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Abstract
Background: There is increasing evidence that environmental factors, particularly stressful events experienced 

early in life, increase the risk of developing a psychiatric illness and/or a behavioural disorder. The aim of this 
study was to evaluate the effects of acute and chronic maternal separation (AMS and CMS) plus cold stress on the 
expression patterns of Glutamate Transporters (TGlus) in the developing and young adult Central Nervous System 
(CNS). As regulation of Glutamate (Glu) extracellular levels is of key importance, sodium-dependent Glu uptake using 
synaptosome-enriched fractions isolated from Frontal Cortex (FC) and Hippocampus (Hic) was also studied. 

Results: In animals under AMS stress found that Glu uptake decreases with respect to control groups. Meanwhile 
in CMS did not observe changes on Glu uptake in adult animals. These data would suggest the existence of an 
adaptive mechanism that could compensate the effect of AMS and CMS plus cold stress on glutamate uptake. 
Western blotting was performed in homogenates prepared from FC and Hic from both neonate and young adult rat 
brains. These blots exposed that homogenates include GLT-1 and EAAC-1 proteins and their levels varied in different 
areas of the rat brain and with the age of animals. 

Conclusions: During early postnatal life, exposure to various stressors lead to the development of various 
neurological, psychiatric, neurodegenerative and behavioral disorders, expressible in adult life in the case of chronic 
stress.

These results demonstrate that adverse early life events have profound and persistent effects on brain function 
and may represent a risk factor for the development of psychopathology later life.
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Introduction
Studies in animal models show the influence of life conditions 

during the postnatal period in the establishment of neurological factors 
that control behaviour and response to stress [1]. Acute and chronic 
maternal separation plus cold stress has both short and long term 
effects on behavioural and neuroendocrinal responses [2]. 

Early adverse life events constitute one of the major risk factors for 
the development of mental disorders, such as anxiety, post-traumatic 
stress disorder, and major depression. Moreover, it may also increase 
an individual’s vulnerability to substance abuse latter in adult life [3]. 
Several animal models have been used to elucidate the functional and 
biochemical consequences of early life adversity, and have revealed a 
number of persistent effects including changes in the activity of the 
Hypothalamic-Pituitary-Adrenal (HPA) axis [4,5].

Events occurring early in life, acting through abnormal maternal 
hormones and/or maternal behaviour, can alter the trajectory of the 
programming of the HPA axis response to stress. For example, it has 
been demonstrated that increased mothering behaviour produces 
stable alterations in DNA methylation and chromatin structure [5] 
inducing increased transcription of Glucocorticoid Receptor (GR) 
gene, important for the HPA axis feedback loop [6].

The occurrence of adverse conditions during development, such as 
pre or postnatal stress, induced changes in the animal´s stress response 
for their whole lifespan [7]. Certain brain regions, mainly those related 
to the processing of adverse situations, such as FC, Hic and the HPA 
axis, during their critical periods, can develop abnormalities that are 
sometimes irreversible and thus alter emotional processes and response 
to stress throughout the animal’s life [8]. 

Many studies indicate that the physical stress have established a 
relation between MS and cold stress. For example, Zimmerberg and 
Shartrand [9] demonstrated that young rats subjected to cold stress 
were developmentally delayed and had lower body and brain weight. 
These animals also showed altered responsiveness and dopaminergic 
system function in relation to pups kept with the mother or separated 
but placed at nest temperature. Furthermore, others authors showed 
that midbrain endorphin levels were decreased after isolation [10]. 
Ibarra et al. [11] suggested that both isolation and modification 
of temperature environment could affect several neurochemical 
parameters (such as dopaminergic system, endorphin levels and total 
RNA synthesis) which could trigger profound behavioural alterations 
not only during early life but also in adulthood.

Postnatal stress and particularly Maternal Separation (MS), shows a 
variety of long term neurochemical, hormonal and behavioural effects. 
Manipulations such as prolonged MS of pups from the dam have been 
used as an animal model of early-life trauma [12]. Animal models are 
quite useful for elucidating the mechanisms underlying abnormalities 
toward possible treatment strategies for psychiatric, emotional or 
neurological diseases [13-15]. Different experimental protocols of MS 
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in rats have shown changes in CNS functioning: learning impediments, 
voluntary alcohol consumption and behavioural variations. Several 
lines of evidence suggest that increases in extracellular levels of Glu are 
involved in the stress response [16].

