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Abstract—Shiga toxin 2 (Stx2) from enterohemorrhagic

Escherichia coli (EHEC) causes bloody diarrhea and Hemo-

lytic Uremic Syndrome (HUS) that may derive to fatal neuro-

logical outcomes. Neurological abnormalities in the striatum

are frequently observed in affected patients and in studies

with animal models while motor disorders are usually asso-

ciated with pyramidal and extra pyramidal systems. A

translational murine model of encephalopathy was

employed to demonstrate that systemic administration of a

sublethal dose of Stx2 damaged the striatal microvascula-

ture and astrocytes, increase the blood brain barrier perme-

ability and caused neuronal degeneration. All these events

were aggravated by lipopolysaccharide (LPS). The injury

observed in the striatum coincided with locomotor behav-

ioral alterations. The anti-inflammatory Dexamethasone

resulted to prevent the observed neurologic and clinical

signs, proving to be an effective drug. Therefore, the present

work demonstrates that: (i) systemic sub-lethal Stx2 dam-

ages the striatal neurovascular unit as it succeeds to pass

through the blood brain barrier. (ii) This damage is aggra-

vated by the contribution of LPS which is also produced

and secreted by EHEC, and (iii) the observed neurological

alterations may be prevented by an anti-inflammatory treat-

ment. � 2016 IBRO. Published by Elsevier Ltd. All rights

reserved.
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INTRODUCTION

Shiga toxin from enterohemorrhagic Escherichia coli

(EHEC) causes hemorrhagic colitis and Hemolytic

Uremic Syndrome (HUS) (Karmali, 2004), a triad of

events that includes thrombocytopenia, microangiopathic

hemolytic anemia and acute renal failure (Proulx et al.,

2001).

Outbreaks by EHEC intoxication frequently occur

worldwide in north and south hemispheres (Rivas

et al., 2003; Grisaru et al., 2011). In 2011 an infrequent

outbreak of foodborne hemorrhagic colitis took place in

Germany and spread in Europe. About 3816 patients

were intoxicated with Shiga toxin 2 (Stx2)-producing

Escherichia coli (STEC) O104:H4 (Frank et al., 2011).

Among them 845 developed HUS and 54 died

(Bielaszewska et al., 2011; Frank et al., 2011; Scheutz

et al., 2011). It is noteworthy that Argentina possesses

the highest occurrence of HUS in the planet, with

approximately 420 new cases reported every year and

an incidence of 17/100.000 under the age of five

(Rivas et al., 2003).

It has been reported that approximately 42% of the

patients with HUS progress to any central nervous

system (CNS) dysfunction (Gianantonio et al., 1973;

Bale et al., 1980; Karmali et al., 1985). This turns to be

significant because mortality rate derived from HUS

ranges between 0–5% of the cases, and 7–40% when

the CNS is involved (Upadhyaya et al., 1980; Sheth

et al., 1986; Hahn et al., 1989). Moreover, CNS dysfunc-

tions without or concomitantly with HUS symptoms have

been reported on 9–15% of the affected patients

(Brasher and Siegler, 1981; Karmali et al., 1985). It can

be inferred from this a more prevailing local deleterious

action of the toxin into the CNS than a collateral injury

from affected organs like the kidney. To test this, Stx2

has been locally administered in the brain and conse-

quently neuronal damaged was observed (Goldstein

et al., 2007), probably through a Gb3 neuronal receptor

for Stx2. Our group has localized the neuronal Gb3 recep-

tor in different brain areas, including the striatum, and

found that the expression of this receptor increased fol-

lowing Stx2 treatment (Tironi-Farinati et al., 2010). The

striatum has been identified as one of the most vulnerable

regions in the intoxication with STEC in patients (Obata,

2010).

Neurological symptoms in individuals include

decerebrate posture, hemiparesis, ataxia, cranial nerve
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palsy, ophthalmological dysfunctions, hallucinations,

seizures and changes in level of consciousness (from

lethargy to coma) (Gianantonio et al., 1973; Cimolai

et al., 1992; Hamano et al., 1993; Tapper et al., 1995).

Similar symptoms were observed in mice that included

lethargy, shivering, abnormal gait, hind limb paralysis,

spasm-like seizure, reduced spontaneous motor activity,

abnormal gait and pelvic elevation (Tironi-Farinati et al.,

2013). Some of these symptoms are consistent with

motor damage related to the pyramidal and extra pyrami-

dal systems.

As it is known, EHEC not only secrete Stx2, but it also

releases the outer membrane component

lipopolysaccharide (LPS), an endotoxin that induces

tissular production of a variety of inflammatory

mediators when secreted in the gut. The LPS lipid A is

the bioactive component of LPS, and its structure is

highly conserved along E. coli strains. Moreover, the

E. coli lipid A is a powerful activator of the innate

immune system, and it contains two phosphate groups

and six acyl chains composed by 12 or 14 carbons

which is related with the infectivity of bacteria. In

contrast, the lipid A of other bacteria out of E. coli
contains four acyl chains and it does not activate the

immune system (Alexander and Rietschel, 2001).

Accordingly, the injurious effects of these products

have been reported in vitro and in various organs in

individuals and in animal models (Zhang et al., 1997).

However, few reports have investigated the deleterious

contribution of LPS in EHEC-derived encephalopathies,

a condition not fully determined in animal models nor con-

sidered in patients with HUS. In the present work an inte-

grative study of the neuropathogenicity triggered by

peripheral administration of sub-lethal Stx2 is carry out

by immunofluorescence, physiological and behavioral

means in the striatum of mice.

