation velocity 
regardless of nutritional state during lactation (p < 0.001). The CSD deceleration in the N-EE group was 23.8% and in the ON-EE group was 
15% in comparison with the N-SE and ON-SE groups, respectively. Conclusion: Our data demonstrated that EE exposure in the juvenile 
phase of the rat’s life reduced brain excitability, and this effect was observed even if animals were overnourished during lactation. An EE 
could be considered an adjuvant therapeutic resource to modulate brain excitability.

Keywords: Cortical spreading depression; electrophysiology; rats.

RESUMO
Objetivo: Este estudo analisou se a exposição ao ambiente enriquecido durante a fase juvenil da vida interferiria na atividade elétrica do 
cérebro de ratos adultos. Além disso, a presente pesquisa também investigou se esse provável efeito na atividade elétrica cerebral poderia 
ser afetado pela hipernutrição durante a lactação. A eletrofisiologia foi medida através da depressão alastrante cortical, um fenômeno 
relacionado à excitabilidade cerebral. Métodos: Ratos Wistar foram amamentados em ninhadas de nove ou três filhotes, formando os 
grupos nutridos ou hipernutridos, respectivamente. Aos 36 dias, metade dos animais de cada condição nutricional foram expostos ao 
ambiente enriquecido. A outra metade foi mantida na condição de ambiente padrão. Aos 90-120 dias de vida, foram obtidos os registros da 
depressão alastrante cortical. Resultados: A hipernutrição durante a lactação causou incrementos (p < 0,05) nos pesos corporal e cerebral. O 
Ambiente Enriquecido desacelerou a velocidade de propagação da depressão alastrante cortical independentemente do estado nutricional 
durante a lactação (p < 0,001). A desaceleração da depressão alastrante cortical no grupo nutrido/ambiente enriquecido foi de 23,8% e no 
grupo hipernutrido/ambiente enriquecido foi de 15% em comparação com os grupos nutrido/ambiente padrão e hipernutrido/ambiente 
padrão, respectivamente. Conclusão: Nossos dados demonstram que a exposição ao ambiente enriquecido na fase juvenil da vida do 
rato reduz a excitabilidade cerebral, e esse efeito pode ser observado mesmo se os animais estiverem hipernutridos durante a lactação. O 
ambiente enriquecido pode ser considerado um recurso terapêutico adjuvante para modular a excitabilidade cerebral.

Palavras-chave: Depressão alastrante da atividade elétrica cortical; eletrofisiologia; ratos.
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Environmental enrichment (EE) is an environment that 
mimics a stimulating lifestyle at the laboratory level and refers 
to housing conditions that include the addition of inanimate 
objects of various textures, sizes, and shapes. These provide 
enhancement of sensory, cognitive and motor stimulation 
compared with standard living conditions1. Environmental 
enrichment has been found to exert beneficial effects on the 
morphological, cellular and molecular outcomes that under-
lie experience-dependent plasticity1,2; on the metabolism of 
the nervous system3; and on cognitive and behavioral param-
eters2. Moreover, EE significantly reduced seizure episodes 
and seizure duration in epileptic rats4. Thus, it is possible that 
EE acts to restore the excitation/inhibition balance in brain.

Despite this evidence, there are few reports concerning 
the putative beneficial effects of EE on brain excitability. Here, 
we investigated the effects of EE on cortical spreading depres-
sion (CSD) in post-weaned Wistar rats subjected to overfeed-
ing on lactation. Cortical spreading depression is a phenom-
enon related to brain excitability that can be described as a 
remarkable reduction (depression) in the electrical activity 
of the brain cortex, spreading in a concentric and reversible 
way5. The analyses of the velocity rate in which it spreads can 
be a tool for indicating brain functioning. Since its descrip-
tion, the mechanisms of CSD have been associated with epi-
lepsy and other diseases that enhance brain excitability5.

The nutritional state is one of the main factors that influ-
ences brain development. Adequate nutrition is especially 
important during pregnancy and lactation as these phases 
include the so-called “brain growth spurt” when physiolog-
ical process, such as neurogenesis, cell migration and dif-
ferentiation, and myelination are happening6. Malnutrition 
in utero and during early postnatal life can cause lasting 
changes in many aspects of metabolic and central functions6. 
For example, undernutrition during lactation facilitates CSD 
in adult rat brains, while overnourishment impairs the prop-
agation of the phenomenon7.

A report has indicated that EE during lactation decreases 
CSD susceptibility and suggests that this effect is more evi-
dent in the malnourished brain, compared with the nour-
ished brain8. Our study was the first investigation of an EE 
effect on CSD recorded in the brain of rats that were overfed 
during lactation. Clarification is still needed on how overnu-
trition affects brain function, especially concerning its elec-
trophysiology, given that obesity has become a critical health 
problem around the world.

