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a b s t r a c t

Recent studies show that activation of the mTOR signaling pathway is required for the rapid antide-
pressant actions of glutamate N-methyl-D-aspartate (NMDA) receptor antagonists. A relationship be-
tween mTOR kinase and the endoplasmic reticulum (ER) stress pathway, also known as the unfolded
protein response (UPR) has been shown. We evaluate the effects of ketamine administration on the
mTOR signaling pathway and proteins of UPR in the prefrontal cortex (PFC), hippocampus, amygdala and
nucleus accumbens, after the inhibiton of mTOR signaling in the PFC. Male adult Wistar rats received
pharmacological mTOR inhibitor, rapamycin (0.2 nmol), or vehicle into the PFC and then a single dose of
ketamine (15 mg/kg, i.p.). The immunocontent of mTOR, eukaryotic initiation factor 4E-binding protein 1
(4E-BP1), eukaryotic elongation factor 2 kinase (eEF2K) homologous protein (CHOP), PKR-like ER kinase
(PERK) and inositol-requiring enzyme 1 (IRE1) e alpha were determined in the brain. The mTOR levels
were reduced in the rapamycin group treated with saline and ketamine in the PFC; p4EBP1 levels were
reduced in the rapamycin group treated with ketamine in the PFC and nucleus accumbens; the levels of
peEF2K were increased in the PFC in the vehicle group treated with ketamine and reduced in the
rapamycin group treated with ketamine. The PERK and IRE1-alpha levels were decreased in the PFC in
the rapamycin group treated with ketamine. Our results suggest that mTOR signaling inhibition by
rapamycin could be involved, at least in part, with the mechanism of action of ketamine; and the ke-
tamine antidepressant on ER stress pathway could be also mediated by mTOR signaling pathway in
certain brain structures.

© 2016 Elsevier Ltd. All rights reserved.
ces, University of Southern

us).
1. Introduction

Major depressive disorder (MDD), a serious mental disorder, is
the leading cause of disability and a major contributor to disease
burden in the world's population (Ghasemi et al., 2014). Despite
antidepressant treatment patients continue to experience low
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remission rates, residual subsyndromal symptoms, relapses and
persistent functional impairment (Naughton et al., 2014). Unfor-
tunately, the delayed onset time and the low remission rate of
conventional antidepressants are still major challenges (Giacobbe
et al. 2009; Machado-Vieira et al., 2009). Therefore, there is an
urgent need to look for a fast-acting and effective antidepressant in
the near future. Converging evidence from in vivo brain imaging
studies, postmortem investigations, and gene expression studies
implicates abnormalities in glutamatergic signaling in the patho-
physiology of MDD (Manji et al., 2003; Sanacora et al., 2008;
Skolnick et al., 2009). Ketamine, a glutamate N-methyl-d-aspar-
tate (NMDA) receptor antagonist, was associated with rapid anti-
depressant effects in patients with major depressive disorder in a
number of studies and case reports, including treatment-resistant
major depression (Berman et al., 2000; Zarate et al., 2006;
Mathew et al., 2010; Aan Het Rot et al., 2012). Antidepressant ac-
tivity by ketamine was observed within hours of a single sub-
anesthetic intravenous infusion, representing a potential paradigm
shift in therapeutic approaches for major depressive disorder
(Berman et al., 2000). Preclinical studies also showed that ketamine
has antidepressant effects in some animal models of depression
(Chaturvedi et al. 1999; Maeng et al. 2008a,b; R�eus et al. 2015a, b).