Therefore, the objective of this work was: (a) to study

the contribution of LPS to pathogenicity in the

neurovascular unit in striatal brain mice following

systemic administration of a sub-lethal dose of Stx2, (b)

to find a behavioral correlation respect the observed

damage in the neurovascular unit, and (c) to determine

whether these neurological alterations may be

prevented by an anti-inflammatory treatment.
EXPERIMENTAL PROCEDURES

LD50 determination

Purified Stx2 was purchased at Phoenix Laboratory,

Tufts Medical Center, Boston, MA, USA. The canonical

Stx2 used was obtained from phage 933 W, named

Stx2a (Plunkett et al., 1999). Stx2 was checked for

LPS contamination by the limulus amoebocyte lysate

assay. It contained <10 pg LPS/ng of pure Stx2. The

LPS used was from E. coli (L2880, Sigma, St. Louis,

MO, USA). The amount of LPS used in this work was

obtained from a measurement of Stx2 and LPS pro-

duced in the supernatant culture medium incubated with

E. coli, and the ratio between Stx2: LPS yielded 1:800

(Goldstein et al., 2007).
The lethal effects of the Stx2 were characterized in

mice (n= 4 per dose). As previously described

(Tironi-Farinati et al., 2013), different amounts of Stx2

(5–0.44 ng per animal) or vehicle were administered intra-

venously (i.v.) to mice weighing about 20 g. Survival time

was established when 100% of the animals survived at

least 8 days after administration of Stx2. It was deter-

mined that the LD50 was 1.6 ng of toxin per animal, and

with 1 ng (approximately 60% if this dose), mice survived

even for more than 10 days (time when all survived ani-

mals were sacrificed). This amount was thus considered

sub-lethal and it was selected for use in this study.
Dexamethasone survival assay

Six groups of mice (n= 4) were use to determine the

protective effect of Dexamethasone against lethality by

Stx2. Three groups of mice were endovenously treated

with two lethal doses (LD) of Stx2 (3.2 gg/mice), and

the other three with vehicle saline solution (control). Two

of these groups (one with two LD50 of Stx2 and the

other with saline solution) were treated with two

intraperitoneal (i.p.) administrations per day of saline

solution (100 ll per injection), another two groups were

treated with i.p. 7.5 mg/kg of Dexamethasone per day

(3.75 mg per injection, data not shown) and the last two

with i.p. 15 mg/kg of Dexamethasone per day (7.5 mg

per injection). The assay lasted ten days. The number

of animal’s death per group and the day of the deaths

were monitored.
Neurovascular toxicity and protection assay

Adult female Swiss mice (20 g) were housed in an air

conditioned and light-controlled (lights on between

06:00 am and 06:00 pm) animal facility. Food and water

were provided ad libitum. They were divided into four

groups (n= 8) and subjected to the following i.v.

treatments: LPS (800 ng); Stx2 (1 ng); LPS + Stx2

(1 ng Stx2 + 800 ng LPS); vehicle infusion (saline

solution). Each animal received one i.v. dose in the

lateral tail vein with 100 ll of solution. One half of the

animals from each group (n= 4) were treated with

7.5 mg/kg i.p. Dexamethasone (100 ll per dose), twice

a day for four days, while the other half of each group

(n= 4) received 100 ll of i.p. saline solution, also twice

a day for four days. All i.p. treatments (Dexamethasone

or saline) started when they received their respective i.

v. treatments (vehicle, LPS, Stx2 or Stx2 + LPS), and

this day was referenced as day 0. All the animals were

perfused on the fifth day (day of the first injection

counted as day 1) as described in the following sentence.

Mice were anesthetized with pentobarbital (100 mg/

kg) and perfused transcardially with 0.9% NaCl solution

followed by 4% paraformaldehyde in 0.1 M

phosphate-buffered solution (PBS) [fixative per animal

weight (ml/g)] after 4 days of the respective treatment.

Brains were removed from the skull and post-fixed with

the same fixative solution for 2 h, and cryoprotected

through a daily sequenced passage of increasingly

concentrated of sucrose solutions (10%, 20% and 30%).

Brain coronal sections (20-lm-thick) were cut with a
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cryostat, maintained in a cryoprotectant solution (50%

PBS 0.1 M, 30% Ethylene glycol, 20% Glycerol) at

�20 �C, and subsequently processed for

immunofluorescence microscopy.

The experimental protocols and euthanasia

procedures were reviewed and approved by the

Institutional Animal Care and Use Committee of the

School of Medicine of Universidad de Buenos Aires,

Argentina (Resolution No 2437/2012). All the procedures

were performed in accordance with the EEC guidelines

for care and use of experimental animals (EEC Council

86/609).
Lectin histofluorescence

Six floating sections (the same number of sections was

used for all immunofluorescence assays performed) for

each treatment were subjected to Lycopersicum

esculentum lectin histochemical marker to study the

striatal endothelial cells. After several rinses with 10 mM

PBS, sections were incubated with biotinylated lectin-

10 lg/ml 0.3% Triton X-100 (Sigma, St. Louis, MO,

USA) in the same buffer (4 �C for 24 h), and

subsequently incubated with Alexa-488 Streptavidin

(Invitrogen Molecular Probes, Carlsbad, California, USA

(1:100) 0.3% Triton X-100 for 1 h at room temperature

(RT), rinsed 3 times with 10 mM PBS and mounted on

slides with a solution of glycerol and PBS 3:1 (sections

for other immunofluorescence assays were also

mounted in the same solution). Controls were performed

using the same procedure but without adding the lectin

protein. A green fluorescence filter was used to visualize

brain striatum microvessels, and Adobe Photoshop

software to assemble the images and obtain merged

images (the same procedure was used for the other

immunofluorescence assays).
Immunofluorescence

Brain floating sections were incubated with 0.1% Triton

X-100 in the same buffer for one hour, followed by

normal goat serum 10% (Sigma, St. Louis, MO, USA)

with 0.3% Triton X-100 in PBS, also for one hour. After

that sections were incubated with a primary antibody

diluted in 10 mM PBS with 0.3% Triton X-100 at 4 �C for

48 h, as follows:

After several rinses with 10 mM PBS, brain floating

sections were incubated with rabbit anti-vascular

endothelial growth factor (VEGF, 1:500 – Santa Cruz

Biotechnology, Santa Cruz, CA, USA), mouse anti-

NeuN (1:500 – Millipore, Temecula, CA, USA), rabbit

anti-glial fibrillary acidic protein (GFAP, 1:500 – Dako,

Glostrup, Denmark), rabbit anti-microtubule-associated

protein 2 (MAP2, 1:500 – Sigma, St. Louis, MO, USA),

anti-Globotriaosylceramide (Gb3, 1:50 – Serotec,

Kidington, UK), and with rabbit anti-Stx2 antibodies

(1:500 – the anti-Stx2B IgG antibody was obtained as

described by Parma et al. (2011)).

