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Environmental enrichment improved cognitive
deficits more in peri-adolescent than in adult rats after

postnatal monosodium glutamate treatment
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Exposure to enriched environment (EE) is known to promote sensory, cognitive, and motor stimulation with
intensified levels of novelty and complexity. In this study, we investigated the positive regulatory effect of short-term
exposure to EE on establishing functional recovery in monosodium glutamate (MSG)-induced obese rats. Unless
treated, MSG rats exhibited peripheral insulin resistance, cognitive deficits, and a reduction in the total hippocampal
volume with decreased neuron count in the DG, CA3, and CA1 subfields. These MSG rats were exposed to short-
term EE for 15 days for a period of 6 h/day, beginning either at 45 or at 75 days of age. EE exposure has improved
insulin sensitivity, yielded a significant increase in total hippocampal volume along with increase in neuron number
in the CA1 subfield of the hippocampus in both age groups. However, as assessed by radial arm maze task, which
relies upon the positive reinforcement to test spatial memory, and the Barnes maze task, which utilizes an aversive
learning strategy, a complete recovery of cognitive function could be achieved in 2-month-old rats only and not
among 3-month-old rats, thus highlighting the importance of critical window period for EE interventions in restoring
the memory functions. These results suggest the therapeutic potential of EE paradigm in prevention of cognitive
disorders.
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Introduction

The prevalence of obesity has been alarmingly increasing worldwide, and, when left
untreated, promoting a rise in serious consequences, particularly metabolic disorders and
a rise in mortality. Convergent clinical studies have revealed a predictive longitudinal link
between obesity and the development of age-related cognitive deficits and neurological
diseases, such as Alzheimer’s disease (AD) (13). In agreement with clinical studies,
experimentally induced obesity is associated with a wide array of cognitive abnormalities
including impairment in learning and memory (29). For example, performance of spatial
learning and long-term memory (4, 7) or contextual fear conditioning (27) is impaired in diet-
induced obesity models (7).

Rodents treated neonatally with monosodium glutamate (MSG) develop into obese,
stunted adults (45) and have been frequently studied as models for obesity (14). Reduced
energy expenditure and sedentary behavior were assumed to be fueling the abnormal increase

Corresponding author: Sarada Subramanian
Department of Neurochemistry, National Institute of Mental Health and Neurosciences
Bangalore 560 029, India
Phone: +91 80 2699 5165; Fax: +91 80 2656 4830; E-mail: sarada@nimhans.ac.in

2498-602X/$ 20.00 © 2017 Akadémiai Kiadó, Budapest
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of fat deposits in postnatal MSG-treated rats as they present with adult age obesity without
hyperphagia (37). MSG induces obesity by disrupting the hypothalamic-signaling cascade of
leptin action (37). The consequent leptin resistance in the central nervous system (CNS)
results in the characteristic changes associated with AD (8). It has been shown earlier that
MSG-treated obese rats exhibited significant decline in cognitive functions in peri-adolescent
and adult stages (23, 32, 35). Transition from the pre-obese to the obese state was found to
occur in MSG-treated rats between the 30th and the 90th day (40). Therefore, to observe the
obesity-associated metabolic disturbances further leading to cognitive impairment, this study
was designed to investigate the early changes in the transition state of the pre-obese to obese
state in the postnatal MSG-treated rats.

Neonatal MSG administration produces behavioral deficits, which were proved by many
studies and a few have examined the possible ways of reversal following exposure to
enriched environment (EE) (24, 52). A diverse range of molecular, cellular, and behavioral
effects of EE has been described in wild-type mice and rats, as studied previously (6, 47). The
EE-induced changes are not merely transcriptional and extend to effects on the proteome
(25). The cellular effects of EE, which are presumably dependent on molecular changes,
include enhanced adult neurogenesis (56) and synaptic plasticity (11). Furthermore, specific
neuronal cell populations in the areas concerned with spatial information and cognitive map
development, viz., the dentate gyrus (DG), CA1, and CA3 areas of hippocampus, subiculum,
and entorhinal cortex (10) have been shown to be activated by EE (2) and these effects
include glia (33) also. The time where there is a requirement for environmental input for
proper development of a particular brain circuit is called a critical period (22). If the brain
circuit is not stimulated, the function served by the brain circuit will be permanently
compromised. These windows of plasticity are very important in brain development.
However, a range of other cellular effects have been described, including those impacting
on metabolism, the immune system (38) and the hypothalamic-pituitary-adrenal-axis (39).
The EE-induced increase in adult hippocampal neurogenesis may contribute to enhancement
of specific cognitive functions, in particular, pattern separation (53). As shown in previous
studies, EE provides a useful and non-invasive method of reversing behavioral deficits in
several disorders. Therefore, this study was aimed to investigate the efficacy of EE on
behavioral recovery following neonatal MSG administration in 45- and 75-day old rats.