METHODS

The experiments were performed in accordance with the 
guidelines of the Ethics Committee for Animal Research of the 
Universidade Federal de Pernambuco (UFPE, Brazil; approval 
protocol no. 23076.048535/2015-78), which comply with the 
Principles of Laboratory Animal Care (National Institutes 

of Health, Bethesda, USA). Wistar rats were obtained from 
the nutrition department at the UFPE. They were reared in a 
room with a temperature of 22 ± 2°C and a 12-hour light/dark 
cycle (lights on from 7:00 am to 7:00 pm), with free access to 
water and food, a commercial laboratory chow diet (Purina 
do Brazil Ltd., Paulinia, São Paulo, Brazil).

At birth, the rat pups were randomly distributed to be 
suckled in litters of either nine (group N, nourished) or three 
pups (group ON, overnourished) as previously described5,6. At 
36 days old, half of the animals from each nutritional condi-
tion were exposed to EE. The other half was kept in the stan-
dard environment (SE). Therefore, four groups were created: 
N-SE (n = 10), N-EE (n = 12), ON-SE (n = 11), ON-EE (n = 10).

The EE was designed as previously published by 
Andin et al7. It consisted of a large acrylic cage (100 × 60 × 35 cm) 
containing a variety of objects, including: running wheels, toy 
balls, tunnels, as well as various objects of differing sizes and 
shapes. The objects were changed once a week. Eight rats 
were housed together in this cage for three hours per day for 
a period of four weeks. In the SE groups, 3–4 rats were housed 
per cage (51 × 35.5 × 18.5 cm) with only sawdust bedding and 
no additional objects in the cages.

At 90–120 days of life, each animal was subjected to CSD 
electrophysiological recording. The animals were anesthe-
tized, intraperitoneally, with a mixture of 1000 mg/kg ure-
thane plus 40 mg/kg alpha chloralose (both from Sigma Co., 
USA). A tracheal cannula was inserted to facilitate breath-
ing. Three trephine holes (2–4 mm in diameter) were made 
on the right side of the skull, parallel to the midline. The first 
hole (in the frontal bone) was used to apply the stimulus that 
elicited CSD. The other two holes (on the parietal bone) were 
used to record the propagating CSD wave. During the record-
ing sessions, rectal temperature was continuously monitored 
at 37 ± 1°C.

Cortical spreading depression was elicited at 20-minute 
intervals by applying, for one minute, a cotton ball (1–2 mm 
in diameter) soaked in a 2% KCl solution (approximately 
270 mM) to the anterior hole drilled in the frontal region. 
In the two parietal holes, the slow direct current potential 
change was recorded for four hours using a pair of Ag-AgCl 
agar-Ringer electrodes (one in each hole) against a common 
reference electrode of the same type, placed on the nasal 
bones. Electrodes were connected to a digital data acquisi-
tion system (EMG Systems, São Paulo, Brazil). The velocity of 
CSD propagation was calculated based on the time required 
for a CSD wave to travel the distance between the two corti-
cal electrodes and was expressed in mm/min. The amplitude 
and duration of the CSD were also calculated.

The two-way ANOVA test followed by the Holm-Sidak 
test was performed to assess significant differences among 
the experimental groups. Data were considered statistically 
significant if p < 0.05. All data were plotted and the statistical 
analysis was performed using GraphPad Prism 6.0 software 
(GraphPad Software Inc., La Jolla, CA, USA).
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RESULTS

Environmental enrichment did not change body and 
brain weights of the animals. However, ANOVA indicated 
that the adult animals that were previously overnourished 
during lactation had increased body and wet brain weights 
when compared with the nourished rats (p < 0.05). There was 
no significant difference of dried brain weights among differ-
ent experimental groups (Table 1).

Animals that were exposed to EE showed decelerated 
CSD propagation velocity, regardless of nutritional state 
during lactation (p < 0.001). Additionally, overnourish-
ment during lactation per se promoted a deceleration in 
CSD propagation velocity in comparison with the stan-
dard nutritional condition. Moreover, there was an inter-
action between nutritional conditions early in life and the 
experience with an EE. The CSD velocities of propagation 
(mean ± SD) for the groups were: N-SE 3.57 ± 0.23 mm/min; 
ON-SE 2.99 ± 0.24 mm/min; N-EE 2.72 ± 0.22 mm/min; 
and ON-EE 2.54 ± 0.23 mm/min (Figure 1). Figure 2 shows 

representative recordings of the slow direct current poten-
tial changes that accompany CSD. The wave of slow poten-
tial change can clearly express the beginning and the end 
of the phenomenon, and this wave is used to calculate the 
velocity at which CSD propagates through brain cortex. The 
CSD amplitudes were not changed by the different experi-
mental conditions; CSD duration was reduced in the ON-SE 
group in comparison with the ON-EE group, but it did not 
differ among other groups (Table 2).

