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Visceral leishmaniasis is a chronic disease caused by Leishmania infantum. We aimed to detect the parasite in the
brain of fifteen naturally-infected dogs using in situ hybridization and immunohistochemistry, and the gene ex-
pression of selected chemokines by RT-qPCR.We detected no parasite in the brain, but perivascular deposition of
parasite DNA and IgG in the choroid plexus.We noticed up-regulation of CCL-3, CCL-4 and CCL-5, coherentwith T
lymphocyte accumulation, stating the brain as a pro-inflammatory environment. Indeed, not necessarily the par-
asite itself, but rather its DNA seems to act as a trigger to promote brain inflammation during visceral
leishmaniasis.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Visceral leishmaniasis (VL) is a chronic disease caused by parasitic
protozoans from the Leishmania donovani complex, namely L. (L.)
donovani and Leishmania (L.) infantum (syn = chagasi), which belong
to the family Trypanosomatidae. Dogs are considered the main urban
reservoir of this neglected disease, which presents worldwide distribu-
tion, and a zoonotic importance in Brazil and in theMediterraneanbasin
(Baneth et al., 2008; Chappuis et al., 2007).

Infected dogs present with different patterns of immune response
against the parasite, with an effective cellular activation or a deleterious
humoral response (Barbiéri, 2006). Infected dogsmay keep asymptom-
atic for long periods or quickly develop the classical symptoms of the
disease such as skin and ocular diseases, renal failure, anemia, cachexia
and generalized lymphadenopathy (Alvar et al., 2004). Despite the pre-
dilection for the liver, spleen and bonemarrow, the parasite could virtu-
ally spread everywhere, including the genital system (Diniz et al., 2005),
muscles (Gomes et al., 2012), and the central nervous system (Márquez
et al., 2013).
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Specifically in the brain, the parasite is not often detected (Márquez
et al., 2013; Viñuelas et al., 2001), however, inflammatory lesions even
in the absence of the parasite are commonly observed, predominantly
leptomeningitis and choroitis, with accumulation of mononuclear cells
(Ikeda et al., 2007; Nieto et al., 1996; Viñuelas et al., 2001). For the oc-
currence of leukocyte migration from blood to the brain, chemokines
are key molecules. They compose a superfamily of low molecular
weight proteins (8–10 kDa), which act in the immune response, mainly
activation and guidance of leukocyte traffic (chemotaxis) (Bendall,
2005; Mantovani, 1999).

Chemokines are divided in four subfamilies, according to the posi-
tion of cysteine residues: CXC (α-chemokines), CC (β-chemokines), C
and CX3C (Mantovani, 1999; Peeters et al., 2006). Among the β-
chemokines there are MCPs (monocyte chemoattractant proteins) -1
and -2 (or CCL-2 and CCL-8, respectively); MIPs (macrophage inflam-
matory proteins) -1α and -1β (or CCL-3 and CCL-4, respectively); and
RANTES (regulated on activation, normal T cell expressed and secreted,
or CCL-5), which are highly chemoattractive to monocytes/macro-
phages, several lymphocytes subsets, dendritic cells and NK cells
(Bendall, 2005; Rabin, 2003).

A major representative of α-chemokines is CXCL-10 (interferon
gamma-induced protein 10, or IP-10), which main function is to regu-
late effector Th1 cell migration to the site of inflammation during adap-
tive immune response (Bendall, 2005;Murphy, 2003). Further, CX3CL-1
(fractalkine) is the only chemokine belonging to the CX3C subfamily.
It acts as a chemoattractant and as an adhesion molecule, since it is
present in both soluble and membrane-anchored forms. CX3CL-1 is

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jneuroim.2015.10.004&domain=pdf
http://dx.doi.org/10.1016/j.jneuroim.2015.10.004
mailto:giselem@fmva.unesp.br
Journal logo
http://dx.doi.org/10.1016/j.jneuroim.2015.10.004
Unlabelled image
http://www.sciencedirect.com/science/journal/01655728


22 G.D. Melo et al. / Journal of Neuroimmunology 289 (2015) 21–29
expressed bymacrophages, dendritic cells, neurons and activated endo-
thelial cells, and it is chemoattractive principally to T lymphocytes and
NK cells (Bendall, 2005; Maeda et al., 2012). In the brain, neurons ex-
press elevated concentrations of CX3CL-1,which acts inmicroglialmod-
ulation by interaction with the receptor CX3CR-1, expressed by
microglia (Hanisch and Kettenmann, 2007).

