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Abstract: Brucellosis is a zoonosis affecting 50,000,000 people annually. Most patients progress to a
chronic phase of the disease in which neuropsychiatric symptoms upsurge. The biological processes
underlying the progression of these symptoms are yet unclear. Peripheral inflammation mounted
against Brucella may condition neurochemical shifts and hence unchained neuropsychiatric disorders.
Our work aimed at establishing whether neurological, behavioral, and neurochemical disarrays are
circumstantially linked to peripheral inflammation uprise secondary to Brucella abortus 2308 infec-
tions. We then evaluated, in control and Brucella-infected mice, skeletal muscle strength, movement
coordination, and balance and motivation, as well as dopamine, epinephrine, norepinephrine, and
serotonin availability in the cerebellum, frontal cortex, and hippocampus. Serum levels of proin-
flammatory cytokines and corticosterone in vehicle-injected and -infected mice were also estimated.
All estimates were gathered at the infection acute and chronic phases. Our results showed that
infected mice displayed motor disabilities, muscular weakness, and reduced motivation correlated
with neurochemical and peripheral immunological disturbances that tended to decrease after 21 days
of infection. The present observations support that disturbed peripheral inflammation and the
related neurochemical disruption might lead to mood disorders in infected mice. Future experiments
must be aimed at establishing causal links and to explore whether similar concepts might explain
neurological and mood disorders in humans affected by brucellosis.

Keywords: brucellosis; neurotransmitters; behavioral alterations; inflammation; brain regions

1. Introduction

Brucellosis is a disease caused by facultative intracellular, Gram-negative bacteria of
the genus Brucella [1]. It is endemic to several regions in Africa, Asia, Latin America, and
Mediterranean Europe [2,3]. Human cases of brucellosis are often caused by B. abortus,
B. melitensis, B. suis, and B. canis infections. Exposure to contaminated dairy products
and the manipulation of infected animals facilities the transmission and infection [1].
Unfortunately, the clinical criteria to achieve a successful diagnosis are ill-defined, and there
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are not enough laboratory tests to support it [4]. Since the treatment requires the patient
to have a long-term commitment, relapses are rather frequent due to poor therapeutic
adherence, a circumstance that challenges the effective control of brucellosis outbreaks
worldwide and facilitates patients to progress to a chronic phase of the disease [5].

The clinical landscape of brucellosis is rather unspecific. Patients may report acute
fever accompanied or not by a handful of signs such as headache, fatigue, weakness,
overall discomfort, and tiredness. The acute stage may progress to a chronic phase that
features relapses characterized by fever, weakness, and diaphoresis [6]. Chronic brucellosis
may also lead to osteoarticular, skeletal muscular [7], neurological [8], and psychiatric
disorders [9]. Interestingly, in patients infected by brucellosis, anxiety and depression may
be manifested in the absence of demonstrable brain infection, a fact that indicates that
neuropsychological symptoms may arise as a consequence of the peripheral inflammatory
response mounted against it [10]. Although there is no information available to substantiate
this presumption, its likeliness is supported by reports showing a correlation between IL-6
(a proinflammatory cytokine) serum concentrations and the appearance of anxiety and
depression in infected patients [11]. Moreover, it has been shown that the intraperitoneal
administration of proinflammatory cytokines (IL-1, TNF-α, and IL-6), alone or combined,
temporally induces anhedonia [12] and that infection with bacteria of the genus Mycobac-
terium may also produce memory deficits and anhedonia [13]. The mechanisms underlying
these associations, in particular those concerning Brucella infections, remain open issues
that must be addressed. Evidence supporting that they might involve changes in neu-
rotransmitter availability in key brain regions has been published nonetheless [12–14].
With this in mind, the present study was designed to evaluate circumstantial relationships
between inflammatory, hormonal, neurochemical, and behavioral parameters in Balb/c
mice infected or not with Brucella abortus 2308 during the acute and chronic phase of the
diseased state.

2. Materials and Methods
2.1. Bacterial Culture

The B. abortus strain 2308 was cultured according to a standardized method reported
previously by our group [15]. Briefly, B. abortus 2308 was cultured at 37 ◦C for 72 h in
10 mL trypticase soy agar supplemented with yeast extract (Merck, Cat. 146439) with
constant agitation of 200× g at 37 ◦C. The bacteria were quantified by agar plate method
and were adjusted by optical density using a Spectronic 20 spectrophotometer (Bausch &
Lomb, Laval, Canada) with an absorbance of 0.4 ± 0.02 at 540 nm to obtain 1 × 106 CFU
(colony-forming units). All the procedures were performed in a Nuaire Class II type A/B3
biosafety cabinet.