Materials and Methods

Monosodium L-glutamate (MSG), 5, 5-dithiobis-2-nitrobenzoic acid, butyrylthiocholine
iodide (BTCI), glucose oxidase, peroxidase, cholesterol standard, 4-aminophenazone and
thiobarbituric acid were purchased from Sigma-Aldrich, Bangalore. For the quantitative
analysis of rat serum insulin, the ELISA kit was purchased from EMD Millipore, USA. All
other reagents used were of analytical grade and obtained locally.

Animals and experimental protocols
A total of 128 male Sprague Dawley rat pups were chosen for the study. They were
maintained under controlled temperature and light. Neonatal rat pups were injected with
MSG (4 mg/g body weight) daily once for 14 consecutive days after birth through
intraperitoneal route. Rats of the same age and strain, receiving saline, served as control.
For the evaluation of the beneficial effects of exposure to EE at 45 and 75 days of age, the rats
were first exposed to socially enriched housing environment/EE before subjecting to the
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behavioral training in the radial arm maze (RAM) and Barnes maze and the rats were divided
into the following groups (n= 8 in each group). Different sets of rats were used for different
maze studies.

Group I – untreated control rats (Ctrl)
Group II – controls exposed to EE for 15 days (Ctrl EE)
Group III – MSG-treated rats (MSG)
Group IV – MSG rats exposed to EE for 15 days (MSG EE)

After the treatment, the rats attained the age of 2 and 3 months, respectively. Behavioral
testing, biochemical analysis, and stereology experiments were performed with these rats.
The study design is presented in Fig. 1. All the experimental rats survived till sacrifice. All the
procedures were in compliance with the Institutional Animal Ethics Committee (CPCSEA
registration no. of the institute: reg. no. 12/GO/ac/99/CPCSEA; IAEC approval no. AEC/43/
258/NC dated April 21, 2011).

Housing conditions
Standard housing condition. About 2–3 rats were housed in each polypropylene cage
(36× 23 × 15 cm) containing paddy husk as bedding material, which was changed on alternate
days. Food and water were provided ad libitum to all the groups of rats throughout the study.
They were kept in a well-ventilated room and 12-h light–dark cycle was maintained.

EE housing condition. The EE paradigm we used in this study was self-defined by our
laboratory, considering that the goal of EE is to provide rats with opportunities to express
their full range of species-typical behavioral patterns, and a certain degree of control over
their environment. Both the Ctrl EE and MSG EE groups were exposed to enriched housing
conditions for 6 h daily (from 10:00 AM to 4:00 PM) for 15 days. Enriched housing was
provided by exposing the rats to a specially designed cage with a dimension of 81.5 × 61 ×
45 cm, the walls made of metal wire mesh and the bottom with wooden platform. A sliding
door was provided for replacing the paddy husk and placing the rats. About 8–10 rats were
housed in this cage to provide social stimulation. The cage was equipped with various
exploratory materials like plastic tunnels (30-cm long and 12 cm in diameter), metal

Day 1 male SD rat  pups (n = 128)
i.p. injections daily from day 1 to day 14

Allowed to grow till day 45 (n = 64)/ day 75 (n = 64)

Control  rats without 
exposure to EE
(n = 16) (Ctrl)

Saline treated group MSG treated group

Control rats exposed to 
EE for 15 days (6h/ day)
(n = 16) (Ctrl EE)

MSG treated rats 
without exposure to 
EE (n = 16) (MSG)

MSG treated rats exposed 
to EE for 15 days 
(6h/ day) (n = 16) (MSG)

RAM
studies 
(n = 8)

BM 
studies
(n = 8)

RAM
studies 
(n = 8)

BM 
studies
(n = 8)

RAM
studies 
(n = 8)

BM 
studies
(n = 8)

RAM
studies 
(n = 8)

BM 
studies
(n = 8)

After behavioural assessment, the animals were sacrificed.  From each category, 4 animals were subjected 
to biochemical investigations and  4 animals were subjected to histological evaluation

Fig. 1. The study design and the distribution of rats to various groups is indicated. RAM: radial arm maze;
BM: Barnes maze
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platforms (40-cm long × 25-cm width and 25-cm long × 15-cm width), balls, rattle, ladders,
and toys of various sizes and textures (wood, metal, and plastics). The rats were exposed to
novelty stimulation by changing the exploratory objects daily.