Limited studies focused on the neuropathogenesis of VL. We have
previously observed the presence of inflammatory stimuli in the brain
of infected dogs, such as glial activation, cytokine overexpression and
matrix metalloproteinase enzymes (Melo and Machado, 2011; Melo
et al., 2013) that could facilitate the accumulation of inflammatory
cells, essentially T lymphocytes (Melo et al., 2009). Therefore, since
the evidences of brain inflammation during canine VL are robust but
the pathogenesis is unclear, we aimed to evaluate T lymphocyte popu-
lations and the gene expression of CCL-2, CCL-3, CCL-4, CCL-5, CCL-8,
CXCL-10, CX3CL-1 and the receptor CX3CR-1 in the brain of dogs
naturally infected by Leishmania spp., comparing with the chemokine
profile expressed in the spleen; and attempting to correlate the expres-
sion of the chemokines with the clinical stage and the presence of the
parasite in the brain, assessed by qPCR, in situ hybridization and
immunohistochemistry.

2. Materials and methods

2.1. Animals

Twenty dogs were included in this study. Fifteen dogs proceeding
from the Zoonosis Control Center in the municipality of Araçatuba, São
Paulo State, Brazil, were selected as soon as VL diagnosis was achieved
by serology (DPP and ELISA, Bio-Manguinhos/Fiocruz, Manguinhos, RJ,
Brazil). The age ranged from 1 to 4 years old, 7 males and 8 females.
Five uninfected dogs which death was not related to brain disease (i.e.
trauma) were included as control.

2.2. Sampling

The dogswere euthanizedwith the owners' permission according to
the recommendations of the current VL control program (São Paulo,
2006), using sodium thiopental and potassium chloride. We collected
peripheral blood samples in tubes with and without EDTA, and urine
samples by cystocentesis; however, the bladder was empty in three an-
imals. Afterwards, we performed necroscopic examinations to evaluate
macroscopic alterations and to collect samples of brain and spleen. The
brain, representative of the central nervous system (CNS), was consid-
ered our organ of interest, while the spleen, representative of the pe-
riphery, was considered the target organ of the infection.

From the brain, we collected one hemisphere and stored in 10%
buffered-formalin. After fixation, coronal sections were made and sam-
ples containing cerebral cortex, thalamus, hippocampus, pons-medulla
oblongata, cerebellum, the ventricular choroid plexi and periventricular
whitematterwere paraffin-embedded, sectioned (5 μm)and submitted
to hematoxylin and eosin (HE) staining, in situ hybridization and immu-
nohistochemistry. From the other hemisphere, unfixed, we collected a
pool of fragments of 0.5 cm3 from the thalamus, hippocampus,
piriform/temporal cortex and periventricular white matter, stored in
RNAlater (AM7020, Applied Biosystems, Foster City, CA, USA) for RNA
extraction, or directly frozen at −80 °C for DNA extraction. Regarding
the spleen, we performed tissue smears, and we collected fragments
in formalin, in RNAlater and to be directly frozen at−80 °C.

2.3. Clinical staging

We performed the complete bloodwork of the animals, using rou-
tinemethods to determine the serum concentrations of total protein, al-
bumin, urea and creatinine. We determined the serum concentrations
of anti-Leishmania antibodies using indirect ELISA (Lima et al., 2005).
Urinalysis and urinary protein/creatinine ratio (UPC;f urinary protein
urinary creatinineg)

were also performed. The clinical staging was defined according to
Solano-Gallego et al. (2011).
2.4. In situ hybridization (ISH) to detect Leishmania

We performed in situ hybridization in brain and spleen sections fol-
lowing Dinhopl et al. (2011). Briefly, slides containing tissue sections
were dewaxed in xylene and hydrated in ethanol at 100%, 70%, and
50% and distilled water, followed by incubation with Proteinase K
(S3004, Dako, Carpinteria, CA, USA) during 10 min and subsequent
washing in distilled water, in ethanol 96% and in isopropanol for
5 min each. The slides were air-dried and frame seals (SLF-1201, Bio-
Rad, Hercules, CA, USA) were attached. Then, we added 125 μL of hy-
bridization mix containing 15 μL of distilled water; 25 μL of 20× SSC
buffer; 62.5 μL of formamide 50%; 12.5 μL of dextran sulfate 50%;
2,5 μL of Denhardt's solution (D2532, Sigma-Aldrich, Saint Louis, MO,
USA); 6.25 μL of herring sperm DNA (D7290, Sigma-Aldrich); and
1.25 μL of 3′-digoxigenin-conjugated probe (Eurofins MWG Operon,
Huntsville, AL, USA). The probe, 5′-ACGGGGATGACACAATAGAGCTTC
TCC-3′, in final concentration of 100 ng/mL, detects a segment of the
5.8S ribosomal RNA of Leishmania genus. The slides were incubated at
95 °C for 6 min, immediately cooled in ice, and then incubated at 40
°C for 14–16 h in humid chamber. Afterwards, the slides were washed
in 2× SSC, 1× SSC and 0.1× SSC buffer for 5min each, followed by incu-
bation with the anti-digoxigenin antibody conjugated to alkaline phos-
phatase, diluted in TBS (1:200; 11093274910, Roche Diagnostics,
Indianapolis, IN, USA) for 1 h and then washed in TBS. Visualization
was achieved using NBT/BCIP (nitro blue tetrazolium/5-bromo-4-
chloro-3-indolyl-phosphate) (11681451001, Roche Diagnostics) for
1 h in the dark. The reaction was stopped with TE buffer (pH 8.0) for
10min followed bywashing in distilled water. The slides were counter-
stained with Mayer's hematoxylin and mounted in aqueous medium
(Faramount, S3025, Dako). Parasites were identified by a dark purple
signal (Supplemental Fig. 1).
2.5. Leishmania DNA quantification

