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Abstract

Cognitive impairment is present in patients with depression. We hypothesized that alpha-lipoic acid (ALA) can reduce cognitive
impairment, especially when combined to antidepressants. Female mice received vehicle or corticosterone (CORT) 20 mg/kg,
s.c. for 14 days. From the 15th to 21st day, the animals were divided in groups: vehicle, CORT, CORT+desvenlafaxine (DVS) 10
or 20 mg/kg, ALA 100 or 200 mg/kg, DVS10+ALA100, DVS20+ALA100, DVS10+ALA200, or DVS20+ALA200. Tail
suspension (TST), social interaction (SIT), novel object recognition (NOR), and Y-maze tests were conducted.
Acetylcholinesterase activity (AChE) was measured in the prefrontal cortex (PFC), hippocampus (HC), and striatum (ST).
CORT caused depressive-like behavior, impairment in SIT, and cognitive deficits. Alpha-lipoic acid and DVS, alone or com-
bined, reversed CORT effect on TST. In the NOR, ALA200 alone, DVS10+ALA100, or DVS10+ALA200 reversed the deficits
in short-term memory, while DVS20 alone or DVS20+ALA200 reversed the deficits in long-term memory. In the Y-maze test,
ALA200 alone, DVS20+ALA100, or DVS20+ALA200 reversed the deficits caused by CORT in the working memory. CORT
increased AChE in the PFC, HC, and ST. ALA200 alone or DVS20+ALA200 reversed this effect in the PFC, while DVS20 or
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DVS20+ALA100 reversed this effect in the HC. In the ST, DVS10 or 20, alone or combined, and ALA100 reversed the effects of
CORT. These results suggest that DVS+ALA, by reversing CORT-induced memory and social deficits, seems to be a promising
therapy for the treatment of depression and reversal of cognitive impairment observed in this disorder.

Keywords Alpha-lipoic acid - Desvenlafaxine - Major depressive disorder - Cognitive impairment - Corticosterone model of

depression - Acetylcholinesterase

Introduction

Major depressive disorder (MDD) may become a chronic and
lifelong condition, with many patients experiencing recurrent
depressive episodes. In this regard, for a significant number of
patients, the disorder has an obstinate nature, with fluctuations
over time in the severity of depressive symptoms (Kessler
2003, 2012). This disorder has been considered the leading
cause of disease-related disability especially among women.
The prevalence of this mental disorder among this population
has typically been between one and a half'to three times that of
men (Kessler 2003). Depressed mood, diminished interest/
pleasure, and fatigue or loss of energy are among the core
symptoms of MDD (Fried and Nesse 2014).

Several studies highlight the importance of cognitive im-
pairment in depressed patients (Panza et al. 2010; Murrough
et al. 2011; Lee et al. 2012; Rock et al. 2014). These studies
showed that in addition to the core symptoms, memory im-
pairment is widely reported by these patients. Another impor-
tant observation is that memory deficits can emerge in the first
episodes of depression as well as during its progression
(Murrough et al. 2011).

Besides the aforementioned, cognitive dysfunction may
persist even after depressive episodes or during remission
(Herrera-Guzman et al. 2010; Hasselbalch et al. 2011). Thus,
memory deficits, difficulty making decisions, and loss of cog-
nitive flexibility are associated with dependence and limited
functional recovery of depressed patients (Vaughn McCall
and Dunn 2003; Jaeger et al. 2006; Trivedi and Greer 2014).

To date, MDD treatment has important limitations.
According to the “Treatment sequenced alternatives to relieve
depression” (STAR*D), only about one quarter of MDD pa-
tients achieve remission during the first treatment phase
(Trivedi et al. 2007). Furthermore, the antidepressant drugs
have limited effectiveness in older depressed adults.
Furthermore, in patients with executive dysfunction or demen-
tia, the effectiveness of antidepressants is compromised
(Nelson and Devanand 2011; Morimoto et al. 2015). It is
important to highlight that the complex relationship between
depression and cognitive impairment, especially in the elderly
population, makes this disorder difficult to diagnose and treat
in this population.

Several studies have pointed to molecular deficits in the
cholinergic system as one of the etiological factors of
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depression (Zhang et al. 2016; Feng et al. 2017). Knowing
that the integrity of the cholinergic system is fundamental to
the activity of learning and memory (Blokland 1995; Farhat
et al. 2017), it is possible that dysfunctions of these neurons
contribute to the cognitive damage presented by depressive
patients (Stepanichev et al. 2016). Thus, these data reinforce
the need of an effective therapy not only for the classic symp-
toms of depression but also for the associated symptoms such
as cognitive deficits.