After several rinses with Triton X-100 0.025%, the

sections were incubated with the secondary antibodies

goat IgG anti-Rabbit Alexa Fluor 555 (Invitrogen

Molecular Probes, Carlsbad, California, USA) diluted at
1:200 for anti-VEGF, GFAP, MAP2 or Stx2

immunofluorescences, with goat IgG anti-mouse/Texas

Red (Amersham, GE, Piscataway, NJ, USA) diluted at

1:200 for anti-NeuN immunofluorescence, or with goat

anti rat FIT-C (Jackson ImmunoResearch, West Grove,

PA, USA) diluted at 1:200 for anti-Gb3

immunofluorescence in the same buffer with 0.3% Triton

X-100 for 2 h (in anti-NeuN and VEGF

immunofluorescences), or for 90 min (in anti-MAP2, Gb3

or Stx2 immunofluorescences) at room temperature.

Finally, sections were rinsed with 10 mM PBS and

mounted on slides. Controls were performed using the

same procedure but without adding the primary

antibody. A red fluorescence filter was used for

visualization of immunofluorescence to detect VEGF,

NeuN, GFAP, MAP2 or Stx2 proteins. A green

fluorescence filter was used for visualization of

immunofluorescence to Gb3 localization. With the

purpose to observe the total cell distribution of Gb3 (that

includes cell membrane and cytosolic Gb3 levels), mice

brain slices were permeabilized with Triton X-100.
Evans Blue (EB) assay

For this test, we used the protocol described by del Valle

et al. (2008). Mice were divided into eight groups as

described in the Neurovascular Toxicity and Protection

Assay, and after their respective treatment they were per-

fused transcardially with 0.9% NaCl solution followed by a

solution with 4% paraformaldehyde and 1% EB in 0.1 M

PBS [fixative per animal weight (ml/g)]. Brains were

removed from the skull and post-fixed with the same fixa-

tive solution (without the EB staining) for 2 h and followed

the same protocol as previously described. Brain coronal

sections (25-lm-thick) were mounted on slides with a

solution of glycerol and PBS 3:1.

Slides were examined under a confocal laser

scanning biological microscope (Olympus FV10-ASW).

EB staining was visualized by excitation with 543-nm

laser beams (green zone) and visualized as red

fluorescence. Controls were performed using the same

procedure but without adding the EB staining on the

fixative solution, to demonstrate that no

autofluorescence is observed on these mice brain

slices. The confocal parameters were set up in a way

that no visible marks were observed on control brain

slices. The same set parameters were used on all

treated mice.
Merging images

The procedure described above was also employed to

obtain merged images of GFAP and lectin immuno-

fluorescence; VEGF and lectin immunofluorescence;

Gb3 and GFAP immunofluorescence and/or Gb3 and

NeuN immunofluorescence. The lectin histofluorescence

protocol was always performed after GFAP or VEGF

immunofluorescence, and the Gb3 protocol was always

performed after GFAP and NeuN immunofluorescence.

Hoechst 33342 (Sigma, St. Louis, MO, USA) was used

(1 lg/ml 10 min RT) to show the cell nuclei of the brain
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parenchyma. All analyses were carried out in the same

comparable areas.
Analysis of micrographs

A total of 36 brain striatum micrographs per treatment

were analyzed. The mean data were obtained from the

measurement of the micrographs from the sections from

the four independent brains per treatment. Micrographs

were taken in the dorsal striatum to determine

neurodegeneration (NeuN), endothelial damage

(lectins), expression of vascular endothelial growth

factor (VEGF), reactive astrocytes (GFAP), the Stx2

receptor expression (Gb3), Toxin permeability (Stx2)

and The BBB permeability. A confocal laser scanning

biological microscope (Olympus FV10-ASW) with a 40x

objective lens was used. The images obtained were

analyzed using the Image-J software (NIH). Two criteria

were used to analyze endothelial damage: changes in

glycocalyx expression in microvessels (as the number of

glycocalyx particles bound to lectins) and density of

microvessels (as the percentage of area occupied by

microvessels). The particles analyzed were quantified

by conversion into 8-bit and contrasted against the

background using the threshold tool. Moreover, objects

with an area less than 10 lm2 were excluded to avoid

quantified dots from the background (Pinto et al., 2013;

Ferreira and Rasband, 2010). In addition, VEGF-

immunopositive particles were quantified as described

above. Acquired images were opened using Adobe Pho-

toshop CS software to determine neurodegeneration,

and nuclei with normal phenotype were quantified and

painted to avoid errors. These data were represented as

the percentage of degenerated nuclei in respect of total

nuclei per micrograph. The same technique was used to

determine the BBB permeability to Stx2 and the Gb3

expression. The ROI Manager analyze tool on Image-J

software was employed to quantify the expression of

GFAP to determine reactive astrocytes, MAP2 and BBB

permeability. For this, the color channels of the micro-

graphs opened with this software were split, and the area

of the ones with the red color channel (now on an 8bit

gray scale format) was selected. The other channels

(green and blue) were discarded. The values from the

background observed on all negative control micrographs

were subtracted from the mice treated micrographs.
Open field test

To evaluate locomotor activity, animals were exposed to

an open field test. The open field used in this

experiment consisted of a wooden apparatus with 50 cm

high, 50 cm wide, and 39 cm deep arena with black

walls and a brown floor divided equally into nine

squares by white lines. Each animal was gently placed

at the center of the open field and the number of line

crossings was measured manually during each minute,

in a 5-min test session. In order to remove any olfactory

cues, the apparatus was cleaned with 70% isopropylic

alcohol after each test.
Statistical analysis

The data are presented as mean ± SEM. In the case of

different toxicity-treated groups and their respective

controls at one-time point (4 days of treatment) in the

neurovascular toxicity and protection assays, statistical

significance was performed using a one-way analysis of

variance (ANOVA) followed by Tukey’s multiple

comparison test between the 4 i.v. treatments (vehicle,

LPS, Stx2 and Stx2 + LPS). In the case of comparison

of different treatment groups and their respective

controls when challenged with i.p. Dexamethasone or

saline solution, a two-way analysis of ANOVA was used

followed Bonferroni post hoc test (GraphPad Prism 4,

GraphPad Software, Inc.) in the following experiments:

