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Abstract
The activity of the mammalian target of rapamycin (mTOR), an ubiquitously expressed serine/
threonine kinase, is central to the regulation of translation initiation and, consequently protein
synthesis required for long-term potentiation and new synaptic connections. Recent studies show
that activation of the mTOR signaling pathway is required for the rapid antidepressant actions of
glutamate N-methyl-D-aspartate (NMDA) receptor antagonists such as ketamine. Our prior work
documented the first evidence of robust deficits in the mTOR signaling pathway in the prefrontal
cortex (PFC) from subjects diagnosed with major depressive disorder (MDD). The goal of this
study was to determine whether alterations in mTOR signaling can be observed in rats exposed to
the chronic unpredictable stress (CUS) model of depression. In the present study, we examined the
effect of CUS on the expression of phosphorylated mTOR and its downstream signaling
components in the frontal cortex, hippocampus, amygdala, and dorsal raphe. We also examined
the effect of CUS on the expression of kinases that phosphorylate mTOR such as extracellular
signal-regulated kinase (ERK1/2) and protein kinase B/Akt (Akt1). In addition, we examined the
effect of stress on the phosphorylation of GluR1 an α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor subunit. We found that eight-weeks of CUS exposure
significantly decreased the phosphorylation levels of mTOR and its downstream signaling
components in the amygdala. Reduced level of phospho-mTOR in the amygdala was accompanied
by decreased phosphorylation of ERK-1/2, Akt-1, and GluR1. No significant changes were seen in
the frontal cortex, hippocampus, or dorsal raphe. Our study demonstrates that long-term stress
exposure results in brain region-specific abnormalities in signaling pathways previously linked to
novel mechanisms for rapid antidepressant effects. These observations are in line with evidence
showing that mTOR and its upstream and downstream signaling partners could be important
targets for the development of novel antidepressants.
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1. Introduction
Our previous postmortem studies showed robust deficits in the mammalian target of
rapamycin (mTOR) signaling in the prefrontal cortex (PFC) of subjects diagnosed with
major depressive disorder (MDD). Reduced protein expression of mTOR, and its two major
downstream signaling effectors, the 70-kDa ribosomal protein S6 kinase (p70S6K) and
eukaryotic translation initiation factor 4B (eIF-4B) has been previously demonstrated
(Jernigan et al., 2011). These results indicate that deficits in mTOR-dependent protein
synthesis may contribute to the molecular and cellular pathology detected in the PFC in
MDD. Accordingly, deficits in prominent postsynaptic proteins including N-methyl-D-
aspartate (NMDA) receptor subunits (NR2A and NR2B), metabotropic glutamate receptor
subtype 5 (mGluR5) and postsynaptic density protein 95kDa (PSD-95) were previously
demonstrated in the PFC from depressed subjects (Deschwanden et al., 2011; Feyissa et al.,
2009). Based on these studies, it is tempting to hypothesize that an activation of mTOR
function followed by enhanced mTOR-dependent protein synthesis may underlie
antidepressant action. In fact, it has been recently demonstrated that a rapid increase in
mTOR activity (measured by increased phosphorylation levels) and an induction of
synaptogenesis in the rat PFC are responsible for the rapid and sustained antidepressant-like
effects of ketamine (an NMDA receptor antagonist) and LY341495 (a metabotropic
glutamate receptor subtype 2/3 antagonist) in animal screening procedures (Dwyer et al.,
2012; Koike et al., 2011; Li et al., 2010; Li et al., 2011; reviewed by Hashimoto et al.,
2011). Moreover, deficits in synaptic proteins induced by chronic unpredictable stress
(CUS), animal model of depression, were normalized by rapid activation of the mTOR
signaling pathway by ketamine (Li at al., 2011).

