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A B S T R A C T

In this study, we investigated the ability of a single coadministration of subeffective doses of ascorbic acid and
ketamine to reverse the depressive-like behavior induced by chronic unpredictable stress (CUS) in mice.
Moreover, we examined the effect of combined administration of ascorbic acid and ketamine on hippocampal
phosphorylation of p70S6K and immunocontents of GLUA1 and PSD-95 in mice submitted to the CUS procedure.
CUS procedure was applied for 21 days. Animals received a single coadministration of subeffective doses of
ascorbic acid (0.1 mg/kg) and ketamine (0.1 mg/kg) and were subjected to behavioral evaluation 24 h after the
treatments. Immediately after the behavioral observations the hippocampi were dissected for Western blotting
analyses. Our results revealed that a single administration of subeffective doses of ascorbic acid and ketamine
completely reversed the depressive-like behavior induced by CUS, however, this effect was not accompanied by
changes in the phosphorylation of p70S6K and immunocontent of GLUA1 or PSD95 in the hippocampus. These
findings point to a synergistic antidepressant-like effect of ascorbic acid and ketamine, paving the way for
additional studies on the combined use of these compounds for the management of major depressive disorder
(MDD).

1. Introduction

Major depressive disorder (MDD) is associated with profound so-
cioeconomic burden and has a substantial negative impact on func-
tioning and quality of life of the affected patients (Nemeroff, 2007). The
management of MDD is still a challenge, and even though numerous
pharmacological and psychological interventions for this mood disorder
have demonstrated efficacy, a significant number of patients do not
respond to standard treatment and many individuals exhibit refractory
or intolerant responses, making imperative the optimization of the
treatment.

There is an increasing interest in diet quality to prevent or even
attenuating the symptoms of some psychiatric disorders and several
studies have shown that some nutraceuticals are promising agents to be
used alone or in combination with the current antidepressant agents to
afford a better therapeutic profile (Manosso et al., 2013). Compounds

including ascorbic acid, folic acid and zinc have neuromodulatory
properties that mediate their neuroprotective and antidepressant effects
(Brocardo et al., 2008; Budni et al., 2012; Manosso et al., 2015;
Manosso et al., 2016; Moretti et al., 2017). Importantly, these nu-
traceuticals are in general safe, inexpensive and present few side effects
for most individuals.

It has been reported that ascorbic acid has antidepressant-like effect
in mice. Similar to the classical antidepressant fluoxetine, it reversed
the depressive-like behavior induced by chronic unpredictable stress
(CUS), restraint stress and pro-inflammatory cytokine administration in
mice (Moretti et al., 2012a; Moretti et al., 2013; Moretti et al., 2015).
The mechanism by which ascorbic acid exerts its antidepressant-like
effect in mice is dependent, at least in part, on the modulation of
GABAA, GABAB (Rosa et al., 2016), and opioid receptors (Moretti et al.,
2018), inhibition of NMDA receptors, L-arginine-nitric oxide-cyclic
guanosine monophosphate pathway (Moretti et al., 2011) and
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potassium channels (Moretti et al., 2012, as well as activation of mTOR
pathway in the brain (Moretti et al., 2014). Interestingly, ascorbic acid
has positive effect on mood of healthy individuals (Brody, 2002) and is
able to reduce depressive symptoms in pediatric and adult patients
when administered alone (Cocchi et al., 1980) or combined with anti-
depressants (Amr et al., 2013, Aburawi et al., 2014).