RAM studies
Four arm baited task. In this task, only four arms (arms 1, 3, 5, and 7) in the 8-arm maze were
baited. At the start of each trial, the food reward was placed in the specified arms (1, 3, 5, and
7), which was kept constant across trials and sessions. To begin with each training trial, the rat
was placed in the central compartment of the maze. All the arms were opened. The training
trial continued until the rat retrieved the food reward from all the four arms or spent 5 min in
the maze. Reentry into an arm was considered as working memory error. Entry into an
unbaited arm was considered as reference memory error. The rats were given four trials of one
session per day with an intertrial interval of 15 min. The training continued until the rat learnt
to retrieve the food reward from all the four arms.

Retention test. Retention test was carried out 10 days following acquisition. In the retention
test, performance in a single session (four trials) was assessed; depending on 5 min allocated
time to complete the task and the mean average performance of the four trials was calculated.

Barnes maze
The maze consisted of a gray circular platform with 120 cm diameter that was brightly lit
from above. The platform was elevated 90 cm above the floor by a stand. Twelve holes
measuring 6.25 cm in diameter were evenly spaced around the perimeter. A rectangular black
escape box (35-cm length × 15-cm wide × 19-cm depth) was placed beneath the target hole.
Four visual cues consisting of various shapes (triangle, square, circle, and vertical bar) were
placed at evenly spaced intervals on the inside of the maze wall. Two 150-W lights were hung
above the platform to create a potentially adverse environment and trigger the rats to escape
from the brightly lit, open surface (in favor of the dark environment of the escape box). The
escape box location remained constant for any individual rat across test trials during
acquisition and retention. The Barnes maze task was carried out in accordance with our
earlier study (36).
Retention test. After the acquisition trials, testing was abated for 5 days and retention was
evaluated in a single session (three trials) depending on 2 min allocated time to reach the
escape box and the mean average performance of the retention session was calculated.

After completing the behavioral assessment trials, four rats from each group were
sacrificed by cervical dislocation for biochemical analysis and remaining rats were subjected
to histological verification of hippocampal neurodegeneration. Approximately 1 ml of blood
was collected from each rat through cardiac puncture; serum was separated and stored at
−20 °C until analysis.

Anthropometric measurements and analysis of the serum parameters
The body weight and body length were used to confirm the body mass index (BMI) status in
the rats as described earlier (35). The levels of glucose, cholesterol, and thiobarbituric acid
reactive substances (TBARs) were estimated by the procedure detailed earlier (36). Briefly,
glucose was estimated by glucose oxidase/peroxidase method, wherein, glucose present in
the serum was oxidized by the enzyme glucose oxidase to gluconic acid. The liberated
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hydrogen peroxide was converted to water and oxygen by the enzyme peroxidise. Utilization
of the released oxygen by 4-aminophenazone with phenol resulted in formation of pink-
colored product, which was measured at 510 nm. Total cholesterol was estimated by first
deproteinating the serum with ferric chloride–acetic acid reagent treatment. The protein free
supernatant was treated with concentrated sulfuric acid. The reddish purple color developed
was measured at 540 nm. TBARs were extracted with glacial acetic acid and measured by
spectrophotometry at 532 nm. Levels of insulin in the serum were measured by sandwich
ELISA method as per manufacturer’s instructions. The sensitivity of the assay for insulin was
0.2 ng/ml and the detection range was 0.2–10 ng/ml. The serum butyryl cholinesterase
activity was measured by Ellman’s method (17) using the artificial substrate BTCI and the
enzyme activity was expressed as U/ml serum.

Histological assessment of hippocampal neurodegeneration
Following behavioral studies, all rats from different groups were subjected to histological
verification of hippocampal neurodegeneration. The volume analysis of total hippocampus as
well as neuron count in the CA1, CA3, and DG subfields of the hippocampus was carried out.
The rats were transcardially perfused, with 0.9% saline followed by 10% formalin. The brains
were subsequently removed and post fixed in 10% formalin. About 30-μm-thick coronal
sections were taken (every fifth section) (Vibratome VT1000S, Leica Germany) at the level
of dorsal hippocampus [from 2.3 to 3.8 mm with reference to Bregma, using the Paxinos and
Watson (48) rat brain atlas], stained with 0.1% cresyl violet and examined microscopically.
Photomicrographs of the sections were taken using the Olympus BX61 microscope.