We extracted total DNA from tissue fragments (spleen and a pool of
brain fragments) weighting ca. 25 mg using the DNeasy blood & tissue
kit (69506, Qiagen, Hilden, Germany) according to the manufacturer's
protocol. The DNAwas quantified with a NanoDrop spectrophotometer
(260/280 ratio between 1.8 and 2.0). We performed qPCRs using
CFX96™ Real-time System (Bio-Rad), SYBR Green PCR Master Mix
(4309155, Applied Biosystems) and 900 nM of each primer (sense: 5′-
CCTATTTTACACCAACCCCCAGT-3′; anti-sense: 5′-GGGTAGGGGCGTTC
TGCGAAA-3′) which amplify a 116 bp fragment of the minicircle kinet-
oplast DNA (kDNA) of Leishmania spp. (Ranasinghe et al., 2008), in a
total volume of 25 μL. The amplification conditions were the following:
94 °C for 2 min and 40 cycles of 94 °C for 15 s and 60 °C for 1 min. Then,
the samples were submitted to a melt curve from 60 °C to 95 °C; with a
0.5 °C increase every 5 s.Weassessed the absolute quantificationusing a
standard curve containing serial dilutions (from 10−1 to 106

promastigotes) of L. infantum DNA (MHOM/BR/72/LD46). The lower
limit of positivity (cut-off value) was established using the results ob-
tained from spleens and brains of uninfected dogs.
2.6. Chemokine gene expression

We extract the RNA from brain and spleen samples stored in
RNAlater using the RNeasy Mini kit (74104, Qiagen) following the
manufacturer's instructions. Total RNA was quantified in a NanoDrop
spectrophotometer (260/280 ratio between 2.0 and 2.3) and then sub-
mitted to genomic DNA elimination and reverse transcription using
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the QuantiTect Reverse Transcription kit (205314, Qiagen) following
the manufacturer's instructions.

We performed qPCRs using CFX96™ Real-Time System (Bio-Rad),
TaqMan master mix (4304437, Applied Biosystems), and customized
gene expression assays (4351372 and 4331182, Applied Biosystems):
CCL-2 (Cf02671955_g1), CCL-3 (Cf02671956_m1), CCL-4
(Cf02622476_m1), CCL-5 (Cf02622325_m1), CCL-8 (Cf02622478_m1),
CXCL10 (Cf02622528_m1), CX3CL1 (Cf02651336_m1) and CX3CR1
(Cf02695529_s1). The reference genes were RPL32 (ribosomal protein
L32; Cf03986518_m1) and G3PDH (glyceraldehyde 3-phosphate dehy-
drogenase; Peeters et al., 2006). The amplification conditions were as
follows: 55 °C for 2 min, 95 °C for 10 min, 45 cycles of 95 °C for 15 s
and 60 °C for 1 min. For each target, we obtained values of reaction effi-
ciency from amplification of seven serial dilutions of a pool of cDNA).
The relative gene expression was achieved using the REST® software
(Pfaffl et al., 2002) which indicates how many times (fold change)
the expression of a target gene is higher (up-regulated) or lower
(down-regulated) in the infected group when compared with the con-
trol group.

2.7. T lymphocyte characterization and Leishmania detection in the brain
by immunohistochemistry

To detect Leishmania parasites, IgG and CD3+ T cells in the brain,
after dewaxing the tissue sections, endogenous peroxidase activity
was blocked by incubating sections in 2% (v/v) hydrogen peroxide
30 vol. diluted in 50% (v/v) methanol for 30min. Pre-treatments for an-
tigen retrieval were done according to the primary antibody specifica-
tion (Table 1). Non-specific binding was blocked with 3% (w/v) non-
fat dry milk in PBS (phosphate-buffered saline) pH 7.2 for 30 min.
Sections were incubated with the primary antibody (Table 1) for
18–22 h at 4 °C in a humidified chamber. Slides were washed in PBS,
incubated with a biotinylated secondary antibody and with
streptavidin–HRP complex (LSAB+ Kit, Dako, K0690) according to the
manufacturer's instructions. The reaction was developed with 3,3′-di-
aminobenzidine (Dako, K3468). Regarding the detection of CD4+
cells and CD8+ cells; we used Novocastra antibodies (Leica, Newcastle
upon Tyne, United Kingdom), which are able to detect these molecules
in paraffin sections (Table 1), and the Catalyzed Signal Amplification
System (CSA; Dako, K1500), following themanufacturer's specification.
The slides were then counterstained with Harris's hematoxylin,
dehydrated, cleared, and mounted with coverslips. Tissue samples
were examined by light microscopy and we measured the positive-
stained area using a computerized image-analysis software (Image-
Pro Plus 6.1, Media Cybernetics) as per Melo and Machado (2011).
The intensity of the positive staining was evaluated in a total area of
814.554.4 μm2. The results are expressed as the percentage of the
tissue's positive-stained area. All analyses were done “blindly”, without
knowledge of the experimental groups. Human tonsil and canine lymph
node sections were used as positive controls (Supplemental Figs. 2–3).

