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Abstract

Listeriosis, a foodborne disease caused by Listeria monocytogenes, is characterized by brain infection in elderly
or immunosuppressed patients, maternal-fetal and neonatal infection. Although neurologic listeriosis is one of
the most severe forms of the disease, animal models of L. monocytogenes-induced neurologic disease have not
been thoroughly investigated. In this study, a model of oral infection in immunosuppressed gerbil was developed
to verify the role of immunosuppression in L. monocytogenes infection affecting the brain. Female gerbils treated
or not with dexamethasone were orally infected with 106, 108, 1010 CFU/animal of L. monocytogenes. Neurologic
changes were evaluated up to 30 days post infection, and bacterial recovery determined in systemic organs as
well as in the central nervous system. The group of immunocompromised gerbils infected with 1010 CFU/animal
of L. monocytogenes had more severe clinical signs, and had higher bacterial loads in the brain. Bacteria were
consistently isolated in the brainstem of infected immunosuppressed gerbils at 15 days post infection, which was
associated with lower weight gain, higher neurologic deficit, and marked abscesses in the brainstem. Radiolabeled L.
monocytogenes with technetium-99m disseminated at early time points of infection to the brain of immunocompetent
and immunosuppressed gerbils. This animal model has great potential to contribute to the expansion of our

knowledge on the pathogenesis of neurologic listeriosis.
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Introduction

Listeria monocytogenes is a Gram-positive bacterium that causes
food-borne infections in humans and animals, including ruminants
and rodents [1]. Although it has a relatively low incidence, listeriosis
represents an important risk to public health, due to the severity of
sequelae, and high mortality rate in risk groups, such as pregnant
women, newborns, elderly, or immunosuppressed patients [2].
Although the treatment of infection with antibiotic is effective,
the mortality rate in children and immunocompromised adults is
high, ranging from 24 to 52% [3]. Listeriosis may result in different
clinical syndromes: febrile gastroenteritis, maternal-fetal and neonatal
listeriosis, and bacteremia associated or not with central nervous system
(CNS) infection [4]. The ability of L. monocytogenes to invade the CNS
is associated with one of the most severe forms of disease. Neurologic
changes due to L. monocytogenes infection are mainly associated with
meningitis and [5]. Clinically it is characterized by fever, headache,
sensorial changes, convulsions, and changes of the mental state [5].
Although less frequently, parenchymal abscesses, located primarily in
the brainstem and to a lesser extent in the subcortical and thalamus
areas, are associated with high rates of mortality and neurologic
sequelae [6]. Signs of cerebellar infection such as ataxia and dysmetria,
and in the spinal cord such as hemiparesis or hypoesthesia may occur
[3,5].

Development of an animal model of neurologic listeriosis would
be instrumental for a better understanding of the pathogenesis of L.
monocytogenes in the CNS. However, the lack of appropriate animal
models has been an obstacle for studying listeriosis in the CNS [7].
A suitable model for neurologic listeriosis would be characterized by
infection and inflammation of the CNS after food-borne infection

thus mimicking the natural course of the disease. The mouse is by far
the most widely used animal model for studies of infectious diseases.
However, mice do not become consistently infected when orally
challenged with L. monocytogenes, making it difficult to study the
pathogenic mechanisms of bacteria in CNS. The low binding affinity
of bacterial proteins InlA and InlB with their respective murine cellular
receptors (E-cadherin and c- MET), which are required for the invasion
of enterocytes and other cells, represents a great limitation for the
use of the mouse as a model of oral infection [1,4]. Thus, humanized
E-cadherin of mouse or mouse-adapted InlA have been employed to
increase this affinity allowing oral infection in this species, but these
are not suitable models for CNS infection [8-10]. Therefore, alternative
routes of experimental infection in mice are used, although they
neglect the natural entrance of L. monocytogenes [6]. Previous studies
have demonstrated murine models of listeriosis with brain lesion after
administration of L. monocytogenes by intragastric, intravenous,
intraperitoneal, intracerebral, or intraneural routes [5,6]. Recently,
Senay et al. 2020 [11] demonstrated neurological listeriosis in mice
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infected with L. monocytogenes strains isolated from cases of human
or animal neurolisteriosis.

Gerbil is the only laboratory animal species that expresses specific
cellular receptors for InlA and InlB that are similar to human, so it
may be a physiologically relevant animal model for listeriosis [4,12].
However, there are only a few studies of infection with this species
[13-17]. Importantly, there are no previous studies that have evaluated
infection progression and development of neurologic and brain
histopathological changes in gerbils experimentally infected with
Listeria. Thus, the aim of this study was to develop a model of oral
infection with L. monocytogenes in gerbils that is consistently associated
with lesions in the CNS, and to verify the effect of corticosteroids (i.e.
immunosuppression) on the susceptibility to infection.

Material and methods

Bacterial strain and growth conditions

L. monocytogenes (ATTC 7644, serotype 1/2c) was grown in BHI
broth (brain heart infusion, KASVI, Brazil) at 37°C under agitation
(200 rpm) for 15 h. Subsequently, 400 pL of the subculture was
inoculated into 20 mL of BHI broth at 37°C under agitation (200 rpm)
for 4 h. Bacterial suspension was centrifuged at 3000 g for 10 min. The
pellet was resuspended in 5 mL of PBS (phosphate buffered saline) and
bacterial concentration was determined by spectrophotometry. The
concentration of bacterial suspension was adjusted according to each
inoculum. Inoculum concentrations were confirmed by serial dilution
and plating on BHI agar.

