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Abstract

Rational Although it has been recognized that inhibition of
calcineurin induced depressive-like behavior, the underlying
neural mediators have not yet been identified. Mammalian
target of rapamycin (mTOR), a serine/threonine protein kinase
that regulates protein synthesis in synapses, has been demon-
strated to be involved in the rapid antidepressant effects of
ketamine.

Objective To investigate a potential role of mTOR signaling
pathway which interferes with depressive-like behavior in-
duced by calcineurin blockade and to determine the neuro-
biological mechanisms underlying mood-related disorders.
Methods Calcineurin inhibitor cyclosporine A (CsA) and
tacrolimus (FK506) were microinjected into the medial pre-
frontal cortex (mPFC) in rats, and the depressive-like be-
havior was measured in sucrose preference test and forced
swim test. Additionally, mTOR activity was tested by the
levels of phosphorylation of p70s6 kinase (p70s6k) and 40S
ribosomal protein S6 (rps6).

Results Chronic microinjection of CsA or FK506 into mPFC
increased depressive-like behaviors and decreased mTOR
activity, but acute CsA or FK506 had no effects on both
behavioral phenotype and mTOR activity. Furthermore,
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activation of mTOR by NMDA reversed the depressive-like
behavior induced by chronic CsA or FK506 administration.
Moreover, inhibition of mTOR by rapamycin reversed the
antidepressant effects of ketamine. Finally, traditional antide-
pressant venlafaxine prevented the depressive-like perfor-
mance induced by chronic CsA or FK506 treatment.
Conclusion These findings indicate that calcineurin-
inhibition-induced depressive-like behavior is mediated by
blockade of the mTOR signaling pathway and raise the pos-
sibility that stimulation of specific brain mTOR may be suffi-
cient to decrease risk of affective disorders in patients treated
with calcineurin inhibitor.
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Introduction

The mammalian target of rapamycin (mTOR) is a member of
serine/threonine protein kinase and plays an essential role in
cell growth and survival through its regulation on initiation of
translation (Guertin and Sabatini 2005). mTOR function is
regulated by the activation of glutamate N-methyl-D-aspartate
(NMDA) receptors (Gong et al. 2006). Activation of mTOR
has been functionally linked with protein synthesis in synap-
ses, resulting in the formation, maturation, and function of
new spine synapses (Hoeffer and Klann 2010). p70S6 kinase
(p70s6k) is the major protein kinase of mTOR phosphoryla-
tion (Chiang and Abraham 2005). mTOR phosphorylates and
activates 40S ribosomal protein S6 (rps6). Therefore, phos-
phorylation of p70s6k and rps6 can be used to measure mTOR
activity. Rapamycin can block mTOR signaling activation via
disruption of mMTOR—protein complex formation (Beretta et
al. 1996; Kim et al. 2002; Proud 2007). It has been
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reported recently that inhibition of mTOR by rapamycin
reversed the treatment effect of ketamine, a non-
selective NMDA receptor antagonist, in several animal
models of depression (Li et al. 2010, 2011), suggesting
that activation of mTOR signaling is required for the
antidepressant actions of ketamine.

The Ca®"-dependent protein phosphatase, calcineurin (also
known as protein phosphatase type 2B, PP2B), has been
reported to participate in neurotransmission, neuronal structure,
and neuronal excitability (Buttini et al. 1993; Mansuy 2003;
Polli et al. 1991). The association of calcineurin activity with
psychiatric disorders derives from the clinical observations that
the rate of anxiety and depression increased in patients that are
treated chronically with calcineurin inhibitor cyclosporine-A
(CsA) to prevent rejection after organ transplantation (Bahi et
al. 2009; de Groen et al. 1987). Increasing evidence proposed
that calcineurin signaling is involved in the pathophysiology of
depression and the antidepressant treatment. Preclinical studies
showed that inhibition of amygdala calcineurin induced
depressive-like behavior in mice (Bahi et al. 2009). A recent
study also showed that the process that rats were exposed to
chronic stress, a well-established procedure that has been widely
used to investigate neurobiology of depression, decreased calci-
neurin activity in CA3 of the hippocampus (Zhu et al. 2011).
These findings suggest that calcineurin might play a critical role
in the pathophysiology of affective disorders. However, the
neurobiological mechanisms underlying mood-related altera-
tions induced by calcineurin blockade is still unknown.

The medial prefrontal cortex (mPFC) is a critical brain
region in the network that is implicated in mood-related dis-
orders. Decreased activity of mPFC and reduced serotonergic
neurotransmission is considered as a salient feature of depres-
sion (Juckel et al. 1999). Postmortem studies found that the
reduction of neuronal activity and cortical volume in mPFC is
associated with impaired cellular proliferation and plasticity in
depressed patients (Drevets 2001; Mayberg 1997). Based on
these previous studies, we assessed the role of the mTOR
signaling pathway in the mPFC in calcineurin-inhibitor-
induced depressive-like behavior by directly modifying the
function of mTOR. In the present study, we used two inhib-
itors of calcineurin, CsA and tacrolimus (FK506), to investi-
gate the potential role of mTOR signaling in rat models of
depression and to assess the role of this pathway in mediating
the development of depressive-like behavior and the behav-
ioral response to antidepressant treatment.