Glu is the major excitatory neurotransmitter in the mammalian 
CNS and plays a key role in synaptic plasticity and learning. 
Throughout development, a connecting mechanism may exist that 
links NMDA receptor activation to changes in dendritic morphology 
and afferent connectivity [17,18]. A tight control of Glu extracellular 
levels is crucial for the correct functioning and development of central 
synapses and neural circuits. Extracellular concentrations of Glu are 
strictly regulated by transporter proteins expressed in the plasma 
membrane of both neurons and glial cells [19,20]. A family of Na+-
dependent transporters is of prominent importance for Glu uptake and 
for regulating homeostasis in CNS [21-23]. Up-date, five high-affinity 
Glutamate Transporters (TGlus) have been cloned from human and 
animal tissues, and they are identified as GLAST (EAAT-1) [24,25], 
GLT-1 (EAAT-2) [24,25], EAAC-1 (EAAT-3) [24,26-28], EAAT-4 
[24,28,29] and EAAT-5 [30,31]. In the remainder of the text, we shall 
use the abbreviation TGlus when referring to a glutamate transporter 
in a generic manner or to all glutamate transporters as a group. 

Previous studies have indicated that exposure to variable types of 
stressors during development produces persistent behavioral defects 
that are associated with hormonal, neurotransmitters, transporters 
and functional changes, and resemble an array of psychopathological 
conditions. Hence, the aim of the present work was to study the 
consequences of AMS or CMS plus cold stress and to describe 
the expression patterns and regulation of TGlus activity during 
development and in different maturation stages of FC and Hic. Also we 
evaluated the effects of early life environmental interventions during 
neonatal period involved 1 hour duration of mother-infant separation. 

Experimental Procedures
Animals

We used Male Wistar rats. They were kept in a climate controlled 
animal room, at a constant temperature of 21-23ºC, mantained on a 
12-hour light-dark cycle with ad libitum access to dry food and tap 
water. All animal procedures were performed in accordance with our 
institutional guidelines and with the U.S. National Institute of Health 
Guide for the Care and Use of Laboratory Animals (NIH publication 
N8 80-23/96), after obtaining approval from the Institutional Animal 
Ethics Committee. All efforts were made to minimize animal suffering, 
and to reduce the number of animals used.

Maternal separation

Rat pups subjected to MS were separated from their mother at 
postnatal day (PD) (PD1 is the day after birth) PD5, PD7 and PD13 
and were placed in separation cages for 1 h [32,33]. Litters were of 10-
11 pups. Control pups were left undisturbed with their mothers. All 
pups were weaned on day 21. 

The separation cages were lined with 3 cm bedding material so 
that pups could further thermoregulate by huddling with littermates 
and burrowing into bedding. Studies show that, under similar 
conditions, pup core temperature is maintained, indicating effective 
behavioral thermoregulation [34]. After 1h, pups were returned to the 
home cage with their mother. In control litters, pups remained with 
the dams undisturbed until weaning age at PD21, except for routine 
cage cleaning. These animals constitute the best control group for 

investigations of the effects of MS [12]. After weaning, rats were housed 
in same sex groups under standard conditions. 

AMS and CMS plus cold stress protocols

To evaluate the effect of AMS plus cold stress rat pups were 
separated from their mother and exposed to cold (4ºC) during 1 h 
[33]. Neonates were placed together in a small cage. Application of 
cold stress usually started at 10:00 hs. No mortality was observed in 
this group.

AMS+cold stress:

a) Control group: Neonates remained with their mother. 

b) Stressed group: Neonates were separated from their mother at 
PD5, PD7, PD13 and exposed to cold stress (4ºC) for 1 h. Pups were 
then killed by decapitation immediately after the stress session. 