Animal treatment and infection

Female 9-10 week-old gerbils (Meriones unguiculatus) were housed
in cages at 22°C under a 12-h light/dark cycle with food and water ad
libitum at the Veterinary School of the Universidade Federal de Minas
Gerais (UFMG). Animals were dewormed one week before initiating
the experiments. All procedures were approved by Committee for
Ethical Use of Experimental Animals (CEUA protocol 38/2015) of
UFMG.

Considering the variation in body weight of 42 to 56 grams
throughout the experiment, each gerbil was treated with 14-19 mg/
kg dexamethazone every other day for 25 days until euthanasia. [18].
Immunocompetent gerbils were inoculated with PBS intraperitoneally
on the same days. Infection was done orally with 100 pL of milk cream
containing 1 x 106, 1 x 108, or 1 x 1010 colony forming units (CFU)
of L. monocytogenes.

Different infective doses, 1 x 106, 1 x 108 and 1 x 1010, were
compared based on morbidity, observingclinical and neurologic changes
up to 30 days post infection (dpi). Gerbils with severe neurologic signs
(ataxia, circling episodes or loss of righting reflex) were submitted to
euthanasia. Gerbils without clinical sings were submitted to euthanasia
at 30 dpi. Necropsy was performed and blood, cerebrum, cerebellum,
brainstem, spleen, liver, and cecum were collected for bacteriology. The
infecting dose with a greater number of neurologically affected animals
(bacterial load in brain and neurologic signs) was then determined.
Gerbils were grouped into four groups with 12 animals each: group
I -uninfected immunocompetent (IMC mock); group II - uninfected
immunosuppressed (IMS mock); group III - infected IMC; and group
IV - infected IMS were infected orally with 1 x 1010 CFU/animal of
L. monocytogenes. Clinical signs and histopathology of the CNS were
observed in gerbils submitted to euthanasia at 10 and 15 dpi. Bacterial

loads of various organs, neurologic deficit, body weight, and leukogram
were assessed at 15 dpi.

Bacterial counting

To determine the bacterial load, organ samples were weighed and
homogenized in 2 mL of PBS. Fragment of cecum was incubated for 1 h
with 100 pg/mL gentamycin (Gibco, USA) to kill extracellular bacteria
in the intestinal lumen before homogenization. Blood (100 pL) was
obtained by intracardiac puncture after anesthetic overdose and seeded
on BHI plates. Serial dilutions were plated on BHI agar (Kasvi, USA),
and incubated at 37°C for 24 h for CFU counting.

Leukogram

Total blood (1 mL) was collected in EDTA by retro-orbital
puncture, before treatment (-10 dpi) and at 10 days after treatment
with dexamethasone (0 dpi) and by intracardiac puncture at 15 dpi.
The total leukocyte count was performed by the hematologic counter
CC 550 (CELM, Brazil), according to the manufacturer’s protocol. The
differential leukocyte count was performed on Giemsa-stained blood
smear, with a total of 100 cells counted.

Histology and immunohistochemistry

To evaluate microscopic changes in the CNS, the brain was fixed
in 10% buffered formalin solution and coronal sections were made
in specific regions (cerebral cortex, hippocampus, cerebellum, and
brainstem) with the aid of a wooden matrix. Samples of the brain were
embedded in paraffin, sectioned in a microtome (4 pm-thick sections),
and stained with hematoxylin and eosin (HE). Histopathological
changes were described. Inflammatory and degenerative changes
were scored according to the intensity: 0 = absent, 1 = mild, 2 =
moderate or 3 = severe, for each region of the brain: cerebrum (cortex,
hippocampus, and thalamus), cerebellum and brainstem (midbrain,
pons, and medulla). The lesions were categorized as microabscess and
meningeal or perivascular inflammatory (meningoencephalitis) and
scores of each category established for each of the brain regions.

Immunohistochemistry anti-L. monocytogenes reactions were
performed according to Oliveira et al. 2016 [19]. Sections were
deparaffinized, hydrated and incubated twice in 10% hydrogen peroxide
solution for 5 min to block endogenous peroxidase. Sections were then
incubated with 2.5% skim milk in PBS at 37°C for 45 min. An anti-L.
monocytogenes serum (Listeria O antiserum poly. Serotypes 1 and 4,
DIFCO-BD, Detroit, USA) was used as primary antibody with a 1:100
dilutions for 45 min at 37°C. Sections were washed three times in PBS
for 5 min, and then incubated with a secondary biotinylated antibody
(LSAB, Dako, USA) at 37°C for 20 min, washed three times in PBS for
5 min, and incubated with the LSAB reagent (LSAB, Dako, USA) for
20 min. Sections were washed three times in PBS for 5 min, and then
developed with AEC (Aminoethylcarbazole Substrate Chromogen
System, Dako, USA) for 10 min, and washed with distilled water.
Sections were counterstained with Mayer’s hematoxylin for 30 sec,
washed and mounted with Faramount (Dako, USA). Localization of
immunostained bacteria was associated with histopathological lesions.