2.8. Statistical analyses

Correlation between chemokines was assessed by the Spearman
test. Differences for T lymphocyte subpopulations were determined
using the Mann–Whitney test. Values of P b 0.05 were considered
Table 1
Panel of antibodies used in the immunohistochemical analyses in the brain of dogs with viscer

Antibody Specificity Dilution

Polyclonal rabbit anti-CD3 T cells 1:200
Monoclonal mouse anti-CD4 clone 1F6 CD4+ cells 1:100
Monoclonal mouse anti-CD8 clone 1A5 CD8+ cells 1:100
Polyclonal rabbit anti-dog IgG IgG 1:100
Heterologous hyperimmune canine seruma Leishmania sp. 1:100

a According to Tafuri et al. (2004).
statistically significant. Data were expressed as the median and the in-
terquartile range (IQR). All statistical analyses were performed using
Prism software (v6.05, GraphPad, La Jolla, CA, USA).

2.9. Ethical issue

All procedures were performed according to the Brazilian College of
Animal Experimentation, and approved by the Institutional Ethics Com-
mittee (CEUA, FMVA-UNESP, process #2012–01093).

3. Results

3.1. Clinical staging

The most common clinical sign was skin disease (53.3%, 8/15), in-
cluding alopecia, nasal hyperkeratosis, ulcers and seborrhea, spleno-
megaly (46.7%, 7/15), followed by lymphadenopathy (40%, 6/15),
conjunctivitis (40%, 6/15), and ear pinna necrosis (40%, 6/15).
Onycogryphosis and cachexia were observed in 26.7% (4/15) of the
dogs.

Regarding laboratorial findings, 93.3% (14/15) of the infected dogs
presented normocytic–normochromic anemia, 53.3% (8/15) presented
lymphocytopenia and 66.7% (10/15) presented thrombocytopenia.
All infected dogs presented hypoalbuminemia and reduced albumin/
globulin ratio. Azotemia was evident in 26.7% (4/15) of the infected
dogs, and 66.7% (8 out of 12 urine samples) presented increased
UPC. All infected dogs presented positive concentrations of serum
anti-Leishmania antibodies, 6.7% (1/15) with low intensity (from cut-
off value 0.27 up to 0.4), 67.7% (10/15) with medium intensity (0.4 up
to 0.81), and 26.7% (4/15) with high intensity (over 0.81).

Direct parasitological examinations in spleen smears were positive
in 33.3% (5/15) of the infected dogs; however, all the spleens of infected
dogs were positive in qPCR. Therefore, we classified 20% (3/15) of the
dogs in stage I, 53.3% (8/15) in stage II, 20% (3/15) in stage III and 6.7%
(1/15) in stage IV of the disease. Individual values of all measured data
are available in Supplemental Tables 1–4.

3.2. Brain histopathology

The most common histopathological findings in the brain of the in-
fected dogs with VL were inflammatory changes (Fig. 1), ranging from
discrete to severe, including leptomeningitis (80.0%, 12/15), choroiditis
(73.3%, 11/15), subventricular gliosis (73.3%, 11/15) and parenchymal
mononuclear perivascular cuffs (53.3%, 8/15). Further, we also observed
vascular congestion, microhemorrhages, satellitosis/neuronophagia,
and glial nodules. No association between clinical signs and brain histo-
pathological alterationswas observed. We did not detect in the parasite
in the brain sections stainedwithHE, however, the parasiteswere clear-
ly observed in spleen sections.

3.3. Localization of Leishmania parasites in the brain

We did not detect Leishmania parasites within the brain of infected
dogs using neither in situ hybridization nor immunohistochemistry.
Nevertheless, by means of ISH, we observed a perivascular positive
staining in the choroid plexus of 78.6% of the dogs (11 out of 14 dogs
al leishmaniasis.