The mammalian target of rapamycin (mTOR) is a serine/threo-
nine protein kinase, which modulates cell growth, proliferation,
motility, survival, and protein synthesis (Hay and Sonenberg, 2006).
Several studies suggest that ketamine and other fast-acting anti-
depressants, mediated by glutamate and/or neurotrophic receptors,
stimulate the mTOR pathway in the prefrontal cortex (PFC) (Li et al.,
2010; Palucha-Poniewiera et al., 2014), leading to transient acti-
vation of the downstream effectors, 4E-binding protein 1 (4E-BP1)
and protein S6 kinase (p70S6K), which regulate gene expression
and protein synthesis (Tang et al., 2015). mTOR is also activated in
depressed patients' peripheral blood after acute ketamine admin-
istration (Denk et al., 2011; Yang et al., 2013). These studies may
indicate an association between marked deficits in synaptic pro-
teins and dysregulation of mTOR signaling in MDD (Karolewicz
et al., 2011). It has been reported that neuronal mTOR function is
influenced by the activity of growth factors, insulin, cytokines, as
well as glutamate activity via NMDA receptors and metabotropic
glutamate receptors (mGluR) (Antion et al., 2008; Gong et al., 2006;
Hay and Sonenberg, 2006; Hoeffer and Klann, 2010). Activated
mTOR phosphorylates p70 ribosomal p70S6K followed by p70S6K-
induced phosphorylation of ribosomal protein S6 and eukaryotic
initiation factor 4B (eIF-4B), which promotes the initiation of pro-
tein translation (Chandran et al., 2013). mTOR also phosphorylates
and inactivates the eukaryotic initiation factor 4E-BP1 reducing its
affinity for the eukaryotic initiation factor 4E (eIF4E) leading to
release of, eIF4E to facilitate translation initiation (Chandran et al.
2013). Thus, mTOR controls the efficiency of protein translation
within cells via its critical downstream targets. Cellular processes,
including apoptosis, autophagy, translation, energy metabolism,
and inflammation are controlled by the mTOR kinase and the
endoplasmic reticulum (ER) stress pathway, also known as the
unfolded protein response (UPR) (Appenzeller-Herzog and Hall,
2012). Kato et al. (2012) and Nakajima et al. (2011) pointed out
that in some pathological situations cellular toxicity caused by the
ER stress are related to chronic activation of mTOR complex 1
(mTORC1). This implies in an apparent paradox in which under
specific conditions, mTOR protein, a regulator of cell growth and
division, can also signal the cell death (Appenzeller-Herzog and
Hall, 2012). Indeed, some studies have already demonstrated that
mTORC1 operates both upstream and downstream of ER stress
signals, which can either enhance or antagonize the anabolic
output of mTORC1 (Polak and Hall, 2009; Hotamisligil, 2010). Upon
prolonged ER stress, mTORC1 can contribute to apoptotic signaling
by suppressing the survival kinase Akt through feedback inhibition
(Polak and Hall, 2009; Hotamisligil, 2010). Likewise, chronic ER
stress can also obstruct activation of Akt by mTOR complex 2
(mTORC2). These two signaling networks have traditionally been
considered as separate pathways, but the identification of mTOR-
UPR interconnections is a promising new area for research.

There is abundant evidence linking mTOR signaling to synaptic
plasticity, memory, neurological disorders and cancer (Gong et al.,
2006; Hay and Sonenberg, 2006; Hoeffer and Klann, 2010). How-
ever, to date there are no studies that implicate the effects caused
by the inhibition of mTOR pathway and treatment with ketamine in
the PFC in other brain structures related to depression, such as
hippocampus, amygdala and nucleus accumbens; and its relation
with proteins of mTOR signaling pathway and UPR. The evaluation
and understanding of the intersections and synergisms (or antag-
onisms) between the outputs of mTOR and UPR is of uttermost
importance. Possible routes of crosstalk between these signaling
networks are fundamental to cell health. Thus, the aim of this study
was to evaluate the effects of the administration of ketamine on the
proteins of mTOR signaling pathway, such as mTOR, 4EBP1 and
eukaryotic elongation factor 2 kinase (eEF2K), and on the proteins
of UPR, such as homologous protein (CHOP), PKR-like ER kinase
(PERK) and inositol-requiring enzyme 1 (IRE1)-alpha in the PFC,
hippocampus, amygdala and nucleus accumbens, after the inhib-
iton of mTOR signaling in the PFC.