lectin histofluorescence, immunofluorescence methods,

EB assay (Sample size = 36, Degrees of

freedom= 35) and Open field test (sample size = 8,

Degrees of freedom= 7). The criterion for significance

was p 6 0.05 for all the experiments.

In addition, another set of statistical tests were

assayed with the purpose of further analyzing the

assumptions of two way variances. Firstly, the Shapiro–

Wilks normality test was applied and it was verified that

the dependent variable followed an approximately

normal distribution. Then, the Levene test was applied

to evaluate the variances homogeneity; p< 0.05 was

obtained, which indicates no variances homogeneity.

Two-way ANOVA (one factor: the 4 e.v. treatments,

vehicle, LPS, Stx2 and Stx2 + LPS. The second factor:

without and with Dexamethasone) supposed unequal

variances. The Games-Howell test is designed for

unequal variances. In addition, the T3 Dunnet test is

used alternatively to the Games-Howell test when it is

fundamental to keep the control over the significance

level between various tests. The Games-Howell and T3

Dunnet tests showed significant differences between all

groups at the level of 0.05, in the following experiments:

lectin histofluorescence, immunofluorescence methods,

EB assay (Sample size = 36, Degrees of

freedom= 35) and Open field test (sample size = 8,

Degrees of freedom= 7). These statistical findings

coincided with the significant differences found in Tukey

and Bonferroni post hoc tests.

The number of animals used in this work (A total of

128 animals: n= 4 in neurovascular protection and EB

assay; n= 8 in Open field test) yielded error bars with

low dispersion and therefore it was not necessary to

subject additional animals and/or brain sections to these

treatments.
RESULTS

Dexamethasone protects mice from Stx2 lethality

A survival curve was done to determine the protective

effect of Dexamethasone challenged against two lethal

doses 100% (DL100) of Stx2. All vehicle-treated mice

(control) survived the ten days of screening. In contrast,

all mice administered e.v. with Stx2 and i.p. with saline

solution were found dead at day five (Fig. 1). This was

the same for mice treated with e.v. Stx2 and i.p. 7.5 mg
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challenged against two DL100 of Stx2 in mice (Stx2 + Dexametha-

sone 15 mg).
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of Dexamethasone per day (data not shown). However

the administration of e.v. Stx2 and i.p. 15 mg of

Dexamethasone per day indeed protected from dead in

50% of mice (Fig. 1).
Sub-lethal dose of Stx2

As it was observed that the administration of 2 LD100 of

Stx2 caused the death of mice after 5 days, it was

determined to use in the following experiments a sub-

lethal dose of Stx2, by which the administration of the

toxin did not cause any death (Tironi-Farinati et al.,

2013) and allowed to study the pathogenicity caused by

Stx2 in the neurovascular unit in striatal brain mice. This
Fig. 2. Changes in the distribution of glycocalyx particles bound to fluore

microvasculature of mice striatum. Treatment without Dexamethasone (A

Dexamethasone (E–H). (A, E) Show the microvasculature profile in the co

treatment); (B, F) LPS treatment; (C, G) Stx2 treatment; (D, H) Stx2 + LP

shows microvessels devoid of glycocalyx particles bound to fluorescent lectin

positive glycocalyx particles for all treated groups is shown (J). Microvessel d

groups is shown (K). Negative control (I). Different letters (a, b, c or d) above

a significant difference between the four different e.v.-treated groups with

treatment (p 6 0.05). *Significant difference between the Dexamethasone-tre

same e.v.-treated group but without Dexamethasone (p 6 0.05). Data are

scale bar in I applies to all micrographs.
strategy resembles those patients intoxicated with EHEC

but succeeded to survive, although they may remain with

neurological abnormalities. In addition, the contribution of

LPS in the pathogenicity caused by Stx2 was also carried

on.

Intravenous administration of a sublethal dose of
Stx2 changes the profile of microvessels, LPS
exacerbates it and Dexamethasone recovers
microvessel integrity in the brain striatum

Lectins are non-immune proteins that bind with high

affinity to specific N-acetyl-D-glucosamine and poly-N-

acetyl lactosamine sugar residues of endothelial plasma

membrane glycocalyx (Mazzetti et al., 2004) and they

are useful to study the microvasculature profile. There-

fore, lectins were used to detect the changes in the

microvasculature after 4 days of treatment. Saline-

treated control mice (vehicle) showed a continuous lectin

fluorescence binding throughout all microvessel cell

membranes (Fig. 2A). Vehicle microvessels were found

well preserved with defined edges. In contrast to this

treatment with the toxins (Stx2 + LPS) resulted to

produce a discontinuous lectin fluorescence binding

distributed in patches with poorly defined edges

(Fig. 2B–D). No lectin fluorescence binding was detected

when lectin incubation was omitted (Fig. 2I).