Several animal models have been developed with the pur-
pose of studying depressive symptomatology (Sterner and
Kalynchuk 2010). Among the preclinical models available
for the study of depression, a set of evidence has pointed that
repeated exogenous administration of corticosterone (CORT)
produces reliable behavioral and neurobiological alterations
similar to those presented in humans with depression (Zhao
et al. 2008; Iijima et al. 2010; Huang et al. 2011; Silva et al.
2013; de Sousa et al. 2015). In line with the memory deficits
present in depressed patients, the CORT animal model was
recently related to cognitive impairments in both mice
(Dobarro et al. 2013) and rats (Trofimiuk and Braszko
2015). Thus, the CORT-induced depression model in rodents
seems to be a valuable tool for the evaluation of the antide-
pressant effect of drugs as well as for the study of possible
mechanisms involved in these antidepressant effects (Zhao
et al. 2008; Iijima et al. 2010). On the other hand, one pitfall
observed in the CORT-induced model is that it does not take
directly into account factors such as socio-environmental
stressors and the individual response, which are addressed
by other animal models, such as chronic unpredictable stress
(CMYS). Thus, to evaluate environmental stress in depression,
CMS seems to be the most reliable model (Gregus et al. 2005).

In the last decades, oxidative and nitrosative mechanisms
have been associated with MDD (Moylan et al. 2014). In this
regard, alpha-lipoic acid (ALA—1,2-dithiolane-3-pentanoic
acid), also known as thioctic acid, is a natural antioxidant
synthesized in the human body (Ferreira et al. 2009). This
molecule is efficient in combating free radicals, promoting
the reduction of lipid peroxidation, acting as a cofactor of
multiple enzymatic complexes being also capable of
regenerating damaged tissues (Chng et al. 2009). It is worth
mentioning that ALA is already a well-established treatment
for neuropathic symptoms (Hermann et al. 2014), thus rein-
forcing the idea of its potential as an antioxidant and
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neuroprotective substance. The first hypothesis of the antide-
pressant effect of ALA occurred in the last decade (Salazar
2000), and recently, preclinical studies from our research
group have added further lines of evidence to this hypothesis
(Silva et al. 2013, 2014, 2016; de Sousa et al. 2015).

We have previously showed, in preclinical approaches, that
ALA augments the antidepressant-like effects of
desvenlafaxine (DVS) (Silva et al. 2013). In line with this
augmentation of DVS antidepressant-like effect, we also ob-
served increased levels of brain-derived neurotrophic factor
(BDNF) in prefrontal cortex, hippocampus, and striatum of
mice administered ALA+DVS when compared to DVS alone.

Thus, given the importance of cognitive impairment in pa-
tients with depression, we hypothesized that ALA, based on
its potent antioxidant and antidepressant effects, could im-
prove the cognition of female mice submitted to CORT-
induced depression model, when given alone or combined
with DVS. To test this hypothesis, herein we performed mem-
ory tasks for the evaluation of working memory (Y-maze),
recognition memory (novel object recognition test—NOR),
and social interaction test.

Furthermore, we aimed to determine the activity of acetyl-
cholinesterase (AChE) in the prefrontal cortex (PFC), hippo-
campus (HC), and striatum (ST) of mice.

Material and methods
Animals

Female Swiss mice (30-32 g) were obtained from the Animal
House of the Federal University of Ceara, Brazil. The animals
were kept in acrylic cages in a room with a controlled temper-
ature of 23+ 1 °C, under a standard light-dark cycle with ad
libitum access to food and water, except during the experi-
ments. Food was removed 4 h prior to the oral gavage proce-
dure and returned 20 min after. The animals were divided into
one of the following ten experimental groups (7 = 6-10 ani-
mals/group), as described in Fig. 1 and in figure legends. The
acrylic cages were located together on the same shelf of the
rack in a way that the auditory and visual contacts were main-
tained. All experiments were performed according to the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH 1996), and all efforts were made to
minimize the suffering of the animals and to reduce the num-
ber of animals used in experiments. The project was approved
by the Animal Ethics Committee of the Federal University of
Ceara (protocol no. 114/2011).

Drugs

CORT (Sigma-Aldrich, St. Louis, MO, USA) was dissolved
in a saline solution containing 0.1% dimethyl sulfoxide and

0.3% Tween-80. Corticosterone 20 mg/kg was administered
as a single daily subcutaneous injection, from 09:00 to
11:30 a.m. for 21 consecutive days. The dosage and route of
administration for CORT was selected based on previous stud-
ies (Zhao et al. 2008; Silva et al. 2013; de Sousa et al. 2015).
ALA (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in
distilled water and 0.2% carboxymethyl cellulose and orally
administered (p.o.) for 7 consecutive days at doses of 100 or
200 mg/kg according to previous studies (Silva et al. 2013,
2016; de Sousa et al. 2015). Desvenlafaxine succinate
monohydrate (DVS, Pristiq®, Wyeth Lab) was dissolved in
distilled water and administered orally (p.o.) for 7 consecutive
days at the doses of 10 or 20 mg/kg. DVS was administered
alone or 1 h before the administration of ALA. The dosages
for DVS were calculated from human doses on a milligram
per square meter basis (Reagan-Shaw et al. 2008).

Treatment groups

The animals were randomly divided into ten experimental
groups and each group was allocated in a different box, as
shown in Fig. 1.

Control group: Mice in this group received daily injections
of saline solution containing 0.1% dimethyl sulfoxide and
Tween-80 0.3% (s.c.) once a day, between 09:00 and
11:30 a.m., for 21 days.

CORT-induced depression model: Mice in this group re-
ceived daily subcutaneous injections of CORT (20 mg/kg,
s.c.) once a day, between 09:00 and 11:30 a.m., for 21 days
(Zhao et al. 2008; Silva et al. 2013; de Sousa et al. 2015).