Pre-treatment Source

Citrate 10 mM pH 6.0 in steamer for 30 min Dako, A0452
EDTA 1 mM pH 8,0 in steamer for 30 min Novocastra, NCL-L-CD4-1F6
Citrate 10 mM pH 6.0 in steamer for 30 min Novocastra, NCL-CD8-295
Citrate 10 mM pH 6.0 in steamer for 30 min Sigma-Aldrich, A6792
Citrate 10 mM pH 6.0 in steamer for 30 min –



Fig. 1. Brain histopathological analysis in dogs with visceral leishmaniasis. (A) Cerebellar leptomeningewith intense mononuclear inflammatory infiltrate (arrowhead). (B) Mononuclear
perivascular cuff in the thalamus (arrowhead). (C) Choroid plexus containing severe inflammatory infiltrate (arrowhead) and vascular congestion, leading to changes in its morphology.
(D) Choroid plexus exhibiting mild inflammatory infiltrate and deposition of perivascular hyaline substance (arrowhead). (E) Subventricular gliosis (arrowhead) in the area of the lateral
ventricle, in close contact with the ependymal lining. (F) Quantification of brain histopathological lesions in infected dogs (n = 15). Hematoxylin and eosin, scale bar = 200 μm (A);
100 μm (B, C, E); 50 μm (D).
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where this structurewas present in the sections) (Fig. 2A–C). In order to
better describe this finding, we performed paired HE and anti-IgG im-
munohistochemical analyses in the same sections containing positive
ISH staining in the choroid plexus. In HE-stained tissues, there was no
detectable parasite or parasitized cell, but inflammatory infiltrate and
stroma thickening (Fig. 2B). Immunohistochemistry revealed intense
IgG deposition in the choroid plexus' stroma (Fig. 2D). Therefore, we
classified this alteration as perivascular LeishmaniaDNA/IgG deposition.
3.4. Leishmania DNA quantification in the brain

Wewere able to detect and quantify the parasite DNA in the brain of
the infected dogs using qPCR.With large variability, the brain presented
parasite loads ranging from 1.1 × 101 to 6.6 × 103 parasites/25mgof tis-
sue (Fig. 3). Nevertheless, only 53.3% (8/15) of the dogs presented
values higher than the lower limit of positivity (3.9 × 101). There was
no correlation regarding brain parasite load and the clinical stages. On
the other hand, all the spleens of infected dogs were positives, ranging
from 1.5 × 102 to 7.2 × 105 parasites/25 mg of tissue (cut-off value of
1.3 × 100). Comparing brain and spleen, we noticed a positive correla-
tion between parasite load in these organs (r = 0.610; P = 0.018).

3.5. Chemokine gene expression in the brain and in the spleen of infected
dogs

In order to evaluate the up- or down-regulation of selected chemo-
kine gene expression in the brain and spleen of dogs with VL, we used
the REST® method, which expresses how many times (fold changes)
the target gene ismore or less expressed in the infected dogs, compared
with the control ones. Reaction efficiency values, determination coeffi-
cients and angular coefficients of each gene are shown in Table 2.

All chemokines were up-regulated in the spleen of infected dogs
(Table 2; 4). No changes were observed for the receptor CX3CR-1. No
correlation between the clinical stage and parasite loadwith chemokine
expression was noticed, however, in the spleen; CCL-3, CCL-4, CCL-5
and CCL-8 were positively correlated among them, as well as CCL-2
with CCL-8 and CXCL-10.

In the brain of infected dogs, only the gene expression of CCL-3
(19.9-fold), CCL-4 (16.2-fold) and CCL-5 (20.3-fold) was significantly

Image of Fig. 1


Fig. 2. In situ hybridization to detect Leishmania parasites in the brain of dogs with visceral leishmaniasis. The choroid plexus was the only structure presenting positive staining in the in
situ hybridization analysis, but displaying only perivascular staining (A, C). NBT/BCIP. In serial sections stainedwith hematoxylin and eosin (B), no parasite or parasitized cellwas detected,
but inflammatory infiltrate and stroma thickening (*). (D) Perivascular deposition of IgG was also noticed (arrowhead). Immunoperoxidase. Scale bar = 200 μm (A, B); 100 μm (C, D).
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up-regulated (Table 2; Fig. 4), with strong positive correlation among
them (Fig. 5A-C). No correlation between the chemokines in the brain
and clinical stage or parasite loadwas observed. As expected in a natural
infection sampling, we observed important individual variability in all
targets, nevertheless, different from the other targets, the distribution
Fig. 3. Individual parasite load determination in the spleen and in the brain of dogs with
visceral leishmaniasis. Black lines connect the spleen and the brain values of the same
dog. The dotted lines represent the lower limit of positivity: spleen = red dotted line
(1.3 × 100 parasites), brain = blue dotted line (3.9 × 101 parasites).