Microglia (Ibal+), astrocytes (GFAP+) and T lymphocytes (CD3+)
were detected also by immunohistochemistry. Sections were dewaxed,
rehydrated and followed to antigenic retrieval in Target Retrieval
Solution, Citrate pH 6 (Agilent, USA) either in water bath (Ibal
and GFAP) at 96°C for 25 minutes or by pressurized heat (CD3) at
125°C for 2 minutes (Pascal Pressure Cooker; Dako Cytomation, DK).
Endogenous peroxidase was blocked by three bathes of 10% hydrogen
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peroxide solution in methanol for 5 min each. Non-specific proteins
were blocked with either 6% skim milk in PBS for 60 min (Ibal and
GFAP) or using the Novolink Polymer Detection System (CD3) (Leica
Biosystems, UK) as recommended by the manufacturer. Sections were
incubated for 16 hours at 4°C with the primary antibodies anti-Ibal
(Antibody Ibal, Rabbit, Wako Chemicals, USA / Dilution: 1:1000),
anti-CD3 (Clone CD3-12, USA / Dilution: 1:100) and anti-GFAP
(Glial Fibrillary Acidic Protein - clone 2E1, Santa Cruz Biotechnology,
USA / Dilution: 1:500). Secondary HRP-conjugated antibodies for
Iba-1 and GFAP (EnVisionTM FLEX, High pH, Agilent, USA) and
CD3 (Novolink Polymer Detection System, Leica Biosystems, UK)
were used according to the manufacturers’ instructions. Staining was
performed with 3’-Diaminobenzidine (DAB) and counterstaining was
carried out using Harris hematoxylin. Slides were observed under light
microscopy and digital images from scaned slides were captured by
Panomoric Viewer (3DHISTECH, Hungria).

Evaluation of blood-brain barrier permeability

To evaluate permeability of blood-brain barrier (BBB), the Evans
Blue dye was used as an albumin extravasation marker, as previously
described by Huang et al. [20]. Gerbils from four experimental groups
were anesthetized with xylazine and ketamine at 15 dpi. Subsequently,
a 2% Evans Blue solution was injected intraperitoneally (5 mg/kg
of body weight). After 24 h, gerbils were euthanized and perfused
with physiological saline (5 mL per animal). The brain was removed
and separated into two hemispheres. Each brain hemisphere was
homogenized in 1 mL of PBS and then centrifuged at 4000 g for 30 min
at 4°C. The supernatant was collected in aliquots, and 0.7 mL of 100%
trichloroacetic acid was added to 0.7 mL of supernatant. The mixture
was incubated at 4°C for 18 h and then centrifuged 4000 g for 30 min
at 4°C. The dye extracted from the tissue was quantified in 630 nm by
microplate reader MR-96A (MINDRAY, China), and concentrations
were determined based on a standard curve. The result was normalized
and expressed as mg/mL Evans Blue per brain.

SHIRPA test

In order to evaluate neurologic and behavioral changes due to L.
monocytogenes infection, gerbils were submitted to the SHIRPA test.
The SHIRPA test (Smith Kline Beecham Pharmaceuticals; Harwell
MRC Mouse Genome Center and Mammalian Genetics Unit; Imperial
College School of Medicine at St Mary’s Royal London Hospital;
St Bartholomew’s Royal London School of Medicine; Phenotype

Assessment) was performed on 24 gerbils from all four experimental
groups at -10, 0, and 15 dpi [Table 1]. Lists the parameters evaluated in
each category evaluated in SHIRPA test [21].

Total RNA extraction and quantitative RT-PCR

The brainstem of gerbils infected with L. monocytogenes at 15
dpi and non-infected controls were used to evaluate transcription of
cytokines including the proinflammatory interferon gamma (IFNy)
and the anti-inflammatory interleukin 10 (IL-10). Extraction of total
RNA was done using Trizol Plus (Invitrogen, USA) according to
the manufacturer’s instructions. Total RNA was purified using the
DNAse kit (Invitrogen, USA) and quantified by spectrophotometry.
cDNA was synthesized using 500 ng of total RNA using Tagman
Reverse Transcription Reagents (Applied Biosystems, USA). Reverse
transcription was performed by sequential incubations at 65°C for 5
min and 4°C for 2 min, followed by extension at 37°C for 30 min and
inactivation at 95°C for 5 min. Real- time PCR was performed using 2
uL of cDNA, 1 pL of each pair of primers (10 uM), 8.5 uL of RNAses
free water and 12.5 pL of SYBR Green PCR master mix (Applied
Biosystems, USA) in the thermal cycler Step One plus (APPLIED
Biosystems, USA) according to the manufacturer’s instructions. Data
were analyzed using the comparative threshold cycle (CT) method
[22]. GAPDH and f-actina were tested as normalizer genes and
GAPDH was more stable, then the CT values were normalized based
on the expression of GAPDH. Primers designed and used in this study
are listed in [Table 2].

Radiolabeling and biodistribution of listeria monocytogenes
with 99mTc

A more sensitive method was employed to quantify the systemic
dissemination of L. monocytogenes at early stages of infection.
Radiolabeling of L. monocytogenes with technetium-99m (99mTc)
was based on Diniz et al. [23] with modifications. Briefly, 1 mL of a
suspension containing 1010 CFU/animal of L. monocytogenes was
added to 500 pL of the solution stannous chloride reducing agent
(SnCI2.2H20/3 mg/mL/HCl 0.25N), and incubated at 37°C for 15 min.
After incubation, 500 pL of sodium pertechnetate (Na99mTcO4, IPEN,
Brazil) with 74 MBq (2 mCi) activity were added, incubated at 37°C
for 45 min, and centrifuged 4000 g for 20 min. Further, 50 pL of the
supernatant were collected and the rest was discarded. To the precipitate
2 mL of PBS were added, homogenized and 50 pL was collected. The
supernatant and precipitate radioactivity was determinate by a gamma

Table 1: Classification of functional categories according to the parameters evaluated in SHIRPA test.

Functional Domains Parameters

Reflex and sensory function Visual positioning, pinna reflex, corneal reflex, pinched back and postural reflex

Neuropsychiatric status
Motor behavior
Autonomous function
Muscle tone and strength.

Spontaneous activity, transfer excitation, escape to the touch, positional passivity, bite, fear, irritability, aggression, and vocalization
Body position, tremor, pelvic elevation, ambulation, tail elevation, trunk bending, negative geotaxis, and locomotor activity

Breath rate, defecation, urination, eyelid closing, piloerection, skin color, heart rate, lacrimation, and salivation

Strength upon grasping, body tone, limb tone, and abdominal tone.