2.2. Animals

BALB/c mice (n = 24) between 6 and 8 weeks of age and weighing 18–20 g were used
in this study (supplied by Ferandelh, México). The mice were housed in groups of three
per cage and allowed 21 days of acclimation at the animal facility of the Immunology
Department at the Escuela Nacional de Ciencias Biológicas, Instituto Politécnico Nacional.
Mice were kept in temperature (21 ◦C) and light control rooms under a regular cycle (lights
on 7:00 a.m./lights off 19:00 p.m.), having free access to water and food (Lab Rodent
Diet 5001, St. Louis, MO, USA) until sacrifice. Mice were randomly assigned to one of
three groups. Mice in the first group (vehicle-treated or control; n = 12) received a single
intraperitoneal injection (100 µL) of 0.1 M PBS. The other two groups (n = 6 each) were
inoculated intraperitoneally with 100 µL PBS containing 1 × 106 CFU B. abortus 2308.
After 14 and 21 days from the infection day, the neurological and mood conditions were
assessed behaviorally inside a biosafety cabinet. After being tested, mice were sacrificed by
cervical dislocation, and blood and brain tissue samples were collected. Mouse handling,
inoculation, and experimental protocols were revised and approved by the local Animal
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Rights Committee (Permit No. ZOO-009-2018) and complied fully with the NIH Guide for
the Care and Use of Laboratory Animals.

2.3. Behavioral Assessment

To evaluate the neurological performance and mood in control and infected mice,
each mouse was subjected to a battery of tests consisting of (1) a modified version of the
forelimb grip strength test (FGST) [16]. Strength force was estimated in tail-pulled mice
while gripped to a bar fixed to a dynamometer (Labessa, Mexico City, Mexico. Cat. DI1900)
until animals released it. (2) A modified version of the motor balance and coordination
test (MBCT) [17]. Mice were placed on a bar (50 cm long, 2 cm wide) placed 30 cm
above the floor; the time spent traversing the bar (i.e., latency) was recorded. (3) The
tail suspension test (TST) was conducted as described previously [18]. Mice were filmed
for 5 min while suspended by their tails; immobilization time, defined as the moment
when animals stop making paw movements, was recorded. (4) A modified version of
the open field test (OF) [19]. This was conducted using a 10 × 30 cm wood-made box
having its floor divided into nine quadrants. Mice were placed in the central one, and their
exploratory behavior was filmed for 5 min. The number of occasions each mouse moved
across quadrants was recorded. Full quadrant occupancy was recorded when the mouse
posed its four paws within its limits. (5) The forced swimming test (FST) was conducted
as described formerly [13]. Mice were placed in a round 1.7-L pool tempered at 35 ◦C
and were filmed for 5 min. The immobilization time, as defined as the absence of paw
movements, was recorded.

All behavioral tests were assessed in different control and infected mice (n = 6/group)
at 14- and 21-days post-infection (PI). FGST and MBCT predominantly evaluated neuro-
logical conditions. TST, OF, and FST preferentially assessed motivation. Lastly, previous
work showed that infections instrumented with B. melitensis did not alter blood–brain
barrier permeability [20]. We then expected B. abortus 2308 infections to cause no shifts in
blood–brain barrier permeability. Indeed, unpublished results support this presumption.

2.4. Brain and Serum Sampling

All mice were sacrificed by cervical dislocation and later decapitated to obtain brain
tissue; this procedure avoids neurochemical alterations induced by the anesthesia [21].
Once obtained, the brains, frontal cortex (FC), cerebellum, and hippocampus were dissected.
All samples were weighed by using an analytical balance, frozen in liquid nitrogen, and
stored at −80 ◦C until further processing. Peripheral blood samples, on the other hand,
were withdrawn by puncturing the facial vein soon after the cervical dislocation occurred.
Blood samples were centrifuged at 2000× g at room temperature for 10 min to separate the
serum fraction. Serum aliquots (100-µL) were then collected and stored at −80 ◦C until use.