One of the most important discovery in the field of neurobiology of
depression is the rapid and sustained antidepressant effect elicited by
ketamine, an NMDA receptor antagonist that has been used to treat
refractory MDD and suicidal ideation (Zarate et al., 2006; Ballard et al.,
2014). In accordance with clinical findings, studies have shown that a
single dose of ketamine rapidly reverses the depressive-like behavior
and synaptic deficits in pyramidal neurons in the medial prefrontal
cortex of rats subjected to 3 weeks of chronic stress exposure (Li et al.,
2010; Li et al., 2011). The fast antidepressant response of ketamine is
associated with modulation of the glutamatergic system, mTOR
pathway and increased synaptogenesis (Li et al., 2010; Duman et al.,
2012), a similar molecular pathway modulated by ascorbic acid
(Moretti et al., 2011; Moretti et al., 2014). Considering that the use of
ketamine for the treatment of MDD is restricted by its psychotomimetic
and dissociative side effects as well as abuse potential, efforts are under
way to develop ketamine-like treatments with reduced side effects. This
scenario encourages more studies that aim at comparing the mechan-
isms associated with the antidepressant-like effect of ascorbic acid and
ketamine and to investigate possible synergistic antidepressant effect
after administration of these compounds in animal models of depres-
sion. Our main hypothesis is that a single administration of subeffective
doses (that not exhibit antidepressant effect per se) of ascorbic acid plus
ketamine would promote behavioral and neurochemical changes in
mice submitted to a model of depression induced by CUS.

2. Methods

2.1. Animals

Considering that MDD is roughly twice prevalent in women com-
pared to men (Wong and Licinio, 2001) and that females are reported to
be more susceptible to stress than males (Yoshimura et al., 2003), this
study was performed using female Swiss mice (30–35 g, 60–70 days of
age) from the Central Animal Care Facility of the Federal University of
Santa Catarina (Florianópolis, SC, Brazil). The animals were maintained
at 20–22 °C with free access to water and food, under a 12/12 h light-
dark cycle (lights on at 07:00 h). Mice were caged in groups of 10–12 in
a 41x34x16 cm cage. All manipulations were made between 9:00 and
17:00 h. This study was carried out in strict accordance with the re-
commendations in the Guide for the Care and Use of Laboratory Ani-
mals of the National Institutes of Health. Experimental protocols were
approved by the Institutional Ethics Committee and all efforts were
made to minimize animal suffering.

2.2. Chemicals

Ascorbic acid and ketamine were obtained from Sigma Chemical
Co., St. Louis, U.S.A. The antibodies anti-phospho-P70S6K (#9205S),

anti-total-P70S6K (#9202S), anti-PSD95 (#2507S), anti-GluA1
(#13185S) and anti-β-actin (#4970S), as well as LumiGLO reagent
(luminol chemiluminescent substrate) were purchased from Cell
Signaling Technology (Beverly, MA, USA). The secondary antibody
mouse anti-rabbit IgG HRP (horseradish peroxidase, sc-2357) was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Acrylamide, bis-acrylamide, β-mercaptoethanol, Hybond™ ni-
trocellulose, Amersham Hyperfilm™, sodium dodecyl sulfate (SDS) and
Tris were obtained from GE Healthcare Life Sciences (Piscataway, NJ,
USA).

2.3. Chronic unpredictable stress (CUS) protocol

CUS protocol was adapted from Mineur et al. (2006) and consisted
of a variety of stressors randomly applied at different times of day for
21 days to prevent habituation (Table 1). Mice were divided into con-
trol (non-stressed) and stressed groups; control mice were kept in their
home cages according to conditions previously reported. Control and
stressed mice were weighed once a week during the twenty-one days of
procedure.

2.4. Pharmacological treatment

Two hours after the last stress exposure (day 21), control and
stressed animals received a single coadministration of subeffective
doses of ascorbic acid (0.1 mg/kg) and ketamine (0.1 mg/kg) and were
subjected to behavioral evaluation 24 h after the treatments. The sub-
effective doses of ascorbic acid and ketamine were chosen based on
previous studies of our group (Binfare et al., 2009; Rosa et al., 2016);
we demonstrated that, per se, these doses of ascorbic acid or ketamine
(acutely administered) do not reduce the immobility time in the tail
suspension test. Ascorbic acid was dissolved in distilled water and ad-
ministered orally (p.o.). Ketamine was dissolved in isotonic saline so-
lution (NaCl 0.9%) and administered by intraperitoneal route (i.p.).
Appropriate vehicle-treated groups were also assessed simultaneously.
Ascorbic acid and ketamine solutions were freshly prepared before
administration. Fig. 1 shows a schematic representation of the treat-
ment protocol and behavioral evaluation.