Figure 1. Cortical spreading depression (CSD) propagation 
velocity in adult rats that were nourished (N) and 
overnourished (ON) during lactation. The animals were 
exposed to environmental enrichment (EE) or kept in 
a standard environment (SE). Data are expressed as 
mean ± standard deviation and the number of animals 
ranged from 10 to 12 per group. *indicates statistical 
difference (p < 0.05) between ON and its respective N animals. 
# represents the difference between EE and SE rats (two-way 
ANOVA, plus Holm-Sidak test).
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Table 1. Body and brain weight of adult rats.

Groups Body weight (g)
Brain weight (g)

Relative brain weight1

Wet Dry
N-SE 335.11 ± 29.27 (n = 10) 1.7880 ± 0.1250 (n = 6) 0.4030 ± 0.0340 (n = 6) 0.5200 ± 0.0594 (n = 6)

N-EE 308.35 ± 38.19 (n = 12) 1.6550 ± 0.1360 (n = 6) 0.3680 ± 0.0326 (n = 6) 0.5020 ± 0.0334 (n = 6)

ON-SE 368.08 ± 47.61* (n = 10) 1.8500 ± 0.1620* (n = 11) 0.4020 ± 0.0424 (n = 11) 0.5160 ± 0.0664 (n = 11)

ON-EE 356.58 ± 45.42* (n = 10) 1.8250 ± 0.1510* (n = 8) 0.4050 ± 0.0342 (n = 8) 0.5200 ± 0.0588 (n = 8)
Nourished (N) and overnourished (ON) rats during lactation were exposed to environmental enrichment (EE) or kept in a standard environment (SE). Data are 
expressed as mean ± standard deviation with the number of animals in parenthesis. *indicates statistical difference (p < 0.05) between the ON group and its 
respective N group (two-way ANOVA, plus Holm-Sidak test). 1Relative brain weight = wet brain weight/body weight x 100

Figure 2. Electrophysiological recordings (slow potential 
changes, P) of cortical spreading depression (CSD) in 
four adult rats nourished (N) or overnourished (ON) 
during lactation, which were exposed to environmental 
enrichment (EE) or kept in a standard environment (SE). The 
vertical solid bars at the right of the traces indicate 10 mV 
(negative upwards). The horizontal bars on the traces from 
the recording point 1 (P1) indicate the time (1 minute) of 
stimulation with 2% potassium chloride (KCl) to elicit CSD. 
Once elicited in the frontal cortex, CSD was recorded by the 
two cortical electrodes located on the parietal cortex (central 
skull diagram, points 1 and 2). A third electrode of the same 
type was placed on the nasal bones and served as a common 
reference (R) for the recording electrodes. The vertical 
dashed lines indicate the latency of a CSD wave crossing the 
interelectrode distance.
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DISCUSSION

The present study demonstrated that exposure to EE in 
the adolescent phase of rat development was able to reduce 
brain excitability as determined by the deceleration of CSD 
propagation. Moreover, this effect was not suppressed by 
overnutrition during lactation. Regarding weight parame-
ters, overnutrition during lactation led to an increase of body 
weight that persisted into adulthood. Overnutrition during 
lactation also caused an increase in wet brain weight.

Malnutrition is related to a number of health problems as 
it induces malfunctions in vital organs, including the heart, 
pancreas, kidney, intestine and brain6. When malnutrition 
has occurred during the perinatal period, its adverse conse-
quences may persist into adulthood6. The brain-related effects 
of overnutrition caused by enhanced food intake during early 
phases of development, on the other hand, are not completely 
understood. Our results confirm previous reports that used 
similar methodology7. Favorable suckling conditions resulted 
in increased body and brain weights when compared with the 
animals raised under a standard suckling condition.

On the other hand, a favorable suckling condition also 
reduced brain excitability, as previously described7. According 
to Batista-de-Oliveira et al.7, reduction of brain excitabil-
ity caused by overnutrition during lactation could have been 
due to developmental modifications in brain structure. For 
instance, overnutrition could have promoted alterations on 
synapse formation and myelination that were dependent on 
the nutrition state. Data have also indicated that brain myelin 
content was inversely associated to CSD propagation velocity9.