CMS + cold stress:

a) Control group: Neonates remained with their mother. 

b) Stressed group: Neonates were separated from their mother at 
PD5, PD7, PD13 and exposed to cold stress (4ºC) for 1 h/day for 20 
days. After 20 days of stress the animals remained in their cages for 
30 days (washout period). The young adult animals were sacrificed by 
decapitation at PD55, PD57, PD63. 

a) b)

PD5                                PD5
PD7                                PD7
PD13                             PD13

PD5                              PD25                               PD55                                         
PD7                              PD27                               PD57
PD13                            PD33 PD63 

AMS + cold stress CMS + cold stress 30 days “Washout”

Tissue samples preparation and [3H]L-Glu uptake

After decapitation, brains were removed from the cranial cavity; FC 
and Hic were dissected on a Petri dish at 0ºC, according to Glowinski 
and Iversen [35] and homogenized with a glass-PTFE homogenizer in 
20 ml of 0.32 M sucrose/1g tissue. The homogenates were centrifuged 
at 800 g for 15 min, the pellet was discarded and the supernatant was 
centrifuged at 20,000 g for 20 min. The pellet (P2=crude synaptosomal 
fraction) was suspended with a glass-PTFE homogenizer in fresh Krebs 
buffer and again centrifuged at 20,000 g for 20 min. This procedure 
was repeated three times; the resulting pellet was re-suspended and was 
used in uptake experiments within 5 hrs of preparation [33,36]. Time 
course experiments were performed to demonstrate that Glu uptake is 
linear until 5 min (data not shown).

Determination of Na+-dependent high-affinity Glu uptake was 
performed as described by Odeon et al. [33]. Uptake experiments 
were carried out using fresh synaptosome enriched fractions at a 
concentration of 20 mg of the original tissue (wet weight) per 1 ml of 
incubation medium. This consisted of 125 mM NaCl, 3.5 mM KCl, 1.5 
mM CaCl2, 1.2 mM MgSO4, 1.25 mM KH2PO4, 25 mM NaHCO3, 10 
mM HEPES and 10 mM D-glucose, pH adjusted to 7.4. Uptake assays 
were started by adding [3H]L-Glu at 10−6M final concentration (specific 
activity: 46.9 Ci/mmol) diluted in the buffered physiological medium. 
Incubations were performed at 30ºC for 1 to 40 min. The incubation 
was terminated by vacuum-filtration through Whatman glass fiber-
filters (type D) and three rapid washes with isotonic saline solution 
(at 2-4ºC). Using the known specific activity, the net uptake of Glu 
by the synaptosomes was calculated, and expressed as fentomoles/mg 
protein/min. Parallel experiments were always performed without any 
incubation, as time 0, to assess non-specific radioactivity not retained 
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by FC and Hic preparations, for the radiolabeled substrate used. All 
measurements were made in triplicate. Protein content was estimated 
by the Lowry technique [37] using bovine serum albumin as standard.

Electrophoresis and western blotting

Western blotting analysis was used to measure levels of GLT-1 
and EAAC-1 expression in Hic and FC. Both areas were dissected on 
a Petri dish at 0ºC and homogenized with a glass-PTFE homogenizer 
in lysis buffer (Tris Base 50 mM; NaCl 150 mM; EDTA 2 mM; SDS 
0.05%; Triton-X100 1%, PMSF 100 g/ml; Leupeptin 1µg/ml). Protein 
concentration in the samples was analysed by the Lowry technique [34]. 
Aliquotes (total proteins 20 µg) were separated on 12% Sodium Dodecyl 
Sulfate-Polyacrylamide Gel (SDS-PAGE) at 130 V and transferred to 
a nitrocellulose membrane using a blot system (Transblot, BioRad). 
The membranes were incubated in blocking buffer (1 X TBS and 5% 
non-fat dry milk) for 1 h at Room Temperature (RT) and afterwards 
incubated overnight at 4°C with one of the following specific primary 
antibodies: guinea pig anti-GLT-1(1:500), rabbit anti-actin (1:1000) 
or rabbit anti-EAAC1 (1:500). Blots were then washed three times 
for 10 min in 1X TBS with 0.3% Tween 20 at RT and then incubated 
for 1 h at RT with goat anti rabbit IgG (1: 2000) or goat anti-guinea 
pig (1:2000) conjugated to horseradish peroxidase. They were then 
washed three times for 10 min in 1X TBS with 0.1% Tween 20 at RT. 
Inmunodetection of bands was accomplished using the Pierce Super 
Signal Chemiluminescence Kit (ECL, Pierce) and further exposure 
on X-ray film (Agfa) (Figure 3). For quantification of band intensity, 
blots were scanned and analyzed using Image J PC software analysis. 
The expression level corresponds to the number of black pixels of each 
band. The results were expressed as Optical Density (OD) in arbitrary 
units. Actin was used as a loading control. The amount of protein was 
analysed as a ratio between the protein and actin, to ensure that an 
equal amount of protein was loaded onto the gel and transferred to the 
membrane. 