2.5. Behavioral analysis

Tail suspension test, open-field test and splash test were performed
in the same group of animals, 10 min apart. Data from our laboratory
do not show significant differences in the performance of control ani-
mals subsequently exposed to these tests compared with mice evaluated
in independent groups.

2.5.1. Tail suspension test (TST)
The TST was performed 24 h after drug administrations. The total

duration of immobility induced by tail suspension was measured ac-
cording to the method described by Steru et al. (1985). Briefly, mice
both acoustically and visually isolated were suspended 50 cm above the
floor by adhesive tape placed approximately 1 cm from the tip of the
tail. Mice were considered immobile only when they hung passively and

Table 1
Schedule of stressor agents used in the 21 days of chronic stressful stimuli.

Week 1 Week 2 Week 3

Day 1 Damp bedding (24 h) Cage tilt (45°, 24 h) Inescapable shock (0.7 mA, 3–3 s, 5 min)
Day 2 Paired housing (1 h) Stroboscopic light (3 h) Apparatus exposure, no footshock (1 h)
Day 3 Cold bath (15 °C, 20 min) Tail pinch (10 min) Stroboscopic light (3 h)
Day 4 Restraint stress (2 h) Light/dark cycle inversion, removal of bedding (12 h) Tail pinch (10 min)
Day 5 Inescapable shock (0.7 mA, 3–3 s, 5 min) Paired housing (1 h) Restraint stress (4 h)
Day 6 Apparatus exposure, no footshock (1 h) Cold bath (15 °C, 20 min) Light/dark cycle inversion, removal of bedding (12 h)
Day 7 Damp bedding (24 h) Restraint stress (3 h) Cage tilt (45°, 24 h)
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completely motionless. Immobility time was manually recorded during
a 6-min period by an experienced observer. The observer was in the
room where the test was performed and was blind to the animal con-
dition (Kaster et al., 2012). The animals were placed in the experi-
mental room 24 h before the test for acclimatization.

2.5.2. Open-field test
Five minutes after the TST, mice were evaluated in the open-field

paradigm, as previously described (Moretti et al., 2011b). Animals were
individually placed in a wooden box measuring 40 × 60 × 50 cm high,
with the floor of the arena divided into 12 rectangles. The number of
rectangles crossed with all paws (crossing) was manually counted in a
6-min session. The apparatus was cleaned with a solution of 10%
ethanol between tests in order to hide animal clues.

2.5.3. Splash test
Ten minutes after the open-field test the splash test was carried out.

This test was carried out as described by Moretti et al., 2012a, 2012b
and consists of squirting a 10% sucrose solution on the dorsal coat of a
mouse placed individually in clear Plexiglas boxes (9 × 7 × 11 cm).
Because of its viscosity, the sucrose solution dirties the mouse fur and
animals initiate grooming behavior. After applying sucrose solution, the
time spent grooming was manually recorded for a period of 5 min as an
index of self-care and motivational behavior, considered to be parallel
with some symptoms of depression such as apathetic behavior. The
apparatus was cleaned with a solution of 10% ethanol between tests in
order to hide animal clues.

2.6. Estrous cycle identification

Immediately after behavioral observations, vaginal secretion of
mice was collected, and the estrous cycle phase of each animal was
determined by cytology. The determination of each phase is based on
the proportion among three types of cells observed in the vaginal
smear: epithelial cells, cornified cells and leukocytes. A proestrus smear
consists of a predominance of nucleated epithelial cells; an estrous
smear primarily consists of anucleated cornified cells; a metestrus
smear consists of the same proportion among leukocytes, cornified, and
nucleated epithelial cells, and a diestrus smear primarily consists of a

predominance of leukocytes (Byers et al., 2012).