2. Material and methods

2.1. Animals

Male Adult (60 days old)Wistar rats, weighing between 250 and
300 g, were housed five to a cage with food and water available ad
libitum, and were maintained on a 12-h light/dark cycle (lights on
at 7:00 a.m.). In vivo studies were performed in accordance with
the National Institutes of Health guidelines and also with the
approval of the ethics committee fromUniversity of Southern Santa
Catarina (UNESC) under protocol 031-2014-01.

2.2. Experimental design and treatment

First, all rats (n ¼ 20 total) underwent a surgical procedure to
receive a single dose of a pharmacological inhibitor of mTOR
(Rapamycin) (from Sigma Aldrich, Brazil) at a dose of 0.2 nmol/site,
according with Li et al. (2010), in the PFC, or vehicle (control group)
in the PFC. Rapamycin was dissolved in 100% DMSO and adminis-
tered in the PFC, in a volume of 3 ml per rat. The animals were then
divided into four experimental groups: (1) vehicle þ saline; (2)
rapamycin þ saline; (3) vehicle þ ketamine 15 mg/kg; and (4)
rapamycin þ ketamine 15 mg/kg. The intraperitoneal administra-
tion of ketamine (from Fort Dodge, Brazil) was performed at 30min
after the intracerebroventricular (ICV) infusion of rapamycin in-
hibitor (Li et al., 2010).

2.3. Surgical procedure

The animals were anesthetized with chloral hidrate (from Vetec,
Brazil) 40 mg/kg and xylazine (from Bayer, Brazil) 30 mg/kg intra-
peritoneally. Using a stereotaxic surgical procedure, the skin and
scalp of the rat in the skull region were removed. 1 mm of length
cannula was placed through the brain tissue at the following co-
ordinates: 4.2 mm behind the bregma, 3.0 mm to the right of the
bregma, with the cannula being inserted 3.4 mm deep into the PFC
(Paxinos and Watson, 1986). The fixation of the cannula tube was
made using acrylic cement. The PFC ICV infusion of rapamycin (3 ml)
or vehicle occurred 72 h after surgery.
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2.4. Brain samples and biochemical analysis

The animals were killed by decapitation, the skulls were
removed, then the whole brain was removed and placed in a petri
plate that was on ice and then the PFC, hippocampus, nucleus
accumbens, and amygdala were quickly isolated by hand dissection
using a magnifying glass, a spatula, and a thin brush by a qualified
researcher. In addition, the dissectionwas based on the histological
distinctions described by Paxinos and Watson (1986). After the
removal of the structures, they were placed in Eppendorf tube and
stored in a freezer at �70 �C for posterior biochemical analysis. The
brain tissues were used for Western Blotting analysis. For
biochemical analysis were used a total n ¼ 5 per group to (one
hemispheres for each).

2.5. Western blotting analysis

To perform immunoblotting, tissue samples taken from the PFC,
hippocampus, amygdala, and nucleus accumbens (n ¼ 5 per group
(20 animals) were homogenized in Laemmli buffer (62.5 mM
TrisHCl, pH 6.8, 1% (w/v) sodium dodecyl sulfate (SDS), 10% (v/v)
glycerol) and equal amounts of protein (30 mg/well) were electro-
phoresed by polyacrylamide gel electrophoresisesodium dodecyl
sulfate (SDSePAGE) and electro transferred to nitrocellulose
membranes. The efficiency of the electro transfer was then verified
by Ponceau S staining, and the membrane was then blocked in Tris-
Tween buffer saline (TTBS: 100mMTriseHCl, pH 7.5, containing 0.9%
NaCl and 0.1% Tween 20) with 5% albumin. The membranes were
incubated overnight at 4 �C with rabbit polyclonal anti-p4EBP1
(pThr45) Sigma (SAB4300179) (antibody molecular weight:
18 kDa), anti-CHOP (pSer30) from Sigma (SAB4504148) (antibody
molecular weight: 19 kDa), anti-eEF2K from Sigma (SAB450381)
(antibody molecular weight: 82 kDa), anti-mTOR from Sigma
(T2949) (antibody molecular weight: 289 kDa), anti-PERK (C-ter-
minal) from Sigma (P0074) (antibody molecular weight: 150 kDa),
anti-IRE1-alpha (14C10) from Cell Signaling (#3294) (antibody
molecular weight: 130 kDa) (1:1000). Secondary anti-rabbit IgG
were incubated with the membrane for 2 h (1:1000). The mem-
brane was thenwashed againwith TTBS and immunoreactivity was
detected by chemiluminescence using ECL. Densitometry analysis
of the films was performed using the Image Jv.1.34 image analysis
software. All results were expressed as a relative ratio between
p4EBP1, CHOP, eEF2K, mTOR, PERK and IRE1-alpha and immuno-
content protein b-actin.