Materials and methods
Animals

Male Sprague-Dawley rats (weighing 200220 g upon arrival)
were individually housed under a constant temperature (23+
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2 °C) and maintained on a 12/12-h light/dark cycle (light was
on at 8:00 p.m. and off at 8:00 a.m.) with free access to food
and water. All of the behavioral tests and drug administrations
were performed during the animals’ dark phase. All of the
animal procedures were performed in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals, and the procedures were approved by the
Local Animal Use Committee.

Drugs

Cyclosporine A (CsA) was purchased from Sigma-Aldrich (St.
Louis, MO, USA) and was dissolved in saline containing 2 %
dimethylsulfoxide (DMSO) at a dose of 4 pg/ul, which has
been reported previously that can inhibit calcineurin activity
(Zhu et al. 2011). FK506 was purchased from Tocris
Bioscience (Bristol, UK) and was dissolved in 20 % DMSO
at a dose of 2 pg/ul according to preliminary experiments.
NMDA was purchased from Sigma-Aldrich (St. Louis, MO,
USA) and was dissolved in sterile saline at a dose of 500 ng/ul.
Rapamycin was purchased from Xinmei Technology
Corporation (Tianjin, China) and was dissolved in 20 %
DMSO at a dose of 100 ug/ul. The effective dose of NMDA
and rapamycin was selected based on the investigation reported
previously (Wang et al. 2010). All of the aforementioned drugs
or vehicle were bilaterally infused into mPFC at a volume of
0.5 pl per side per day. Ketamine was purchased from Sigma-
Aldrich (St. Louis, MO, USA) and was administered intra-
peritoneally (i.p.) at a dose of 10 mg/kg based on previous
reports that it produces antidepressant actions in behavioral
models of depression (Li et al. 2010, 2011; Maeng et al.
2008). Venlafaxine was purchased from Chengdu Daxi’nan
Pharmaceutical Co., Ltd (Chengdu, Sichuan Province, China)
and was dissolved in saline at a dose of 40 mg/kg. All of the
drug administrations were performed in the dark phase of rat.

Experimental procedures

Intracerebral cannula implantation and intracranial
injections

Rats were anesthetized with sodium pentobarbital (60 mg/
kg, i.p.), and guide cannulae (23 gauge, Plastics One,
Roanoke, VA) were placed at a 23° angle toward the midline
and were implanted bilaterally 1 mm above the medial
prefrontal cortex with the stereotaxic coordinates anterior/
posterior [A/P], —3.2 mm; lateral [L], + 2.5 mm; dorsal/
ventral [D/V], =3.3 mm) (Aguiar et al. 2009; Paxinos et al.
1980) (Fig. 1). Vehicle, CsA (4 ug/ul), or FK506 (2 pg/ul)
was intracranially microinjected using 10-pl Hamilton sy-
ringes (Hamilton, Reno, NV) that were connected via
polyethylene-50 tubing to 30-gauge injectors (Plastics
One). A total volume of 0.5 pl was infused into each side
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Fig. 1 Schematic representative
cannula placements of injection
sites and photomicrographs

in the medial prefrontal cortex
(mPFC). Scale bar=0.3 mm

over 1 min, and the injection syringe was left in the place for
an additional 1 min to allow for diffusion. Vehicle, CsA, or
FK506 was administered either acutely (one injection) or
chronically (14 days) to observe the effects on p70s6k/rps6
activity and depressive-like behavior. NMDA (500 ng/ul)
was infused 0.5 pl per side bilaterally with an injection can-
nula into the mPFC 30 min before each CsA or FK506
microinjection. Rapamycin (100 pg/pl, 0.5 ul per side) was
infused bilaterally into the mPFC 30 min before ketamine
injection. At the end of the experiments, the rats were anes-
thetized with sodium pentobarbital (100 mg/kg, i.p.) and
transcardially perfused. Cannula placements were assessed
using Nissl staining with a thickness of 30 wm under light
microscopy. Subjects with misplaced cannulae were excluded
from the statistical analysis. Schematic representations of the
injection sites and photomicrographs of representative cannu-
la placements in the mPFC are shown in Fig. 1.

Sucrose preference test

The sucrose preference test was used to assess anhedonia
induced by the blockade of calcineurin. The measurement of
sucrose preference was performed as previously described
(Willner et al. 1987). Rats were trained to adapt to a 1 % sucrose
solution (w/v) for 48 h at the beginning of the experiment, in
which two bottles of 1 % sucrose solution were placed in each
cage. After adaptation, rats were deprived of water and food for
24 h, followed by the sucrose preference test, in which rats were

medial prefrontal cortex

)

#
#
4
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Bregma 3.2mm

housed in individual cages for 4 h and had free access to two
bottles containing 1 % sucrose or tap water. The bottles were
counterbalanced across the left and right sides of the cages
throughout the experiment. The position of the two bottles
was varied every 2 h during the test. At the end of 4 h, sucrose
and water consumption (ml) were measured, and sucrose pref-
erence (%) was calculated as the ratio of sucrose consumption
to sucrose plus water consumption.