Table 2: Primers used for quantitative RT-PCR.

Gene Primers

GAPDH 5’ GGCCATCAATGACCCCTTCA3’
5CCGTTCTCAGCCTTGACTGT3

B-actina 5'CCACCATGTACCCAGGCATT3
5’ACTCCTGCTTGCTGATCCAC3’

IFN-y 5’ AGGAAGCGGAAAAGGAGTCG3’

5AGTGCTGGCAGGATTGTTCT3’

IL-10 5ACTTGGGTTGCCAAGCCTTAZ
5TTGATTTCTGGGCCGTGGTT3’

Product size
102 bp

177 bp
72bp

88 bp
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counter (Wizard, Finland). This procedure was repeated by three times.
The percent of 99mTc incorporated into the bacterial cells (precipitate)
was determined using the following equation and the results were
express in cpm (counts per minute): % radiolabelled = uCi (precipitate)
/ uCi (precipitate + supernatant) x 100

The 99mTc-L. monocytogenes stability was investigated by in vitro
studies in order to determine if the 99mTc atoms remained bound
to bacterium. Within this purpose, the radiolabeling was performed
as described above. The 99mTc-L. monocytogenes suspension was
incubated at 37°C for 24 h and centrifuged at 4000 g for 20 min.
Aliquots (50 pL) of supernatant and resuspended precipitate were
collected to radioactivity determination. Bacterial viability of 99mTc-L.
monocytogenes was determined by plating in BHI agar and compared
to unlabeled bacteria.

To verify the biodistribuition of 99mTc-L. monocytogenes, IMS
and IMC gerbils were orally infected with 100 uL of milk cream
containing 1010 CFU 99mTc-L. monocytogenes. For scintigraphic
images at 3 hpi, gerbils (n=7) were anesthetized with a solution of
ketamine and xylazine and placed in dorsal recumbency under the
gamma camera (Mediso, Hungary) equipped with a low-energy
high-resolution collimator. Images were acquired with a 256x256x16
matrix size, with 20% energy window set at 140 keV, for a period of
10 min. For the ex vivo biodistribution studies at 3 and 24 hpi, gerbils
(n=7) were euthanized with an overdose of anesthesia, organs such as
stomach, intestine, liver, spleen, and brain were collected, weighed and
the radioactivity was then measured (Wizard, Finland). An aliquot
of 99mTc-L. monocytogenes containing the same ingested dose was
counted simultaneously in a separate tube, which was defined as 100%

radioactivity. The results were expressed as the percentage of the
ingested dose per gram of tissue (% ID/g), according to the following
equation: % ID/g = [cpm/g (tissue) / standard dose] x 100 where: cpm
= counts per minute.

Statistical analysis

Statistical analysis was performed using the statistical software
Prisma 4.0 (GraphPad Software, USA). Bacteriology results of the
experimental model were evaluated using the Student’s t test. For the
analysis of the parameters of the SHIRPA test functional categories,
the area under the curve (AUC) was calculated, and then the Tukey
test was used. Parametric data were submitted to analysis of variance
(ANOVA) followed by the Tukey test, whereas non parametric data
were submitted to the Kruskal-Wallis test. The chi-square test was used
to analyze the morbidity rate and frequency of CNS inflammatory
change. The level of significance was set at p <0.05.

Results

Listeria monocytogenes-infected immunosuppressed gerbils
developed neurologic signs

In order to verify whether immunosuppressed gerbils are a suitable
experimental model for the study of neurologic listeriosis, and to
determine the best infective dose for this model, immunosuppression
was induced by corticosteroids, and manifestation of neurologic signs
were evaluated in gerbils orally infected with L. monocytogenes.
Morbidity rate in each group was determined up to 30 dpi [Figure 1].
Neurologic signs (video supplementary data) (ataxia and stereotypic
behaviours) were observed in 80% (4/5) of IMS gerbils infected with
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Figure 1: (A) Morbidity curve of IMS and IMC gerbils orally infected with different doses of Listeria monocytogenes (1010, 108, or 106 CFU/animal) over 30 dpi. Data points
represent percentages of sick gerbils per group, n = 5, * p £ 0.01 (Chi-square test). (B-H) Bacterial colonization in the CNS, the intestine, liver, spleen and blood. Data are
represented by mean + SD. Each dot represents one animal. Black dots are healthy animals euthanized at 30dpi, colored dots represent sick animals euthanized at 13dpi

(red), 23dpi (orange) at 25 dpi (green and blue).
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1010 CFU with three gerbils affected at 13 dpi and one at 23 dpi. IMS
gerbils infected with 108 or 106 CFU had a lower percentage of sick
animals with only one affected gerbil in each group at 25 dpi. The other
groups did not develop neurologic changes.

In order to evaluate bacterial colonization in the CNS and systemic
organs after oral infection by different inocula (1 x 106, 1 x 108, or
1 x 1010 CFU/animal) of L. monocytogenes in IMS and IMC gerbils,
bacterial loads were determined in blood, spleen, liver, cecum,
brainstem, cerebrum, and cerebellum at the time of euthanasia in
gerbils with neurologic signs (13 dpi, 23 dpi or 25dpi) or at 30 dpi for
gerbils that did not become sick. A higher colonization was observed
in the intestine, even 30 dpi, demonstrating that L. monocytogenes has
tropism to this organ, as expected. In Figure 1, bacterial loads were high
in the brainstem of IMS gerbils infected with 1010 CFU that showed
neurologic signs. No significant difference was observed in bacterial
loads recovered from the cerebrum, cerebellum, cecum, spleen, liver,
and blood between infected IMS and IMC gerbils [Figure 1]. Almost all
gerbils euthanized at 30 dpi did not recover or recovered very little CFU
of L. monocytogenes in the tissues evaluated. These results demonstrate
that gerbils developed brain infection after oral challenge with 1010
CFU of L. monocytogenes, suggesting a tropism of L. monocytogenes
to the brainstem.