Statistical analysis

All data are expressed as mean ± Standard Error Of The Mean 
(S.E.M.) ANOVAs revealing significant effects (P<0.05) were followed 
by post-hoc Tukey´s test [38]. 

Sources of materials

[3H]L-Glutamate (specific activity: 46.9 Ci/mmol) was from Perkin 
Elmer, NEN, Life Science Inc. (Boston, MA, USA). L-TGluamate, 
Phenymethanesulfonyl Fluoride (PMSF), Leupeptine were from Sigma 
Chemical Co. St. Louis, MO, USA. Kit ECL Western blotting substrate 
was from Pierce, Thermo Scientific IL-USA. Primary antibodies: αGLT-
1, guinea pig (AB1520) from Millipore Chemicon, USA and αEAAT3, 
rabbit (sc-25658) from Santa Cruz Biotechnology, INC. California, 
USA; αActin, rabbit (A2066) was from Sigma Chemical Co. St. Louis, 
MO, USA . Secondary antibodies: αrabbit- and αginea pig-were from 
Santa Cruz.

Results
Studies of [3H]L-Glutamate uptake

We analyzed the effects of either AMS or CMS groups plus cold 
stress on the Na+-dependent uptake of Glu by FC and Hic synaptosomes, 
both early in postnatal development and in young adult rats (data 
not shown). We found that the uptake of Glu did not modify in both 
areas at all ages studied in CMS. While we found significant decreases 
induced by acute treatment in FC at PD5 and PD7. Comparing the 

chronic results with those obtained after acute stress, shows that 
repeated exposure to maternal separation and cold for 20 days has a 
different effect than when exposed only once.

Not differences observed after a chronic exposure to the stressful 
stimuli, can be explained by the fact that functional activity of 
transporter proteins are often regulated by rapidly changing their 
expression in the plasma membrane. 

Molecular characterization of Na+-dependent high affinity TGlus: 
EAAC-1 and GLT-1 in FC and Hic homogenates

Western blotting was performed in homogenates prepared from 
FC and Hic from both neonate and young adult rat brains. These blots 
reveal that the homogenates include GLT-1 and EAAC-1 proteins 
(Figure 1 and 2). GLT-1, often described as the glial-specific TGlus 
[39,40], accounts for more than 90% of the total Glu uptake, and is an 
essential contributor to TGlus homeostatic role as well as EAAC-1 has 
been found predominantly in neurons [19,20].

Our results shown that in AMS group, there was a significant 
increase in GLT-1 both at PD5 (21%, P<0.05) and PD13 (34%, P<0.05) 
in FC, while in Hic there was only increase at PD7 (30%, P<0.05) in the 
levels of protein transporter (Figure 1A). Though, in CMS group, we 
found a significant increment in GLT-1 no more than at PD57 (42%, 
P<0.05) in FC (Figure 1B).

In all samples run Glial Fibrillary Acidic Protein (GFAP) 
protein was found. Not changes in Western blott were produced 
by either treatment at different ages studied. This ensures that the 
samples obtained from brain homogenates contained a glial fraction. 
Furthermore seeing no significant differences in levels of the marker, 
we could suppose that the differences found in GLT-1 levels were not 
due to changes in the number of glial cells.