Corticosterone-induced depression model and treatment
with DVS or ALA alone: Mice in these groups received re-
peated injections of CORT for 14 days to induce depressive-
like behavior. From the 15th to 21st days of administration,
the animals were randomly divided into the four following
groups of treatment: CORT and DVS (10 or 20 mg/kg) or
CORT and ALA (100 or 200 mg/kg).

Corticosterone-induced depression model and treatment
with the combination of DVS+ALA: Mice in these groups
received repeated injections of CORT for 14 days to induce
a depressive-like behavior. From the 15th to 21st days of
CORT administration, the mice were randomly divided into
groups that were further treated with DVS (10 or 20 mg/kg).
One hour after DVS administration, the animals were given
ALA (100 or 200 mg/kg). The time interval between the ad-
ministration of DVS and ALA was set at 1 h because a previ-
ous study showed that the maximum mean plasma concentra-
tion of DVS in mice occurred 1 h after oral administration of
the drug (DeMaio et al. 2011).

For behavioral determinations, each treatment group was
randomized in four subgroups. Subgroup 1 was submitted to
the tail suspension test, subgroup 2 to the Y-maze task, sub-
group 3 to the social interaction, and subgroup 4 to the NOR.
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Fig. 1 Schematic overview of the experimental design. CORT, corticosterone; DVS, desvenlafaxine; ALA, alpha-lipoic acid

Acetylcholinesterase was determined in animals not submitted
to behavioral tasks. Figure 1 presents a representation of the
experimental design.

Behavioral assessment
Tail suspension test (TST)

For the TST, each mouse was suspended by the tail on the
edge of a shelf placed 58 cm above a table top. The mouse was
secured in place via an adhesive tape placed approximately
1 cm from the tip of the tail. The time during which the mouse
remained immobile over a 6-min period was recorded. As
previously described, each animal was submitted to this test
only once (Steru 1985).

Social interaction test (SIT)

The apparatus consisted of a box divided into three chambers
with a small opening between the compartments. In each of
the two side chambers, an iron cage was placed with a probe
mouse or empty. Mice were allowed 5 min exploration.
Afterwards, an unfamiliar, same-sex probe mouse was placed
in one of two restraining cages. Social preference was defined
as: (% time spent in the social chamber) — (% time spent in the
opposite chamber) (Radyushkin et al. 2009).

Novel object recognition test (NOR)

This test is widely used to assess the ability to memorize and
recognize new and already known objects. On the first day,
before any procedure, considered the day of habituation, the
animal was placed in the center of the apparatus and left for
5 min with no object. After 24 h, in the training session, the
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animal was placed back on the box with two identical objects
(A1 and A2), double lego toys, placed in the middle of the box
and is left for 5 min for the exploration of the new environ-
ment. The time spent exploring each object was recorded for
further analysis through the recognition rate. On the same day
1.5 h after the training session, mice were tested for short-term
memory. In this procedure, the animal was placed back into the
box, with two similar objects (Al and B1) in color and size,
but of different shapes. Again, the animals explored the object
for 5 min and the exploration time was registered. To test long-
term memory, mice returned to the box 24 h after the training
session, with two objects: one familiar (A1) and another
completely new (C1) and different in color, shape, and size.
The animal had 5 min to explore the new object (Izquierdo
et al. 2006). To analyze the results, we used the recognition
index which is calculated as follows: TB1 formula— TA1/TE,
where TBI1 is the time spent by the animal in exploring the
new object, TA1 is the time spent exploring the familiar object,
and TE is the total operating time, the sum of animal exploi-
tation time in the old and new object (Izquierdo et al. 2006).

Y-maze test (YMT)

Each mouse was allowed to freely move through the maze
during 8 min. The series of arm entries was recorded visually.
An alternation was defined as entries in all three arms on
consecutive occasions. The percentage of alternation was cal-
culated as total of alternations / (total arm entries — 2)
(Dall’Igna et al. 2007).

Dissection of brain areas

Twenty-four hours after the last drug administration, the ani-
mals were sacrificed by rapid decapitation, and the brains



Naunyn-Schmiedeberg's Arch Pharmacol (2018) 391:803-817

807

were quickly removed and placed on aluminum foil in a Petri
dish on ice. PFC, HC, and ST were dissected for the measure-
ment of AChE activity.

To remove the PFC, the anterior portion of the frontal lobes
(about 1.5 mm from the olfactory bulb) was removed, and a
bilateral section taken with the aid of a microdissection scis-
sors (Machado 2000). After the withdrawal of PFC, following
the median sagittal fissure, the cerebral cortical layer of the
meninges was removed with the aid of a straight clamp mi-
crodissection, which, progressing delicate and tangentially to
the lateral ventricles, separated the cortex in all its fronto-
occipital extension. The cortex separated has been folded to
the side, exposing the hippocampal region (HC) and part of
the ST. The HC and ST were isolated from the surrounding
structures with a microdissection scissors, oriented with its
withdrawal by the diameter of the tuberous visible portion of
these nuclei after folding the lateral cortex. After the dissec-
tion, the CPF, HC, and ST were placed in microtubes properly
identified, weighed, and stored at —70 °C until use for
conducting the test.