Forced swim test

The forced swim test was similar to the protocol used previ-
ously (Porsolt et al. 1978). Briefly, rats were placed into a
25 cm diameterx65 cm height plastic cylinder filled to a
30 cm depth with 23-25 °C water for 15 min. After 15 min,
the rats were removed, dried, and returned to their home
cages. They were placed again in the cylinders 24 h later,
and the 5-min swim test was conducted and was videotaped.
Immobility was defined as the minimum movement required
to passively keep the animal’s head above water without other
motions. The results are expressed as the time (in seconds)
that the animals spent immobile during the 5-min test.

Open field test

To exclude the possibility that calcineurin inhibition induces
locomotor alterations in the FST, we measured the effects of
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CsA or FK506 on locomotor activity. The open field test was
used to measure the locomotor activity as previously de-
scribed (Lin et al. 2005). Briefly, the apparatus consisted of
a 75 cmx75 ecmx40 cm square arena divided into 25 equal
squares (15 cmx 15 cm) on the floor of the arena. Each rat was
placed in the center of the cage, and the number of crossings
(entering the adjacent square line) was counted for 5 min.

Tissue sample preparation

Rats were decapitated, and brains were extracted based on our
previous study (Lu et al. 2005). Subsequently, bilateral tissue
punches of the mPFC (16 gauge) were obtained from approx-
imately 1-mm-thick coronal sections cut in a Reichert-Jung
2800 Frigocut E cryostat at —20 °C. The rostral faces of the
coronal sections were approximately 3.2 mm from breg-
ma. Tissue punches were homogenized (1015 sx3, 5 s
interval) with an electrical disperser after being lysed
with RIPA lysis buffer (Beyotime Biotechnology, China)
for 30 min. Afterward, the homogenate was subjected to
10,000 x g centrifugation at 4 °C for 20 min. All of the
aforementioned procedures were performed under low
temperature (0—4 °C). The protein concentrations of all
samples were determined using the BCA assay kit
(Beyotime Biotechnology). The protein concentration was
normalized by diluting samples with RIPA lysis buffer.

Calcineurin activity assay

The methods used for assay calcineurin activity were essen-
tially the same as previously described (Foster et al. 2001;
Lian et al. 2001; Mitsuhashi et al. 2000). Briefly, 10-ug total
protein and 80-pl buffer (1.7-mM calmodulin, 1.7-mM
EGTA, 50-nM microcystin LR, 8.3-mM ascorbic acid, and
0.17 % P-mercaptoethanol) were added to each well of a
standard 96-well plate and preincubated for 10 min at 30 °C.
To block the activity of other phosphatases, okadaic acid
(5 uM) was added to the buffer for assays of calcineurin.
Reactions were started by addition of 20-mM para-nitro-
phenyl phosphate (p-NPP, Sigma-Aldrich), which is a sub-
strate for purified calcineurin. After a 15-min incubation time,
absorbance was read at 620 nm using a Shimadzu UV
spectrophotometer.

Western blot assays

Samples were subjected to sodium dodecy! sulfate—polyacryl-
amide gel electrophoresis (12.5 % acrylamide/0.27 %N,N'-
methylenebisacryalamide resolving gel) for approximately
30 min at 80 V in stacking gel and approximately 1 h at
120 V in resolving gel. Proteins were transferred electropho-
retically to Immobilon-P transfer membranes (Millipore,
Bedford, MA, USA) at 0.25 A for 3 h. Membranes were
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washed with TBST (Tris-buffered saline plus 0.05 %
Tween-20, pH 7.4) before dipping in blocking buffer (5 %
skimmed dry milk in TBST) overnight at 4 °C. Membranes
were then incubated for 1 h at room temperature with anti-
phospho-p70s6k antibody (1:500; Cell Signaling
Technology), anti-p70s6k antibody (1:500; Cell Signaling
Technology), anti-phospho-rps6 antibody (1:500; Cell
Signaling Technology), or anti-rps6 antibody (1:500; Cell
Signaling Technology) in TBST plus 5 % bovine serum
albumin. After the membrane was shaken in 4 x 6 min washes
in TBST buffer, the blots were incubated for 45 min at room
temperature with horseradish peroxidase-conjugated second-
ary antibody (goat antirabbit or mouse IgG; Santa Cruz
Biotechnology and Vector Labs, respectively) diluted
1:5,000 in blocking buffer. The blots were then shaken in
4x6 min washes in TBST. Afterward, the blots were incubat-
ed with a layer of Super Signal enhanced chemiluminescence
substrate mixture (Pierce Biotechnology, Rockford, IL, USA)
for 1 min at room temperature. Finally, the blots were exposed
against X-ray film (Eastman Kodak Company). Band intensi-
ties were quantified using Quantity One software (version
4.0.3) from Bio-Rad Corporation (Hercules, CA, USA).