2.5. Neurotransmitter Quantification

Neurotransmitters were quantified as in a previous work [22]. Briefly, norepinephrine
(NE), epinephrine (E), dopamine (D), and serotonin (5-HT) were extracted from the frontal
cortex (FC), cerebellum, and hippocampus, using 400 µL extraction buffer containing 5%
ascorbic acid, 200 mM sodium phosphate, 2.5 mM L-cysteine, and 2.5 mM EDTA. Then, the
protein was precipitated by adding 100 µL 0.4 M perchloric acid followed by incubation at
20 ◦C for 20 min. Supernatants containing NE, E, D, and 5-HT were collected after centrifu-
gation at 12,419× g for 10 min (4 ◦C). NE, E, D, and 5-HT concentrations were determined
by reversed-phase HPLC (RP-HPLC) in a system integrated by a PU-2089 plus pump (Jasco,
Inc. Easton, MD, USA), an AS-2057 plus autosampler (Jasco, Inc.), and an X-LC™3120FP
fluorescence detector (Jasco, Inc.). Instruments were controlled using ChromNav (Jasco,
Inc.). Chromatographic runs were performed using a Jupiter C18 column (300 Å, 5 µ,
4.6 × 250 mm, Phenomenex®) at 30 ◦C. The column was equilibrated with a mobile phase
A containing 0.1% trifluoracetic acid in water; then, a linear gradient from min 5 to min
20 with mobile phase B containing 0.1% trifluoroacetic acid in acetonitrile was performed.
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Flow rate was 0.8 mL/min. Fluorescence detector was set at gain 1000, attenuation 32,
response 20 s, and 280 nm and 315 nm for excitation and emission, respectively. Sample
injection volume was 100 µL.

2.6. Cytokine Quantification

IL-6, IL-12, TNF-α, IFN-γ, and IL-10 were quantified by using a mouse inflammation
kit, BD™ (catalog # 552364), used according to the manufacturer’s instruction. Samples
thus processed were run in a FACSARIA III (BD Bioscience, San Jose, CA, USA) flow
cytometer. Each assay was carried out in duplicate.

2.7. Corticosterone Quantification

Corticosterone was quantified by using the corticosterone competitive ELISA Kit
(Invitrogen, cat# EIACORT) analyzed with the aid of the Multiskan Go spectrophotometer
(Thermo Scientific, Waltham, MA, USA). Data were analyzed using Skanlt, version 5.0,
Software for Multiskan Go; Thermo Scientific, Waltham, MA, USA, 2017.

2.8. Statical Analysis

All statistical analyses were performed using GraphPad Prism, version 9.0.0 for
Windows, GraphPad Software, San Diego, CA, USA. Data sets were subjected to normality
tests. The results were analyzed by using ANOVA or Kruskal–Wallis multiple comparisons
for parametric or non-parametric data, respectively, followed by Tukey’s post hoc tests.
Significance was established when p ≤ 0.05. Data sets that passed the normality tests
were, for the control group, IL-6, IL-12, IFN-γ, IL-10, corticosterone; FST, MBTC, TST; and
the concentration of D and E in the cerebellum; D in the frontal cortex, and NE in the
hippocampus. For the 14-PI group, these were IL-12, IFN-γ, corticosterone; FST, MBTC, TST,
and the concentration of D and 5-HT in the cerebellum; D, E in the frontal cortex, well as E
and NE in the hippocampus. For the 21-PI group, these were IL-6, IFN-γ, corticosterone;
FST, MBTC, TST; and the concentration of E, NE, and 5-HT in the cerebellum; NE, and 5-HT
in the frontal cortex; and D, E and NE in the hippocampus. The rest of the data obtained
did not distribute normally.

Pearson’s or Spearman’s correlation tests were used to evaluate possible correlations
among cytokine serum levels, neurotransmitter profiles per anatomical brain region, corti-
costerone serum levels, and the behavioral parameters obtained per animal in each group.
Correlation tests were conducted with data gathered either at day 14-PI (acute stage) or at
day 21-PI (chronic phase). The choice of the correlation analysis depended on the result
of the distribution test. Data sets collected from the three groups of mice that passed
the normality tests were analyzed with Pearson’s, whereas data sets showing abnormal
distributions were compared by using Spearman’s. In all cases, the r value≥ 0.6, associated
with a p-value ≥ 0.05, was considered significant and biologically meaningful.