Systemic infection with listeria monocytogenes was favored
by immunosuppression in gerbils

Considering that in the first experiment neurologic changes were
observed in IMS gerbils infected with 1010 CFU of L. monocytogenes

starting at 13 dpi, we established the investigation of bacterial
colonization in the liver, spleen, intestine, blood, cerebrum, cerebellum,
and brainstem at 15 dpi, and histopathological examination of the
brain at 10 and 15 dpi [Figure 2].

Initially, ~dexamethasone-induced immunosuppression was
confirmed by peripheral blood leukocyte counting. A significant
decrease in total leukocytes was observed in uninfected and infected
IMS gerbils when compared 0 or 15 to -10 dpi [Figure 2]. No difference
was observed in the total leukocytes count of gerbils not treated with
corticosteroids (uninfected and infected IMC) In female gerbils,
lymphocytes, neutrophils, and monocytes correspond to approximately
59%, 11%, and 2% of blood leukocytes, respectively [24]. In the
leukocyte differential counting, a significant decrease in the percentage
of lymphocytes after infection with L. monocytogenes was observed in
infected IMS gerbils at 15 dpi [Figure 2]. These results demonstrated
that immunosuppression in gerbils infected with L. monocytogenes is
associated with lymphopenia.

Reduction in weight gain in rodents may reflect lower food intake
due to anorexia, so the weight gain variation of the animals in each
group was measured over the course of the experiment [Figure 3].
Infected IMS gerbils had a lower weight gain compared to controls
(uninfected IMC) at 15 dpi, when there was a significant increase in
bacterial loads in the liver and spleen of infected IMS gerbils when
compared to infected IMC gerbils [Figure 3]. These results suggest
that immunosuppression impairs the control of L. monocytogenes
colonization in these systemic sites of infection.
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Figure 2: (A) Total number of leukocytes in the peripheral blood of infected and non- infected IMC and IMS gerbils. Data points represent mean + SD peripheral blood
of infected and non-infected IMC and IMS gerbils, n=6, * p < 0.05; ** p < 0.01; *** p < 0.001 (Anova, Tukey test) when compared 0 or 15dpi to -10dpi (before initiation of
dexamethazone treatment) within the same group. (B-D) Differential count of leukocytes in the peripheral blood of infected and non-infected IMC and IMS gerbils. * p < 0.05

Lymphocytes of infected IMS gerbils at 0 vs. 15 dpi (Kruskal-Wallis test).
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Listeria monocytogenes consistently colonize the brainstem
in gerbils

Aninitial experiment demonstrated that gerbils with evident clinical
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Figure 3: (A) Weight gain after oral infection with 1010 CFU/animal of Listeria
monocytogenes or non-infected controls, IMC and IMS gerbils. Data points
represent mean + SEM. * p < 0.05 (ANOVA, Tukey test). (B-E) Bacterial counting
of L. monocytogenes at 15 dpi in the intestine, blood, liver and spleen of infected
and non- infected IMC and IMS gerbils. Data are represented by mean + SEM. * p
< 0.05 (Student's t test).

signs had a marked infection in the brainstem [Figure 1]. Therefore,
we verified whether the brainstem colonization was more consistent
in immunosupressed gerbils at 15 dpi by comparing bacterial loads
in different regions of the brain, namely brainstem, cerebellum, and
cerebrum, in IMS and IMC gerbils infected with L. monocytogenes.

Bacteria were recovered from brain and cerebellum was similar
in both groups [Figure 4]. Bacteria were recovered from brainstem
in 4/5 (80%) IMS gerbils infected with L. monocytogenes, while
bacteria were recovered in only 2/5 (40%) gerbils in IMC [Figure
4]. The bacterial loads in the brainstem of IMS gerbils were around
3 logs while brainstem IMC gerbils or brain and cerebellum of both
groups recovered around 1 log [Figure 4]. These results confirm that
L. monocytogenes consistently colonized the brainstem of IMS gerbils.

Changes in BBB permeability may favor both the spread of bacteria
to the CNS and severity of clinical signs associated with brain acute
inflammation [25,26]. We verified whether corticosteroid therapy or
L. monocytogenes infection altered BBB permeability by quantifying
Evans Blue dye extravasation to brain parenchyma at 15 dpi. There
was no significant increase of the dye concentration in the brain
parenchyma of the uninfected IMS, infected IMS or infected IMC
compared to control group. Thus, there is no evidence of changes in
BBB permeability are associated to infection at 15 dpi [Figure 4].

Oral infection with listeria monocytogenes
inflammation in the brainstem of gerbils

elicited

To characterize CNS inflammatory lesions associated with oral
infection with L. monocytogenes in gerbils, sections of the cerebral
cortex, thalamus, hippocampus, brainstem, and cerebellum were
histologically evaluated at 10 and 15 dpi, and the distribution of the
bacterium in the CNS was determined by immunohistochemistry at
15 dpi. Lesions in the brainstem (microabscess, perivascular cuffs, and
meningitis) were observed unilaterally and predominantly close to the
spinal tract of the trigeminal nerve. These lesions were predominant
in the group of infected IMS gerbils compared to infected IMC at 10
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Figure 4: (A-C) Bacterial colonization in the brain after oral infection with 1010 CFU/animal of Listeria monocytogenes in IMS and IMC gerbils at 15 dpi. Data points
represent mean + SEM. (D) Evaluation of BBB permeability by analysis of the Evans Blue dye concentration in the brain of infected and non-infected IMC and IMS gerbils
at 15 dpi. The dotted line represents detection limit. Data points represent mean + SEM.
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and 15 dpi [Figure 5]. No significant histopathological changes were
observed in the cerebral cortex and cerebellum.