Experimental design

Experiment 1: effects of mPFC calcineurin inhibition
on the depressive-like behavior

In this experiment, we first assessed the effects of CsA and
FK506 administration on calcineurin activity. We used eight
group of rats that were infused with CsA (2 pg/side), FK506
(1 pgsside), or vehicle into mPFC acutely (one single infusion)
or chronically (once daily, for 14 days). One hour after the last
infusion, rats were decapitated, and brains were collected for
protein concentration assay and the subsequent calcineurin
activity measurement. Another eight groups of rats were used
to determine the effects of acute and chronic calcineurin block-
ades in mPFC on the depressive-like behavior. One hour after
the last drug injections (on day 1 in acute group; on day 14 in
chronic group), the rats underwent the sucrose preference test.
Subsequently, the rats were placed into the cylinder filled with
water and were adapted to swim for 15 min. Twenty four hours
later, the rats were exposed to the FST, and the immobility time
was recorded. Additionally, separate eight groups of rats were
infused with CsA or FK506 for 1 or 14 days; 1 h after the last
infusion, the rats were exposed to the open field test to measure
the locomotor activity.

Experiment 2: effects of calcineurin inhibitor on mPFC
p70s6k/rps6 activity

To assess the effects of acute and chronic calcineurin
inhibitions on p70s6k/rps6 activity, four groups of rats
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were microinjected with acute (1 day) or chronic
(14 day) CsA/FK506 or vehicle into mPFC. One hour
after the last drug injections, the rats were decapitated,
and their brains were extracted for subsequent determi-
nation of p70s6k and rps6 in mPFC using Western
blotting.

Experiment 3: effects of activation of mPFC p70s6k/rps6
activity on the depressive-like behavior induced
by calcineurin inhibitor

The aim of this experiment was to investigate the effect
of activation of p70s6k/rps6 activity in the mPFC on
the depressive-like behavior induced by calcineurin in-
hibitor CsA or FK506 in sucrose preference test and
forced swim test. Eight groups of rats were used
according to the experimental assignment (Fig. 3a).
Rats were administered with the corresponding drugs
for 14 days. The sucrose preference test and forced
swim test were conducted on days 14 and 15, respec-
tively. On day 16, the rats were killed, and the brains
were collected for the subsequent measurement of
p70s6k/rps6 expression using Western blotting.

Experiment 4: effects of inhibition of mPFC p70s6k/rps6
activity on the antidepressant action of ketamine in rats
treated with calcineurin inhibitor

We then determined whether the antidepressant effect of
ketamine in the depressive-like behavior induced by
calcineurin inhibitor CsA or FK506 could be altered
by mTOR inhibitor rapamycin. Based on the experimen-
tal procedure, eight groups of rats were used (Figs. 4a
and 5a). Rats were treated with CsA or FK506 for
16 days. Rapamycin and ketamine were injected on
day 14. The sucrose preference test and forced swim
test were conducted on days 15 and 16, respectively.

Experiment 5: effects of traditional antidepressant
venlafaxine on the depressive-like behavior induced
by calcineurin inhibitors

This experiment is to test whether traditional antidepressant
venlafaxine could prevent the depressive-like behavior in-
duced by calcineurin inhibitors. Four groups of rats were
used, as described in Fig. 6a. Rats were infused with CsA/
FK506 into mPFC every other day for 35 days and were
treated with venlafaxine from day 14 to day 35. Sucrose
preference test was performed on day 36. The next day (day
37), the forced swim test was conducted.

Data analysis

Data are expressed as mean + SEM. The statistical analysis of
depressive-like behavior and p70s6k/rps6 activity in CsA/
FK506- and vehicle-treated rats was performed using un-
paired Student’s#-test. Data from the acute and chronic CsA
or FK506 administration were analyzed separately. For the
other experiments, data were analyzed using analysis of var-
iance (ANOVA) with appropriate one-way or two-way anal-
ysis followed by Tukey’s post hoc test (for details, see the
“Results” section). Values of p<0.05 were considered statis-
tically significant.

Results

Chronic but not acute inhibition of mPFC calcineurin by
CsA or FK506 induced depressive-like behavior

Calcineurin activity in mPFC was significantly inhibited by
both acute and chronic CsA or FK506 administrations
(Table 1). To determine whether chronic microinjections of
CsA or FK506 would cause neuronal lesion within the
injection brain region, we measured the neuronal activity
by the expression level of immediate early gene c-fos in

Table 1 Chronic but not acute treatment with calcineurin inhibitor CsA or FK506 for 14 days induced depressive-like behavior