3. Results
3.1. B. abortus 2308 Infected Mice Displayed Behavioral Changes as Compared with Control Mice
at 14- and 21-Days Post-Infection

B. abortus 2308 infection disrupted mouse performance in all the behavioral tests
assessed. Indeed, infected mice took more time to solve the MBCT, displayed muscle
weakness in FGST, and decreased OF exploratory behavior (i.e., increased anxiety; Figure 1).
Similarly, they remained immobile longer in the TST, as well as in the FST; both tests suggest
a increased in hopelessness (Figure 1). The differences between control and infected mice
lasted until the end of the study, with FST as exception; the behavior of hopelessness
decreased between 14-PI and 21-PI days (Figure 1). Despite this finding, the magnitude
of relative “hopefulness” in infected mice never quite reached the values observed in
control mice (Figure 1). The differences between control and infected mice were statistically
significant for FGST (H(2) = 83.8, p < 0.0001), MBCT (F = 6.6, dƒ = 2, 21; p < 0.0056), OF
(H(2) = 17.4, p < 0.0002), TST (F = 48.5, dƒ = 2, 21; p < 0.0001), and FST (F = 48.4, dƒ = 2, 21;
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p < 0.0001). Table S1 shows the mean and standard deviation of the values obtained in the
behavioral tests (see supplementary material).

Figure 1. Parametrizing behavioral variables. Behavioral tests showed that the infected mice presented musculoskeletal
alterations and changes in balance and motor coordination, decreased movement, and motivation. ANOVA tests were
used for motor balance and coordination, tail suspension, and forced swimming tests. Kruskal–Wallis tests were used for
forelimb grip strength and open field tests. Statistical significance was recognized when p < 0.05. Statistical significance is
represented as follows: ** p < 0.01; *** p < 0.001; **** p < 0.0001.

3.2. B. abortus 2308 Infected Mice Display Differential Changes in Neurotransmitter
Concentrations in Distinct Brain Regions as Compared with Control at 14- and 21-Days
Post-Injection

Based upon the behavioral findings, one may expect to observe differential shifts
in the availability of various neurotransmitters in cortical and subcortical areas involved
in the regulation of motor and mood behavior. Accordingly, significant differences in
5-HT availability (F = 3.5, dƒ = 2, 21; p < 0.04), but not in dopamine (D), epinephrine
(E), or norepinephrine (NE) were found between control and infected mice cerebella at
day 14 post-inoculation. Figure 2 shows the result of the post hoc tests. A similar result
was observed in the frontal cortex, where D (F = 5.1, dƒ = 2, 21; p = 0.01) and serotonin
(5-HT) (F = 9.2, dƒ = 2, 21; p < 0.001) availability, but not E or NE, decreased only at
14 days-PI; the results of the post hoc tests are shown in Figure 3. Lastly, hippocampal D
(F = 13, dƒ = 2, 21; p < 0.002), NE (F = 15.5, dƒ = 2, 21; p < 0.0001), and 5-HT (H(2) = 12.9,
p < 0.001) availability, but not E concentration, significantly decreased in infected mice
when compared with control mice only at day 14-PI. The values obtained and the result of
the post hoc tests can be found in Figure 4. Tables S2–S4 shows the average and standard
deviation of neurotransmitters concentration obtained in frontal cortex, hippocampus and
cerebellum (see supplementary material).
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Figure 2. Neurotransmitter concentration in cerebellum. HPLC analyses revealed a transient,
significant increase in cerebellar serotonin levels in infected mice when compared with control mice
at day 14-PI. ANOVA tests were used in all cases, except for dopamine, for which Kruskal–Wallis
tests were employed. Statistical significance was recognized when p < 0.05. Statistical significance is
represented as follows: * p < 0.05.

Figure 3. Neurotransmitter concentration in the frontal cortex. HPLC analyses documented sig-
nificant decreases in frontal cortical dopamine and serotonin levels in infected mice as compared
with their control mates at day 14-PI. Serotonin, nonetheless, returned to levels comparable to those
observed in control mice by day 21-PI. An ANOVA test was used in all cases, except for epinephrine,
in which the Kruskal–Wallis test was applied. Statistical significance was recognized when p < 0.05.
Statistical significance is represented as follows: * p < 0.05; *** p < 0.001.
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Figure 4. Neurotransmitter concentration in the hippocampus. HPLC analyses showed a transient drop at 14-PI, followed
by a recovery at day 21-PI of hippocampal dopamine, norepinephrine, and serotonin levels in infected mice as compared
with control mice. ANOVA tests were used in all cases, except for serotonin, in which the Kruskal–Wallis tests were
utilized. Statistical significance was recognized when p < 0.05. Statistical significance is represented as follows: ** p < 0.01;
*** p < 0.001; **** p < 0.0001.