Determination of acetylcholinesterase activity

ACHhE activity was determined by measuring thiocholine pro-
duction rate, i.e., the rate that the acetylthiocholine (ATC),
used as a substrate, is hydrolyzed. The specific activity was
expressed in nanomoles of ATC hydrolyzed per milligram of
protein per minute (nmol/mg protein/min). Tissues were ho-
mogenized in 10% phosphate buffer and 5 L of the homoge-
nate was added to a cuvette containing 500 pL of buffer,
895 uL of distilled water, and 50 pL of dithiobisnitrobenzoic
acid (DTNB) (Ellman et al. 1961).

After the absorbance is left at zero, the bucket is removed
from the spectrophotometer and added with 50 mL of iodide
ATC. Absorbance was recorded for 3 min at a wavelength of
412 nm. The enzyme activity was calculated as changes in
absorbance of 3 to 0 min on the protein content contained in
the homogenate (Lowry et al. 1951).

Statistical analysis

Statistical analysis was performed with GraphPad Prism 6.0
for Windows, GraphPad Software (San Diego, CA, USA).
Homoscedasticity was verified through Bartlett’s test.
D’Agostino-Pearson omnibus normality test was performed
to verify normal distribution. In the case of parametric data
(tail suspension and Y-maze tests), one-way ANOVA follow-
ed by Tukey’s was used. In the case of nonparametric data
(social interaction, novel object recognition, and activity of
AChE tests), Kruskal-Wallis followed by Dunn’s was per-
formed. All results are expressed as means £ SEM (standard
errors of the mean). For all analyses, the significance level was
set at a=10.05.

Results

Effects of the administration of CORT, ALA, and DVS
on depressive-like behavior of mice subjected
to the tail suspension test

The TST was performed to assess depressive-like behav-
ior in all experimental groups (Fig. 2). An increase in the
immobility time of animals submitted to CORT was ob-
served when compared to the control animals
(P<0.0001). On the other hand, the administration of
DVS (10 or 20) (P<0.0001) or ALA (100 or 200)
(P<0.0001) alone or in combination (P<0.0001) re-
versed the depressive-like alteration induced by CORT
(ANOVA: [F(9, 74)=36.79; P<0.0001]).

Effects of the administration of CORT, ALA, and DVS
on social behavior of mice subjected to the social
interaction test

In the analysis of social interaction, we observed that the
groups CORT (P <0.05), CORT+DVS10, and CORT+
DVS20 (P <0.01) presented significant deficits in the percent-
age of social preference when compared to the control group
(Fig. 3) [H(10)=37.80; P<0.0001]. The administration of
DVS10+ALA200 significantly reversed the deficit induced
by CORT (P <0.05).

Effects of the administration of CORT, ALA, and DVS
on memory of mice subjected to the object
recognition test

Corticosterone-treated animals submitted to NOR presented a
deficit in short-term memory when compared with the control
group (P<0.01) [H(10)=48.46; P<0.0001] (Fig. 4a). The
administration of DVS10 maintained CORT-induced cog-
nitive deficits. On the other hand, ALA200 (P<0.001)
and DVS10 with both doses of ALA (P <0.05) reversed
CORT-induced memory recognition impairment. Besides
that, that same treatment presented a better index of rec-
ognition when compared with CORT+DVS10 (P<0.01)
and CORT+ALA100 (P<0.01). However, the administra-
tion of DVS20+ALA200 did not reverse the effects of
CORT and showed significant reduction in recognition
index when compared to the group CORT+ALA200
(P<0.0001).

Corticosterone also caused a deficit in long-term memory
(Fig. 4b) when compared to the control group (P <0.001)
[H(10)=40.75; P<0.0001]. Administration of DVS20
(P<0.0001) and DVS20+ALA200 (P < 0.05) reversed long-
term memory deficit induced by CORT.

@ Springer
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Fig. 2 Effects of DVS or ALA
treatment alone or in combination
on tail suspension test in a chronic
CORT-induced depression mice
model. Animals received CORT
(20 mg/kg s.c.) for 14 days.
Between the 15th and 21st days of
treatment, mice received in addi-
tion to CORT, DVS (10 or 20 mg/
kg, p.o.) or ALA (100 or 200 mg/
kg, p.o.) or both drugs.
Behavioral tests were performed
at 1 h after the last administration.
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Fig. 3 Effects of DVS or ALA treatment alone or in combination on
social interaction test in a chronic CORT-induced depression mice model.
Animals received CORT (20 mg/kg s.c.) for 14 days. Between the 15th
and 21st days of treatment, mice received in addition to CORT, DVS (10
or 20 mg/kg, p.o.) or ALA (100 or 200 mg/kg, p.o.) or both drugs.
Behavioral tests were performed at 1 h after the last administration.
Each bar represents the mean+ SEM of n=6-7 animals/group.
“P<0.05 vs. control, °P<0.05 vs. CORT, °P<0.05 vs. CORT+DVS
10 mg/kg, and P < 0.05 vs. CORT+DVS 20 mg/kg, respectively, accord-
ing to one-way ANOVA followed by Tukey’s multiple comparisons test.
Abbreviations: CORT, corticosterone; DVS, desvenlafaxine; ALA,
alpha-lipoic acid
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Effects of the administration of CORT, ALA, and DVS
on memory of mice subjected to the Y-maze test