At 10 dpi, the lesions were characterized by unilateral mild
multifocal microabcesses with neutrophils and glial cells, mild
to moderate multifocal perivascular inflammatory infiltrate and
mild multifocal meningitis. With disease progression at 15 dpi,
we observed that the lesions were predominantly unilateral (only
one gerbil had a bilateral lesion), and they were characterized by
multifocal microabcesses that were mild to severe or focally extensive,
and surrounded by moderate multifocal meningitis, mild to severe
multifocal perivascular cuff, and mild neuronal degeneration. Multiple
immunostained L. monocytogenes, predominantly within neutrophils
in the microabcess and also in adjacent glial cells were observed
associated with microscopic lesions.

Expression of inflammatory mediators contributes to the
development of inflammatory changes as well as infection control

A

by inducing protective innate immune response [27]. IFN-y is an
important pro-inflammatory cytokine to control the systemic infection
by L. monocytogenes [28] as well as bacterial spread to the CNS [29,30].
IL-10 is an immunoregulatory cytokine that may favor susceptibility to
infection by L. monocytogenes [31] although studies in mice indicate
that increased resistance to infection is dependent on IL-10 [32]. Thus,
we evaluated the expression of IFN-y and IL-10 transcripts in the brain
stem of IMS and IMC gerbils infected or not with L. monocytogenes
at 15 dpi by quantitative RT-PCR. Expression of IFN-y and IL-10
transcripts compared to the control group (uninfected IMC) did
not significantly alter at 15 dpi in the different experimental groups.
However, it was observed that treatment with dexamethasone induced
an increased transcription of IL-10 in uninfected gerbils [Figure 5].

Microscopically, there were microabcesses in the brain
stem consisting predominantly of neutrophils [Figure 5] and L.
monocytogenes immunolabeled by THQ [Figure 5 and Figure 6].
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Figure 5: CNS Inflammation of IMC and IMS gerbils orally infected with 1010 CFU/animal of Listeria monocytogenes. (A) Frequency of gerbils with significant inflammatory
changes, p < 0.01 (Chi-square test); (B) Median of the intensity score of inflammatory lesions in the brainstem. (C) Severe microabscess in brainstem an infected IMS
gerbil. (D) No lesion in brainstem in an infected IMC gerbil. (E) Infected IMS gerbil presenting perivascular inflammatory infiltrate, (F) gliosis and (G) extensive microabscess
containg immunolabeling L. monocytogenes. (H) Transcription of IFN and IL-10 in the brainstem of IMS and IMC gerbils infected with L. monocytogenes compared to
uninfected controls measured by quantitative RT-PCR. Data points represent geometric means.
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infected IMS gerbil.

We showed also by immunohistochemistry that the microabcess has
activated microglia on the periphery of the lesion and on the adjacent
neuropil [IBA1 + cell - Figure 6], astrocytes activated on the adjacent
neuropil [GFAP+ cell - Figure 6] and a few CD3+ lymphocytes
infiltrated within and in the periphery of the lesion [Figure 6]. These
findings demonstrate that in addition to the neutrophils present in
the microabscess, glial cells are involved in the inflammatory process
induced in neurolisteriosis.
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Figure 7: Neurologic and behavioral deficits of gerbils, based on the SHIRPA test,
at 15 dpi with 1010 CFU/animal of Listeria monocytogenes. (A). Muscle strength
and tone * p <0.05 IMS infected vs. uninfected IMS and uninfected IMC; ** p <
0.01 IMS infected vs. IMC infected (B). Motor behavior * p < 0.05 IMC infected
vs. uninfected IMC; ** p < 0.01 IMS infected vs. uninfected IMS and uninfected
IMC; (C). Neuropsychiatric status * p < 0.05 IMS infected vs. uninfected IMS; (D).
Autonomic function did not have a statistically significant difference between the
groups; (E). Function and sensory reflex * p < 0.05 IMS infected vs. uninfected
IMS and uninfected BMI. Data points represent mean + SD (ANOVA, Tukey test).

Among gerbils evaluated by histopathology only one IMS infected
gerbil at 15 dpi developed neurologic signs. This neurologically affected
gerbil had the most extensive brain abscess among all experimentally
infected gerbils. The SHIRPA test was employed in this study to
evaluate behavioral and neurologic changes in gerbils infected with
1010 CFU/animal of L. monocytogenes at -10, 0, and 15 dpi [Figure
7]. There was no difference between the groups in the parameters
related to the autonomic function. However, a significant reduction
in the functional categories, namely muscle tone and strength, motor
behaviour, neuropsychiatric state and function, and sensory reflex,
was observed in infected IMS gerbils when compared to the other
groups. These data demonstrated that infection with L. monocytogenes
impaired neurologic functions of gerbils, which was aggravated by
immunosuppression.

