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Effects of lithium on inflammatory and neurotrophic factors
after an immune challenge in a lisdexamfetamine animal
model of mania
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Objective: To evaluate whether an animal model of mania induced by lisdexamfetamine dimesylate
(LDX) has an inflammatory profile and whether immune activation by lipopolysaccharides (LPS) has a
cumulative effect on subsequent stimuli in this model. We also evaluated the action of lithium (Li) on
inflammatory and neurotrophic factors.
Methods: Adult male Wistar rats were subjected to an animal model of mania. After the open-field
test, they were given LPS to induce systemic immune activation. Subsequently, the animals’ blood
was collected, and their serum levels of brain-derived neurotrophic factor and inflammatory markers
(tumor necrosis factor [TNF]-a, interleukin [IL]-6, IL-1b, IL-10, and inducible nitric oxide synthase
[iNOS]) were measured.
Results: LDX induced hyperactivity in the animals, but no inflammatory marker levels increased
except brain-derived neurotrophic factor (BDNF). Li had no effect on serum BDNF levels but prevented
iNOS levels from increasing in animals subjected to immune activation.
Conclusion: Although Li prevented an LPS-induced increase in serum iNOS levels, its potential anti-
inflammatory effects in this animal model of mania were conflicting.
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Introduction

Bipolar disorder is a severe psychiatric disorder affecting
1-4% of the population.1 Bipolar disorder is also associ-
ated with high rates of medical comorbidities,2 such as
autoimmune disorders, cardiovascular disease, and meta-
bolic dysfunction.3 The connection between bipolar dis-
order and these comorbidities seems to involve multiple
biological pathways, among which inflammation stands
out as a pivotal pathophysiological mechanism.

A recent study by Leboyer et al. suggested that low-
grade inflammation may be present in bipolar patients,
based on alterations in peripheral and central inflamma-
tory markers, which could be associated with damage
to the central nervous system (CNS).4 A meta-analysis of
30 studies found that pro-inflammatory, anti-inflammatory,
and regulatory cytokines are activated in bipolar disorder,
although their precise role in the pathophysiology of this
mental disorder remains unknown.5 Inducible nitric oxide
synthase (iNOS) is involved in the production of a great

amount of nitric oxide (NO) for sustained periods of time
and has been linked to inflammation and the potential
damaging actions of NO. In a study by Savas et al., higher
plasma NO levels were found in bipolar patients than
healthy subjects.6

Lithium (Li), the gold standard treatment for bipolar
disorder, has been implicated in immune system modula-
tion since the pioneering work of Horrobin & Lieb in the
early 1980s.7 Since then, the effects of Li on inflammation
have been investigated in a number of studies. One of
them found fewer cytokine-secreting cells (interleukin [IL]-6,
IL-10, IL-2, and interferon [IFN]-g) in bipolar patients after
chronic Li treatment, suggesting that Li may normalize
immune activation.8

In addition to its effects on inflammation, Li acts on
other biological pathways related to oxidative stress and
neurotrophins,9 probably helping to delay illness progres-
sion. Neurotrophins are essential for CNS development
and maintenance. Among them is the brain-derived neuro-
trophic factor (BDNF), which is widely distributed in the
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brain and is associated with synaptic transmission and
plasticity.10 Serum BDNF levels are lower in bipolar pati-
ents during mood episodes than in euthymic patients and
controls.11 Among other therapeutic actions, it has been
suggested that Li up-regulates BDNF, contributing to a
euthymic state.11

Ever since increased dopaminergic transmission was
observed in manic episodes, dopaminergic drugs have
been used in research to mimic the manic phase of
bipolar disorder and enable preclinical studies on this
illness.12 Initially, Frey et al. proposed an animal model of
mania induced by amphetamine.13 More recently, lisdex-
amfetamine dimesylate (LDX), a prodrug approved for
treating attention deficit hyperactivity disorder, has also
been used for this purpose.14 Although manic episodes
are more complex than simply augmenting dopaminergic
transmission, these models are useful for investigating
new antimanic medications15 and understanding how
classical mood stabilizers such as Li exert their effects.