2.6. Statistical analysis

All data are presented as mean ± S.E.M. Differences among
experimental groups in the assessment western blotting were
determined by one-way ANOVA, followed by Tukey post-hoc test
when ANOVA was significant; p values < 0.05 were considered to
be statistical significant.

3. Results

3.1. Effects of ketamine after the inhibition of mTOR pathway in the
PFC with rapamycin on mTOR, p4EBP1 and eEF2K levels in brain
structures

Fig. 1 illustrates the effect of ketamine after the inhibition of
mTOR in the PFC on proteins related to the mTOR signaling
pathway in the PFC, hippocampus, amygdala and nucleus accum-
bens. mTOR levels were decreased in the PFC in the rapamycin
group treated with saline when compared to the vehicle group
treated with saline and in the rapamycin group treated with
ketamine when compared to vehicle group treated to saline and to
vehicle group treated with ketamine (F (3-12) ¼ 11.335; p ¼ 0.003;
Fig. 1A), showing that rapamycin was able to block the mTOR levels
and abolish ketamine effects. There was no statistical difference on
mTOR levels in the hippocampus (F (3-12) ¼ 1.213; p ¼ 0,365;
Fig. 1A), in the amygdala (F (3-15) ¼ 2.204; p ¼ 0.140; Fig. 1A) and in
the nucleus accumbens (F (3-12) ¼ 0.494; p ¼ 0.694; Fig. 1A). Fig. 1B
demonstrates that p4EBP1 levels were decreased in PFC in the
rapamycin group treated with ketamine when compared to vehicle
group treated with saline, vehicle group treated with ketamine and
to rapamycin group treated with saline (F (3-15) ¼ 4.596; p ¼ 0.013;
Fig. 1B). In hippocampus there was a decrease in the rapamycin
group treated with ketamine when compared to vehicle group
treated with ketamine (F (3-15) ¼ 2.264; p < 0.05; Fig. 1B). There was
no statistical difference on p4EBP1 levels in amygdala (F (3-

15) ¼ 1.091; p ¼ 0.390; Fig. 1B) and in the nucleus accumbens (F (3-

15) ¼ 1.617; p ¼ 0.237; Fig. 1B). Fig. 1C shows that eEF2K levels were
increased in PFC in the vehicle group treated with ketamine when
compared to vehicle group treated with saline, and it were
decreased in the rapamycin group treated with ketamine when
compared to vehicle group treated with ketamine (F (3-14) ¼ 7.260;
p ¼ 0.006; Fig. 1C). There was no statistical difference on eEF2K
levels in the amygdala (F (3-15) ¼ 2.554; p ¼ 0.104; Fig. 1C), hippo-
campus (F (3-15) ¼ 1.038; p ¼ 0.411; Fig. 1C) and nucleus accumbens
(F (3-14) ¼ 0.253; p ¼ 0.857; Fig. 1C).