3.3. Serum Levels of TNF-α, IL-6, IL-12, and IFN-γ at Days 14 and 21 Post-Infection with
B. abortus 2308

As previously described, infections by bacteria of the Brucella genus increase serum
levels of proinflammatory cytokines [20]. Our observations are consistent with these results.
Indeed, with the exception of IL-10 (H(2) = 21.78, p < 0.0001), we found increased serum
levels of IL-6 (H(2) = 49.99, p < 0.0001), TNF-α (H(2) = 41.76, p < 0.0001), IL-12 (H(2) = 35.01,
p < 0.0001), and IFN-γ (F = 161.4, dƒ = 2, 65; p < 0.0001) in infected mice when compared
with the control ones at day 14-PI. In contrast, at day 21-PI, the only cytokine whose
concentration was found elevated in infected mice was IL-12. Interestingly, also at day
21-PI, IL-6 and IL-10 serum levels decreased significantly in infected mice as compared with
their control peers. The results of the comparisons between groups are shown in Figure 5.
Table S5 shows the mean and standard deviation of cytokine concentration quantified in
peripheral blood (see supplementary material).

3.4. B. abortus 2308 Infected Mice Did Not Display Differential Changes in Corticosterone Serum
Concentrations as Compared Control Mice

Corticosterone levels did not show changes in the infected versus control ones at 14-
and 21-days PI (F = 2.5, dƒ = 2, 45; p > 0.05). This recalls the phenomenon observed in
patients with brucellosis, who showed no changes in blood cortisol levels during infection,
but who did have a decrease in serum dehydroepiandrosterone levels. It has been suggested
that the infection modifies the synthesis of dehydroepiandrosterone as a mechanism of
evasion of the immune response [23].

3.5. Correlations between Cytokines, Corticosterone, Neurotransmitters, and Behavioral Tests

To evaluate possible interactions between cytokine and corticosterone peripheral lev-
els, concentrations of neurotransmitters in different brain regions, and the values obtained
for each behavioral parameter evaluated, we constructed a correlation matrix that was
analyzed by using Spearman’s tests for data having Gaussian’s distribution or Pearson’s
correlation tests for data displaying non-normal distribution. The results are shown in
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Tables 1–4. Overall, our results show that neurotransmitter concentrations across the
anatomical regions evaluated correlated with inflammatory, hormone, and behavioral
parameters, as evaluated from one time point to the other in infected mice. The number of
correlations was greater in 21-PI mice, thus, suggesting that the neurochemical disturbances
and, hence, mood and motor disorders are greater as the inflammatory response develops
further from 14 to 21 days PI.

Figure 5. Inflammatory profile in infected Balb/c mice. A transiently exacerbated inflammatory response was documented
in infected mice when compared with control mice at day 14 -PI. After this time point, the intensity of inflammatory
response falls significantly by day 21-PI. Kruskal–Wallis tests were used in all cases, except for IFN-γ, in which ANOVA
tests were used. Statistical significance was recognized when p < 0.05. Statistical significance is represented as follow:
** p < 0.01; *** p < 0.001; **** p < 0.0001; ns = no significance.

Table 1. Correlative analyses among parametrized variables in control mice.

Cerebellum

Neurotransmitter Correlation Correlation Value p-Value

D
FGST rs = 0.67 p < 0.05

MBCT r = −0.76 p < 0.01

E Cx r = 0.79 p < 0.01

Frontal Cortex

D MBCT r = −0.62 p < 0.05

Hippocampus

NE OF rs = 0.67 p < 0.01
Correlation values are presented with r for Pearson correlation and rs for Spearman correlation. MBCT, motor
balance and coordination test; FGST, forelimb grip strength test; OF, open field test; Cx, corticosterone; FC, frontal
cortex; H, hippocampus.
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Table 2. Correlative analyses among parametrized variables in infected mice at day 14-PI.

Frontal Cortex

Neurotransmitter Correlation Correlation Value p-Value

D IL-10 rs = −0.77 p < 0.01

E NE FC rs = 0.71 p < 0.01

NE IL-12 r = 0.61 p < 0.05

Hippocampus

D MBCT r = 0.74 p < 0.01
Correlation values are presented with r for Pearson correlation and rs for Spearman correlation. FC, frontal cortex;
MBCT, motor balance and coordination test.