As illustrated in Fig. 5, treatment with CORT significantly
reduced the number of spontaneous alternations when com-
pared with the control group (P<0.05) ([F(9, 77)=4.758;
P <0.0001]). Animals treated with DVS10 presented a per-
centage of alternations similar to the CORT-treated group. On
the other hand, the groups CORT+ALA200 (P <0.05),
CORT+DVS20+ALA100 (P <0.05), and CORT+DVS20+
ALA200 (P<0.01) presented a reversal of memory impair-
ment when compared to the CORT-treated group. Treatments
with DVS20, ALA100, or the combinations of DVS10 with
both doses of ALA present no significant alteration.

Effects of CORT, ALA, and DVS in acetylcholinesterase
activity

The results in Fig. 6 show that treatment with CORT increases
the enzymatic activity of AChE in the PFC (P<0.01)
[H(10)=40.24; P<0.0001]), HC (P<0.05) [F(10)=24.42;
P<0.01]), and ST (P<0.05) [H(10)=11.45; P<0.001])
when compared to the control group.

In the PFC, ALA200, alone (P<0.01) or combined with
DVS20 (P <0.05), reversed the effects of CORT in AChE
activity. Furthermore, the combination DVS10+ALA100
showed higher enzymatic activity when compared to the con-
trol group (P<0.01).
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Fig.4 Effects of DVS or ALA treatment alone or in combination in short-
term memory (a) and long-term memory (b) on object recognition test in
a chronic CORT-induced depression mice model. Animals received
CORT (20 mg/kg s.c.) for 14 days. Between the 15th and 21st days of
treatment, mice received in addition to CORT, DVS (10 or 20 mg/kg,
p.o.) or ALA (100 or 200 mg/kg, p.o.) or both drugs. Behavioral tests
were performed at 1 h after the last administration. Each bar represents the
mean = SEM of n=6-10 animals/group. In a, *P<0.05 vs. control,
®P<0.05 vs. CORT, °P<0.05 vs. CORT+DVS 10 mg/kg, ‘P <0.05 vs.
CORT+ALA 100 mg/kg, and °P < 0.05 vs. CORT+ALA 200 mg/kg, and
in b, “P<0.05 vs. control, °P<0.05 vs. CORT, °P<0.05 vs. CORT+
DVS 10 mg/kg, and %P <0.05 vs. CORT+DVS 20 mg/kg, respectively,
according to one-way ANOVA followed by Tukey’s multiple compari-
sons test. Abbreviations: CORT, corticosterone; DVS, desvenlafaxine;
ALA, alpha-lipoic acid

In the HC, DVS20 (P<0.01) and the combination
DVS20+ALA100 (P <0.01) reversed the effects of CORT.

In the ST, all treatments (DVS10 or 20, ALA100 and com-
binations DVS10+ALA100 or 200, DVS20+ALA100 or 200)
reversed the effect of CORT (P < 0.05).

Discussion

This study, as far as we know, is the first to show the effects of
ALA and DVS combination on working memory perfor-
mance and social interaction of animals subjected to the model
of depression induced by CORT. Behavioral and neurochem-
ical aspects investigated here are seeking evidence related to
symptoms and clinical findings, providing preclinical lines of
evidence to prospects for treating depression.

Antidepressant-like effect of ALA and DVS
in CORT-induced depression

In the present study, depressive-like behavior was evaluated
by the TST, a widely used test for screening antidepressant
drugs. A number of studies have shown that animals submit-
ted to repeated CORT administration present a depressive-like
phenotype as observed by the increases in immobility time in
the forced swimming test and TST and anhedonic-like repre-
sented by reduction in sucrose consumption in the sucrose
preference test (Silva et al. 2013; Mao et al. 2014; Sturm
et al. 2015; de Sousa et al. 2015). Our results showed that
DVS and ALA exhibited antidepressant-like effect in the
CORT-induced model of depression. Desvenlafaxine, the ma-
jor pharmacologically active metabolite of venlafaxine, has
had important antidepressant-like effects in preclinical (Silva
etal. 2013, 2016; Wang et al. 2014; de Sousa et al. 2015) and
clinical approaches (Komstein et al. 2014), being prescribed
in patients with poor therapeutic response.

Alpha-lipoic acid alone also presented antidepressant-like
effects as observed in TST. Indeed, recent reports suggested a
possible antidepressant-like effect by the acute and repeated
administration of ALA (Silva etal. 2013, 2014; de Sousa et al.
2015). Furthermore, another study demonstrated that ALA
restores the levels of reduced glutathione (GSH), the major
brain antioxidant; decreases lipid peroxidation (Silva et al.
2016); and increases BDNF levels (de Sousa et al. 2015) in
CORT-induced depression model. All these parameters have
been shown to be altered in depressed patients (Carballedo
et al. 2013; Chung et al. 2013; Dalby et al. 2013) and in
animals submitted to CORT-induced model of depression
(Huang et al. 2011).