There is evidence that immune activation plays a role
in the pathophysiology of bipolar disorder and that Li
may present potential anti-inflammatory properties. There-
fore, in this study we aimed to investigate 1) whether an
LDX-induced animal model of mania exhibits an inflam-
matory profile; 2) whether systemic immune activation by
lipopolysaccharides (LPS) administration enhances the
inflammatory profile presumably caused by LDX; and
3) whether Li can control this inflammatory response.
Furthermore, we evaluated BDNF levels to assess whether
there is interplay between inflammatory mediators and
this neurotrophic factor in this animal model.

Methods

Reagents

LDX (Vyvanse®, Shire, USA), Li chloride (LiCl; 213233;
Sigma-Aldrich, St. Louis, MO, USA), and LPS from
Escherichia coli 0111: B4 (L2630; Sigma-Aldrich,
St. Louis, MO, USA) were used. Preparation of the drug
solutions was performed as follows: for LDX, one LDX pill
(70 mg) was dissolved in 35 mL of saline and the solution
was sonicated for 30 minutes; for LiCl, 47.5 mg of LiCl
was dissolved in 1 mL of saline, mixing with a magnetic
stirrer until a homogeneous solution was obtained; for
LPS, 5 mg of LPS was dissolved in 1 mL of saline, stirring
until a homogeneous solution was obtained. All reagents
were freshly prepared prior to use.

Animals

Sixty-day-old male Wistar rats (weighing 250-350 g) were
obtained from the Central Animal House of the Universi-
dade Federal do Rio Grande do Sul, Porto Alegre, state of
Rio Grande do Sul, Brazil. They were housed in groups of
four per cage in standard polycarbonate rat cages under
standardized environmental conditions: a 12-hour light/
dark cycle (lights on between 7:00 a.m. and 7:00 p.m.),
controlled temperature (22 6 1 oC), and food and water
available ad libitum. All experimental procedures were
approved by the ethics committee for animal research of

the Hospital de Clı́nicas de Porto Alegre (protocol 150538)
and were carried out in accordance with the eighth edition
of the National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals. All efforts were made
to minimize the number of animals and their suffering.

Treatments

The animals received one daily administration of either
LDX (10 mg/kg), to induce hyperactivity (a manic episode
feature), or saline solution by gavage for 14 days (32 rats
per group) early in the morning (group allocation was
randomized and counterbalanced). Although we chose a
previously validated dose and vehicle, they had only been
used in a single previous study14 and the validation was
based solely on behavioral parameters. On the eighth day
of treatment, the animals in the LDX (LDX+) and saline
(LDX-) groups were randomly divided into two subgroups
(16 rats each) and received an intraperitoneal adminis-
tration of either Li (47.5 mg/kg) or saline twice a day: in
the morning (after the oral administration of LDX/saline)
and in the evening (just before lights out). This was done
to reproduce management of an acute manic episode,
having been previously proposed as a reversal model of
mania.12,13 On the 14th day, locomotor activity was meas-
ured 2 hours after the final oral administration (LDX or
saline). Half of the animals from each subgroup (eight
rats) were then randomly allocated to receive one single
intraperitoneal administration of LPS (5 mg/kg) to induce
immune activation and the other half (eight rats) did not.
The animals were anesthetized (ketamine 80-100 mg/kg;
xylazine 5-10 mg/kg) and their blood was drawn from the
tail vein 6 hours after LPS administration on the 14th day.
Since it was not possible to collect blood from all the
animals, biochemical analyses were carried out using
seven animals in each group. The blood of rats that did not
receive an LPS injection (control groups) was collected
simultaneously with that of the respective LPS groups
(Figure 1). The rats were then subjected to deep anesthe-
sia and were euthanized by decapitation. The blood col-
lected from each animal was allowed to clot, and the
serum was separated by centrifugation (1,000 g/10 min-
utes). Serum samples were stored at -80 oC until assay.