Chronic Acute Chronic Acute

Vehicle CsA Vehicle CsA Vehicle FK506 Vehicle FK506
Calcineurin activity 96.31+2.72  70.94+1.79""  97.17+3.05 74.57+2.05"" 98.42+6.52 71.35+3.09"  99.86+4.97 73.39+3.59""
Sucrose preference  86.80+1.50 68.97+3.157"  83.58+1.25 84.33+1.09  83.65+2.41 64.65+3.60"" 81.14+3.42 82.00+0.93
Forced swim test 88.63+4.66 115.50+7.28" 90.38+7.19 95.25+5.76  93.00+5.39 118.88+6.13"" 96.50+4.37 99.63+8.45
Locomotor activity ~ 84.00+2.42  77.50+2.61 78.63+4.46 86.75+2.83  87.50+2.65 82.88+1.94 94.00+2.53  90.00+3.52

Data are expressed as mean + SEM
" p<0.01;

ok

2<0.001, compared with corresponding vehicle-treated rats (n=8 per group)
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mPFC. The results revealed that rats infused with CsA or
FK506 repeatedly, compared with vehicle controls, did not
display altered levels of c-fos mRNA (data not shown),
suggesting that chronic CsA or FK506 microinjections
did not induce the change of functional activity of
mPFC.

In the sucrose preference test, rats treated chronically
with CsA or FK506 in mPFC consumed less sucrose
solution (p<0.001, Table 1). In the forced swim test,
chronic infusions of CsA or FK506 in mPFC signifi-
cantly increased the immobility time (p<0.01, Table 1),
while the acute infusions of CsA or FK506 did not
change the depressive-like symptoms. Furthermore, there
were no differences in both chronic and acute CsA/
FK506 injections in locomotor activity, suggesting that
mPFC CsA or FK506-infusion-induced depression-like
behavior was not due to the alterations on the normal
locomotion (Table 1).

Chronic but not acute inhibition of calcineurin by CsA
or FK506 reduced mTOR activity

To determine whether calcineurin inhibition affects
mTOR activity in mPFC, we used eight groups of rats:

Fig. 2 Chronic but not acute
treatment with calcineurin
inhibitor CsA or FK506
decreased p70s6k and rps6
phosphorylation in the mPFC.
a, b Percentage of
phosphorylated p70s6k in the
mPFC. ¢, d Percentage of
phosphorylated rps6 in the
mPFC. The representative band
intensity of the Western blot is
shown at the bottom. Data are
expressed as a percentage of the
values obtained for rats infused
with vehicle. “p<0.05;
**p<0.01, compared with rats
infused with corresponding
vehicle in chronic group

(n=6 per group).
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chronic and acute treatment with CsA or FK506. The
results showed that the rats that were chronically micro-
injected with CsA or FK506 decreased phosphorylated,
but not total, p70s6k and rps6 in the mPFC (Fig. 2a—d).
Data analysis from the Western blot revealed that phos-
phorylated p70s6k levels in rats in the chronic CsA (p<
0.05) and FK506 (p<0.01) treatment group were lower
than those of the vehicle groups, but with no alterations
on the total p70s6k (Fig. 2a, b). Similarly, chronic CsA
(»<0.05) and FK506 (p<0.05) administration signifi-
cantly reduced the phosphorylated rps6 levels without
changes on the total rps6 (Fig. 2c, d). However, no
significant differences were observed in phosphorylated
p70s6k and rps6 levels between acute infusions of CsA/
FK506 and vehicle groups.

Activation of the mTOR pathway blocked the depressive-like
behavior induced by chronic calcineurin inhibition

We further determined whether activation of mTOR activity in
the mPFC could reverse the depressive-like behavior induced
by chronic CsA or FK506 treatment. It has been reported that
NMDA, an agonist of the NMDA receptor, can activate the
mTOR pathway through its action on the NMDA receptor
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Fig. 3 Activation of p70s6k—
rps6 phosphorylation by a dl1 dl 141 Ih d |15 d 1|6
NMDA reversed the * * *
depressive-like behavior SPT FST I
induced by chronic CsA or Group 1: vehicle+DMSO decapitation
FK506 in sucrose preference Group 2: vehicle+NMDA
and forced swim test. a Experi- Group 3: CsA+DMSO
mental design for drug treat- Group 4: CsA+NMDA
ment and behavioral tests. SPT Group 5: vehicle+DMSO
sucrose preference test, FST Group 6: vehicle+NMDA
forced swim test. b, ¢ Percent- Group 7: FK506+DMSO
age of phosphorylated p70s6k Group 8: FK506+NMDA
and rps6 in the mPFC. The
representative band intensity of
the Western blot is shown at the
bottom. Data are expressed as a b c
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gbtainedgfor rats infused with ‘g 140 > £140r o
vehicle. ~“p<0.01, compared o 120 ] 2120 1
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(Lenz and Avruch 2005; Wang et al 2010). Data analysis from
the Western blot assay revealed that NMDA increased mTOR
activity as measured by phosphorylated p70s6k and rps6
levels in naive rats and in CsA or FK506 treatment group