2.7. Sample preparations and Western blotting analyses

Immediately after the estrous cycle characterization, mice were
decapitated, the hippocampi were dissected and placed in liquid ni-
trogen and stored at −80 °C until used for Western blotting analyses, as
described previously (Moretti et al., 2015; Neis et al., 2016). Briefly,
samples were mechanically homogenized in 400 μl of TRIS 50 mM
pH 7.0, EDTA 1 mM, NaF 100 mM, PMSF 0.1 mM, Na3VO4 2 mM, Triton
X-100 1%, glycerol 10%, Sigma Protease Inhibitor Cocktail (P2714),
and then incubated for 10 min in ice. Lysates were centrifuged
(10,000 ×g for 10 min, at 4 °C) to eliminate cellular debris. The su-
pernatants were diluted 1/1 (v/v) in TRIS 100 mM pH 6.8, EDTA 4 mM,
SDS 8% and boiled for 5 min. Thereafter, sample dilution (40% glicerol,
TRIS 100 mM, bromophenol blue, pH 6.8) in the ratio 25:100 (v/v) and
β-mercaptoethanol (final concentration 8%) were added on the sam-
ples. Protein content was estimated at 620 nm wavelength and the
concentration calculated using a standard curve with bovine serum
albumin as standard (Peterson, 1977).

The same amount of protein (60 μg per lane) for each sample was
electrophoresed in SDS–PAGE minigels (10% acrylamide) and trans-
ferred to nitrocellulose membranes using a tank transfer system at
100 V and 270 mA for 1 h (Mini-PROTEAN Tetra cell Electrophoresis
System, Bio-Rad, Hercules, CA). To verify transfer efficiency process,
gels were stained with Coomassie blue and membranes with Ponceau S.

The membranes were blocked with 5% skim milk in TBS (TRIS
10 mM, NaCl 150 mM, pH 7.5). Proteins were detected using specific
antibodies incubated overnight diluted in TBS-T (Tris 10 mM, NaCl
150 mM, 0.1% Tween-20, pH 7.5) containing 2.5% BSA in the dilutions
1:1.000. All membranes were incubated with rabbit anti-β-actin
(1:2000) antibody to verify that equal amounts of proteins were loaded
on the gel. Next, the membranes were incubated with peroxidase-linked
secondary antibody (1:2500) for 1 h and the reactions developed by
chemiluminescence (LumiGLOH, Cell Signaling, Beverly, MA, USA). All
blocking and incubation steps were followed by three washes (5 min) of
the membranes with TBS-T.

The optical density (O.D.) of the bands was quantified using the
Image Lab™ Software. The phosphorylation levels of P70S6K were

Fig. 1. Schematic representation of the treatment protocol, behavioral and biochemical evaluations.
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determined as a ratio of the O.D. of the phosphorylated band and the
O.D. of the total band. The immunocontent of PSD95 and GLUA1 as
well as the total immunocontent of P70S6K were determined from the
relationship between the O.D. of these protein bands and the O.D. of the
β-actin band. Data were expressed as percentage of the control (con-
sidered as 100%).

2.8. Statistical analysis

The Kolmogorov–Smirnov test was used to evaluate the normality
assumption of behavioral and biochemical data. All variables in the
present study showed a normal distribution. Comparisons between
experimental and control groups were performed by two-way ANOVA
followed by Duncan's multiple range post hoc test. Repeated measures
ANOVA was used to analyze the weight gain through the 3-week pro-
tocol. Statistica 7.0 software was used to perform the analysis.
GraphPad Prism 6 software was used to create the artwork. All ex-
perimental results are given as the mean + S.E.M. A value of p < .05
was considered to be significant.