3.2. Effects of ketamine after the inhibition of mTOR pathway in the
PFC with rapamycin on UPR signaling pathway, such as CHOP, IRE1-
alpha and PERK levels in brain structures

Fig. 2 illustrates the effect of ketamine, after the inhibition of
mTOR in the PFC on proteins related to the UPR signaling pathway
in the PFC, hippocampus, amygdala and nucleus accumbens. There
were no statistical differences on CHOP levels in the PFC (F (3-

15)¼ 1.186; p¼ 0.356; Fig. 2A), amygdala (F (3-15)¼ 0.538; p¼ 0.664;
Fig. 2A), hippocampus (F (3-15) ¼ 1.997; p ¼ 0.168; Fig. 2A) and
nucleus accumbens (F (3-15) ¼ 0.584; p ¼ 0.636; Fig. 2A) after the
inhibition of mTOR pathway in PFC. IRE1-alpha levels were
decreased in the PFC in the rapamycin group treated with ketamine
when compared to rapamycin group treated with saline (F (3-

15) ¼ 2.470; p < 0.05; Fig. 2B). Any statistical differences were
observed on IRE1-alpha levels in the hippocampus, (F (3-15)¼ 0.857;
p¼ 0.494; Fig. 2B), amygdala (F (3-15) ¼ 0.857; p¼ 0.145 Fig. 2B) and
in the nucleus accumbens (F (3-15) ¼ 1.189; p ¼ 0.355 Fig. 2B).

Fig. 2C demonstrates that PERK levels were decreased in PFC in
the rapamycin group treated with ketamine when compared to
rapamycin group treated with saline (F (3-15) ¼ 3.803; p ¼ 0.046;
Fig. 2C). There was no difference on PERK levels in the amygdala (F
(3-15) ¼ 3.363; p ¼ 0.063; Fig. 2C), hippocampus (F (3-15) ¼ 2.449;
p ¼ 0.114; Fig. 2C) and in the nucleus accumbens (F (3-15) ¼ 2.900;
p ¼ 0.087; Fig. 2C).

4. Discussion

mTOR is a protein kinase involved in cell proliferation, mortality,
survival, and protein synthesis (Hay and Sonenberg, 2006). Changes
in this signaling cascade have been hypothesized to be a common
pathophysiological feature of neuropsychiatric disorders (Hoeffer
and Klann, 2010). In fact, a postmortem study showed consider-
able deficits in mTOR signaling in the PFC of subjects diagnosed
with MDD (Jernigan et al., 2011). Rapid activation of the mTOR
signaling pathway resulting in rapid elevation of synapse-
associated proteins represents a mechanism for the rapid antide-
pressant effect of the NMDAR antagonist ketamine (Li et al., 2010).
The rapid activation of the mTOR signaling pathway is mediated by
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Fig. 1. The effects of ketamine administration after the infusion of inhibitor rapamycin
in the PFC on mTOR (A), p4EBP1 (B), eEF2K (C) levels in the prefrontal cortex, hip-
pocampus, amygdala and nucleus accumbens. Representative images of each protein
and mTOR (A), p4EBP1 (B), eEF2K (C) and b-actin, respectively are shown in the upper
panels. Bars represent mean standard deviation (n ¼ 5 per group). *p < 0.05 vs.
vehicle þ saline; #p < 0.05 vs. rapamycin þ saline; & p < 0.05 vs. vehicle þ ketamine
according to ANOVA followed by Tukey post hoc test.