(Fig. 3b, c). In the sucrose preference test, microinjection of
CsA or FK506 into mPFC reduced sucrose preference
(Fig. 3d, e), whereas mPFC preinfusions of NMDA increased
sucrose preference compared with vehicle-CsA and vehicle—
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0 min, CsA or vehicle;
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30 min, rapamycin or vehicle;
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Fig. 4 Inhibition of mPFC p70s6k—rps6 phosphorylation by rapamy-
cin reversed the antidepressant effect of ketamine in CsA-administrated
rats. a Timeline of the experimental procedure. Rats were treated with
CsA for 16 days. On day 14, rapamycin was administrated 30 min after
CsA injection; 30 min later, ketamine was used. The sucrose preference
and forced swim tests were conducted on days 15 and day 16, respec-
tively. b Sucrose preference after infusions of rapamycin or its vehicle
into the mPFC. Bilateral pretreatment with rapamycin 30 min before
ketamine into the mPFC reversed the antidepressant response of ket-
amine in the sucrose preference. ¢ Immobility time after infusions of
rapamycin or its vehicle into the mPFC. Bilateral infusions of rapamy-
cin into the mPFC blocked the behavioral effects of ketamine in the
forced swim test. Data are expressed as mean + SEM. "p<0.05; ~"p<
0.001, different from vehicle group (n=8 per group). SPT sucrose
preference test, FST forced swim test

FK506 rats. The statistical analysis revealed a significant
effect of CsA (F3,=60.48, p<0.001) and NMDA (F 3,=
8.99, p<0.01) and a significant CsA x NMDA interaction
(F132=21.75, p<0.001) on sucrose preference. The statistical
analysis also revealed a significant effect of FK506 (F 3,=
42.19, p<0.001) and NMDA (F3,=4.99, p<0.05) and a
significant FK506 x NMDA interaction (£ 3,=7.76, p<
0.01) on sucrose preference. In the forced swim test, microin-
jection of the calcineurin inhibitor CsA or FK506 into the
mPFC increased immobility compared with the vehicle group
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Fig. 5 Inhibition of mPFC p70s6k—rps6 phosphorylation by rapamy-
cin reversed the antidepressant effect of ketamine in FK506-
administrated rats. a Timeline of the experimental procedure. Rats
were treated with FK506 for 16 days. On day 14, rapamycin was
infused 30 min after FK506 injection; 30 min later, ketamine was
administrated. The sucrose preference and forced swim tests were
conducted on days 15 and day 16, respectively. b Sucrose preference
after infusions of rapamycin or its vehicle into the mPFC. Bilateral
pretreatment with rapamycin 30 min before ketamine into the mPFC
reversed the antidepressant response of ketamine in the sucrose pref-
erence. ¢ Immobility time after infusions of rapamycin or its vehicle
into the mPFC. Bilateral infusions of rapamycin into the mPFC
blocked the behavioral effects of ketamine in the forced swim test.
Data are expressed as mean = SEM. “p<0.05; “p<0.01; "p<0.001,
different from vehicle group (n=8 per group). SPT sucrose preference
test, FST forced swim test

(Fig. 3f, g). Notably, this increase in immobility was blocked
by pretreatment with NMDA. Two-way ANOVA with two
between-subjects factors, CsA (0 and 2 pg) and NMDA (0
and 250 ng), revealed significant effects of CsA (£} 3,=18.64,
p<0.001) and NMDA (F, 3,=8.76, p<0.01) and a significant
CsA x NMDA interaction (/; 3,=4.61, p<0.05) on immobil-
ity. The ANOVA statistical analysis also revealed a significant
effect of FK506 (£;3,=7.20, p<0.05) and NMDA (F| 3,=
4.76, p<0.05) and a significant FK506 x NMDA interac-
tion (F3,=7.29, p<0.05) on immobility in forced swim
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test. Altogether, these results suggest that activation of
mTOR is effective in preventing the depressive-like be-
havior induced by chronic calcineurin inhibition.

Inhibition of mPFC mTOR activity abolished the behavioral
effects of antidepressant-like actions of ketamine in chronic
CsA- or FK506-treated rats

The findings that chronic CsA or FK506 treatment induced
a decrease of mTOR activity and activation of mTOR by
NMDA reversed the depressive-like behavior suggest that
mTOR might play a key role in the depressive-like behavior
induced by calcineurin inhibition. We further determined the
role of mTOR signaling in the actions of ketamine in CsA-
or FK506- induced depressive-like phenotype. Acute injec-
tion of ketamine rapidly reversed CsA-induced depressive-
like behavior in the sucrose preference test (F40=
58.33, p<0.001, Fig. 4b), whereas mPFC pretreatment
with rapamycin, a selective inhibitor of mTOR, blocked
this antidepressant effect of ketamine (Fig. 4b). These
results showed that activation of mTOR is required for
the antidepressant action of ketamine. The statistical
analysis revealed significant effects of ketamine (F; 40=12.72,

p<0.01) and rapamycin (F; 40=8.32, p<0.01) and a significant
ketamine % rapamycin interaction (' 49=35.23, p<0.001) for
sucrose preference. In addition, chronic CsA infusion increased
the immobility time in forced swim test (7 490 =12.40, p<0.01),
which was reduced by a single administration of ketamine
(Fig. 4c). Preinfusion with rapamycin increased the immobility
time compared with the vehicle—ketamine group in forced
swim test, having no effects on ketamine-free groups. These
findings suggested that inhibition of mPFC p70s6k—rps6 phos-
phorylation by rapamycin abolished the antidepressant effect of
ketamine in CsA-administrated rats.