Hippocampal volume analysis
Hippocampal volume estimation using the Cavalieri principle was performed with Stereo-
Investigator software 8.1 (MBF Bioscience, Microbrightfield Inc., Williston, VT, USA) and
Olympus BX61 microscope fitted with a motorized stage. Volume analysis was carried out as
described in our previous study (34).

Estimation of neuron number
Series of sections, including every fifth section, were randomly chosen and coded to ensure
blinding to the investigators. The sections used for volume estimation were used for the
neuron number estimation also. Unbiased stereological estimates of neuron number were
obtained with the commercial software Stereo-Investigator software 8.1 and Olympus BX61
microscope fitted with a motorized stage. Neuron number in both the hemispheres of all the
experimental rats were estimated with the optical fractionators probe (20), using a 400×
magnification. Parameters of the optical dissector probes used to estimate neuron number
were given in detail in Table I. The delineations of the areas included in the stereological

Table I. Parameters of the optical fractionator probes used to estimate neuron number

Parameter DG/CA3 CA1

Grid spacing (μm) 300 × 300 150× 150

Counting frame (μm) 50 × 50 50 × 50

Dissector height (μm) 12 12
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estimation of neuron number are based on the rat hippocampus atlas (48). The following
regions of interest were chosen: DG, CA3, and CA1.

The tissue thickness was measured at every dissector location, and the measured
thickness was 15.68 ± 2.14 μm (mean ± SD). Section thickness did not differ between
groups. Dissector height was 12 μm and a 1-μm guard zone at the top and bottom part
of the section was excluded from the analysis at every step. The neurons were identified by a
unique identifiable point, chosen to be the nucleolus, which had to come into focus as one
focused point through the thickness of the dissector, and the nucleolus had to be inside the
counting frame without touching the exclusion lines. Glial cells were not counted, and
these were generally differentiated from neurons using morphological criteria, markedly the
absence of a large nucleus with clear heterogeneity of chromatin. The estimated total number
of neurons in each area was calculated based on the optical fractionator counts using Stereo
Investigator. The Gundersen’s coefficient of error (CE) values (for each individual estimate)
were calculated in Stereo Investigator and a smoothness factor m= 1 was chosen, as this is
considered a suitable choice for most biological samples (57).

The mean CE was calculated as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

meanCE2
p

and the coefficient of variation (CV)
(the observed CV among rats) as SD/mean. The ratio CE2/CV2 was also calculated to judge
the contribution of the stereological analysis to the observed group variance, as opposed to
the part due to biological variance.

Statistical analysis
Two-way analysis of variance (ANOVA) followed by post hoc Bonferroni test was done to
assess the differences in the rate of learning among the groups over the days during
acquisition in RAM and Barnes maze task. To confirm the differences in learning rates for
each group, one-way ANOVA followed by post hoc Tukey’s test over the days was done
during acquisition. Retention tests, for all the behavioral studies, stereological assessment of
total hippocampal volume, neuron count, and all the biochemical parameters were assessed
using repeated measures ANOVA followed by post hoc Tukey’s multiple comparison tests.
The relationship between hippocampal CA1/CA3 neuronal cells and reference/working
memory errors was analyzed by Spearman’s correlation coefficient. All statistical analyses
were carried out using GraphPad Version 5 (Prizm; GraphPad Software Inc, San Diego,
California, USA). Each value represents mean± standard error of mean (n= 8). Probability
values less than 0.05 were considered statistically significant.

Results

Effects of MSG on anthropometric and serum parameters
Postnatal MSG administration resulted in increase in body weight, BMI as early as 2 months
of age. Serum glucose, insulin, cholesterol, TBARs, and butyrylcholinesterase were signifi-
cantly elevated in the MSG-treated rats in both age groups indicating metabolic derangement
at a very early stage. Although the cholesterol and TBARs remained elevated, increase in
insulin levels seen in the MSG rats was significantly reduced upon exposure to enriched
housing in both the age groups (Table II).