Locomotor activity: open-field test

An open-field test was used to assess locomotor activity 2
hours after the final oral administration (LDX or saline).
The test was performed in an 80 cm diameter field
enclosed by a 50 cm high acrylic wall with an open top.
The floor of the arena was divided into segments, and
the internal space of the arena was empty. The animals
were gently placed at the center of the apparatus, without
a previous habituation period, to explore the arena for
5 minutes. We used a video camera connected to a com-
puter with ANY-maze software to record the behavior of
each animal. The videos were analyzed using the ANY-
maze behavioral tracking software, which provided data
on the number of crossings, the total distance traveled (to
determine horizontal activity) and the number of rearings
(to determine vertical activity).
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Quantification of BDNF protein levels

Serum BDNF levels were measured with sandwich ELISA
using a commercial kit and following the manufacturer’s
instructions (Millipore, Massachusetts, USA). Microtiter
plates (96-well flat-bottom) were incubated overnight at
4 oC; the samples were diluted 1:75 with sample diluent in
a standard curve ranging from 15.63 to 1,000 pg/mL of
BDNF. Afterwards, the plates were washed four times with
a wash buffer, followed by the addition of a biotinylated
mouse anti-BDNF monoclonal antibody (diluted 1:1,000
with sample diluent) that had been incubated for 3 hours
at room temperature (RT). After washing, the plates were
incubated with streptavidin-horseradish peroxidase (HRP)
conjugate solution (diluted 1:1,000 with sample diluent)
for 1 hour at RT. After adding the substrate and stop solu-
tion, we determined the amount of BDNF (absorbance
set at 450 nm). The standard curve demonstrated a direct
relationship between optical density (OD) and BDNF con-
centration.

Quantification of iNOS levels

iNOS serum levels were measured according to manu-
facturer’s instructions (MyBioSource, California, USA) with
an ELISA kit that uses the competitive enzyme immu-
noassay technique. We added standards or samples to
the appropriate wells, then added phosphate buffered
saline (PBS) (pH 7.2) to the blank control well of a pre-
coated plate. iNOS-HRP conjugate was added to each
well (except the blank control well), and the plate was

incubated for 1 hour at RT. After the incubation period, the
wells were washed 5 times with diluted washing buffer
solution. The HP substrate was pipetted and incubated for
15 minutes at RT. After a stop solution was added, the
OD was determined spectrophotometrically at 450 nm
using a microplate reader. The intensity of the color is
inversely proportional to the iNOS concentration, since
iNOS from the samples and iNOS-HRP conjugate com-
pete for the anti-iNOS antibody-binding site. A standard
curve was plotted by relating the intensity of the color
(OD) to the concentration of standards, and the iNOS
concentration in each sample was interpolated from this
standard curve.

Quantification of cytokine levels

Tumor necrosis factor (TNF)-a, IL-6, IL-1b, and IL-10
serum levels were measured using a Milliplex Map Kit –
Rat cytokine/chemokine magnetic bead panel according
to the manufacturer’s instructions (Millipore, Massachu-
setts, USA). Standards or quality controls were added to
the appropriate wells, and an assay buffer was added to
background and sample wells. A matrix solution was then
added to the background, standard, and control wells,
and the samples were added to the appropriate wells. We
pipetted beads into the wells and incubated the plate for
2 hours at RT. The plate was then washed twice with
wash buffer, received detection antibodies, and was incu-
bated with agitation on a plate shaker overnight at 4 oC.
After incubation, streptavidin conjugated with the fluor-
escent protein phycoerythrin was added, and the plate

Figure 1 Overview of the experimental protocol: the blood of animals from the control groups was collected simultaneously
with that of the respective LPS groups. LDX = lisdexamfetamine dimesylate; LPS = lipopolysaccharides. * Two hours after the
last LDX or saline administration; w six hours after LPS administration.
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was incubated on a plate shaker for 30 minutes at
RT. After washing to remove the unbound streptavidin-
phycoerythrin, sheath fluid was added to all wells, and the
beads were resuspended on a plate shaker for 5 minutes.
The beads (minimum of 50 beads per cytokine) were
analyzed using a Luminex 200t instrument, which moni-
tored the spectral properties of the beads while simulta-
neously measuring the amount of fluorescence associated
with phycoerythrin. Raw data (median fluorescent intensity)
were analyzed using a five-parameter logistic method for
calculating analyte concentrations in samples (Luminex
xPONENT version 3.1).