Fig. 2. The effects of ketamine administration after the infusion of inhibitor rapamycin
in the PFC on PERK (A), IRE1-alpha (B), CHOP (C) levels in the prefrontal cortex, hip-
pocampus, amygdala and nucleus accumbens. Representative images of each protein
and PERK (A), IRE1-alpha (B), CHOP (C) and b-actin, respectively are shown in the
upper panels. Bars represent mean standard deviation (n ¼ 5 per group). #p < 0.05 vs.
rapamycin þ saline; according to ANOVA followed by Tukey post hoc test.
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the stimulation of the a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid receptor (AMPAR) (Maeng et al. 2008a,b; Li et al.,
2010). Moreover, rapamycin, a specific inhibitor of mTOR
signaling, which inhibits mTORC1 but not mTORC2, completely
blocked ketamine-induced synaptogenesis and antidepressive ef-
fects in rats PFC (Li et al. 2010). Our results also showed that
rapamycin was able to block the mTOR protein in the PFC and still,
rapamycin abolished the ketamine antidepressant effects. Studies
using animal models of depression suggest a role of the PFC in the
pathophysiology of depression and antidepressants responses
(Chang et al., 2015). In fact, some studies showed that MDD involve
alterations to the behavioral control system supported by the PFC
and its connectivity with other brain systems (Phillips et al., 2003;
Godsil et al., 2013). In addition, Genzel et al. (2015) and Yu et al.
(2013) demonstrated that patients with MDD display an alter-
ation on functional connectivity in the PFC-hippocampus and the
PFC-amygdala pathways. mTOR regulates protein synthesis
through the phosphorylation and inactivation of the repressor of
mRNA translation, 4E-BP1 (Hay and Sonenberg, 2006). Phosphor-
ylation of 4E-BP1 controls cap-dependent translation of mRNAs
with extensive secondary structure (Sonenberg, 1996). This
downstream effector of mTOR whose phosphorylation is inhibited
by rapamycin in vivo, can be phosphorylated by recombinant mTOR
in vitro (Brunn et al., 1997; Burnett et al., 1998). In fact, our results
showed that the 4E-BP1 levels were decrease in the PFC and in the
nucleus accumbens in rapamycin group treated with ketamine,
demonstrating that rapamycin was able to block ketamine effects.
Li et al. (2010) showed that inhibition of either ERK (U0126) or Akt
(via inhibition of the upstream Akt activator PI3 kinase by
LY294002) also blocked ketamine-induction of phosphorylated 4E-
BP1in the PFC. However, this is the first study to show these effects
in 4E-BP1 levels in the nucleus accumbens after the inhibition of
mTOR signaling in the PFC. Some studies have shown that acute
and chronic exposure to drugs of abuse is associated with increased
mTORC1 activity in reward-relevant brain regions, particularly
nucleus accumbens (James et al., 2014; Neasta et al., 2010;Wu et al.,
2011). Consistent with the role of mTORC1 in synaptic protein
translation, rapamycin treatment also significantly reduced GluA1
AMPAR subunit and S6K levels in the nucleus accumbens (James
et al., 2016). In addition, other studies also showed that acute
intra-accumbal rapamycin infusions are effective at reducing psy-
chostimulant reinstatement (Wang et al., 2010) and sensitization
behavior (Narita et al, 2005; James et al. 2016). One of the main
downstream targets of mTOR is p70 ribosomal protein S6K, which
promotes the initiation of protein translation and regulates trans-
lation elongation via the activation of the eEF2 kinase (Laplante and
Sabatini, 2009; Hoeffer and Klann, 2010). eEF2K is a Ca2þ/
calmodulin-dependent serine/threonine kinase important for the
regulation of elongation of protein translation (Monteggia et al.,
2013). Elongation is a highly energy-consuming process, and
eEF2K activity is tightly regulated by several signaling pathways
(Liu and Proud, 2016). eEF2K is expressed in neurons, and recent
evidence suggests that it may play a role in processes such as
learning and memory and in depression (Liu and Proud, 2016). In
fact, Park et al. (2008) showed that eEF2K plays an important role in
the synthesis of Arc/Arg3.1, a protein involved in neurotransmitter
receptor trafficking and in long-term depression, a process that
reflects changes in synaptic strength. In this way, our results
showed that the infusion of rapamycin abolished the ketamine
effects in the PFC and when ketamine was administrated alone was
able to increase the eEF2K levels. Some studies have suggested that