Effect of MSG on RAM performance
Errors in four-arm baited task. MSG rats in both age groups indiscriminately entered all the
arms and thus the effect of MSG significantly impaired the behavioral performance of the
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spatial task but with training in both age groups, there were reductions in the reference
memory errors (Fig. 2A and C). Entry into an unbaited arm was considered as
reference memory error. MSG rats committed greater number of reference memory errors
by entering into the unbaited arms. We have observed significant differences in perfor-
mance across days [2M; F (8, 252) = 43.25, p < 0.0001; 3M; F (8, 252) = 39.01,
p < 0.0001] and between groups [2M; F (3, 252) = 91.21, p < 0.0001; 3M; F (3, 252) =
119.80, p < 0.0001]. Ctrl and Ctrl EE rats made fewer reference memory errors during the
acquisition trials when compared with MSG and MSG EE group rats. A significant
reduction in the entries into the unbaited arms was observed from day 3 in MSG
EE rats, and a significant reduction in reference memory errors was observed in the
2-month-old MSG EE group by day 9 but not in the 3-month-old MSG EE group in
comparison with those in age-matched MSG rats (Fig. 2A and C). During retention, in both
age groups, Ctrl and Ctrl EE rats were able to retain the memory of the learned task and
performed well by committing less reference memory errors. In contrast, MSG rats
committed more reference memory errors indicating impairment of implicit/non-contextual
memory. MSG EE rats performed well during retention by consolidating the implicit
memory learned during acquisition as reflected by less reference memory errors in
comparison with age-matched MSG rats (Fig. 2E and G).

During the initial days of training in the RAM task, rats from all groups made random
reentries into arms already visited. As the training continued, all the rats from the four groups
showed progressive decrease in working memory errors as a measure of task learning.
Reentry into an arm was considered as working memory error. There were significant
differences in performance across days [2M; F (8, 252)= 52.49, p< 0.0001; 3M;
F (8, 252)= 66.35, p< 0.0001] and between groups [2M; F (3, 252)= 79.17, p< 0.0001;
3M; F (3, 252)= 66.58, p< 0.0001] (Fig. 2B and D). Ctrl and Ctrl EE rats have shown
reduction in working memory errors from days 3 and 4 in both the age groups. MSG rats at 2
months of age have shown reduction in working memory errors from day 5 during acquisition
as well as during retention, which has further improved upon EE exposure. However,
3-month-old MSG rats continued to commit errors indicating aberrations in explicit memory
(Fig. 2B and D). Two-month-old MSG EE rats performed well during retention by
consolidating the explicit memory learned during acquisition as reflected by less working
memory errors in comparison with age-matched MSG rats (Fig. 2F and H). The same trend
was not observed in the 3-month-old MSG EE rats as there were no significant reduction in
the working memory errors indicating an age-dependent impairment in the learning and
memory behavior (Fig. 2F and H). The latency time taken to complete the partially baited
RAM task revealed significant differences among the Ctrl and MSG groups in both age
groups (p< 0.0001). MSG rats exposed to EE have shown comparative reduction in latency
in both age groups with respect to age-matched MSG rats, but significant changes were not
observed (data not shown).

Effect of MSG and EE on Barnes circular maze performance
When analyzing the time taken to find the escape box in Barnes maze, during acquisition,
MSG rats showed a significant increase in time (latency) in finding the escape box in
comparison with the age-matched controls (Fig. 3A and C), which was effectively reduced in
MSG EE groups. Similar trend of improvement in reduction in latency was appreciable in
MSG EE group during retention trials (Fig. 3E and G).
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On the first day of the training session, all the rats from different groups in both age
groups committed more errors during exploration of the maze (Fig. 3B and D) and by day 5,
the mean number of errors to find the escape box remained significantly high in MSG rats at
both age groups in comparison with Ctrl rats. Although the mean number of errors were
reduced in the MSG EE groups, it was however not significant in comparison with the age-
matched MSG rats.

When retention trials were done after 5 days of acquisition, the memory of the escape
box was consolidated in both age groups of MSG EE rats, which was evident from the
reduction in the number of errors in comparison with age-matched MSG rats (Fig. 3F and H).