Table 3. Correlative analyses among parametrized variables in infected mice at day 21-PI.

Cerebellum

Neurotransmitter Correlation Correlation Value p-Value

D IL-6 r = 0.75 p < 0.01

Frontal Cortex

D FGST rs = −0.76 p < 0.01

E Cx rs = 0.62 p < 0.05

NE
FST r = −0.6 p < 0.05

IL-10 rs = −0.7 p < 0.01

5-HT
TST r = 0.77 p < 0.01

FST r = −0.61 p < 0.05

Hippocampus

D IL-6 r = 0.77 p < 0.01

E TST r = 0.58 p < 0.05

NE
MBCT r = 0.61 p < 0.05

TST r = 0.60 p < 0.05
Correlation values are represented with r for Pearson correlation and rs for Spearman correlation. MBCT, motor
balance and coordination test; FGST, forelimb grip strength test; FGST, forelimb grip strength test; FST, forced
swimming test; TST, tail test suspension; FC, frontal cortex; H, hippocampus.

Table 4. Correlative analyses between cytokines and other parametrized variables across
infected mice.

Cytokine Correlation Correlation Value p-Value

IL-6 (21-PI) Cx (21-PI) r = 0.68 p < 0.05

IL-10 (21-PI) FGST (21-PI) rs = 0.65 p < 0.05

TNF-α (14-PI) Cx (14-PI) rs = 0.95 p < 0.001
Correlation values are presented with r for Pearson correlation and rs for Spearman correlation. FGST, forelimb
grip strength test; OF, open field test; Cx, corticosterone.

4. Discussion

It is estimated that approximately one-third of the patients affected by chronic infec-
tious diseases develop psychiatric conditions, even in the absence of demonstrable neural
infections [24–26]. Patients chronically infected by Brucella are not an exception [11]. Even
though the mechanisms underlying the neuropsychological manifestations of brucellosis
are unclear, the rise in circulatory levels of cytokines and microbial-derived antigens may
alter the body’s neuro-immune balance in the body [27,28] and, thus, the behavior [29,30].
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4.1. Inflammatory Changes

As expected, the inoculation of B. abortus 2308 increased serum levels of proinflamma-
tory cytokines IL-6, IL-12, TNF-α, and IFN-γ at day 14-PI [20]. The levels of the majority
of these cytokines, with the exception of IL-12, decreased by day 21-PI. In the case of
IFN-γ, the drop in its serum levels by day 21-PI is reminiscent of the kinetics observed
for this cytokine in chronic Brucella-infected patients [31]. The decrease in IFN-γ serum
levels observed in mice and humans infected by Brucella may in part be explained by the
reduction in the macrophage number in the splenic marginal zone [32].

In our experimental unit, based upon a two-point inference model and the concen-
tration of the circulating levels of IFN-γ, we identified a two-phase immune response
mounted against Brucella. During the primary phase that lasts a couple of weeks, an
intense inflammatory response accompanied by increments in IFN-γ serum levels was
observed. In contrast, the second phase, developed between day 14-PI and day 21-PI,
was characterized by a drop in IFN-γ serum and a decreased intensity of the immune
response. This dynamic is consistent with that reported previously by Demirdag et al. [33]
and Ghaznavi-Rad et al. [31] and suggests that Brucella evades the immune response when
the infection becomes chronic.

An interesting finding made in our work is the sustained increase in IL-12 accompa-
nied by the decay of IL-10 serum concentrations in Brucella-infected mice. Although IL-12
and IL-10 are considered essentially antagonistic, under the context of Brucella infections,
both cytokines may work in concert to limit the progression of the infection. Indeed, on
the one hand, IL-12 is a proinflammatory cytokine produced by macrophages and other
antigen-presenting cells, among other functions, of inducing IFN-γ production and pro-
moting Th1 lymphocyte activation [34]. These IL-12 properties help to organize immune
responses aimed at clearing off intracellular microorganisms infections [35], among them
Brucella [36]. IL-10, on the other hand, is a potent anti-inflammatory agent that prevents
tissue damage by the immune response [37]. In the case of Brucella infections, this property
facilitates the inflammatory response against it [38], likely ameliorating the severity of
tissue damage.

4.2. Corticosterone

In our experimental model, we did not detect changes in plasma corticosterone
levels. A similar observation has been reported in patients infected with Brucella. It has
been revealed, nonetheless, that Brucella may evade the immune response after inducing
increments of dehydroepiandrosterone [23]. Future studies will evaluate this possibility in
infected mice.