Among the symptoms of depression, social isolation stands
out as a significant loss in quality of life of patients with
depression (Kupferberg et al. 2016). Based on this fact, here
we conducted the SIT. This test is one of the most relevant to
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Fig. 5 Effects of DVS or ALA treatment alone or in combination on Y-
maze test in a chronic CORT-induced depression mice model. Animals
received CORT (20 mg/kg s.c.) for 14 days. Between the 15th and 21st
days of treatment, mice received in addition to CORT, DVS (10 or 20 mg/
kg, p.o.) or ALA (100 or 200 mg/kg, p.o.) or both drugs. Behavioral tests

investigate the social deficits in animal models (Radyushkin
et al. 2009). In our study, CORT for 21 days caused a reduc-
tion in the percentage of social preference, replicating previ-
ous findings (Vasconcelos et al. 2015a). Indeed, rodents sub-
jected to chronic stress or trauma developed behavioral alter-
ations similar to social anxiety and aversion (Barik et al. 2013;
Mineur et al. 2013). These behavioral alterations seems to be
related to an overactivation of the hypothalamic-pituitary-
adrenal (HPA) axis leading, thus, to high levels of CORT,
possibly one of the mechanisms involved in the onset of the
behavioral changes (Barik et al. 2013). Moreover, the gluco-
corticoid receptor has been implicated in the resilience to
stress and in the modulation of emotional and social behavior
(Barik et al. 2013). In our results, DVS alone could not reverse
the social impairment caused by CORT administration, rein-
forcing the importance of investigating antidepressants that
can improve the social behavior of patients with depression.

Alpha-lipoic acid and desvenlafaxine improve
cognition in CORT-induced depression

Since cognitive impairment in depression plays a crucial role
in the reduction of quality of life and psychosocial dysfunction
(Lam et al. 2014; Gonda et al. 2015), here we conducted
behavioral tasks to evaluate cognitive alterations in mice.
NOR is a useful tool for the study of neural and behavioral
processes involved in the acquisition, consolidation, and recall
from memory without disturbing the natural behavior of the

@ Springer
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were performed at 1 h after the last administration. Each bar represents the
mean + SEM of n=6-10 animals/group. *P<0.05 vs. control and
®P <0.05 vs. CORT, respectively, according to one-way ANOVA
followed by Tukey’s multiple comparisons test. Abbreviations: CORT,
corticosterone; DVS, desvenlafaxine; ALA, alpha-lipoic acid

animal (Ennaceur and Delacour 1988). In this context, NOR
measures exploratory behavior, perception, and recognition
memory in rodent models. In our study, repeated CORT ad-
ministration caused deficits in short- and long-term memory.
These data point to the fact that HC, the brain area intimately
involved in processing memories, is closely linked to the reg-
ulation of the HPA axis (Sterner and Kalynchuk 2010).
Furthermore, recent findings show that chronic administration
of CORT causes reductions of BDNF levels in the HC (de
Sousa et al. 2015), possibly impairing synaptogenesis in
that brain region. Previous studies indicate that depressive
episodes are associated with high concentrations of corti-
sol in 40-50% of patients, with hypercortisolemia being
associated with stress, neural damage, reduced hippocam-
pal volume, and declarative memory deficits (Bremner
et al. 1995; Bremner 1999).

Here, the animals administered ALA200 or the combina-
tions DVS10+ALA100 or DVS10+ALA200 presented an im-
provement in recognition rates in short-term memory. In the
evaluation of long-term memory, treatment with DVS20 and
the combination DVS20+ALA200 reversed the cognitive im-
pairments caused by CORT. These data suggest a beneficial
effect of ALA and DVS in memory being in line with the
studies that show similar effects with other antioxidant and
antidepressant drugs (Nemets et al. 2002; Scapagnini et al.
2012; Greer et al. 2014). In addition, treatment with ALA
shows encouraging results in diseases that present cognitive
impairment such as Alzheimer’s disease and schizophrenia
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<« Fig. 6 Effects of DVS or ALA treatment alone or in combination on

acetylcholinesterase activity in the PFC (a), HC (b), and ST (¢) of mice
submitted to chronic CORT-induced depression model. Animals received
CORT (20 mg/kg s.c.) for 14 days. Between the 15th and 21st days of
treatment, mice received in addition to CORT, DVS (10 or 20 mg/kg,
p.o.) or ALA (100 or 200 mg/kg, p.o.) or both drugs. Acetylcholinesterase
activity measurement was performed 24 h after the last administration.
Each bar represents the mean + SEM of n=6-10 animals/group.
2P <0.05 vs. control, °P<0.05 vs. CORT, *P<0.05 vs. CORT+
ALA100, “P <0.05 vs. CORT+DVS20, and °P<0.05 vs. CORT+
ALA200, respectively, according to one-way ANOVA followed by
Tukey’s multiple comparisons test. Abbreviations: CORT, corticosterone;
DVS, desvenlafaxine; ALA, alpha-lipoic acid

(Galasko et al. 2012; Mecocci and Polidori 2012; Ooi et al.
2012; Vasconcelos et al. 2015b). Since distinct mechanisms
are involved in short- and long-term processes of memory and
the drugs used here may distinctly interfere in these mecha-
nisms, this may be one possible explanation for the different
effects of ALA and DVS.