Biodistribution of radiolabeled listeria monocytogenes at
early stages of infection

Previous studies employed labeling of bacteria with radioactive
isotopes [23,33,34], but was not L. monocytogenes. Diniz et al. [23]
labeled Escherichia coli with technetium-99m (99mTc) to investigate
bacterial translocation in an experimental model of obstructive
jaundice. 99mTc is the most widely used radiotracer in nuclear
medicine because of its availability and ideal physical characteristics.
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Figure 8: A-B Scintigraphic images (anterior view) obtained at 3 h after oral infection
with 99mTc-Listeria monocytogenes by the gamma camera. Uptake of radioactivity
in stomach (white arrow) and intestine (red arrow) in infected IMS gerbil (A) and
infected IMC gerbil (B). (C-D) Biodistribution 99mTc-L. monocytogenes in infected
gerbils at 3 and 24 hpi. Radioactivity (% ID/g) in the stomach, intestine, liver, spleen
and brain of gerbils infected with 99mTc-L. monocytogenes. * p < 0.05; ** p <0.01;
3 h vs. 24 h. Data points represent mean + SEM. % ID/g: injected dose per gram
of tissue. (Anova, Tukey test).

For the first time, Labeling of L. monocytogenes with the 99mTc
radioisotope in the presence of the reducing agent SnCl2.2H20
allowed an effective binding of the isotope to the bacteria. The labeling
of L. monocytogenes with 99mTc was of the order of 86.2%, indicating
an approximate content of 13.8% of radiochemical impurities; which
is considered acceptable [35]. The binding of 99mTc atoms with the
bacteria remained stable and viable for at least 24 h (85.7%).

To demonstrate the Biodistribution of 99mTc-L. Monocytogenes
during the first hours post infection (hpi), radiolabeled bacteria
was inoculated into gerbils via the oral route. Scintigraphic images
indicated similar uptake when infected IMS were compared to infected
IMC gerbils [Figure 8]. 99mTc-L. monocytogenes was detected in
stomach and intestine at 3 hpi, demonstrating that L. monocytogenes
localized in the digestive tract at the early stages after oral infection.
There were not enough uptakes for the acquisition of the images in
these same organs at 24 hpi, due to elimination of the bacteria through
the feces. In addition, an ex vivo Biodistribution study was performed
to determine the radioactivity in stomach, intestine, liver, spleen,

and brain. The results demonstrated that there is a greater 99mTc-L.
Monocytogenes uptake in stomach and intestine at 3 hpi, with marked
decreased at 24 hpi, which was compatible to the scintigraphic images
[Figure 8]. Furthermore, the radiolabeled bacteria had greater uptake
in the liver and spleen, and lower uptake in brain, with no significant
differences between groups at 3 and 24 hpi [Figure 8]. These results
demonstrated that the radiolabeling of L. monocytogenes with 9mTc
provided a suitable model for the study of bacterial spread to the CNS
after oral infection, and that immunosuppression did not influence
systemic bacterial spread at early stages of infection.

Discussion

This study demonstrated for the first time that orally L.
monocytogenes-infected gerbils developed neurologic listeriosis
characterized by bacterial colonization of CNS with tropism to the
brainstem and rhomboencefalitis, and dexamethazone induced-
immusuppressed resulting in evident neurologic deficits Although
gerbils are laboratory animals naturally susceptible to listeriosis
[36], there are just a few studies evaluating the CNS infection by L.
monocytogenes in this species [13,14,17].

Additionally, this study was the first to demonstrate that bacterial
spread to the CNS occurred just a few hours after oral infection with L.
monocytogenes. Previous studies have demonstrated that intracranial
[37] or intravenous [38] inoculations of L. monocytogenes result in
infection of the CNS at 24 h after inoculation in mice. However, the
earliest time point previously reported of bacteria detection in the
CNS is 5 dpi after oral infection [39]. Previous studies were successful
when using 99mTc-E. coli for evaluation of bacterial translocation
of the intestinal mucosa to other systemic organs [40,41]. Therefore,
we verified that 9mTc-L monocytogenes efficiently disseminated to
the CNS at early time points following oral infection. Additionally,
immunosuppression did not contribute to a higher dissemination of
the bacterium to the CNS up to 24 hpi. Thus, impairment of immune
system may influences in situ after spread bacteria colonization of
systemic organs and brainstem.

In this study we demonstrated that high bacterial numbers (8-
10 CFU log) of L. monocytogenes colonized the intestine and then
disseminate and colonize the liver, spleen, and CNS in gerbils orally
infected, which is in agreement with previous studies [14,17]. Some
authors suggest that the high microvascular density of the brainstem
contributes to the hematogenic infection of L. monocytogenes in this site
(Oevermann et al., 2010, Berche, 1995; Altamira et al., 1999) [3,42,43].
However, an intra-axonal route through the cranial nerves should also
be considered as a pathway for L. monocytogenes infection of the CNS
[3,44-46]. Findings of the present study support the hypothesis that L.
monocytogenes spreads to the brainstem through the trigeminal nerve.
This is based on the finding of microabscesses predominantly near the
trigeminal nerve tract in the brainstem. Ascending infection along the
trigeminal nerve is thought to be important for Listeria pathogenesis
in the brainstem [29], although other cranial nerves, including the
abducent, glossopharyngeal, vagus, and accessory, may also allow the
entry of L. monocytogenes [47]. L. monocytogenes can invade the oral
mucosa and reach the nerve by small abrasions in ruminants, which
usually develop rhomboencephalitis in cases of listeriosis [3]. In a
murine model, L. monocytogenes induces romboencephalitis via the
retrograde neuronal route when it was unilaterally inoculated into
the facial muscle or directly into peripheral parts of the facial nerve
[11,45,48]. The mechanism of CNS invasion by the neuronal pathway
in humans is poorly supported because most food products related
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to human listeriosis such as salads, meat, milk and cheese are not
abrasive, and therefore do not favor transposition of bacteria to deeper
tissues [3,48]. However, it has been proposed that gingivitis or dental
caries may contribute to neuronal Listeria invasion in humans [49].
Interestingly, reports of Listeria-induced brainstem encephalitis have
been associated with dental surgery in human patients, which supports
this hypothesis [47,50,51]. Furthermore, infected patients who develop
signs of unilateral cranial nerve paralysis due to neuritis subsequently
developed abscesses in the brainstem [52,53]. It is worth noting that
rhomboencephalitis is a less common form, corresponding to 1 to 10%
of the cases of human neurologic listeriosis, but it is the most serious
form when compared to meningoencephalitis that accounts for 90% of
the cases [54-56].