3. Results

3.1. Immobility time in TST

Fig. 2A shows the effect of combined administration of subeffective
doses of ascorbic acid and ketamine on the immobility time in the TST
in control and stressed mice. The two-way ANOVA revealed significant
differences for CUS procedure and for treatments, but not for CUS
procedure × treatments interaction, as shown in Table 2. In control
(non-stressed) animals, post hoc analysis indicated that treatment with
a subeffective dose of ascorbic acid combined with a subeffective dose
of ketamine decreased the immobility time in the TST, whereas the
administration of drugs alone presented no effect. Exposure to different
stressors for 21 days significantly increased the immobility time in the
TST as compared to control mice. In stressed mice, combined treatment
with ascorbic acid and ketamine produced a synergistic antidepressant-
like effect, since it reversed the increased immobility time induced by
CUS.

3.2. Locomotor activity

The open field test was carried out to investigate the effect of CUS
and/or treatments in the locomotor activity of mice. As detailed in
Table 2, the two-way ANOVA revealed significant differences for CUS
procedure, but not for treatments or CUS procedure × treatments in-
teraction. Post-hoc analysis showed that CUS protocol increased the
locomotor activity of mice, independent on drug administration
(Fig. 2B).

3.3. Splash test

Fig. 2C shows the effect of combined administration of subeffective
doses of ascorbic acid and ketamine on total time spent grooming in
control and stressed mice. The two-way ANOVA revealed a main effect
for CUS procedure, but not for treatments or CUS procedure × treat-
ments interaction, as demonstrated in Table 2. However, post-hoc
analysis did not indicate significant differences between CUS and con-
trol groups.

3.4. Body weight

The repeated measures ANOVA revealed a significant main effect
for CUS procedure, but not for treatments or CUS procedure × treat-
ments interaction. Post-hoc analysis showed that CUS exposure reduced
the mice weight gain, independent on drug administration (Fig. 3A).
Fig. 3B shows the total weight gain of mice over the 21 days of our
experimental protocol. The two-way ANOVA showed a significant main
effect for CUS procedure, but not for treatments or CUS procedure ×
treatments interaction (Table 2). Post-hoc analysis showed that stressed
mice had a decreased weight gain, independent on drug administration.

3.5. P70S6K phosphorylation and immunocontent of GLUA1 and PSD95

Fig. 4 shows representative Western blots of the effect of the com-
bined treatment with ascorbic acid and ketamine on hippocampal im-
munocontent of proteins involved in synaptogenesis after CUS ex-
posure. Densitometric analysis revealed no changes in P70S6K
phosphorylation as well as total P70S6K immunocontent (Fig. 3A,
Table 2) The two-way ANOVA also did not find significant differences
in the immunocontent of GLUA1 (Fig. 4B, Table 2) and PSD95 (Fig. 4C,
Table 2).

4. Discussion

Considering that ascorbic acid acts as a neuromodulator, induces an
antidepressant-like behavior in the TST (a predictive test for depres-
sion) (Binfare et al., 2009; Moretti et al., 2012; Moretti et al., 2014) and
improves mood in some clinical studies (Rice, 2000; Brody, 2002; Amr
et al., 2013), our group has focused on the investigation of its anti-
depressant mechanisms in animal models. In line with the newest dis-
coveries in the field of neurobiology of depression and the rapid anti-
depressant effect elicited by ketamine, we are particularly interested in
the comparative investigation of behavior and brain signaling pathways
associated with rapid antidepressant effect after ketamine and ascorbic
acid administration. The results presented herein show that a single
coadministration of subeffective doses of ascorbic acid and ketamine
abrogated the depressive-like behavior induced by CUS in female mice.