All the observed changes in the microvasculature

profile were confirmed by morphometric analysis: the

number of positive glycocalyx-particles bound to

fluorescence lectins (Fig. 2J) and the percentages of

microvessels that occupy a determined area (Fig. 2K)
scent lectins in the

–D); treatment with

ntrol groups (vehicle

S treatment. Arrow

s (D). The number of

ensity for all treated

the columns indicate

out Dexamethasone

ated group with the

mean ± SEM. The
were determined. As a result of

discontinuous microvessel glycocalyx

distribution, the maximal increase in

the number of positive glycocalyx

particles bound to fluorescence

lectins per field was significantly

observed in Stx2 + LPS-treated

mice (122.62 ± 3.07, followed by

Stx2-treated ones (105.86 ± 4.70),

and then LPS-treated mice (59.77

± 4.05), in comparison with vehicle-

treated mice (35.56 ± 2.88),

p 6 0.05 (Fig. 2J). Conversely,

microvessels from LPS-treated mice

occupied a minor area in the

striatum per observed field in

comparison with vehicle-treated

mice; microvessels from Stx2-treated

mice occupied a minor area in

comparison to LPS- and vehicle-

treated groups, and microvessels

from the co-administration of Stx2

and LPS (Stx2 + LPS) occupied the

smallest area of all treatments:

18.44 ± 0.97% (vehicle); 9.92

± 0.57% (LPS); 5.50 ± 0.79%

(Stx2); 3.61 ± 0.53% (Stx2 + LPS);

p 6 0.05 (Fig. 2K). Treatment with

Dexamethasone partially recovered

glycocalyx distribution in
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microvessels by reducing the number of discontinuous

microvessel glycocalyx particles bound to fluorescent

lectins in all-treated mice by: 16.35% in LPS; 30% in

Stx2; 13.67% in Stx2 + LPS-treated mice, except in

vehicle-treated one (Fig. 2E–H), p 6 0.05 (Fig. 2J).

Microvessel density was increased in all-treated mice

but not in vehicle-treated mice (Fig. 2E–H): 32.96% in

LPS; 61.45% in Stx2; 66.20% in Stx2 + LPS-treated

mice, p 6 0.05 (Fig. 2K).
Sublethal doses of Stx2 + LPS and Stx2 inhibit the
expression of VEGF while Dexamethasone restores
VEGF immunoexpression in striatal microvessels

Following the observation that Stx2 + LPS and Stx2

changed the profile of microvessels, it was postulated

that they could also change the expression of VEGF, an

angiogenic growth factor that may appear under

regenerative processes. An anti-VEGF antibody was

employed to evaluate whether LPS, Stx2 or Stx2 + LPS

changed the expression of VEGF in striatal

microvessels. While a complete inhibition of VEGF

immunoexpression was observed in Stx2- and Stx2

+ LPS-treated mice (Fig. 3A–D, J), a significant

decrease in VEGF immunoexpression (expressed as

number of particles per area) was observed in LPS-

treated mice in comparison with the vehicle one: 24.44

± 5.85 (LPS) vs 61.37 ± 3.78 (vehicle), p 6 0.05

(Fig. 3J). Conversely, the treatment with

Dexamethasone succeeded to restore the

immunoexpression of VEGF in microvessels of LPS,

Stx2 and Stx2 + LPS-treated mice (Fig. 3F–H), to

130.22%, 52.03% and 29.81% respectively, in

comparison to vehicle-treated mice, p 6 0.05 (Fig. 3J).
Fig. 3. Changes in immunofluorescence to VEGF. Treatment without Dex

treatment with Dexamethasone (E–H). (A, E) Show the VEGF profile in the co

treatment); (B, F) LPS treatment; (C, G) Stx2 treatment; (D) H, Stx2 + LPS

control (I). Different letters (a, b or c) above the columns indicate a significan

the four different e.v.-treated groups without Dexamethasone treatment (p
difference between the Dexamethasone-treated group with the same e.v

without Dexamethasone (p 6 0.05). Data are mean ± SEM. The scale ba

micrographs.
No immunofluorescence pattern was observed by the

omission of primary antibody (Fig. 3I).
Intravenous administration of a sublethal dose of
Stx2 increases BBB permeability, the combination
with LPS exacerbates this effect and Dexamethasone
decreases the BBB permeability

The changes on the observed microvessel profile

following Stx2 and/or Stx2 + LPS treatments were

determined by morphological means (see Fig. 2)

suggesting that BBB disruption might occurred in the

striatum (Fig. 4Y). Therefore, the Evans Blue Assay was

employed to determine whether LPS, Stx2 or Stx2

+ LPS changed the BBB permeability. The Evans Blue

is a compound that binds to plasma proteins by which

under physiological conditions may not cross the BBB

(del Valle et al., 2008). Quantification of Evans Blue levels

on the cerebral parenchyma was measured by integral

optical density (IOD). Negative controls were obtained

by not adding Evans Blue and no fluorescence was

detected (Fig. 4–1). A significant increase on BBB perme-

ability was observed in LPS- (27.98 ± 3.72), Stx2-

(45.00 ± 1.89) and Stx2 + LPS-treated mice (75.11

± 3.25) compared with the control ones (vehicle, no per-

meability to Evans Blue) (Fig. 4A–D, Z); the significant dif-

ferences found in all toxin groups (p 6 0.05, Fig. 4Z),

suggested that LPS exacerbated the Stx2 effects since

maximal BBB permeability was observed after Stx2

+ LPS administration (Fig. 4D, Z). On the other hand,

after 4 days, Dexamethasone treatment reduced com-

pletely the BBB permeability in LPS-treated mice, and it

reduced by 51.13% in Stx2- and 57.40% in Stx2 + LPS-

treated mice. No change in BBB permeability was

observed in vehicle-treated mice following
amethasone (A–D);

ntrol groups (vehicle

treatment. Negative

t difference between

6 0.05). *Significant

.-treated group but

r in I applies to all
Dexamethasone treatment (p 6 0.05)

(Fig. 4M–P, Z).
Sublethal dose of Stx2 causes
reactive astrocytes, and this effect
is exacerbated when LPS is
combined, while Dexamethasone
reduces the number of reactive
astrocytes

GFAP is an astrocytic cytoskeletal

protein that is increased (reactive

astrocyte) following an ample variety

of brain injuries. Accordingly, GFAP

expression levels were quantified by

IOD values to determine whether

systemic administration of LPS, Stx2

and/or Stx2 + LPS caused reactive

astrocytes (Fig. 5J). No

immunofluorescence was observed

in negative controls by omitting

primary antibody (Fig. 5I). After

4 days of treatment the LPS

administration significantly increased

the expression of GFAP respect the

vehicle, Fig. 5A, B, J) while Stx2

administration increased the



Fig. 4. Increase of BBB permeability. Evans Blue staining was employed to show permeability of the BBB (A–X). Treatments without