Another interesting result observed here was the response
observed with DVS10+ALA100 which is not seen with the
treatment of drugs alone. These results can suggest a possible
reduction of DVS dosage when administered in combination
with ALA.

On the other hand, the group treated with DVS20+
ALA200 presented a deficit in short-term memory, noticed
by a reduction of the recognition index. Likely, a pharmaco-
dynamic interaction between DVS and ALA at these dosages
may explain this deleterious effect.

Spontaneous alternation in Y-maze measures hippocampal-
dependent memory with this area being particularly vulnera-
ble in depression (Czéh and Lucassen 2007; Frodl et al. 2008).
The hippocampus works like a site of modulatory influence of
many types of memory such as working, spatial, verbal, and
contextual, among others (Izquierdo and Medina 1991;
Bechara et al. 1995).

In our results, CORT administration for 21 days caused a
reduction in the number of spontaneous alternations. This data
together with the one obtained in NOR reflects a cognitive
deficit probably related to the high concentrations of CORT.
This finding corroborates data demonstrating that
supraphysiologic concentrations of this hormone cause neu-
ronal damage and reduce the size of brain areas such as the
HC, amygdala, and PFC, resulting in a series of impairments
and cognitive deficits (Drevets 2000, 2001; Jaracz 2008). In
addition, several studies suggest that the exposure to stress or
CORT compromises learning and hippocampal-dependent
memories (Conrad et al. 1999; Coburn-Litvak et al. 2003;
Cerqueira et al. 2005).

We also observed that mice treated with ALA200 or
DVS20 combined with both ALA100 or 200 presented an
increase in the number of spontaneous alternations when com-
pared to animals treated with CORT, evidencing that treatment
with DVS presents better response when combined with ALA.
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One possible explanation for the ALA-positive effects in
cognition is related to its potent antioxidant and anti-
inflammatory effects (Schillace et al. 2007; Bist and Bhatt
2009; Silva et al. 2016). Studies have shown that ALA has
the property of removing free radicals in both lipid and aque-
ous media (Chng et al. 2009; Bist and Bhatt 2009) acting as a
natural antioxidant and a cofactor for the dehydrogenases of
the mitochondrial system (Smith et al. 2004). Its oxidized
form is capable of inducing the regeneration of other low
molecular weight antioxidants, such as glutathione, coenzyme
Q10, and vitamins A and C (Bilska et al. 2007); decreasing the
cellular reduction power; and preventing the destruction of
glutathione in the cytoplasm and mitochondria (Salinthone
et al. 2008). ALA is also able to prevent neuronal damage
caused by the reactive oxygen species produced during neu-
rodegenerative diseases. In addition, it acts as a metal chelator,
reducing the levels of oxidative stress (Ferreira et al. 2009). It
is also attributed to this substance an anti-inflammatory activ-
ity by being able to block the action of NFkB (Ying et al.
2011). Thus, we suggest that through these effects, ALA can
avoid the damage caused by CORT.

Alterations in acetylcholinesterase activity

Acetylcholine (ACh) is an important neurotransmitter in-
volved in learning and memory processes, an effect related
to its binding on muscarinic and nicotinic receptors
(Leaderbrand et al. 2016). The mechanisms of ACh on mem-
ory are related to increments in the strength of afferent input
relative to feedback, resulting in an improvement of theta
rhythm oscillations, and by increasing the modification of
synapses (Hasselmo 2006). An important observation related
to ACh metabolizing enzyme, AChE, is that this enzyme was
recently implicated in a constitutive microglial activation with
elevated levels of proinflammatory cytokines, factors associ-
ated with the pathogenesis of various types of dementia
(Gnatek et al. 2012; Furukawa et al. 2014; Arikawa et al.
2016). Hence, to further elucidate the mechanisms involved
in the improvement of cognitive impairment induced by
CORT, we carried out measurements of AChE activity.

Chronic administration of CORT increased AChE activity
in the PFC, a brain structure highly involved in the control of
emotional responses, cognitive performance, and synaptic
plasticity (Koechlin et al. 2003; Fogaca et al. 2012). Since
AChE metabolizes acetylcholine, the increase of this enzyme
activity may be related to decreased synaptic levels of ACh.
Besides presenting anti-inflammatory effects, the brain cho-
linergic system is impaired in psychiatric disorders such as
depression (Janowsky et al. 1972; Mineur et al. 2013).

Our data showed that ALA, alone or combined with DVS,
reversed the cognitive impairment induced by CORT, espe-
cially the combinations of ALA200 and DVS. This effect may
be related to the restoration of cholinergic pathways leading,
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thus, to an increase in ACh anti-inflammatory effects, which
was not evaluated in the present study. Notably, ALA200
when combined with DVS10 is not able to reverse the effects
of CORT on AChE activity. We believe that this combination
was not effective because DVS10 alone was like CORT.

Acetylcholine also binds to nicotinic receptors. Of note,
nicotinic receptors, mainly the &7 receptors, present important
effects in diverse components of cognitive function, including
learning, memory, and attention (Levin 2012).