Total hippocampal volume
The mean number of hippocampal sections per group was given in detail in Table III, and the
mean total number of points per rat was 2,542 (min= 2,019, max= 2,865). Shrinkage during
the staining process was approximately 49%. The mean coefficient of errors for the total
hippocampal volume estimates ranged between 0.007 and 0.009, using the demonstrated
methods (20). Comparing the volume in the dorsal hippocampus between left and right
hemispheres indicated no significant difference. Therefore, the data were interpreted as total
hippocampal volume of the dorsal hippocampus. Analysis of total hippocampal volume by
ANOVA indicated that there was a significant reduction in volume in the MSG rats in both
age groups in comparison with the age-matched controls. Significant increase in volume with
11.3% was noticed in the 2-month-old MSG EE group in comparison with the MSG group. In
3-month-old rats, 10.09% increase in volume was observed in MSG EE group in comparison
with the MSG group. However, EE treatment to Ctrl rats did not elicit significant increase in
the hippocampal volume (Fig. 4).

Estimation of neuron number
The stereological estimates of neuronal number showed 18.21% reduction in the 2-month-old
MSG group and 20.19% reduction in the 3-month-old MSG rats in comparison with the
controls (Fig. 5A, a) in the CA1 region. In the DG region, 15.4% reduction of neurons in the
case of 2-month-old MSG rats and 18.75% in the 3-month-old MSG rats were noticed in
comparison with the age-matched control rats. In the CA3 region, there was a 13.61%
reduction in the neuron number in the 2-month-old MSG group and 19.17% reduction in the
3-month-old MSG rats in comparison with the controls (Fig. 5B, b). EE-treated 3-month-old
MSG rats showed significant increase in neuron number (10.3%) in the DG region of
hippocampus in comparison with the age-matched MSG rats. A significant increase in neuron
number was seen in 2-month-old MSG EE rats (11.04%) in the CA3 region of hippocampus
in comparison with the age-matched MSG rats (Fig. 5B). In CA1 region, a significant
increase in neuron number was observed in 2-month- (15.61%) (Fig. 5A) and 3-month-old
MSG EE groups (12.64%) (Fig. 5a) in comparison with that in age-matched MSG rats
(Fig. 5A, a). The CE of the stereological estimates was low in all groups (<0.1), whereas the
observed CV was more variable, ranging from 0.12 to 0.23 (Table III). The CE2/CV2 ratio
was calculated for each group, and indicates that the overall biological contribution to the
variance is larger than the contribution from the stereological procedure (Table III).

Correlation between hippocampal neuron cells and reference/working memory errors
Evaluation of the Ctrl, MSG, and MSG EE rats revealed a negative correlation (Fig. 6)
between the number of hippocampal CA3/CA1 neuronal cells and reference/working
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memory errors in the RAM task (r=−0.86; p= 0.026; Ctrl vs. MSG) (r=−0.92; p= 0.002;
MSG vs. MSG EE).

Discussion

In this study, we demonstrated the cognitive deficits in the postnatal MSG-induced obese rats
as early as 2 months of age with hippocampal neuronal loss and insulin resistance in the
periphery. As a non-invasive therapeutic approach, we studied the effects of an EE protocol
on obesity-associated brain changes. EE is a housing condition, which provided a combina-
tion of social (living together with other rats) and physical stimulation (novel objects, tunnels,
and slides provided in the cage) to the MSG rats. Short-term EE paradigm contributed to
increased insulin sensitivity with a significant functional recovery in the MSG EE rats in both
2- and 3-month age groups. The behavioral recovery in the partially baited RAM task was
more prominent in the 2-month-old MSG EE group. Although there was improvement in the
performance in the 3-month-old MSG EE group, it was however not comparable with the Ctrl
rats. These results implicate the importance of critical therapeutic window period in reducing
the damage caused by the postnatal insults by EE in improving the neuronal plasticity.

Using behavioral and histological studies, we investigated cognitive impairment
associated with hippocampal neuronal loss in the MSG-treated rats. Hippocampus is involved
in establishing a cognitive map of environment (44). The hippocampus has been shown
to suffer cell loss at early stages in patients with AD (19), and neuronal loss in CA1/
hippocampus proper has been shown in both human patients (57), as well as in mice models
(9) of AD. Comparing number of neurons in DG, CA3, and CA1 of the dorsal hippocampus
between left and right hemispheres indicated no significant difference. Therefore, the data
were interpreted as total number of neurons in each region of the dorsal hippocampus. The
delineation of the areas of interest for estimation of neuron number was based on the rat
hippocampus atlas (48). Cresyl violet stained slides were proved to be very feasible in
estimating the neuron number using unbiased stereological method by Zhu et al. (58), and
hence, this method was considered in this study.