Dexamethasone (A–L) include: vehicle (A, E, I), LPS (B, F, J), Stx2 (C, G, K) and Stx2 + LPS (D, H, L). Treatments with Dexamethasone (M–X)

include: vehicle (M, Q, U), LPS (N, R, V), Stx2 (O, S, W) or Stx2 + LPS (P, T, X). Negative controls by not adding Evans Blue: fluorescence

microscopy (1), light microscopy (2) and merge between fluorescence and light microscopy (3). Striatum (Y). Quantification of BBB permeability by

Evans Blue fluorescence staining in the striatum (Z). Different letters (a, b, c or d) above the columns indicate a significant difference between the

four different e.v.-treated groups without Dexamethasone treatment (p 6 0.05). *Significant difference between the Dexamethasone-treated group

with the same e.v.-treated group but without Dexamethasone (p 6 0.05). Data are mean ± SEM. The scale bar in 1 applies to all micrographs.
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expression of GFAP respect LPS and the control

(Fig. 5A–C, J). Co-administration of Stx2 + LPS

resulted to maximally increased GFAP expression in all

other groups: 46.10 ± 1.68 (vehicle); 56.21 ± 2.75

(LPS); 64.01 ± 2.10 (Stx2); 75.36 ± 2.11 (Stx2 + LPS)

(Fig. 5A–D, J), while Dexamethasone administration

succeeded to significantly decrease the expression of

GFAP in all treated groups except the control one:

13.9% LPS; 11.86% Stx2; 12.57% Stx2 + LPS

(Fig. 5E–H, J): p 6 0.05 between toxin-treated and

control groups and p 6 0.05 between Stx2 and Stx2

+ LPS treatments.
Sublethal Stx2 produces neurodegeneration, LPS
exacerbates it and Dexamethasone is neuroprotector

Anti-NeuN antibody was employed to determine whether

systemic administration of LPS, Stx2 or Stx2 + LPS

caused neurodegeneration. A conserved and

homogeneous nuclear immunofluorescence pattern for

Neu-N confirmed healthy neurons (Fig. 6A) while a

perinuclear pattern or nuclear dotted

immunofluorescence showed a neurodegenerative

phenotype (Fig. 6D, J). No immunofluorescence was

observed in negative controls by omitting primary

antibody (Fig. 6I). A significant increase of neuronal

nuclei with abnormal phenotype showed neurons in a

degenerative condition 4 days after the administration of

LPS (15.05 ± 1.80), Stx2 (29.48 ± 0.95) or Stx2 + LPS
(35.46 ± 1.75) (Fig. 5A–D), in comparison with the

vehicle (1.54 ± 0.98), (p 6 0.05). As observed, maximal

increase of degenerated neurons was observed in Stx2

+ LPS-treated group (Fig. 6D, K). Dexamethasone

administration resulted to decrease the number of

degenerative cells in the three toxin-treated groups by

33.23% (LPS-), 42.3% (Stx2-) and 44.2% Stx2 + LPS),

while no significant change was observed in controls,

(p 6 0.05), (Fig. 6E–H, K).
Intravenous administration of a sublethal dose of
Stx2 decreases the expression of MAP2, and the
combination with LPS exacerbates this effect.
Dexamethasone increases MAP2 expression

Microtubule-associated protein 2 (MAP2) is a cytoskeletal

neuronal marker specifically found in neuronal bodies and

postsynaptic structures related to dendritic bodies and

synaptic plasticity. An anti-MAP2 antibody was

employed to determine whether systemic administration

of LPS, Stx2 or Stx2 + LPS changes its expression.

Quantification of MAP2 levels was measured by IOD

values (Fig. 7J). After 4 days MAP2

immunofluorescence was decreased following Stx2

(19.50 ± 1.88) and Stx2 + LPS (14.25 ± 0.49)

administrations in comparison to the vehicle (45.05

± 2.77), p 6 0.05 (Fig. 7A, C, D). No significant

differences were observed between vehicle and LPS

(38.21 ± 3.16) treatments, p 6 0.05 (Fig. 7A, B, J). As



Fig. 5. Stx2 and Stx2 + LPS produce reactive astrocytes. Treatment without Dexamethasone (A–

D); treatment with Dexamethasone (E–H). Immunofluorescence using an anti-GFAP antibody was

employed to show reactive astrocytes. (A, E) vehicle-treated astrocytes; (B, F) LPS-treated

astrocytes; (C, G) Stx2-treated astrocytes; (D, H) Stx2 + LPS-treated astrocytes. Quantification of

reactive astrocytes (J) under all treatments. (I) Negative control by not adding the primary

antibody. Different letters (a, b, c or d) above the columns indicate a significant difference between

the four different e.v.-treated groups without Dexamethasone treatment (p 6 0.05). *Significant

difference between the Dexamethasone-treated group with the same e.v. treated group but without

Dexamethasone (p 6 0.05). Data are mean ± SEM. The scale bar in I applies to all micrographs.