Table 2
Reaction efficiency values (E), determination coefficients (r2) and angular coefficients
(slope) of the RT-qPCRs of each evaluated gene, and P-values regarding the relative gene
expression of the target genes in the spleen and in the brain.

Target E (%) r2 Slope
P-value

Spleen Brain

G3PDH 106.6 0977 −3173 – –
RPL-32 100.2 0.994 −3.318 – –
CCL-2 101.8 0.998 −3.279 0.000↑ 0.337
CCL-3 99.1 0.999 −3.344 0.000↑ 0.010↑
CCL-4 96.4 0.999 −3.412 0.002↑ 0.007↑
CCL-5 101.7 0.992 −3.282 0.000↑ 0.018↑
CCL-8 99.6 0.994 −3.330 0.000↑ 0.353
CXCL-10 101.0 0.993 −3.299 0.000↑ 0.388
CX3CL-1 99.4 0.995 −3.337 0.005↑ 0.431
CX3CR-1 104.6 0.994 −3.217 0.168 0.700

↑ indicates significative up-regulation.
of CXCL-10 gene expression displayed a specific pattern in the infected
dogs, with 10 dogs with expression values similar to the control dogs,
and a small subpopulation (n = 5; #GD3, #GD4, #GD5, #GD9,
#GD10) with evident higher gene expression. When evaluated sepa-
rately, this subpopulation presented 83.8-fold more CXCL-10 expres-
sion than the controls (Fig. 5D; P = 0.002). Even in this particular
case, we detected no correlation to the clinical stages, parasite load,
and inflammatory status or to other chemokines. CXCL-10was correlat-
ed to CCL-2 in the spleen, and besides the absence of changes in the gene
expression of CCL-2 in the brain, we observed a trend to positive corre-
lation between CXCL-10 and CCL-2 in the brain (Fig. 5E).

3.6. T lymphocytes in the brain

CD3+ cells were themain component of the inflammatory infiltrate
in the brain of the infected dogs, located in the leptomeninges,
subependymal area, choroid plexus and in the parenchymal
perivascular cuffs (Fig. 6A-C). Infected dogs presented a median value
of 0.57% (IQR 0.73) whereas control dogs presented solely 0.04% (IQR

Image of &INS id=
Image of Fig. 3


Fig. 4. Relative gene expression of chemokines in the spleen and in the brain of dogs with
visceral leishmaniasis. The values are expressed as fold changes (log 2). Positive values
indicate up-regulation and negative values indicate down-regulation, when compared
with the control dogs. The normalization factor was the reference genes G3PDH and
RPL-32. * indicates P b 0.05.
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0.02) of immunostained area (P = 0.0002). CD4 and CD8 were rarely
detected, only in the infected dogs (Fig. 6D).
4. Discussion

We observed the presence of inflammation, chemokine expression
and parasite DNA in the brain of dogs with VL. The sample population in-
cluded dogs belonging to the four clinical stages of the classification pro-
posed by Solano-Gallego et al. (2011).We chose the spleen as the control
organ of the infection since it is considered one of the parasite's targets
and it is the focus of inflammation during the disease. The cyto-
histopathological findings in this organ support this statement, as they
were coherent with the classical lesions previously reported (Lima et al.,
2012). Regarding the brain, we observed important inflammatory alter-
ations, with different intensities, ranging from discrete to intense, corrob-
orating previous studies from our research group and others (Márquez
et al., 2013; Melo et al., 2013; Viñuelas et al., 2001); consequently, we
can confirm that the brain is also affected during VL, even in the absence
of neurological symptoms. Nevertheless, its pathogenesis is still unclear.
Fig. 5. Correlations between chemokine gene expression in the brain of dogswith visceral leishm
(C). The Spearman r and the P-values are shown on the plots. (D) Individual values of CXCL-10
subpopulation of 5 infected dogswith remarkable up-regulation (83.8-foldmore). Horizontal li
10 and CCL-2 gene expression in the brain of infected dog, with a trend to positive correlation. N
trend to high CCL-2 expression.
One possible stimulus to trigger the inflammatory response in the
brain would be the presence of the parasite itself. Infection by other
members of the Trypanosomatidae family leads to parasite accumula-
tion in the brain. Trypanosoma brucei invades the CNS via the choroid
plexus and the circumventricular organs (Masocha et al., 2007).
Trypanosoma evansiwas present in the brain of naturally-infected hors-
es (Rodrigues et al., 2009) as well as Trypanosoma cruzi in immunodefi-
cient humans (Javier et al., 1998). Leishmania on the other hand has
been sporadically noticed in the CNS, using either histology or immuno-
histochemistry (Márquez et al., 2013; Nieto et al., 1996; Viñuelas et al.,
2001).