mTOR belongs to a family of serine/threonine kinases widely expressed in the brain. It
regulates the initiation of protein translation, the rate limiting step in protein synthesis (Fig.
1). Activation of mTOR occurs via phosphorylation by Akt/protein kinase B (Akt). Akt can
be activated by phosphoinositide – dependent kinase 1 (PDK1) and by the extracellular
signal regulated protein kinase 1 (ERK1) (Hoeffer and Klann, 2010; Kim et al., 2010).
Activated mTOR phosphorylates p70 ribosomal protein S6 kinase (p70S6K) followed by
p70S6K-induced phosphorylation of ribosomal protein S6 and eukaryotic initiation factor
4B (eIF-4B) which promotes the initiation of protein translation. mTOR also phosphorylates
and inactivates the eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) reducing its
affinity for the eukaryotic initiation factor 4E (eIF4E) thus releasing eIF4E to facilitate
translation initiation. Thus, mTOR controls the efficiency of protein translation via its
critical downstream targets.

In the present study, we sought to investigate whether the alterations in the phosphorylation
of the mTOR signaling pathway components could be produced experimentally in rats
exposed to CUS. The effect of CUS on the expression of kinases linked to the activation of
mTOR such as phospho-ERK-1/2 and phospho-Akt1 was also examined. Additionally, the
level of phospho-GluR1 (an indicator of synaptic activity), was examined. Brain areas
investigated included the frontal cortex, hippocampus, amygdala, and dorsal raphe.

2. Methods
2.1. Animals

Adult male Wistar rats initially weighing 250-260 g were purchased from Harlan Sprague-
Dawley Inc. (Indianapolis, IN). Animals were housed in groups of 2 per cage in a room
maintained under standard conditions of light (12:12 h light-dark cycle), temperature (22 ± 3
°C) and humidity. Animals had ad libitum access to food and water. Control animals were
housed in a separate room away from those in the CUS treatment group. Animals were
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allowed to habituate to their new environment for 7 days and thereafter to testing conditions
for an additional 3 days. All procedures with the animal work were done in accordance to
the guidelines established by the National Institute of Health Guide for the Care and Use of
Laboratory Animals (NIH Publication No. 80-23) and the Animal Care and Use Committee
of the University of Mississippi Medical Center.

2.2. CUS procedure
Rats were exposed to a variable sequence of mild and unpredictable stressors for 8 weeks. A
total of 9 different stressors were used (2 stressors per day). The stressors included rotation
on a shaker, placement in a 4°C ambient environment, lights off for 3 hours (10:00 AM–
1:00 PM), lights on overnight, restraint stress, swimming, food and water deprivation,
crowded housing, and isolation housing (Banasr and Duman, 2008; Kim et al., 2003; Li et
al., 2011; Orsetti et al., 2007; Sowa-Kućma et al., 2008). The control rats were not handled
and left undisturbed (except for routine cage maintenance) in their home cage. Rats were
sacrificed 48 h after the last stress exposure. The frontal cortex, hippocampus, amygdala,
and dorsal raphe were immediately dissected and stored at -80°C until further use.

2.3. Immunoblotting and data analysis
Western blot experiments were performed as described in our previous studies (Feyissa at
al., 2009, Feyissa et al., 2010) with phosphorylation-state-specific rabbit monoclonal
antibodies against phospho-mTOR (Ser-2448), phosoho-eIF4B (Ser-504), phospho-eIF4E
(Ser-209), phosohp-ERK1/2 (Tyr-204/187), phospho-Akt1 (Ser-473), phospho-GluR1
(Ser-831), phospho-GluR1 (Ser-845), (Epitomics Burlingame, CA, USA; 1:1000 or 1:500)
and phosoho-p70S6K (Thr-389), phosoho-S6 (Ser-235/236), and phosoho-4E-BP1
(Thr-37/46) (1:500 or 1:1000; Cell Signaling Technology Danvers, MA, USA). After
overnight incubation with primary antibodies, membranes were incubated with peroxidase
labeled secondary antibodies for 1 h (1:3000; Amersham Biosciences, Piscataway, NY,
USA). As a control for transfer and loading, actin was detected on each blot using mouse
anti-actin primary antibody (Millipore, Temecula, CA, USA; 1:10,000). Immunoactive
bands were analyzed using MCID Elite 7.0 (Imaging Research, St. Catherines, ON,
Canada). The resulting data was analyzed statistically using a two-tailed unpaired t-test
(GraphPad Prism 5, LaJolla, CA, USA). The final data are expressed as a ratio of the
relative optical density (ROD) of protein of interest to the ROD of actin. A p-value <0.05
was considered significant.