Fig. 6. Changes of NeuN expression. Treatment without Dexamethasone (A–D); treatment with

Dexamethasone (E–H). Micrographs show immunofluorescence staining for NeuN in the nucleus

of neurons with anti-NeuN. (A, E) Vehicle; (B, F) LPS; (C, G) Stx2; (D, H) Stx2 + LPS. Arrows

show nuclei of degenerating neurons (D); asterisk shows normal nuclei of neurons (A). Negative

control by not adding the primary antibody (I). Merge between a NeuN micrograph (red) and

Hoechst one (blue) showing the localization of perinuclear NeuN abnormal neurons and nuclear

Hoechst (J). Dexamethasone decreases the percentage of degenerative neurons (K). Different

letters (a, b, c or d) above the columns indicate a significant difference between the four different e.

v.-treated groups without Dexamethasone treatment (p 6 0.05). *Significant difference between

the Dexamethasone-treated group with the same e.v.-treated group but without Dexamethasone

(p 6 0.05). Data are mean ± SEM. The scale bar in I applies to A–H micrographs. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this articl.)
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observed, the maximal decrease on

its expression was observed after

Stx2 + LPS administration (Fig. 7D,

J). Treatment with Dexamethasone

partially recovered MAP2

immunofluorescence in Stx2-

(84.3%) and in Stx2 + LPS-treated

mice (75.79%), p 6 0.05 (Fig. 7E, G,

H, J). No immunofluorescence to

MAP2 immunoreactivity was

observed in negative controls by

omitting primary antibody (Fig. 7I).
Intravenous administration of a
sublethal dose of Stx2 increases
the expression of its receptor Gb3
and the combination with LPS
exacerbates this expression.
Dexamethasone decreases the
expression of Gb3

An anti-Gb3 antibody was employed

to determine whether systemic

administration of LPS, Stx2 or Stx2

+ LPS increases the expression of

Gb3 receptor. The number of

immunopositive cells for Gb3 was

counted for every treatment

(Fig. 8L). A significant increase in the

number of Gb3-positive cells were

found after 4 days of treatment

following LPS, Stx2 and Stx2 + LPS

treatments (vehicle 20.65 ± 4.70;

LPS 47.89 ± 5.39; Stx2 73.71

± 5.88; Stx2 + LPS 103.52 ± 7.80),

p 6 0.05 (Fig. 8A–D, L). Maximal

increase observed in Gb3-

immunopositive neurons was found

in Stx2 + LPS-treated mice in

comparison to the Stx2- or LPS-

treated ones (Fig. 8B–D, L). The

significant differences between the

Gb3 expressions found in all toxins

groups suggested that LPS plays an

important role in the receptor

expression. The precise distribution

of it was confined to neurons

(Fig. 8K) and not to astrocytes, then

the deleterious effects of Stx2

observed in neurons may occur

directly through Gb3 (Fig. 8J, K).

Dexamethasone administration

significantly reduced the number of

Gb3-positive neurons in all treated

mice except in the control group

(37.28% LPS; 23.89% Stx2; 21.55%

Stx2 + LPS), p 6 0.05 (Fig. 8E–H,

L). No immunofluorescence to Gb3

immunoreactivity was observed in

negative controls by omitting primary

antibody (Fig. 8I).
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Stx2 is immunolocalized in striatal parenchyma cells
and when Stx2 is combined with LPS more Stx2-
immunopositive cells are found. Dexamethasone
decreases Stx2-immunopositive cells

Intravenous administration of LPS, Stx2 and Stx2 + LPS

was employed to determine whether Stx2 succeeds to

pass through the BBB and also whether the LPS

contribution increases the BBB permeability to Stx2.

Immunolocalization of Stx2 was observed in striatal cells

(Fig. 9C, D, G, H, J). This event suggested that the BBB

might be permeable to Stx2 (Fig. 9C, D).

Immunopositive cells for Stx2 in vehicle and LPS

treatments were absent (Fig. 9A, B). No

immunofluorescence was observed by omitting primary

antibody (Fig. 9I). Stx2 + LPS treatment significantly

increased the number of immunopositive cells for Stx2

in comparison to the treatment with Stx2 alone (324.76

± 25.12 vs 256.28 ± 9.56 respectively, p 6 0.05,

Fig. 9C, D, J). This was evidenced in the increased

number of Stx2-positive cells (Fig. 9J) and in the

expression levels of Stx2 inside the cells measured by

IOD (254.54 ± 8.65, Stx2; 325.54 ± 24.24, Stx2

+ LPS, p 6 0.05, Fig. 9K). Dexamethasone treatment

significantly reduced the number of Stx2-immunopositive

cells in Stx2-treated mice by 28.05% and in Stx2

+ LPS-treated mice by 26.16%, p 6 0.05, while the

expression levels of Stx2 in Stx2- and Stx2 + LPS-
Fig. 7. Changes in MAP2 expression. Treatment without Dexamethasone (

Dexamethasone (E–H). Micrographs show immunofluorescence staining fo

projections with anti-MAP2. (A, E) Vehicle; (B, F) LPS; (C, G) Stx2; (D,

Negative control by not adding the primary antibody. Dexamethasone inc

MAP2 immunofluorescence expression (J). Different letters (a, b, or c) above

a significant difference between the 4 different e.v.-treated groups with

treatment (p 6 0.05). *Significant difference between the Dexamethasone-tre

same e.v.-treated group but without Dexamethasone (p 6 0.05). Data are

scale bar in I applies to all micrographs.
treated mice were reduced by 26.20% and 26.07%

respectively, p 6 0.05 (Fig. 9J, K). These results

suggested that the BBB permeability to Stx2 in Stx2 and

Stx2 + LPS were decreased when were challenged with

Dexamethasone (Fig. 9E–H, J, K).
Intravenous administration of a sublethal dose of
Stx2 decreases locomotor activity, LPS exacerbates
the Stx2 effect while Dexamethasone partially
recovers locomotor activity

To determine whether the neurovascular damage caused

by the toxins may alter locomotor behavior an Open Field

test was performed. This test evaluates motor activity by

measuring the number of line crossings at the Open

Field arena. Vehicle-treated mice showed a high

locomotor activity, which was significantly decreased in

Stx2- and Stx2 + LPS-treated mice (141.61 ± 16.55,

vehicle; 114.59 ± 13.95, LPS; 85.83 ± 7.95, Stx2;

46.62 ± 12.20, Stx2 + LPS; p 6 0.05, Fig. 10). Maximal

locomotor decrease was observed following Stx2 + LPS

administration, while no significant differences were

observed between control and LPS treatments (Fig. 10).