Statistical analyses

Statistical analyses were performed using GraphPad
Prism version 7.0. In all experiments, p-values under
0.05 were considered statistically significant. The results
of the behavioral assessments are expressed as mean 6
standard error of the mean (SEM) of the distance traveled
and the number of crossings and rearings. Behavioral
data were checked for normality with the Shapiro-Wilk
test and analyzed with two-way ANOVA followed by
Bonferroni’s test for post-hoc comparisons. The Shapiro-
Wilk test also revealed that variables related to BDNF and
iNOS measures were normally distributed. However, the
residuals were not normally distributed for the cytokine
data. Thus, we transformed data into a normal distribution
by applying a natural log (ln) transformation. The results
of biochemical measurements are expressed as mean 6
SEM and were analyzed using three-way analysis of
variance (ANOVA) followed by Bonferroni’s test.

Results

Locomotor activity

The locomotor activity data obtained in the open-field test
are presented in Figure 2. Two-way ANOVA showed an
interaction between LDX and Li for total distance traveled
(n=16 per group; F1,60 = 10.76; p = 0.002) and the number
of crossings (n=16 per group; F1,60 = 7.995; p = 0.006).
However, no interaction between these two factors was
observed for the number of rearings (n=16 per group;
F1,60 = 0.186; p = 0.668). LDX significantly increased the
total distance traveled (n=16 per group; F1,60 = 45.55; po
0.001), the number of crossings (n=16 per group; F1,60 =
46.7; p o 0.001) and the number of rearings (n=16 per
group; F1,60 = 10.02; p = 0.002). Li reduced the total dis-
tance traveled (n=16 per group; F1,60 = 75.45; po 0.001),
the number of crossings (n=16 per group; F1,60 = 68.2;
p o 0.001), and the number of rearings (n=16 per group;
F1,60 = 32.31; p o 0.001). Post-hoc analysis showed that
administering Li to LDX-treated animals reversed hyper-
active behavior by reducing the total distance traveled
(p o 0.001) and the number of crossings (p o 0.001).

BDNF protein levels

The serum BDNF protein levels of each group are pre-
sented in Figure 3. A three-way ANOVA test revealed that

LDX treatment had a significant effect on BDNF protein
levels (n=7 per group; F1,48 = 205.1; p o 0.001). BDNF
levels were higher in all groups that received LDX (LDX+
groups) than in LDX- groups, regardless of the presence
of Li or LPS. This suggests that treatment with Li (n=7 per
group; F1,48 = 0.177; p = 0.676) and LPS (n=7 per group;
F1,48 = 0.012; p = 0.915) had no significant effect on
BDNF levels. Furthermore, as can be seen in Table 1,

Figure 2 Open-field test: total distance traveled and the
number of crossings and rearings after 7 days of treatment
with LDX + 7 days of LDX and Li. Bars represent mean 6
standard error of the mean. n=16 animals per group. LDX =
lisdexamfetamine dimesylate; Li = lithium. * p o 0.001 acc-
ording to two-way analysis of variance followed by Bonferroni’s
post-hoc test.
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three-way ANOVA revealed no interaction between the
following analyzed factors: LDX vs. Li (n=7 per group;
F1,48 = 0.014; p = 0.906); LDX vs. LPS (n=7 per group;
F1,48 = 0.134; p = 0.716); Li vs. LPS (n=7 per group; F1,48 =
0.102; p = 0.751); and LDX vs. Li vs. LPS (n=7 per group;
F1,48 = 0.521; p = 0.474).

iNOS levels

Serum iNOS levels are shown in Figure 4. Although LDX
(p = 0.781) had no influence on iNOS, Li (p = 0.002) and
LPS (p o 0.001) had a significant effect on iNOS levels.
We found no interactions between the following factors:
LDX vs. Li (n=7 per group; F1,48 = 1.506; p = 0.226); LDX
vs. LPS (n=7 per group; F1,48 = 1.328; p = 0.255); and Li
vs. LPS (n=7 per group; F1,48 = 0.872; p = 0.355).
However, the interaction between LDX vs. Li vs. LPS
(n=7 per group; F1,48 = 4.683; p = 0.036) was significant.