Even though in situ hybridization reactions were effective to detect
the parasite in the spleen, no parasite was observed in the brain. Never-
theless,we noticed perivascular staining exclusively at the choroid plex-
us, consistent with perivascular parasite DNA deposition. In oncology, a
similar finding is named Azzopardi phenomenon, which corresponds to
DNA deposition around blood vessels in areas of tissue necrosis, since
massive cell lysis releases large amounts of nucleic acids (Pritt and
Cooper, 2003). To our knowledge, there is no description of Azzopardi
phenomenon in infectious diseases; however, there are reports of free
DNA fragments, smaller than 300 bp, circulating in biological fluids
such as plasma, serum and urine. These fragments are called cell-free
DNA, and they could be originated from the host cells' death (self-
DNA) or from microorganisms' life cycle (replication, maturation and
death) (Dwivedi et al., 2012; Green et al., 2009), including Leishmania
spp. (Franceschi et al., 2007).

At histological examination, we did not detect parasites in the cho-
roid plexus in the areas where in situ hybridization revealed
perivascular Leishmania DNA deposition. The presence of parasite DNA
in the brain was corroborated by qPCR, and even though positive, the
average parasite load in the brain was low. Furthermore, the
perivascular deposits in the choroid plexus were hyaline, consistent
with IgG deposition, and not basophilic as expected for nucleic acids.
Nevertheless, DNA-containing immune complexes or even small
amounts of cell-free DNA (Atkins et al., 1972; Falangola et al., 1995)
aniasis. Correlations between CCL-3 and CCL-4 (A), CCL-3 and CCL-5 (B), CCL-4 and CCL-5
gene expression in the brain of infected and control dogs, where it is possible to notice a

nes represent themedian and the interquartile range values. (E) Individual values of CXCL-
ote that 3 out of the 5 infected dogswith the highest CXCL-10 expression also presented a
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Fig. 6. Immunohistochemical characterization of the lymphocytic infiltrate in the brain of dogs with visceral leishmaniasis. The inflammatory infiltrate is composed chiefly by CD3+ T
lymphocytes (arrowhead), located in cortical leptomeninges (A), subependymal area (B), and in parenchymal perivascular cuffs (C). Immunoperoxidase, scale bar = 50 μm.
(D) Quantification of CD3+, CD4+ and CD8+ cells in the brain of dogs. Data are expressed as the percentage of the immunostained area in relation to the total evaluated area
(814.554.4 μm2). Columns represent the median value of the groups.
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may arrive to the choroid plexus stroma by vascular fenestrations and
inflammatory endothelial lesions (Wolburg and Paulus, 2010), which
could be enough to render positive a test based on DNA detection and
to initiate inflammation. High concentrations of circulating immune
complexes have already been detected in VL, which has been correlated
to glomerulonephritis and necrotizing vasculitis (Alvar et al., 2004;
Brandonisio et al., 1990). The parasite DNA could also trigger inflamma-
tion by activation of Toll-like receptors, probably TLR-9, which binds
DNA and that have already been detected in the choroid plexus of
dogs with VL (Melo et al., 2014).

The first report of Leishmania detection in the choroid plexus in dogs
was published by Nieto et al. (1996). Thereafter, histological alterations
were described in the choroid plexus of dogs with VL, but with no
detectable parasites (Pumarola et al., 1991; Ikeda et al., 2007; Melo
and Machado, 2009). Since we have been noticing alterations in the
choroid plexus and brain of dogs with VL with no detectable parasites
within the CNS (Melo and Machado, 2009, 2011; Melo et al., 2009,
2013, 2014), we can propose two hypotheses to brain inflammation
during VL: (1) parasite-dependent, where the parasites enter the CNS,
stimulate inflammation andmay be latter destroyed, rendering difficult
their detection, and (2) parasite-independent, where peripheral stimuli
(parasite antigens/DNA, inflammatory mediators) reach the CNS and
trigger inflammation. In oneway or another, brain inflammation occurs
in dogs with VL.

The study of the immune response in the CNS during VL is infrequent
and the evaluation of the chemokine profile in infected dogs is rare. Glial
cells andeven leukocyteswithin the inflammatory infiltratesmayproduce
chemokines. We detected a specific pattern of chemokine expression,
with up-regulation of CCL-3, CCL-4 and CCL-5 in the brain of infected
dogs. CCL-5 is a well-characterized chemokine related to the recruiting
and guidance of T lymphocytes towards the focus of inflammation. CCL-
3 and CCL-4, despite being initially related tomacrophages andNK cell ac-
tivation, they present a selective chemoattraction to CD8 and CD4 activat-
ed T lymphocytes, respectively (Taub et al., 1993). Moreover, CCL-4 and
CCL-5promotedCD4T lymphocyte adhesion to the endotheliumactivated
by IFN-γ and TNF-α (Quandt and Dorovini-Zis, 2004).