Western-blotting showed that a significant reduction in EAAC-1 
expression in FC in AMS treatment at PD13 (38%, P<0.01). In Hic, AMS 
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Figure 1: Western blotting analysis of GLT1 (MW: ~ 52 kDa) in FC and Hic 
homogenates from A: unstressed group and AMS+cold stress group. B: 
unstressed group and CMS+cold stress group. Band densities were quantified 
and are shown as a bar chart. The expression level corresponds to the number 
of black pixels of each band counted using Image J, data are quoted as the 
mean ± SEM. Actin (MW: ~ 42 kDa) served as a loading control. GFAP (MW: 
49 kDa) served as glial marker. Western blots are representative of 3 different 
experiments. OD:optical density, arbitrary units. *p<0.05; ** p<0.01 compared 
with the respectively unstressed group.
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group produced an increase in all ages investigated PD5 (50%, P<0.05), 
PD7 (345%, P<0.01) and PD13 (172%, P<0.01) (Figure 2A). The CMS 
treatment in FC increased EAAC-1 levels at PD55 (33%, P<0.05). 
Although, chronic group in Hic improved EAAC-1 expression both at 
PD55 and PD63 (33%, P<0.05; 45%, P<0.05, respectively). Whereas we 
observed at PD57 a significant decrease in EAAC-1 expression (70%, 
P<0.01) (Figure 2B).

Earlier studies based on radioactively labeled amino acids and 
crude tissue preparations have shown that uptake of glutamate in the 
rat brain is low at birth and that it increases to adult levels during the 
first few weeks [41-43]. The increment in the plasma membrane uptake 
correlates with an increase in glutamate uptake into synaptic vesicles 
and with the active period of synaptogenesis [19,44].

Translocation of membrane proteins between the plasma 
membrane and intracellular storage compartments represents one 
important mechanism of regulation and may contribute to synaptic 
plasticity [45]. Such changes in cell-surface expression can up and 
down-regulate membrane proteins within minutes and much faster 
than would be possible by protein synthesis [19,33,45]. 

The general state of the animals was also monitored. We observed 
that animals exposed to AMS and CMS plus cold stress were in good 
general condition, the coat had a good appearance and posture showed 
no visible abnormalities in all groups studied. Both at the beginning 
and at the end of the experiments, the differences between control and 
stressed groups with respect animal weights were not significant (data 
not shown).
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Figure 2: Western blotting analysis of EAAT3 (MW: ~ 57 kDa) in FC and Hic homogenates from A: unstressed group and AMS+cold stress groups. B: unstressed 
group and CMS+cold stress group. The expression level corresponds to the number of black pixels of each band counted using Image J, data are quoted as the 
mean ± SEM. Actin (MW: ~ 42 kDa) served as a loading control. Western blots are representative of 3 different experiments. OD: optical density, arbitrary units. 
*p<0.05; ** p<0.01 compared with the respectively unstressed group.
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Figure 3: Western blotting was used to determine the expression of GLT and EAAC1. Images shown are representative blots from independent experiments. All the 
figures relate to frontal cortex (PD13) homogenates. S: stress, C: control.
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Discussion
The adaptability of the organism and its ability to build new 

strategies or operating conditions in response to stimuli, both external 
and internal, allows the continuation of life under adverse situations 
[46]. During postnatal development, the CNS is highly sensitive to the 
effects of drugs, stressors and environment [46,47] .

We cannot considerate the cold exposure such us a separate 
factor in this study. Exposure to cold can produce a variety of injuries 
that occur as a result of individual´s inability to adapt to cold. These 
injuries can be divided into localized injury to a body part, systemic 
hypothermia, or a combination of both. 

In the acute treatment, we saw that the effect varies with the 
age at which the stressor is applied. It finds its cause in the fact that 
each structure has a different pattern of maturation. Glutamatergic 
transmissions mature at different times depending the brain structure 
[48]. The effects AMS plus cold stress are seen in FC at PD5 and PD7, 
a time when the cortex is under development, and is therefore more 
vulnerable, while days later this effect is not observed. In Hic these 
special effects are not focused, might be due to low glutamatergic 
activity sensible in this area during the first weeks postpartum; this 
reduces their vulnerability. The consequence being more damaging 
when this transmission is at its maximum development.