Although MDD is a multifactorial and heterogeneous disorder, it is
well known that stress is an environmental risk factor associated with
the onset of the disease (Krishnan and Nestler, 2008). Accordingly,

Fig. 2. Effect of combined administration of subeffective doses of ascorbic acid (0.1 mg/kg, p.o.) and ketamine (0.1 mg/kg, i.p) in animals subjected to CUS. Panel A
shows the immobility time in the mouse TST, panel B shows the locomotor activity in the open field test and panel C shows the time spent grooming in mice
submitted to CUS procedure. Each column represents the mean + S.E.M. of 6–9 animals. Statistical analysis was performed by two-way ANOVA, followed by
Duncan's test. *p < .05 and **p < .01 compared with the control group. #p < .05 compared with the CUS + vehicle group; ##p < .01 compared with non-stressed
group.
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numerous studies have demonstrated that mice or rats subjected to
chronic stress have increased immobility time in the TST and forced
swimming test (Lu et al., 2006; Kumar et al., 2011; Moretti et al., 2012),
which is suggestive of depressive like-behavior. The present data agree
with these previous findings by showing a depressive-like behavior in
mice under chronic and unpredictable stress. The effects of CUS on
behavior are typically reversed by the chronic administration of clas-
sical antidepressant, such as fluoxetine (Moretti et al., 2012), or by a
single administration of subanesthetic and effective dose of the fast-
acting antidepressant ketamine (Neis et al., 2016). Here we showed for
the first time that the depressive-like behavior induced by CUS was
reversed by a single coadministration of subeffective doses of ascorbic
acid and ketamine. Previous studies from our group have demonstrated
that ascorbic acid shares with ketamine some antidepressant mechan-
isms, including the activation of mTOR signaling and GABAA receptors
as well as inhibition of GABAB receptors (Moretti et al., 2014; Rosa
et al., 2016). Furthermore, a double-blind, randomized, placebo-con-
trolled study showed that a single oral administration of ascorbic acid
produced a significant anxiolytic effect in subjects with high trait

anxiety (Moritz et al., 2017), an interesting finding considering that
anxiety and depressive symptoms are frequently comorbid conditions
(Kessler et al., 2003).

It is worth to mention that the antidepressant-like effect of ascorbic
acid has been previously shown in models of depression induced by
tumor necrosis factor-α administration (Moretti et al., 2015), acute
restraint stress (Moretti et al., 2013) and a shorter CUS protocol
(14 days of stress) (Moretti et al., 2012). Moreover, we have showed
that a sub-effective dose of ascorbic acid exerts a synergistic anti-
depressant-like effect when administered with subeffective doses of the
classical antidepressants fluoxetine, imipramine and bupropion
(Moretti et al., 2015). The present data revealed that subeffective doses
of ascorbic acid and ketamine also elicits an antidepressant-like effect in
control animals (not submitted to CUS), a finding that extend the pre-
vious data from our group and further suggests similarities between
ascorbic acid and ketamine. It is interesting to mention that Dossat et al.
(2018) showed that proestrus female mice present a behavioral sensi-
tivity to the antidepressant-like effect of ketamine. In our study we have
similar percentage of animals in the same phase of the estrus cycle in

Table 2
Significance results of the two-way ANOVA.

CUS Treatments CUS × treatments interaction

Tail suspension test [F(1,56) = 18.825, p < .01] [F(3,56) = 6.152, p < .01] [F(3,56) = 0.525, p > .05]
Open field test [F(1,56) = 45.848, p < .01] [F(3,56) = 0.771, p > .05] [F(3,56) = 0.425, p > .05]
Splash test [F(1,56) = 4.920, p < .05] [F(3,56) = 1.626, p > .05] [F(3,56) = 1.546, p > .05]
∆ Body weight [F(1,56) = 35.293, p < .01] [F(3,56) = 1.285, p > .05] [F(3,56) = 1.008, p > .05]
p-P70S6K [F(1,16) = 0.111, p > .05] [F(1,16) = 0.438, p > .05] [F(1,16) = 0.012, p > .05]
t-P70S6K [F(1,16) = 0.06, p > .05] [F(1,16) = 0.178, p > .05] [F(1,16) = 0.239, p > .05]
GLUA1 [F(1,11) = 0.105, p > .05] [F(1,11) = 0.003, p > .05] [F(1,11) = 0.296, p > .05]
PSD95 [F(1,12) = 0.528, p > .05] [F(1,12) = 0.001, p > .05] [F(1,12) = 0.059, p > .05]