Additionally, we determined whether inhibition of
mTOR could reverse the antidepressant effect of ketamine
in FK506-administrated rats. The results showed that ket-
amine completely reversed the behavioral deficits in the
sucrose preference and forced swim test induced by chronic
administration of FK506 (Fig. 5b, c). However, the reversal
effects of ketamine were completely blocked by rapamycin
pretreatment in these two tests. The statistical analysis
revealed significant effects of ketamine (£} 49=28.53, p<
0.001) and rapamycin (F; 49=5.31, p<0.05) and a significant
ketamine x rapamycin interaction (F; 49=20.67, p<0.001) for
sucrose preference. The statistical analysis also revealed
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significant effects of ketamine (/) 40=10.18, p<0.01) and
rapamycin (F; 40=4.99, p<0.01) and a significant ketamine
X rapamycin interaction (/' 40=4.60, p<0.05) for immobility.

Traditional antidepressant venlafaxine prevented
the depressive-like behavior induced by calcineurin inhibition

Chronic treatment with both CsA (p<0.001) and FK506
(»<0.001) for 35 days significantly decreased the sucrose
preference (Fig. 6b, c), while administration of antide-
pressant venlafaxine reversed this behavioral deficits.
Chronic CsA (p<0.001) and FK506 (»p<0.001) treatment
also increased the immobility in FST (Fig. 6d, ¢), where-
as the immobility was reduced in rats that received
venlafaxine chronically. These results suggest that tradi-
tional antidepressant venlafaxine could prevent the
depressive-like performance induced by chronic treatment
with calcineurin inhibitors.

Discussion

The present results demonstrate that chronic but not
acute mPFC inhibition of calcineurin activity increased
depressive-like behaviors including anhedonia and des-
perate symptoms in rats. Our results are consistent with
earlier reports and confirm the findings that chronic
administration of calcineurin inhibitors lead to an in-
crease in anxiety- and depression-like behaviors (Bahi
et al. 2009; Zhu et al. 2011). Additionally, mTOR
activity was significantly decreased by microinjection
of calcineurin inhibitor CsA or FK506 in the mPFC.
Activation of mTOR by NMDA blocked the depressive-
like behavior induced by chronic CsA or FKS506.
Inhibition of mTOR by rapamycin prevented the rapid
antidepressant effect of ketamine in rats administrated
chronically with calcineurin inhibitors. Finally, the
depressive-like behavior induced by chronic calcineurin
inhibitors can be prevented by traditional antidepressant
venlafaxine. These findings suggest that mTOR signal-
ing plays a key role in calcineurin inhibition that induced
depressive-like behavior and that activation of mTOR activity
in the mPFC may be sufficient to decrease the risk of affective
disorders in patients treated with calcineurin inhibitor.
mTOR, a member of the phosphatidylinositol 3 kinase
(PI3K) family, is a downstream target of brain-derived neuro-
trophic factor (BDNF), which has been implicated in the
pathophysiology and the treatment of several psychiatric dis-
orders (Chen et al. 2001; Shirayama et al. 2002). mTOR is a
ubiquitously expressed serine/threonine kinase involved in
cell growth, cellular nutrient, and protein stability. A major
role of mTOR on synaptic plasticity is the regulation of
translation initiation through regulating two key components
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of the translation initiation, p70s6 kinase and the eukaryotic
initiation factors 4E (elF4E) binding proteins (4E-BPs)
(Dufner and Thomas 1999; Klann and Dever 2004).
Activation of the mTOR pathway specifically increased phos-
phorylation of p70s6k, a downstream target of mTOR (Chiang
and Abraham 2005; Hoeffer and Klann 2010; Sekulic et al.
2000). Phosphorylated p70s6k further activates rps6, a com-
ponent of the 40 S ribosomal subunit (Hoeffer and Klann
2010). Therefore, the protein levels of phosphorylated
p70s6k and its substrate rps6 are reasonable indicators to
reflect mTOR signaling function (Martin et al. 2007; Nathan
et al. 2004). Previous postmortem studies proposed that there
was a significant reduction in mTOR and the downstream
components p70S6K, eukaryotic initiation factors 4B
(eIF4B) protein level in PFC in depressed subjects compared
to healthy controls (Jernigan et al. 2011), suggesting that
deficits in mTOR signaling in the PFC is linked to the path-
ophysiology of depression.