Exposure to EE was shown to impair the propagation of 
CSD in the brain. Despite the fact that this result was similar 
to that of overnutrition, the two probably involved different 
mechanisms. Vrinda et al.4 showed that EE exerted an antag-
onist effect on the deflagration and duration of epileptic sei-
zures. The underlying mechanisms of CSD seemed to be asso-
ciated with epilepsy5. Thus, a reduction in EE-imposed brain 
excitability was expected. Moreover, EE attenuated the neu-
ronal hyperexcitability induced by traumatic brain injury10, 
another condition related to CSD5.

One of the mechanisms suggested concerning the effect 
of EE on CSD was that it stimulated the serotonergic system. 
Reports have shown that EE increased serotonin levels in the 

brain11. Some other studies have demonstrated that brain sero-
tonin availability also correlated inversely with CSD propa-
gation12,13. Thus, even though our study did not measure the 
serotonin brain concentration, the aforementioned evidence 
allowed us to infer that EE might have reduced CSD propaga-
tion velocity through the increase of serotonin availability.

It is important to point out that EE may lead to enhanced 
physical activity. The new environmental stimuli provided 
by EE continuously challenges animals to exercise more14. 
There is evidence that physical exercise also stimulates the 
activity of the serotonergic system and, as such, it exerts a 
role in the reduction of brain excitability. Moreover, it has 
been described that both EE exposure and physical exer-
cise may act as neurogenic stimulants15. This data reinforces 
the hypothesis that serotonin may be one of the underlying 
mechanisms associated with the reduction of CSD propaga-
tion velocity as a consequence of both EE and physical exer-
cise-related effects on brain function.

The role of EE as a stimulator of the brain’s antioxidant 
activity3 can be described as another mechanism for explain-
ing how EE reduces CSD propagation velocity. According to 
Herring et al.14, cognitive and physical stimulation caused 
by EE mitigate pro-oxidant processes and initiate antioxi-
dant mechanisms. In summary, these authors observed a 
reduction in the biomarkers of reactive oxygen and nitro-
gen species, a negative regulation of pro-inflammatory and 
pro-oxidative moderators, as well as a positive regulation 
of superoxide dismutase 1 and 2. Free radicals have been 
described as mediators of the neuronal excitability that is 
necessary to elicit CSD16. Moreover, the occurrence of CSD 
phenomena induces the production of reactive oxygen spe-
cies in the rat brain. Therefore, it is reasonable to suggest that 
an increased antioxidant defense caused by EE in the ner-
vous system could serve as a barrier for the elicitation and/or 
propagation of the CSD phenomenon.

Finally, the present study questioned whether manipu-
lating nutritional intake would change the effects of EE on 
CSD propagation. The deceleration of CSD propagation by 
EE was observed regardless of overnutrition during lacta-
tion. Previous studies have reported that the nutritional 
conditions during lactation can influence the action of cer-
tain medicines and biological compounds. For instance, the 
effects of diazepam and glucose on CSD were reduced if rats 

Table 2. Cortical spreading depression amplitude and duration.

Groups
Amplitude (mV) Duration (s)

P1 P2 P1 P2
N-SE 7.73 ± 1.77 (9) 6.52 ± 2.56 (8) 74.73 ± 20.43 (9) 61.09 ± 22.35 (9)
N-EE 7.71 ± 2.84 (10) 6.44 ± 1.95 (6) 67.37 ± 18.29 (10) 73.98 ± 20.44 (11)
ON-SE 8.69 ± 3.06 (10) 6.43 ± 2.72 (10) 64.03 ± 23.97 (10) 46.38 ± 7.21 (9)
ON-EE 6.64 ± 2.11 (10) 6.92 ± 2.75 (10) 72.05 ± 19.31 (10) 73.57 ± 14.39 (10)*

Nourished (N) and overnourished (ON) rats during lactation were exposed to environmental enrichment (EE) or kept in a standard environment (SE). Data are 
expressed as mean ± standard deviation with the number of animals in parenthesis. *indicates statistical difference (p < 0.05) between the ON-EE group and 
ON-SE group (two-way ANOVA, plus Holm-Sidak test). P1 and P2 = slow potential change of the two recording points on the parietal cortex.
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were malnourished during lactation17. However, pilocarpine-
related cholinergic effects on CSD were potentiated if malnu-
trition occurred during lactation18. We believe EE represents 
a beneficial strategy for improving brain function, indepen-
dent of the nutritional state in the beginning of life.

In conclusion, this study demonstrated that exposure to 
EE in the juvenile phase of a rat’s life reduced brain excit-
ability, and this effect was observed even if the animals were 
previously overnourished during lactation. Environmental 
enrichment is a simple, accessible and low-cost approach 
that could be considered as an adjuvant therapeutic 

resource for the treatment of epilepsy and migraine, dis-
eases known to be treated by different techniques that can 
modulate brain excitability.
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