Fig. 3. Effect of combined administration of subeffective
doses of ascorbic acid (0.1 mg/kg, p.o.) and ketamine
(0.1 mg/kg, i.p) in animals subjected to CUS. Panel A
shows the body weight of mice at days 0, 7, 14 and 21 and
panel B shows the total weight gain of animals. Statistical
analysis was performed by repeated measures ANOVA
(Panel A) or two-way ANOVA (Panel B), followed by
Duncan's test. Each point or column represents the
mean + S.E.M. of 6–9 animals. **p < .01 compared with
non-stressed group.
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the stressed (diestrus = 76.5%/metaestrus = 17.7/estrus = 5.8%) and
non-stressed (diestrus = 75%/metaestrus = 19.4/estrus = 5.6%)
groups. Moreover, we have no animal in the proestrus phase, which
indicate that the antidepressant-like effect of the combined adminis-
tration of ascorbic acid + ketamine probably is not due to an increased
sensibility induced by hormonal changes. The investigation of a pos-
sible fast-acting antidepressant mechanism of ascorbic acid adminis-
tered alone in robust models of depression such as CUS remains to be
further explored, but the current results point to a synergistic anti-
depressant-like effect of ascorbic acid and ketamine, paving the way for
additional studies on the combined use of these compounds for the
treatment of resistant MDD. The use of ascorbic acid as adjunctive
treatment would allow reducing the dose of ketamine, which could
improve its tolerability.

Along with alterations in the immobility time in the TST, it is known
that CUS exposure usually induces lower sucrose consumption (Willner
et al., 1987; Garcia et al., 2009; Li et al., 2011) and decreases self-care
and motivational behavior in rodents (Isingrini et al., 2010; Moretti
et al., 2012), suggested to reflect anhedonia, a core symptom of MDD.
However, in the present study we observed a lack of effect of CUS on
anhedonic behavior, as evidenced by the result of splash test. The
reasons for this are not completely understood but it can be associated
with inbreeding of our mouse colony, which can influence individual
responses and behaviors (Jacobson and Cryan, 2007) and be linked to a
partial resistance to stress. Recent studies from our group using the
same mouse colony showed that a 14-day protocol of chronic un-
predictable stress (Neis et al., 2016) as well as chronic corticosterone
administration (21 days) (Olescowicz et al., 2018) have failed to pro-
duce anhedonic behavior in female Swiss mice, as opposed to previous

finding from our group (Moretti et al., 2012; Rosa et al., 2014).
Moreover, studies using CUS as a model of depression present nu-
merous variations in experimental conditions, including the duration
and intensity of stressors, age, sex and lineage of animals (Gupta et al.,
2014; Chen et al., 2017), factors that may account for different results
reported in literature. Understanding how these factors are connected
to behavioral responses may improve the reliability of behavioral
findings among studies. Therefore, future studies are required to elu-
cidate the effect of ascorbic acid and ketamine in behavioral paradigms
capable of detecting anhedonic behavior.

Our results also indicated that stress increased the locomotion and
decreased de weight gain of mice. Importantly, the hyperlocomotion
induced by stress was not modified by any treatment, so this effect
probably did not account for the antidepressant-like effect induced by
the combined administration of ascorbic acid and ketamine. Moreover,
our results are in accordance with previous findings showing that mice
subjected to models of depression display a significant increase in lo-
comotor activity (Machado et al., 2012). Stress also caused a reduction
in mice weight gain, as also found by a study using a similar CUS
protocol (Kaster et al., 2015). However, our treatments were not able to
alter this parameter.