Our data showed that ALA200, alone or combined with
DVS20, reversed the cognitive impairment caused by CORT
in working memory. This effect was accompanied by reduc-
tions in the enzymatic activity of AChE in the PFC, a brain
area related to working memory performance (Malm et al.
2006), suggesting that the improvement of working memory
is possibly related to the effect of ALA and DVS in the cho-
linergic system. Several studies point to an association of cho-
linergic system disruption with other types of dementia as well
as with neuropsychiatric disorders, such as schizophrenia, de-
pression, delirium, and traumatic brain injury, being a com-
mon mechanism for these diseases (Dilsaver and Coffman
1989; Battaglia 2002; Arciniegas 2003; Overshott and Burns
2005; Raedler et al. 2007; Hshieh et al. 2008; Johannsson
et al. 2015). This fact suggests that drugs capable of reducing
the activity of AChE may be beneficial for depressive symp-
toms like cognitive improvement.

In the HC, ACh is one of the main mediators of learning
and memory processes. As observed in the PFC, here the
administration of CORT increased AChE activity in the HC.
This increase is probably one of the mechanisms involved in
cognitive impairment shown in CORT-treated animals when
evaluated in the NOR, since ACh is one of the main neuro-
transmitters involved in the hippocampal mechanism related
to the performance of this task (Stanley et al. 2012).

Currently, many therapies to treat cognitive disorders in-
volve the inhibition of AChE activity as an attempt to increase
the brain levels of ACh (Spencer and Noble 1998; Kumar
et al. 2000; McKeith et al. 2000; Masanic et al. 2001;
Werber and Rabey 2001). Alpha-lipoic acid has been widely
investigated as an alternative therapy in the treatment of
Alzheimer’s disease including its combination with anticho-
linesterase drugs (Bertucci et al. 2011; Galasko et al. 2012;
Ooi et al. 2012), although as far as we know this antioxidant
was never tested for cognitive deficits related to depression.

In our study, we believe that the different results of AChE
activity in the HC and PFC are due to the role of ACh in these
brain areas. The hippocampus, besides being an extremely
sensitive area such as circulating concentrations of corticoste-
rone (Sterner and Kalynchuk 2010), is rich in cholinergic in-
nervation, which is involved in excitation, learning, and mem-
ory (Yietal. 2015). Data also point to the fact that the removal
of hippocampal cholinergic innervation leads to a deregula-
tion of the hypothalamic-pituitary-adrenal axis and reduction
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of glucocorticoid receptors in this area, showing a rela-
tionship between these two systems as well as reinforc-
ing the importance of acetylcholine transmission in this
brain region (Han et al. 2002).

It is also important to mention that DVS reversed the cog-
nitive impairment in the Y-maze and NOR only when com-
bined with ALA, showing that the augmentation therapy with
antioxidants seems to be beneficial for depressive patients
with cognitive symptoms.

Corticosterone also increased AChE activity in ST. This
brain area is related to reward, cognition, and movement, be-
ing primarily responsible for the symptoms of lack of motiva-
tion, fatigue, and psychomotor alterations observed in de-
pressed patients (Harrington 2012; Walther et al. 2012).
Thus, this region represents the interface between emotion,
cognition, and motor control.

Studies have shown that ACh plays an important role in
modulating the release of dopamine in the ST, regulating,
therefore, the state of motivation and reward (Surmeier and
Graybiel 2012). Striatal deficits in ACh are associated with
social isolation and anhedonia, whereas treatment strategies
that increase the levels of this neurotransmitter improve this
behavior (Berman et al. 2012).

One possible limitation of our experimental design is that
the animals of each experimental group were allocated in the
same cage, and therefore, the results may have been biased by
the “cage effect.” Despite this, it was recently shown, for the
first time, that animals exposed to the depression model of
chronic unpredictable stress present depression contagion
(Boyko et al. 2015). Depression contagion refers to a condi-
tion in which a person without mood disorders living with a
depressed person present an increased chance of developing
depression. Therefore, in order to avoid a possible depression
contagion in our animals we decided to keep depressed ani-
mals in separated cages from control and treated animals.

Taken together, ALA seems to be a therapeutic perspective
for the treatment of depressive symptoms as well as cognitive
deficits related to depression. Further studies are needed to
better clarify the molecular mechanism related to ALA’s effect
in memory, which we consider a limitation of this study.

Conclusion

The combination of ALA and DVS, by reversing the working
memory impairments and deficits in social interaction induced
by CORT as well as by reducing the activity of AChE in the
PFC, HC, and ST, seems to be a promising therapy for the
treatment of cognitive and social deficits associated or not
with depression. Notably, ALA has a greater effect in revers-
ing depressive-like behavior, working memory, and social def-
icits when combined with DVS. This augmentation effect of
ALA may suggest the use of smaller doses of antidepressants

for depression treatment as well as the possibility of treating
depression-related comorbidities. Thus, the findings of the
present study show that the augmentation therapy with ALA
and DVS may be promising not only in the reversal of depres-
sive symptoms but also for the treatment of depression comor-
bidities such as cognitive and social impairment.
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