Since the spatial working memory is affected in severely demented and AD cases (26),
in this study, RAM and Barnes maze tasks were employed to assess the spatial learning and
memory functions in the experimental rats. Reference memory is a type of memory used to
store and retain memory of events that are constant throughout the testing procedure (the
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sequence of baited arms) (46) and involves the formation of spatial or cognitive maps of the
maze and its surrounding environment (15). Reference memory errors indicate implicit
memory (non-contextual memory). Explicit memory, on the other hand, can be measured in
the RAM task by assessing the number of times a rat goes back to an arm where it has already
received food. Working memory refers to a set of processes needed to remember cues that
differ from trial to trial in the maze, which implicates the explicit memory. In this study, both
reference and working memory components were disrupted in the MSG rats in the RAM task
(Fig. 2). In addition, MSG-induced obesity disrupted the place orientation abilities in Barnes
maze task in rats with increase in latency and errors in both the age groups (Fig. 3). The loss
of neurons in the hippocampal region (CA1 and CA3) (Fig. 5) in the MSG rats is the best
current pathologic correlate of cognitive decline (Figs 2 and 3) and with the EE exposure in
both age groups, there was a significant increase in CA1 neuron number contributing to
improved learning during the acquisition trials and memory consolidation during the
retention trials with respect to the spatial reference memory task (Fig. 2A and C). Indeed,
the dorsal hippocampus seems to be highly involved in spatial learning (41). Moreover, all
hippocampal subregions are highly interconnected, suggesting that, individually, they may
serve discrete computational functions. The functionality of the hippocampal subregions can
be dissociated behaviorally using different mazes for assessing the spatial working memory.
New neurons are born throughout life in the DG region of hippocampus and several
hypotheses have been developed to explain how new neurons might contribute to hippo-
campal function (30). It has been proposed by Aimone et al. (1) that the new neurons, which
are young when events occur, have a greater role in encoding and storage and in temporally
relating one event to another. In this study, there was a marginal increase in neuron number in
the DG region of EE exposed 2-month-old MSG rats and this can be correlated to the
behavioral recovery in the RAM and Barnes maze tasks. The same phenomenon was not
attributed to the 3-month-old MSG rats exposed to EE. Although we observed a significant
increase in neuron number in the DG region, improvement in the spatial working memory
was not observed highlighting the functional importance of the other hippocampal subregions
(CA3 and CA1) in the behavioral studies. The CA3 network has been allocated the capacity
to enable rapid acquisition of unique associations and to store patterned information received
from the DG or directly from the entorhinal cortex for a short period of time (50).
Accordingly, we can hypothesize a crucial role of the CA3 network in contextual memory

Fig. 6. Correlation between reference/working memory errors and hippocampal CA1/CA3 neuron number.
A negative correlation (r =−0.86; p= .026; Ctrl vs. MSG in panel A) (r=−0.92; p= .002; MSG vs. MSG EE in

Panel B) was observed. Results represent both sides of hippocampus
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acquisition. The present results are consistent with previous studies conducted by Handel-
mann and Olton (21) and Jarrard (28) where they showed that rats with CA3 lesions are
impaired in spatial working memory, even though there was significant neurogenesis
observed in the DG region of hippocampus. EE exposure to MSG rats at 2 months has
shown improvement in the spatial working memory task during the retention trials in
comparison with the age-matched MSG rats (Fig. 2F), whereas the same EE paradigm in the
3-month-old MSG EE rats has not shown any significant improvement (Fig. 2H), and this
behavioral data can be correlated with the stereology results where there was a significant
increase in neuron number in the CA3 region of 2-month-old MSG rats exposed to EE but not
in the 3-month-old MSG EE group. CA1 is mainly involved in the information-processing
function and it has no autoassociative properties and it is considered as the major output
structure of the hippocampus. Indeed, the CA1 area might be instrumental in recognizing the
novelty or familiarity of an object or context (42). Therefore, this area might be rather
involved in the consolidation and retrieval of recent contextual memory than in its processing.
CA1 pyramidal cell axons primarily target the subiculum (3) and thus represent the final relay
in a synaptic loop between the entorhinal cortex and hippocampus. With the EE exposure,
MSG rats in both age groups have shown a significant increase in CA1 neuron number, which
contributed to improved learning and memory in the spatial reference memory task (Fig. 2A
and C).