As mentioned before, the antidepressant-like effect of both ascorbic
acid and ketamine depends on the activation of mTOR pathway (Li
et al., 2010; Moretti et al., 2014). The downstream effects of mTOR are
mediated by phosphorylation of p70S6K and eukaryotic initiation
factor 4E-binding protein 1 (4E-BP-1), which promotes the initiation of
protein translation for the synthesis of synaptic proteins, including sy-
napsin I and PSD95 (Li et al., 2010). Moreover, mTOR activation is
likely the upstream signaling of ketamine-induced increase of GluA1

Fig. 4. Effect of combined administration of subeffective doses of ascorbic acid (0.1 mg/kg, p.o.) and ketamine (0.1 mg/kg, i.p) in mice subjected to CUS. Panels A, B
and C show the hippocampal phosphorylation of p70S6K and immunocontents of GLUA1 and PSD-95, respectively. Each column represents the mean + S.E.M. of 3–5
animals. Statistical analysis was performed by two-way ANOVA.
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expression, which is linked to enhanced AMPA-type glutamate receptor
phosphorylation and surface abundance, a key mechanism for the an-
tidepressant effect of ketamine (Zhang et al., 2016; Zhang et al., 2017).
Reinforcing the importance of these targets in the neurobiology of de-
pression, a reduced phosphorylation of the mTOR signaling pathway
was found in the amygdala of rats exposed to chronic stress (Chandran
et al., 2013) and in the prefrontal cortex of individuals with MDD
(Jernigan et al., 2011) Additionally, a reduced PSD95 protein level was
found in the prefrontal cortex of depressed subjects relative to controls
(Feyissa et al., 2009). Curiously, our data revealed no alterations in the
hippocampal phosphorylation of p70S6K and immunocontent of
GLUA1 and PSD95 in mice subjected to CUS and/or treated with as-
corbic acid and ketamine. Although some studies have suggested that
these targets are involved in the neurobiology of depression, our data
agrees with previous findings showing that a 14-day protocol of un-
predictable stress induces a depressive phenotype in mice but does not
alter cortical GLUA1 and PSD95 immunocontents (Neis et al., 2016).
Similarly, corticosterone-induced model of depression was not asso-
ciated with changes in hippocampal GLUA1 and PSD95 protein levels
(Neis et al., 2016). On the other hand, we have previously demon-
strated that the antidepressant-like effect of an effective dose (1 mg/kg)
of ascorbic acid in the mouse TST depends on the activation of the
mTOR signaling pathway. Moreover, 1 h after the administration, as-
corbic acid increased the phosphorylation of p70S6K and the im-
munocontent of PSD-95 in the hippocampus of mice (Moretti et al.,
2014). Here we used samples collected 24 h after the treatment with
subeffective doses ascorbic acid and/or ketamine, so it is plausible to
suggest that the synergic antidepressant-like effect of ascorbic acid and
ketamine may involve the modulation of other pharmacological targets.
Another hypothesis is that modulation of p70S6K and synaptic proteins
may contribute to the behavioral effect associated with CUS or the
synergistic antidepressant effect of ascorbic and ketamine, however
these modifications can occur in specific hippocampal sub-regions or in
time points not evaluated in this study.

In conclusion, the present study extends the data about the effect of
ascorbic acid and ketamine by exploring, for the first time, its sy-
nergistic antidepressant-like action in a model of depression induced by
CUS. We demonstrated that a single administration of subeffective
doses of these compounds completely abrogated the depressive-like
behavior induced by CUS, however, this effect was not accompanied by
hippocampal alterations in the phosphorylation of p70S6K and im-
munocontent of GLUA1 and PSD95. Considering that ascorbic acid is a
very affordable and safe compound, studies dealing with other neuro-
plastic and neuroprotective targets in its antidepressant-like action, as
well as additional comparative investigations using ascorbic acid and
ketamine are needed.
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