3. Results
Amounts of phosphorylated forms of mTOR, p70S6K, S6, eIF-4B, eIF-4E, 4E-BP1,
ERK1/2, Akt1, and GluR1 proteins were analyzed in the frontal cortex, hippocampus,
amygdala and dorsal raphe from 11 stressed and 11 control rats.

In the amygdala the amount of phospho-mTOR immunoreactivity from stressed rats (0.90 ±
0.08) was significantly decreased compared to controls (1.26 ± 0.07; t=3.45 df=20,
p=0.0025, Fig. 2a). Equally reduced in the stressed rats were phospho-p70S6K
immunoreactivity (0.38 ± 0.013) compared to control rats (0.50 ± 0.04; t=2.65 df=18,
p=0.0162, Fig. 2b) and phospho-S6 (0.71 ± 0.06) compared to controls (1.21 ± 0.14, t=3.32
df=20, p= 0.0034, Fig. 2c).

Moreover, the amount of phosoho-ERK1/2 immunoreactivity in amygdala of stressed rats
(0.91 ± 0.09) was significantly decreased compared to control rats (1.70 ± 0.22, t=3.28
df=20, p= 0.0037, Fig. 3a). There was a robust reduction in the level of phospho-Akt
immunoreactivity in stressed rats (0.54 ± 0.05) compared to controls (0.91 ± 0.07, t=4.40
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df=20, p=0.0003, Fig. 3b). The amount of phospho-GluR1 (Ser-831) from stressed rats (0.72
± 0.09) was significantly decreased compared to controls (1.12 ± 0.12, t=2.69 df=20,
p=0.0141, Fig. 4a). There was also a significant reduction in the amount of GluR1
phosphorylated at Ser-845 in stressed rats (0.56±0.03) as compared to controls (0.67±0.04,
t=2.21 df=20, p=0.0392, Fig. 4b).

Interestingly, no significant changes in phosphorylation level of the mTOR signaling
pathway components and associated kinases were detected in the frontal cortex,
hippocampus or dorsal raphe from rats exposed to eight-week CUS paradigm (Fig. 5).

2. Discussion
The results obtained from this study demonstrate that an eight-week exposure to stress
induces a significant reduction in activated/phosphorylated components of the mTOR
signaling pathway in the amygdala. The components of the pathway that were reduced as a
result of CUS exposure included phospho-mTOR and its downstream effectors (phospho-
p70S6K and phospho-S6). It is known that mTOR phosphorylates p70S6K followed by
p70S6K-induced phosphorylation of eIF4B and S6 (Kim et al., 2010) (Fig. 1). Interestingly,
in our study we found a reduction in the levels of phospho-p70S6K and phospho-S6, but not
phospho-eIF4B indicating that the mTOR/p70S6K /S6 signaling cascade in the amygdala is
negatively influenced by chronic stress. Interestingly, no significant changes in
phosphorylation of mTOR or p70S6K were detected in the PFC from rats exposed to a
three-week CUS procedure (Li et al., 2011). Taken together, these results indicate that the
effect of chronic stress on mTOR phosphorylation could be brain region-specific and/or
dependent on the length of exposure to stress (e.g. three-week vs. eight-week CUS).