The post-test for multiple comparisons between groups
showed that the LDX-/Li-/LPS+ group had a higher iNOS
levels than LDX-/Li-/LPS- (p o 0.001) or LDX-/Li+/LPS+
(p o 0.001), indicating that LPS increased iNOS levels
and that Li could prevent this increase. No differences
were found between groups that received LDX: the LDX+/
Li-/LPS+ group did not differ from the LDX+/Li-/LPS-
group (p = 0.168). This suggests that LDX helps prevent
LPS-induced iNOS increases.

Cytokine levels

TNF-a, IL-1b, and IL-10 levels are shown in Figure 5.
Three-way ANOVA revealed that neither LDX nor Li
influenced TNF-a, IL-1b, and IL-10 levels. LPS, however,
affected the levels of these cytokines (p o 0.001). No
significant interactions were observed between the factors,
as shown in Table 1. Since the kit was insufficiently

Figure 3 Serum BDNF protein levels after 7 days of treatment
with LDX + 7 days of LDX and Li, and a single administration
of LPS. The results are presented as concentration of BDNF
(ng/mL). The bars represent mean 6 standard error of the
mean. n=7 animals per group. BDNF = brain-derived neuro-
trophic factor; LDX = lisdexamfetamine dimesylate; Li = lithium;
LPS = lipopolysaccharides. * p o 0.001 refers to the main
effect of LDX, according to three-way analysis of variance.

Table 1 The influence of LDX, Li, and LPS, as well as the interaction between these factors, on BDNF, iNOS, TNF-a, IL-1b,
and IL-10 levels

BDNF iNOS TNF-a IL-1b IL-10

F1,48 p-value F1,48 p-value F1,48 p-value F1,48 p-value F1,48 p-value

LDX 205.1 o 0.001 0.078 0.781 0.049 0.825 0.147 0.703 0.356 0.554
Li 0.177 0.676 10.72 0.002 0.166 0.685 0.076 0.784 0.404 0.528
LPS 0.012 0.915 27.44 o 0.001 111.82 o 0.001 20.375 o 0.001 36.485 o 0.001
LDX x Li 0.014 0.906 1.506 0.226 2.713 0.105 0.729 0.397 2.226 0.142
LDX x LPS 0.134 0.716 1.328 0.255 2.213 0.143 3.235 0.078 1.883 0.176
Li x LPS 0.102 0.751 0.872 0.355 3.458 0.068 0.93 0.34 3.738 0.059
LDX x Li x LPS 0.521 0.474 4.683 0.036 2.612 0.112 0.744 0.393 0.524 0.473

BDNF = brain-derived neurotrophic factor; IL = interleukin; iNOS = inducible nitric oxide synthase; LDX = lisdexamfetamine dimesylate;
Li = lithium; LPS = lipopolysaccharides; TNF-a = tumor necrosis factor-alpha.
Values in bold font are significant.

Figure 4 Serum iNOS levels after 7 days of treatment with
LDX + 7 days of LDX and Li, and a single administration
of LPS. The results are presented as concentration of iNOS
(ng/mL). The bars represent mean 6 standard error of the
mean. n=7 animals per group. iNOS = inducible nitric oxide
synthase; LDX = lisdexamfetamine dimesylate; Li = lithium;
LPS = lipopolysaccharides. * po 0.001 according to three-way
analysis of variance followed by Bonferroni’s post-hoc test.
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sensitive to measure IL-6 (73.2 pg/mL) in the serum of
animals that did not receive LPS, statistical analysis
regarding IL-6 levels could not be carried out.

Discussion

This study aimed to investigate potential anti-inflamma-
tory effects of Li and the interaction with BDNF levels

in an animal model of mania with additional immune
activation. Our results showed that LDX induced hyperlo-
comotion, the main hallmark of models of mania induced
by psychostimulants,13,14 and increased rearing behavior,
another feature found in such models. Moreover, we
demonstrated that Li reversed the hyperactivity that LDX
induced, which corroborates Macêdo et al.14 Although
there are limitations to animal models of mania, this
approach may be used to study specific features of the
illness, understand specific biological pathways through
which mood stabilizers act, and test potential new drugs
for bipolar disorder.16,17