This oral infection model of gerbil rhomboencephalitis was
characterized by microabscesses containing neutrophils, necrosis and
bacteria, as well as gliosis and perivascular mononuclear inflammatory
infiltrate. These changes are similar to lesions described in gerbil
infected with L. monocytogenes through the middle ears [13], and to
lesions commonly observed in cases of neurolisteriosis in ruminants
[3]. By immunohistochemistry, we had shown that glial cells such
as microglia and astrocytes are enlarged in infected brainstem, and
lymphocytes are also present in the area adjacent to the lesion, as
previously demonstrated in naturally infected sheep [57]. Microglia is
considered a target cell for Listeria in the CNS and also important in
controlling the spread of the pathogen and in the presence of cerebral
homeostasis [58-60] Wang et al. [60] demonstrate in vitro and in vivo
that microglia can release extracellular traps with the production of
reactive cytosolic oxygen species to contribute in the control of Listeria
infection in CNS. Astrocytes participate in repairing damaged parts
of the brain. Astrocytes are activated in the brain of sheep naturally
infected with L. monocytogenes and more GFAP expression is
associated with greater severity of the injury [61]

Our study demonstrated that neurologic signs more evident
in imunossupressed gerbils (i.e., motor incoordination, unilateral
ataxia, paresis, and seizures) and anorexia may be associated with
rhomboencephalitis,but several gerbils with mild inflammation in
brainstem at 15 dpi did not develop any evident clinical sign. Therefore,
prolonged immunossupresion (for more than 25 days) in this gerbil
model of infection may provide better experimental conditions to
consistently assess clinical and neurologic changes.

Interestingly, immunodeficient gerbils were more susceptible
to systemic infection with brainstem infection more consistent.
Roulo et al 2014 [14] demonstrated that during gestation, considered
immunssupreed status, also increased recovered of L. monocytogenes
in brain of pregnant gerbils, but did not show if bacteria has tropism
for any CNS region. The most important host defense against listeriosis
is cell-mediated immunity. Therefore, individuals with immune
dysfunction are particularly susceptible to L. monocytogenes infection
[62]. Jaguezeski et al. 2020 [17] showed that leucocitosis occur in
non-imunossupresed gerbil with subclinical listeriosis. In this study,
infected immunosuppressed gerbils had leukopenia with lymphopenia,
and increased susceptibility to infection with L. monocytogenesin in
systemic sites. Immunosuppressive therapy reduces cell-mediated
immunity to prevent rejection of organ transplantation, but also
increases the risk of infection to bacteria in the CNS, especially L.
monocytogenes [63]. Corticosteroid therapy may result in a decrease
in the phagocytic functions of neutrophils and macrophages, as well
as in the deactivation of monocytes, promoting greater susceptibility
to infection [64].

Suppression of the immune system impairs may the control
and elimination of bacteria, including in the CNS, favouring
inflammatory lesions and neurologic changes. However, in this study,
immunosuppressed or immunocompetent gerbils developed abscesses
associated with consistent colonization of brainstem after oral infection
with L. monocytogenes. Senay et al. 2020 [11] describe a model of
rhomboencephalitis in mice infected with human brainstem isolate.
There is no information about neurotriopism of the strain ATCC
7644 used in this study, originally isolated from human. Although
the neurotropism of the may be important for the manifestation of
experimental neurolisteirosis [11], host factors may also contribute to
the manifestation of the disease in animal model [14]. In this study, we
showed that although immunosuppression favors systemic infection,
it did not seem to contribute significantly to the manifestation of
rhomboencephalitis in gerbils, as observed in humans [65,66] and
the murine model [11]. However, the neurological signs observed
in were evidenced only in the immunosuppressed infected animals.
How dexamethazone treatment influenced the clinical manifestation
is not known. It is possible that immunosuppression may partially
contributes to colonization and inflammation of the brainstem and,
consequently, to behavioral changes.

Listeriosis in immunocompromised individuals may result in
severe infections leading to meningitis and meningoencephalitis, with
lethality rates reaching 25 to 30% [67,68]. History of corticotherapy is
considered a risk factor for Listeria-associated meningitis in human
pacients [69]. Neurologic listeriosis occurs in 5 to 10% of individuals
undergoing organ transplant. Patients with AIDS are susceptible to
infection with L. monocytogenes in the CNS due to the significant
decrease in CD4+ cells at late stages of the disease [63]. On the other
hand, rhombencephalitis, as seen in this study, is found in healthy
people. Although less frequent, listerial encephalitis of the brainstem
has a high mortality, and severe sequelae are frequently reported in
survivors. [65,66]. Thus, with a better understanding of the clinical
manifestation and development of brainstem damage, it is important
to try to reduce mortality or minimize its sequelae.

Inthisstudy,itwasdemonstratedthatinfectedimmunocompromised
gerbils had higher systemic bacterial colonization and morbidity
associated to behavioral and neurologic changes, which were more
intense than those observed in immunocompetent gerbils. Thus,
here we described a suitable model for the study of neurologic
listeriosis, including factors that may influence susceptibility in
immunosuppressed individuals.
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