Reduced phosphorylation of the upstream regulators of mTOR, Akt1 and ERK1/2, was
detected in the amygdala from rats exposed to CUS. Previously, Krishnan et al.
demonstrated reduced levels of phosphorylated Akt1 in the ventral tegmental area (VTA)
from mice exposed to chronic social defeat. Blockade of the Akt1 (with PI3K inhibitor –
LY294002) in the VTA increased susceptibility to depressive-like behavior (Krishnan et al.,
2008). These findings highlight a crucial role for Akt1 in stress-induced pathology.
Interestingly, decreased activity of Akt1 (measured by kinase assays) was detected in the
PFC from depressed subjects in, both, suicide and non suicide groups (Karege et al., 2007).
A significant decrease in the catalytic activity and immunoreactivity levels of phospho-
Ser473-Akt and phospho-Thr308-Akt were also reported in the PFC and hippocampus of
suicide victims (Dwivedi et al., 2010). These findings indicate a strong association between
dysfunction in Akt activity and depressive-like pathophysiology. Extracellular signal-
regulated kinase (ERK1/2) plays a crucial role in synaptic and structural plasticity. Several
studies have directly or indirectly shown that ERK1/2 plays a role in depressive behavior. A
recent study demonstrated that chronic stress decreased ERK in the hippocampus and PFC,
and that this effect was antagonized by fluoxetine treatment (Qi et al., 2008, confirmed by
First et al., 2011). Another study has shown that chronic corticosterone exposure selectively
reduced phosphorylated ERK1/2 in the dentate gyrus, amygdala and striatum, but not in the
PFC of treated mice (Gourley et al., 2008). While Dwivedi et al. (2001 and 2006) have
reported decreased level of ERK in the prefrontal cortex and hippocampus of suicide
subjects. On the contrary, another group has shown that there was no statistically significant
difference in total ERK1/2 protein levels in the postmortem frontal cortex of individuals
with schizophrenia, major depressive disorder and bipolar disorder compared to control
patients (Yuan et al., 2010). However, it can be argued that changes in total protein may not
be crucial, since activation of ERK depends on phosphorylation (Charest et al. 1993). Our
study showed markedly reduced phosho-ERK1/2 in the amygdala of stressed rats compared
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to controls. Taken together, these studies confirm the potential of targeting both Akt and
ERK as an innovative strategy for the discovery of novel antidepressants.

We have documented reduced expression of the GluR1 subunit of the AMPA receptor
phosphorylated at Ser-831 and Ser-845 in the amygdala. These data indicate that long-term
exposure to stress could have a detrimental effect on synaptic activity. Phosphorylation of
GluR1 potentiates receptor conductance, and is essential for long term potentiation (LTP)
(Derkach et al., 1999; Esteban, 2003). Reduced levels of GluR1 phosphorylated at Ser-831
and Ser-845 may indicate reduced AMPA receptor currents (Derkach at al., 2007, Lee at al.,
2010). It is important to note that phosphorylation of GluR1 at both Ser-831 and Ser-845
facilitates synaptic deliver of AMPA receptors (Fig. 1).

Decreased level of phospho-GluR1 resulting from CUS was previously demonstrated in the
PFC and hippocampus of adult rats and PFC of young rats (Toth et al., 2008). Reduced
expression of unphosphorylated GluR1 in synaptosomal preparations has also been
previously demonstrated by Li et al. (2011) indicating reduced expression of synaptic pool
of GluR1 protein. In a similar vein, reduced level of phospho-GluR1 seen in our study could
indicate reduced level of synaptic GluR1, given that the phosphorylation process is
necessary to deliver AMPA receptors into synapses.

In summary, our study provides evidence that an eight-week CUS exposure produces
deficits in the mTOR signaling pathway components in the amygdala. Because of the
complex nature of depression with altered neurochemistry across many brain regions, our
results showing deficits in mTOR signaling pathway components in the amygdala could
indicate that the effects of CUS are time dependent considering the dynamic nature of
phosphorylation events. Therefore, studying different time points in a CUS paradigm will be
very important in understanding the role mTOR and its signaling partners play in
depression. These findings could lead to the development of faster acting antidepressant
medications.
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Abbreviation

Akt Akt/protein kinase-B

AMPA α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionic acid receptor

CUS chronic unpredictable stress

eIF-4B eukaryotic translation initiation factor 4B

eIF-4E eukaryotic translation initiation factor 4E

ERK extra cellular signal-regulated kinase

GluR1 α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionic acid receptor subunit 1