We have observed weak behavioral recovery following repeated trials in the RAM in the
MSG rats (Fig. 2). Intensive training with repeated trials helps to overcome the behavioral
deficits and it can be due to the involvement of other structures like pre/para subiculum,
which were shown to be essential for spatial memory (49). The behavioral recovery observed
in MSG EE rats in this study also probably suggests the possibility of an alternative strategy
that the rats used to make the right choices. Our results showed an effect of the environmental
stimulation on cognitive flexibility and reduced neuronal loss in the hippocampus of the MSG
rats exposed to EE. The novelty and efficacy of the short-term-enriched housing conditions
on the behavioral performance accompanying the phenomena of improving the insulin
sensitivity in the MSG-induced rats has also been elucidated. The impact of the obesity
followed by insulin-resistant state on the CNS, specifically on limbic structures, has been
extensively studied by several groups and they concluded that these peripheral disturbances
can lead to increased risk of cognitive dysfunction and dementia (54). Disruptions to insulin
levels or insulin signaling in the brain can contribute to neuronal dysfunction, degeneration,
and cognitive impairment (5). The beneficial effects of EE on the hippocampus have been
described in rat models of physiological and pathological conditions (43), counting aging
(31) and AD (12) among other situations. It was proved by Rovio et al. (51) in human subjects
of dementia and AD with an improvement in cognition following an active lifestyle, which
included a combination of social, physical, and cognitive components. The increase in neuron
number in the CA1 and CA3 regions of the MSG EE 2M group and corresponding
correlations between working memory errors established a link between increase in neuron
number in the CA1 and CA3 subregions and working memory. This was supported in this
study with the correlation analysis where the negative correlation between the number of
CA1 and CA3 hippocampal neurons evaluated by Spearman’s correlation coefficient
indicated that neonatal MSG administration caused loss of hippocampal neuronal cells, and
this loss has contributed to increase in reference and working memory errors in the RAM task
(Fig. 6A). With the EE exposure, MSG EE rats have shown recovery with reduced reference
and working memory errors and with an increase in the number of hippocampal CA1 and
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CA3 neuronal cells, which was confirmed by the negative correlation that was evaluated
between the MSG and MSG EE rats (Fig. 6B).

It is pertinent to mention at this juncture that although the RAM and Barnes maze are
designed to assess the spatial learning abilities, one cannot generalize that these mazes utilize
the same environmental visuospatial cues to form cognitive maps, rather the mazes differ in
their search strategies and tap a variety of sources of non-spatial information in addition to the
visuospatial cues for the construction of spatial maps (55). Barnes maze utilizes an aversive
learning strategy when compared with the reward task in RAM. The nature of errors
committed is also different in both tasks. The RAM explicitly requires working memory,
and the hippocampus is essential for mediating working memory. Barnes maze helps to study
the spatial localization component of hippocampal functioning. The behavioral performances
of rats in different mazes cannot be correlated as they use different strategies to complete the
given maze task (55). EE might not reverse the damaged function, but it may influence the
unaffected abilities of the rat (16). We found such behavioral enhancement even in the Barnes
maze performance in the MSG rats following enrichment during retention trials. The errors
committed by the MSG EE rats following enrichment were comparable with the Ctrl rats
exposed to standard housing at 2 months of age, whereas at 3 months of age, MSG EE rats’
performance in the four-arm baited task was not comparable with the control rats and in this
case, may be some changes in the EE paradigm with increase in number of days might have
helped. The intensive training in the RAM with the EE exposure stimulated the hippocampal
circuits in 2M MSG EE rats to a greater extent with complete functional recovery. At
3 months, the same EE paradigm has shown a lesser degree of recovery in comparison with
the 2-month-old MSG EE group, highlighting the importance of critical window period
where the experience-dependent plasticity reduces with increase in age. The enhanced insulin
sensitivity observed in EE-exposed rats in this study might have mediated the effects of EE on
hippocampal synaptology. This requires further studies. Additional studies using specific
neuronal markers for neurogenesis need to be investigated in detail.

In summary, our findings elucidate the importance of EE and the critical therapeutic
window period on behavioral recovery when considered at an early stage (45 days) in the
postnatal MSG-treated rats than at a later stage. These observations are in agreement with the
reported literature that EE intervention must occur early in disease course, prior to substantial
cognitive deficits (18). These findings hold potential for translation to clinical research to
study the influence of EE on individuals in the prodromal or preclinical stage of AD or in
genetically susceptible individuals. However, this warrants further large-scale studies.
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