In chronic treatment, the absent of changes in Glu uptake was 
induced by either stage of development or brain areas studied. These 
findings are in agreement with the hypothesis of compensatory 
changes which develop in response to repeated stress exposure. The 
time-dependent alterations might reflect adaptative processes [49]. 
We saw that a single presentation of the stimulus has an effect on the 
uptake, this protocol is repeated in this exposure for 20 days, long 
enough to allow the animal to adapt to that context and compensate 
by some other mechanism. The CNS maintains a degree of adaptive 
plasticity, which allows it to adjust to certain circumstances and modify 
the innate patterns of neural connections.

Therefore, with these references, we can infer that the effects 
of AMS+cold stress on TGlus showed a decrease uptake of Glu in 
developing structures, as yet have not all the synaptic connections that 
have this structure in the adult animal.

The effect of CMS plus cold stress in FC appears a dramatic 
increase occurred one month after the exposure to cold stress. This 
variation in a few days can be natural. In fact it is what we think that it 
happens, because it occurs both in controls and in the stressed groups. 
They are a few days but there is possible this percentage of adjustment 
of a natural way. This down-regulation was found to be associated 
with a movement of the transporters from the plasma membrane to 
intracellular compartments. Evidences suggest that a protein kinase C 
(PKC) does not directly phosphorylate GLT-1 and EAAC-1, but rather 
alters indirectly the distribution of both transporters in the plasma 
membrane and intracellular vesicles [50,51]. 

As regards the expression of specific types of TGlus, previous reports 
show that the expression level of GLT-1 was found to progressively 
increase into adulthood [40,52,51]. However, expression of EAAC-1 
was greater in the newborn brain compared with the adult brain. These 
results provide direct evidence that GLT-1 and EAAC-1 are necessary 
for brain development [45,53,54]. Our data indicate that the effects of 
neonatal isolation persist post-weaning and are most evident when 
associated to a second stressful stimulus such as low temperature.

Ellenbroek and Cools [55] showed that early maternal deprivation 
induced schizophrenia-like abnormalities in adult Wistar rats, but not 
in Fischer 344 or Lewis rats. These results provide strong support for 
the general hypothesis that genetic and environmental factors may 
contribute to the overall development of the brain, and can also affect 
brain function, suggesting that maternal deprivation may represent a 
novel and very interesting tool for studying the interaction between 
genetics and early stressful life events.

The early postnatal period and the bond between mother and 
infant seem particularly important in the development and shaping 
of normal stress response and emotional behaviour [53-55]. While 
the mechanisms underlying the long-term effects of environmental 
stress early in life are not known, they are likely to involve activation 
of intracellular signalling pathways, leading to modifications of the 
genome, resulting in changes in gene expression and neural function 
[56]. The neural changes underlying the persistent effects of early life 
separation and stress in rodents remain to be fully elucidated.

Conclusions
The present study shows that the glutamate transporters are 

affected by AMS and CMS plus cold stress in certain areas of the brain 
and different ages of development. 

Postnatal stress induces several early changes in biological systems 
that occur instantaneously. Regarding high-affinity Na+-dependent 
Glu uptake, when we investigated CMS plus cold stress in FC and Hic 
we did not find any change. While in AMS treatment we observed 
significant decrease. TGlu modifications would produce an increase 
in Glu concentration in the extracellular space and this effect would 
produce neurotoxic, therefore, these fluctuations may have significant 
consequences in the glutamatergic synaptic signals. In what follows 
then, that the Glu uptake has a protective effect and in fact its blockade 
promotes neurodegeneration.

The present findings have clearly demonstrated that animals 
exposed to extremely traumatic stressful situations, such as AMS and 
CMS plus cold stress, exhibit a variety of long-lasting bidirectional 
neurochemical abnormalities, which could correlate with the symptoms 
observed in human patients with neurological, emotional or cognitive 
diseases [57]. Atleast, maternal interaction and early stressful events 
may affect regulation of the HPA axis during adulthood, leading to 
differential glucocorticoid secretion in response to stressful situations. 
These adverse experiences during postnatal development may even 
sensitize specific neurocircuits to subsequent stressors. Later in life, 
the overreaction of the HPA axis to stress can constitute a risk factor 
for metabolic and mental diseases. Maternal separation is not only 
the adaptation problem, but also developmental and survival strategy 
problem.
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