4.3. Neurochemical Alterations

Since the permeability of the blood–brain barrier remains intact in Brucella inoculated
Balb/c mice [20,39], we assumed that their behavioral and neurochemical disturbances
occur as a consequence of the peripheral inflammatory response. In support of this notion,
it has been reported that brucellosis-infected patients develop, during the acute phase of
the illness, behavioral and mood clinical manifestations such as hallucinations, delirium, or
psychotic symptoms [10,11]. Depression, on the other hand, is not infrequent in patients
suffering chronic brucellosis [10].

To date, the mechanism by which Brucella infection leads to altered neural function
is yet unknown. Since bacterial invasion to neural tissue has not been demonstrated,
the release of bacterial components upon peripheral nerve endings and/or centrally on
brain-specific regions constitutes one possibility [40,41]. Even though our results do not
provide definitive answers to this conundrum, they do support that brucellosis infections
differentially affect the neurochemistry across the brain. Indeed, we observed, for example,
decreased D and 5-HT levels in the frontal cortex and reduced D, NE, and 5-HT concen-
trations in the hippocampus at day 14-PI. These results are in line with previous reports
documenting differential neurochemical disturbances secondary to infections produced
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by other intracellular microorganisms such as Mycobacterium lepraemurium [14], Mycobac-
terium tuberculosis [13], and Bacille Calmette Guérin [42]. Hence, brain differential regional
neurochemical responses seem to be a feature by virtue of which the brain contends extra-
neuronal infections produced by intracellular bacteria. Whether this mosaic response has
an adaptive value and/or whether it represents an iterated code developed by the brains
of hosts specifically infected by intracellular microorganisms await to be investigated.

4.4. Behavioral Alterations

Our results showed that infected mice develop motor disabilities, muscular weakness,
and reduced motivation, as monitored by various neurological and mood tests at 14- and
21 -days PI. These behavioral disturbances persisted despite the relative “normalization”
of the concentration of inflammatory cytokines and neurotransmitter availability with time.
This observation suggests that brain damage may be long-lasting. In the future, we must
address whether this assertion is fair and whether the long-term plastic response is indeed
insufficient to fully restore neural function in infected mice. That this might be the case,
however, is supported by the observation showing functional sequela in patients having
chronic brucellosis [10,11]. Lastly, although there are no reports of behavioral changes in
murine models following infection with B. abortus 2308, there is evidence that infections by
other microorganisms indeed cause behavioral disturbances [13,14].

A finding that deserves special consideration is that showing that infected mice
exhibited almost identical increased immobility times at 14-PI and 21-PI days while the
levels of IFN-γ were bell-shaped. Since IFN-γ levels are frequently thought to be positively
correlated with depression, one might have expected IFN-γ levels to be similar in these
animal groups. Recent studies have shown, nonetheless, that IFN-γ [43] levels are lower in
patients diagnosed with major depression than in treated, depressed patients or healthy
volunteers [44], thus suggesting that the relationship between depressive symptoms and
IFN-γ levels is not as straightforward as previously thought. In fact, it might be modulated
by interactions with other proinflammatory cytokines (e.g., IL-1, TNF-α, and IL-6; [12,45]),
hormones, and neurotransmitters [46–49]. Therefore, future studies must be designed to
disentangle the interactions ongoing within this network (for an initial guide, see Table 5 in
the discussion) to begin understanding how depression is installed in individuals carrying
chronic brucellosis.

4.5. Correlations

In our analysis, we highlight some correlations. At day 14-PI the correlations detected
were between the peripheral IL-12 levels and NE concentrations in the frontal cortex
(r = 0.61; p < 0.05); as well as a negative correlation between IL-10 and D levels in the
frontal cortex (r = −0.77; p < 0.01). This suggests a strong influence of the inflammatory
response on changes in neurotransmitter concentrations. Additionally, we found a strong
correlation (rs = 0.95 p < 0.05) between TNF-α levels and those of corticosterone. This
is likely the result of an evasion mechanism of the host’s immune response against the
microorganism [23]. A possible explanation of this phenomenon could be the result of the
deregulation of the vagal anti-inflammatory pathway since the TNF-α and cortisol values
detected in our model suggest the presence of a reduced cholinergic tone [46].