The inflammatory profile that was expected after LDX
administration did not occur in our model, in contrast to
a study by Valvassori et al.17 in which amphetamine
increased inflammatory cytokine levels. Conversely, LDX
prevented an increase in iNOS levels and tended to
prevent an increase in inflammatory cytokine levels after
an immune challenge (LPS administration). LPS is an
endotoxin that induces sickness behavior by mimicking
an infection caused by Gram-negative bacteria, which
triggers the secretion of cytokines such as TNF-a, IL-6,
IL-1b, and IL-10 by the immune system18 and increases
expression of iNOS.19

Our study suggests that this occurred because LDX
activates serine-threonine kinases such as cyclic adeno-
sine monophosphate (cAMP)-dependent protein kinase
A (PKA), protein kinase C (PKC), and calmodulin kinases
(CaMKs). These kinases promote phosphorylation and
activation of the cAMP-responsive element binding protein
(CREB), a transcriptional factor involved in many cellular
processes, including cell survival, adaptive responses,
synaptic plasticity, and immune responses.20 Once phos-
phorylated, CREB binds to coactivator CREB-binding
protein (CBP). CBP can also bind to nuclear factor kappa
light-chain enhancer in activated B cells (NF-kB), which is
a master regulator of the transcription of several genes
involved in immune and inflammatory responses.21 Thus,
CREB and NF-kB compete for limited amounts of CBP.
When CREB is activated, the binding of CBP to CREB
increases, while the binding of CBP to NF-kB decreases.
This leads to a reduction in pro-inflammatory cytokines
and iNOS expression, resulting in a substantial decline
in the inflammatory process.20 This hypothesis agrees
with the evidence that amphetamine increases CREB
phosphorylation.22

LDX also increased serum BDNF levels in our study.
This differs from a previous study that found lower BDNF
levels in the hippocampus of rats subjected to this same
model of mania.15 However, our results are in line with
studies using animal models. Meredith et al. found higher
BDNF expression in rat brain structures after repeated
exposure to amphetamine.23 Methamphetamine also
increased BDNF levels in the hippocampus24 and dorsal
striatum25 of rats. The occurrence of higher BDNF levels
after a neurotoxic insult has been reported as a neuro-
protective factor in prior studies.26,27 Based on these
data, it could be speculated that the higher BDNF levels
found in our model were an endogenous neuroprotective
compensatory mechanism to the LDX neurotoxic insult.
LDX might influence BDNF levels through CREB, since

Figure 5 Serum TNF-a, IL-1b, and IL-10 levels after 7 days
of treatment with LDX + 7 days of LDX and Li, and a single
administration of LPS. The results are presented as a natural
log (ln) of the concentration of cytokines (pg/mL). The bars
represent mean 6 standard error of the mean. n=7 animals
per group. IL = interleukin; LDX = lisdexamfetamine dimesy-
late; Li = lithium; LPS = lipopolysaccharides; TNF-a = tumor
necrosis factor-alpha. * p o 0.001 refers to the main effect of
LPS, according to three-way analysis of variance.
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this transcription factor has also been implicated in the
activation of BDNF gene expression.28

Therefore, the increase in endogenous BDNF we
found in response to LDX may also be modulating the
LPS-triggered immune activation, since rats administered
with LDX tended to have lower cytokine levels. This hypo-
thesis is based on a study by Jiang et al. which showed
that BDNF was a potential inflammation modulator on the
transcriptional and cellular levels.29

Contrary to expectations, LPS did not affect serum
BDNF protein levels in any group. As an activator of
NF-kB and stimulator of cytokine production, LPS was
expected to reduce BDNF levels, as occurred in studies
by Guan et al. and Schnydrig et al. in the brain structures
of rats and mice, respectively.30,31 However, it should
be noted that we measured serum BDNF protein levels
6 hours after LPS administration, while these studies
analyzed BDNF expression in CNS structures and after
a longer period: 7 hours30 and within 1-6 days31 after
LPS. Blood collection time was chosen based on a study
showing that cytokine levels were still elevated 6 hours
after LPS injection,32 although LPS-induced changes in
serum BDNF protein levels appear at a longer latency.
Moreover, BDNF levels were not affected by Li in our
study, a result that differs from Frey et al.12 However, this
may have been due to the short period (7 days) over
which the animals received the drug, which is corrobo-
rated by Fukumoto et al.33 These authors found that
chronic (14 to 28 days) but not acute (7 days) Li treatment
increased BDNF expression in the hippocampus and
frontal cortex of rats.