ketamine exerts its effects on the expression of brain-derived
growth factor (BDNF), an important neuroregulatory protein, via
the inhibition of eEF2K signaling, which normally negatively reg-
ulates BDNF expression (Nosyreva and Kavalali, 2010; Autry et al.,
2011). In fact, previous study showed that chronic treatment with
ketamine was able to reverse the decrease in the BDNF protein
levels in the hippocampus and nucleus accumbens of rats sub-
mitted to the maternal deprivation (R�eus et al., 2015c). However,
Heise et al. (2014) demonstrated that ketamine enhances BDNF
expression and exerts antidepressant effects in wild-type mice but
not in animals with eEF2K knock out. This is the first study to show
the effects of ketamine in eEF2K levels in brain structures after the
inhibition on mTOR, by rapamcyin, in the PFC. However, our results
did not show statistical relevance in the hippocampus, amygdala
and nucleus accumbens, only in the PFC. In addition, our study
suggest that the eEF2K effects on phosphorylation and regulation of
elongation step of protein translation could be also a major mo-
lecular mechanism of the rapid antidepressant effect of ketamine.
ER, amajor site for protein synthesis, folding, and calcium signaling,
is highly sensitive to alterations in calcium homeostasis and per-
turbations (Rao et al., 2004a). ER stress, a condition that impairs the
function of the ER, can lead to an accumulation of unfolded proteins
in the ER lumen (Rao et al., 2004b). Three major UPR branches,
PERK, IRE1-alpha, and activation of transcription factor 6 (ATF6)
have been described to promote cell survival by preventing and/or
removing misfolded proteins (Chen et al., 2014). The UPR trans-
ducers are activated by phosphorylating PERK and IRE1-alpha or by
translocating ATF6 to the Golgi when the ER is stressed (Chen et al.,
2014). Subsequently, a cascade of reactions follows, activating
numerous ER stress molecules that serve as measurable
mechanism-based ER stress markers, such as phosphorylation of
eukaryotic initiation factor 2 (eIF2a) and activation of CHOP (Dara
et al., 2011; Xu et al., 2005). Excessive and prolonged ER stress
can trigger cell death (McCullough et al., 2001) and ER stress is
associated with depression (Gold et al., 2013). In fact, Nevell et al.
(2014) found persistent activation of the ER stress response in pe-
ripheral tissues of MDD patients. In addition, some studies have
reported a relationship bethween ER stress and mTOR-signaling
pathway (Polak and Hall, 2009; Hotamisligil, 2010). Our results
showed that there was a decrease on PERK and IRE1-alpha levels in
the PFC in rapamycin group treated with ketamine, suggesting that
rapamycin was able to block the ketamine effects on these pa-
rameters. In addition, our results did not show effects on CHOP
levels in the brain. Chen et al. (2014) reported that protein
expression of major ER stress markers, such as PERK, pPERK and
CHOP was induced by exposure to antidepressant sertraline, a se-
lective serotonin reuptake inhibitor (SSRI). However, other study
demonstrated that fluvoxamine, a SSRI, did not alter the PERK
levels (Omi et al., 2014). The interplay between ER stress and
mTORC1 is complex, since the UPR activation can occur upstream
or downstream of mTORC1. Persistent activation of mTORC1 initi-
ates protein synthesis and UPR activation, while in the later phase
induces ER stress (Wang et al., 2016). However, our study showed
that when ketamine was blocked by rapamycin, it was able to
decrease the ER stress markers, suggesting that ketamine antide-
pressant effects on ER stress pathway could be also mediated by
mTOR signaling pathway.

In conclusion, this work is, to our knowledge, the first study to
show the effects of ketamine after the inhibition of mTOR by
rapamycin on mTOR signaling pathway and the relationship of this
inhibition and ketamine effects on ER stress signaling in the PFC.
Rapamycin was able to abolish ketamine antidepressant effects in
both mTOR and ER signaling pathway in some brain areas, sug-
gesting that mTOR signaling inhibition by rapamycin could be
involved, at least in part, with themechanism of action of ketamine,
and the ketamine antidepressant on ER stress pathway could be
also mediated by mTOR signaling pathway. However, further
studies are necessary to better explain how these intrinsic effects
occur.
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