At day 21-PI we highlight a positive correlation between circulatory levels of IL-6
and D in the cerebellum (r = 0.75; p < 0.01), and serotonin in the hippocampus (r = 0.78;
p < 0.01). Such changes could result from a decrease in proinflammatory cytokines that
induce a reduction in IDO activity, which favors a compensation in neurotransmitter
levels [47,48] compared against observations at day 14. There is a relevant correlation
between the forelimb grip strength test and D in the frontal cortex (rs = −0.76; p < 0.01)
and serum IL-10 levels (rs = −0.65; p < 0.05) that could be explained by the participation of
MPFC and the cerebellum in executive functions through a dopaminergic axis [49,50]. The
abundant neurochemical changes observed at day 21 in the frontal cortex, hippocampus,
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and cerebellum of infected animals are similar to those observed in human and animal
models regarding their participation in cognitive-affective functions [51,52].

Table 5. Overall cytokine, neurotransmitter and behavioral changes observed in mice infected with
Brucella abortus 2308.

Molecule 14-PI 21-PI

Cytokines

TNF-α ↑ TNF-α ↑↓
IL-6 ↑ IL-6 ↑↓
IL-12 ↑ IL-12 ↑
IL-10 ↓ IL-10 ↓
IFN-γ ↑ IFN-γ ↓↓

Neurotrasmitters

Hippocampus

5-HT ↓ 5-HT ↓↑
D ↓ D ↓↑

NE ↓ NE ↓↑
Frontal cortex

5-HT ↓ 5-HT ↓↑
D ↓

Cerebellum

5-HT ↑
Hormones Cortisol = Cortisol =

Behavior

Resistance
(FGST) ↓ Resistance

(FGST) ↓

Equilibrium
(MBCT) ↓ Equilibrium

(MBCT) ↓

Anxiety (OF) ↑ Anxiety (OF) ↑
Hopelessness

(TST) ↓ Hopelessness
(TST) ↓

Hopelessness
(FST) ↓ Hopelessness

(FST) ↓↑

Blue arrows indicate comparison with control group; red arrows indicate comparison with 14-PI mice group; PI,
post-infection; =, indicate no changes in comparison with control group; FST, forced swimming test; MBCT, motor
balance and coordination test; FGST, forelimb grip strength test; OF, open field test; TST, tail suspension test.

In sum, the overall results (Table 5) support that brucellosis might produce neuro-
logical and motivational disturbances by acting, not directly but indirectly, via the body’s
peripheral inflammatory response. That this might be possible is supported by data show-
ing that intraperitoneal injection of single or combination proinflammatory cytokines
(IL-1β, IL-6 and TNF-α) influence neuroendocrine activity, which promotes sickness behav-
ior, anxiety, and anhedonia accompanied by neurotransmitter alterations in different brain
areas such as the amygdala, hippocampus, locus coeruleus, and medial prefrontal cortex;
sickness behavior persisted for 24 h after cytokine administration [12]. In the same way,
our group reported alterations in hippocampal NE concentration 24 h after LPS injection in
Wistar rats [53]. In addition, we have claimed that neurotransmitter shifts in the hippocam-
pus and frontal cortex might be secondary to the effect of inflammatory cytokines on the
activity of indoleamine 2,3-dioxygenase (IDO) [48,54] and tetrahydrobiopterin (BH4) [55];
activation of IDO decreases serotonin synthesis [48]. On the other hand, inflammation
inhibits BH4 and decreases dopamine and monoamine synthesis [55]. In the cerebellum, we
observed only increments in 5-HT levels at day 14-PI. This increment might be explained
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by the local increment of melatonin, a neuroprotective response against noxious stimuli
instrumented by the cerebellum [56].

4.6. Limitations

The correlative design of the present work does not permit readers to draw conclusive
cause-effect relationships. The relatively small sample size makes this work exploratory
and preliminary in nature. The lack of biochemical information on the striatum and
amygdala limits, to some extent, the conclusions reached with regard to the behavioral
outcomes observed in infected mice.

5. Conclusions

Having these limitations in mind, we think the results presented here are sufficient to
conjecture that the peripheral inflammatory response mounted against B. abortus 2308 ex-
plains both the neurological and mood disorders observed in the infected mice. If a similar
association is uncovered and demonstrated to be causal in humans, future clinical protocols
aimed at managing chronic brucellosis must contemplate psychoneuroimmune screening.
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.3390/microorganisms9091937/s1, Table S1: Results of the behavioral tests performed in the different
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included.
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