As expected, however, LPS increased the level of inflam-
matory mediators. In agreement with previous studies, we
found elevated TNF-a, IL-1b, IL-10,32 and iNOS levels34

in the animals that received LPS. IL-1b and TNF-a
increase after LPS injection because they are involved
in the acute phase response of inflammation, while IL-10,
an anti-inflammatory cytokine, is up-regulated to control
the duration and intensity of the inflammatory response.32

Some studies have shown that Li has anti-inflammatory
properties due to its ability to reduce inflammatory
markers.35,36 Nonetheless, in our study, a therapeutic
concentration of Li only prevented increased iNOS levels
and had no effect on cytokine levels after the LPS chal-
lenge. In an in vitro experiment, Nahman et al. observed
that Li reduced iNOS expression and TNF-a and IL-1b
secretion, but these results were only obtained with an
extra-therapeutic concentration of the drug.36 Evidence
suggests that Li exerts its potential anti-inflammatory
effects by inhibiting glycogen synthase kinase-3b (GSK-
3b), which might reduce the activation of NF-kB and lead
to a decrease in inflammatory mediator secretion and
suppression of iNOS activity.37

It should be pointed out that we observed face and
predictive validities in this animal model of mania, since
the animals’ behavior (hyperactivity) was similar to sym-
ptoms seen in bipolar patients (face validity) and Li treat-
ment reversed the behavioral changes caused by LDX
(predictive validity). However, construct validity was not
observed, considering that the known biological basis of
bipolar disorder was not reproduced. LDX did not affect

inflammatory cytokine levels and caused an increase in
serum BDNF levels, quite unlike what is observed in
bipolar patients during mood episodes, such as increased
cytokine levels38 and reduced BDNF levels.39 To a certain
extent, it was expected that the model would reproduce
only part of the complex pathophysiology involved in the
illness. Nevertheless, based on the results obtained from
this study, it seems that this animal model was inappropri-
ate to evaluate the inflammatory changes commonly seen
in bipolar patients. The difficulty in reproducing these
features may be related to the drug used to induce the
model of mania and to the LDX treatment time. Moreover,
other limitations should be addressed, including our use
of animals that did not receive vehicle injection as a con-
trol group for those that received LPS injection. In fact,
this decision may have maximized the differences between
LPS groups and their respective controls, considering that
the injection itself may cause tissue damage. However,
this does not appear to have been the case, considering
that animals from non-LPS groups received previous
intraperitoneal injections and such intervention did not
influence any measured parameter. Finally, we should
mention that the method that we used to detect BDNF
does not distinguish between mature BDNF and proBDNF
molecules, and further studies will be necessary to pro-
perly elucidate the results observed in our work.

It is important to emphasize that contrary to our initial
hypothesis, LDX neither induced inflammation nor poten-
tialized LPS-induced inflammatory activation. This might
be considered the major limitation of our study, since we
could not arrive at any conclusion about the protective
potential of Li on the cumulative effect of LDX and
LPS. Instead, LDX reduced inflammatory response after
LPS, an unexpected and potentially interesting finding,
given that LDX is not only used in animal models, but also
as an effective and approved treatment for psychiatric
disorders.

Our study’s findings suggest that LDX induced hyper-
activity, but did not induce an inflammatory profile in rats.
Therefore, results about the possible anti-inflammatory
effects of Li in this model of mania were conflicting.
Li neither influenced BDNF serum levels nor prevented an
increase in cytokines after the LPS challenge; however,
it did prevent increased iNOS levels due to systemic
immune activation, indicating that it might have some
anti-inflammatory properties. Furthermore, animals that
received LDX showed an increase in serum BDNF, which
may have occurred as an endogenous neuroprotective
response to neurotoxic insult from LDX. This suggests
that BDNF may have been essential in preventing increased
iNOS levels in response to immune activation. Further
experiments are needed to understand downstream immune
and neurotrophic changes that may be associated with
LDX, LPS, and Li.
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