MDD major depressive disorder

mTOR mammalian target of rapamycin

NMDA N-methyl-D-aspartate receptor

mGluR5 metabotropic glutamate receptor subtype 5
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PDK1 phosphoinositide – dependent kinase 1

PI3K phosphoinositide-3 kinase

PFC prefrontal cortex

PSD-95 postsynaptic density protein-95 kDa

p70S6K 70-kDa ribosomal protein S6 kinase

S6 ribosomal protein S6

TrkB Tyrosine kinase-B receptor

4E-BP eukaryotic translation initiation factor 4E-binding protein
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Highlights

We used CUS model to examine mTOR signaling in the rat brain

Reductions in phosphorylation of mTOR, p70S6K, S6 were identified in the amygdala.

Reduced phosphorylation of Akt1 and ERK1/2 was also seen in the amygdala

No changes were detected in the frontal cortex, hippocampus and dorsal raphe

Specific dysregulation of mTOR signaling is evident in stress model of depression
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Fig. 1.
Simplified diagram illustrating the mTOR signaling pathway. Neuronal receptors (NMDAR,
mGluR5, TrkB) increase intracellular [Ca2+] and in turn activate PI3K, PDK1, Akt, and
mTOR. Akt can be activated by PDK1 and by ERK1/2. Activated mTOR phosphorylates
p70S6K followed by p70S6K-induced phosphorylation of S6 and eIF-4B, which promotes
the initiation of protein translation. mTOR also phosphorylates and inactivates 4E-BP,
reducing its affinity for eIF-4E and releasing eIF-4E to facilitate translation initiation.
Abbreviations: Akt, Akt/protein kinase-B; AMPA, α-amino-3-hydroxyl-5-methyl-4-
isoxazole-propionic acid receptor; ERK, extra cellular signal-regulated kinase; eIF-4B,
eukaryotic translation initiation factor 4B; eIF-4E, eukaryotic translation initiation factor 4E;
GluR1, α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionic acid receptor subunit 1;
mGluR, metabotropic glutamate receptor; mTOR, mammalian target of rapamycin; NMDA,
N-methyl-D-aspartate receptor; PDK1, phosphoinositide – dependent kinase 1; PI3K,
phosphoinositide-3 kinase; PSD-95, postsynapticdensity protein-95 kDa; p70S6K, 70-kDa
ribosomal protein S6 kinase; S6, ribosomal protein S6 - a component of the 40S ribosomal
subunit; TrkB, Tyrosine kinase-B receptor; 4E-BP, eukaryotic translation initiation factor
4E-binding protein.
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Fig. 2.
Scatter plots of phosphorylated mTOR, p70S6K, and S6 protein levels normalized to actin.
Significant reduction in phospho-mTOR, phospho-p70S6K, and phospho-S6 were observed
in the amygdala from stressed rats (filled circles; n=11) as compared to controls (open
circles; n=11). Normalized optical density values for the individual subjects and mean
values (horizonatal lines) are presented.
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Fig. 3.
Scatter plots of phosphorylated ERK1/2 and Akt1 protein levels normalized to actin.
Significant reduction in phospho-ERK1/2 and phospho-Akt1 were observed in the amygdala
from stressed rats (filled circles; n=11) as compared to controls (open circles; n=11).
Normalized optical density values for the individual subjects and mean values (horizonatal
lines) are presented.
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Fig. 4.
Scatter plot of phosphorylated GluR1 (Ser-831 and Ser-845) protein levels normalized to
actin. Significant reductions in phospho-GluR1 (Ser-831 and Ser-845) were observed in the
amygdala from stressed rats (filled circles; n=11) as compared to controls (open circles;
n=11). Normalized optical density values for the individual subjects and mean values
(horizonatal lines) are presented.
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Fig. 5.
Scatter plots of phosphorylated mTOR and p70S6K protein levels normalized to actin. No
significant changes in phospho-mTOR and phospho-p70S6K were observed in the frontal
cortex, hippocampus and dorsal raphe (filled circles; n=10) as compared to controls (open
circles; n=10). Normalized optical density values for the individual subjects and mean
values (horizontal lines) are presented.
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