The interaction of these three chemokines, CCL-3, CCL-4 and CCL-5,
is coherent with the predominance of T lymphocytes previously de-
scribed in the brain of dogs with VL (Melo et al., 2009). In accordance,
resistant mice presented low expression of CCL-3, CCL-4 and CCL-5,
resulting in absence of CD8T lymphocytes in the inflammatory infiltrate
in a murine model of cerebral malaria (Clark and Phillips, 2011). The
overexpression of CCL-5 by a recombinant rabies virus promoted severe
blood–brain barrier disruption associated with chemokine production
and inflammatory cell infiltration (Zhao et al., 2009). Despite immuno-
histochemistry being not the ideal technique to characterize lympho-
cyte subsets, we have shown here that the main inflammatory cells in
the brain are CD3+ T lymphocytes, and alongwith a minimal detection
of CD4 or CD8, these cells might belong to the CD3+/CD4−/CD8− cell
subset, nevertheless, an extensive study of the T cell subpopulations in
the brain of dogswith VL usingflow cytometry is required. Recently, dif-
ferent subsets of T lymphocytes gained focus on parasitic diseases, espe-
cially the double negative (DN) T cells, which express neither CD4 nor
CD8, including αβ DN T cells, γδ DN T cells, NK T cells (D'Acquisto and
Crompton, 2011). In cases of human cutaneous leishmaniasis, elevated
numbers of circulatingαβDN T cells are described, associated with ele-
vated production of IFN-γ and TNF-α and high levels of the activation
markers CD69 and CD56 (Antonelli et al., 2006; Gollob et al., 2008). Fur-
ther, the association between NK T cells and immune response during
VL has already been studied in the liver ofmice infectedwith L. donovani
(Amprey et al., 2004).

Regarding other protozoan diseases in the brain, NK T cells have
been related to IFN-γ production and recruitment of T lymphocytes
via CXCL-10/CXCR-3 during cerebral malaria (Hansen et al., 2003;
Hunt et al., 2014). Additionally, in murine toxoplasmic encephalitis,
up-regulation of CCL-5 dependent on IFN-γwas described as protective,
but when accompanied by up-regulation of CXCL-10 (Wen et al., 2010).
IFN-γ-dependent CXCL10 was also essential to accumulation of T cells
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and parasites in the brain during experimental African trypanosomiasis
(Amin et al., 2009).

CXCL-10 presented an interestingpattern of expression in the infect-
ed dogs.Whereas 67.7% of the infected dogs presented no alterations for
this chemokine, 33.3% (5/15) of them presented a remarkable overex-
pression of CXCL-10 in thebrain, with no correlationwith clinical stages,
parasite load or brain inflammatory infiltrate. The occurrence of up-
regulation of CXCL-10, even in few dogs, is supported by up-
regulation of IFN-γ, previously reported in the brain of dogs with VL
(Melo et al., 2013). The high variation of CXCL-10 expression as well
as the low average CCL-2 expression in the brain could be related to
other individual factor not evaluated in this study, such as specific T
cell subsets or time of infection, similar to what occurs in the spleen of
experimentally infected dogs (Strauss-Ayali et al., 2007).

CCL-8, CX3CL-1 and CX3CR-1 presented no alterations in the infect-
ed dogs; therefore, these chemokines apparently are not involved in the
brain inflammation during VL. In the spleen, on the other hand, all
chemokines presented up-regulation in the dogs with VL. Similarly,
the spleens of naturally and experimentally infected dogs also present-
ed overexpression of CCL-2, CCL-3, CCL-5 e CXCL-10 (Strauss-Ayali et al.,
2007). Nascimento et al. (2013) detected up-regulation only for CXCL-
10 in the spleen of naturally-infected dogs, however, when comparing
asymptomatic and symptomatic dogs, CCL-2, CCL-5 and CXCL-10 were
up-regulated and CCL-4 was down-regulated. The liver of dogs with
VL presented generalized decrease of chemokine expression
(Nascimento et al., 2013). CCL-2, CCL-4 and CCL-5 were overexpressed
in the skin of dogs with VL, with positive correlation with the parasite
load (Menezes-Souza et al., 2011). In our study, none of the variables
correlated with the clinical stage, however, all the dogs were symptom-
atic and we used a classification based on a four-point scale (Solano-
Gallego et al., 2011), which could have dispersed the data, differently
from the dichotomous classification asymptomatic–symptomatic.

This variation of chemokine patterns according to the organ corrob-
orates not only the idea of immune compartmentalization during VL
(Reis et al., 2009), providing a favorable environment to the accumula-
tion of different cell populations, but also that the brain is a pro-
inflammatory environment, propitious to a selective T lymphocyte ac-
cumulation, even in the absence of the parasite. Indeed, not the parasite
itself, but rather its DNA seems to act as a trigger to brain inflammation,
together with chronic systemic inflammation. Therefore, our data high-
lights the need to focus on brain involvement during VL,which has been
neglected during the peripheral infection by Leishmania parasites.
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