CsA and FK506 are two potent calcineurin inhibitors
used as immunosuppressive agent to prevent transplant re-
jection. It was recently reported that chronic inhibition of
hippocampal CA3 calcineurin induced depressive-like be-
havior in normal rats and blocked the behavioral effects of
antidepressant venlafaxine via the downregulation of
mGIluR2/3 function (Zhu et al. 2011). Similarly, we found
here that chronic blockade of mPFC calcineurin also in-
duced depressive-like phenotype. We also found that chron-
ic mPFC infusion of calcineurin inhibitors CsA or FK506
induced reductions of both phosphorylated p70s6k and rps6,
suggesting that calcineurin blockade produced dysregula-
tion of mTOR signaling function. Moreover, the findings
that acute CsA or FK506 neither decreased mTOR activity
nor altered the depressive-like behavior confirmed our hy-
pothesis that the impairment of mTOR function contributed
to the depressive-like behavior induced by calcineurin inhi-
bition. Therefore, we hypothesized that activation of mTOR
in the mPFC might affect the depressive-like behavior in-
duced by chronic treatment of calcineurin inhibitors.
NMDA can increase mTOR activity through the PI3K—Akt
signaling pathway (Hou and Klann 2004). In this study, we
infused NMDA before each CsA or FK506 injection into
mPFC and found that these behavioral deficits were reversed
by NMDA, suggesting that mTOR pathway is involved in the
depressive-like symptoms induced by calcineurin inhibition.

In the current study, we also detected the mTOR activity
directly after injection of NMDA into mPFC, and we found
that administration of NMDA (250 ng per side) significantly
increased mTOR activity, which is consistent with an earlier
experiment that reported that the same dose of NMDA infused
into nucleus accumbens core increased phosphorylated
p70s6k and rps6 (Wang et al. 2010). Therefore, it is possible
that the result that NMDA abolished the depressive-like per-
formance is due to the activation of mTOR pathway,
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suggesting that dysfunction of mTOR participated in the
process of depressive-like behavior induced by calcineurin
inhibition. Activation of mTOR signaling resulting in rapid
and sustained elevation of synapse associated proteins and
spine number in the mPFC represents a mechanism for the
rapid antidepressant actions of ketamine. Additionally, it has
been indicated that NMDA receptor antagonist ketamine, a
fast-acting antidepressant, increased synapse-associated pro-
tein synthesis and spine formation via activation of mTOR
pathway in the mPFC in rats (Li et al. 2010), suggesting that
mTOR signaling in the mPFC is linked to the antidepressant
treatment of ketamine. Our findings demonstrated that pre-
treatment with rapamycin, a specific inhibitor of mTOR
(Hoeffer and Klann 2010), completely prevented the antide-
pressant behavioral response of ketamine in CsA- or FK506-
treated rats. Nonetheless, the molecular mechanism of calci-
neurin through which to regulate mTOR signaling and down-
stream targets that was involved in the development of
depression remains elusive.

Glutamate system has become the focus of investiga-
tion into affective disorders. Increasing evidence sug-
gests that abnormality of the glutamatergic system may
contribute to the impairments in synaptic and neural
plasticity (Swanson et al. 2005). NMDA receptor func-
tion was altered in the frontal cortex of suicide victims
compared to controls (Nowak et al. 1995). In addition
to ketamine, another NMDA receptor antagonist MK-
801 also increased proteins in the mTOR/p70S6K path-
way in the rat frontal cortex (Yoon et al. 2008). In the
present study, we found that a single injection of ket-
amine reversed both the anhedonic-like state and des-
perate behavior induced by mPFC calcineurin inhibition.
Chronic calcineurin inhibitor injection into mPFC might
induce cell loss and underlie the mechanism of the
deficits of behavior. Since chronic calcineurin inhibitor
administration decreased mTOR activity, it is interesting
to determine whether calcineurin inhibition could affect
the impairments of mTOR-mediated plasticity and glia
renewal in the mPFC. Our data raise the possibility that
disruptions to mTOR function in the mPFC might con-
tribute to the modulation of calcineurin on glial cell, as
glial reduction in the mPFC has been associated with
depressive-like symptoms in rodents (Banasr and
Duman 2008). Both the mTOR inhibitors and calci-
neurin inhibitor are increasingly used in organ trans-
plantations as immunosuppressive drugs (Budde et al.
2011; Gungor et al. 2011). mTOR regulates the activity
of protein phosphatase 2A (PP2A), and these phospha-
tases can regulate mTOR substrates (Hoeffer and Klann
2010). More evidence is needed to further determine the
regulatory role of mTOR kinase on calcineurin activity.

In conclusion, chronic inhibition of mPFC calcineurin
activity decreased mTOR activity and resulted in

depressive-like behavior. Activation of mTOR normalized
the depressive-like behavior induced by chronic treatment
of two potent calcineurin inhibitors. Inhibition of mTOR
reversed the antidepressant-like effect of ketamine in
calcineurin-inhibitor-treated rats. Our findings provide
the evidence that mTOR pathway and function have been
linked with the expression of depressive-like symptoms
and the production of antidepressant response. Critical
regulation of calcineurin via the mTOR pathway might
achieve promising therapeutic effects in depression and
other mood disorders.
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