Dexamethasone administration significantly improved

the locomotor activity after 4 days of treatment in Stx2-

treated mice by 25.9%, while it was maximally improved

in the Stx2 + LPS-treated mice by 103.73%, p 6 0.05

(Fig. 10).
A–D); treatment with

r MAP2 in neuronal

H) Stx2 + LPS. (I)

reases the levels of

the columns indicate

out Dexamethasone

ated group with the

mean ± SEM. The
DISCUSSION

It has been reported that systemic

infection of Stx2 produced by EHEC

can lead to an encephalopathy.

Neurological disorders found in

children affected with HUS are one

of the major causes of mortality

(Upadhyaya et al., 1980; Sheth

et al., 1986; Hahn et al., 1989). To

study these disorders various animal

models were proposed to investigate

these neurological symptoms (Fujii

et al., 1996; Kita et al., 2000;

Mizuguchi et al., 2001). In our murine

model, we tried to extrapolate the

neurological damage found in patients

by a systemic administration of Stx2

and/or Stx2 together with LPS, as

EHEC not only secrete Stx2 but also

LPS is absorbed in the gut, a struc-

tural component present in the outer

membrane of all Gram-negative bac-

teria (Koster et al., 1978; Bitzan

et al., 1991; Louise and Obrig,

1992). The finding of Stx2 cytotoxicity

enhancement by LPS resulted to be

consistent with previous reports in

which in vitro incubation of Stx2 with

LPS in human umbilical vein endothe-

lial cell culture resulted to increase the

cytotoxic effect in comparison with the

Stx2 alone (Louise and Obrig, 1992),



Fig. 8. Changes in the expression of Gb3. Treatment without Dexamethasone (A–D); treatment

with Dexamethasone (E–H). Micrographs show immunofluorescence staining for Gb3 in neurons

with anti-Gb3. (A, E) Vehicle; (B, F) LPS; (C, G) Stx2; (D, H) Stx2 + LPS. (I) Negative control by

not adding the primary antibody (I). Merge between an immunofluorescence micrograph for Gb3

(green), another micrograph for GFAP (red) and Hoechst one (blue) showing that Gb3 is localized

in neurons and not in astrocytes (J). Merge between an immunofluorescence micrograph for NeuN

and another micrograph for Gb3 showing colocalization for both, in yellow (K) Dexamethasone

decreases the number of Gb3-immunopositive neurons (L). Different letters (a, b, c or d) above the

columns indicate a significant difference between the four different e.v.-treated groups without

Dexamethasone treatment (p 6 0.05). *Significant difference between the Dexamethasone-treated

group with the same e.v.-treated group but without Dexamethasone (p 6 0.05). Data are mean

± SEM. The scale bar in I applies to all micrographs. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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and second that anti-LPS antibodies belonging to the

O157:H7 serotype have been found in the serum of

HUS patients with clinical evidence of endotoxemia

(Koster et al., 1978; Bitzan et al., 1991). Therefore, the

LPS contribution on HUS pathogenicity should be

included on animal models of HUS-derived

encephalopthy.

The intact conservation of the microcalix from BBB

endothelial cells is important to maintain not only the

normal function of the microvasculature, but also the

proper homeostasis of parenchymal brain cells. In

contrast, an abnormal permeability can lead to neuronal

stress and even death (Henry and Duling, 1999; Vink

and Duling, 2000; Nieuwdorp et al., 2005). In the present

work the discontinuity observed on endothelial glycocalyx

expression, supports the fact that Stx2 breaks the BBB

causing abnormal permeability. Therefore, the toxin suc-

ceeds to penetrate the striatal parenchyma. Once the

toxin is inside the parenchyma it may damage the cells

that modulate motor functions.

As the number of positive glycocalyx-particles bound

to fluorescence lectins was increased by the toxins, it

was possible to suppose that this event could be the

cause of an angiogenic process. Therefore,

immunofluorescence to detect VEGF was performed to
test whether an angiogenic process

was occurred. The results proved

that this was not the case as VEGF

immunoexpression was decreased

concomitantly with glycocalyx

discontinuity in endothelial cells

following toxins treatments. VEGF is

relevant to neurons as it has been

reported that VEGF enhanced

neuronal survival, neurite outgrowth

and maturation under stress

situations (Silverman et al., 1999;

Rosenstein et al., 2003; Khaibullina

et al., 2004). On the other hand, it

has been found that VEGF expres-

sion decreased after Stx incubation

in culture (Psotka et al., 2009). In

addition recent reports have indicated

that the loss of VEGF caused neu-

rodegeneration (Rosenstein et al.,

2003), an event that it may have con-

tributed to the observed neuronal loss

in our work.

The contribution of LPS in the

encephalopathy driven by Stx2

resulted to enhance even more the

BBB permeability caused by the

Stx2 alone. This is very consistent

with previous reports by which the

co-administration of Stx and LPS

resulted in a more severe

hemorrhage compared with Stx2

alone (Sugatani et al., 2000). On the

other hand the Dexamethasone treat-

ment succeeded to partially restore

the BBB, conserved endothelial cell

integrity and it was neuroprotectant.

This drug possesses and anti-
inflammatory effect. Its pharmacological action includes

the reduction of cytokines and the increased expression

of occludin’s tight junction proteins on brain endothelial

basolateral cell membranes (Liu et al., 2000; Forster

et al., 2006; Goldstein et al., 2007) making them less per-

meable. In this sense it is possible that Dexamethasone

prevents the passage of the toxins to the striatal parench-

yma from the blood and also a decrease in the expression

of cytokines as TNFa and IL-1b, contributing to the reduc-

tion of neuronal damage.

In our model, we demonstrated that at least two

distinct cell populations have shown changes in the

expression of cytoskeletal proteins, astrocytes and

neurons (Goldstein et al., 2007; Boccoli et al., 2008;

Pinto et al., 2013). The astrocytes constitute the neu-

rovascular unit and also the BBB through their endfeet.

They play many functions as the regulation of blood flow,

homeostasis of extracellular fluid, ions and transmitters,

energy provision, and regulation of synapse function

(Sofroniew and Vinters, 2010), and react in response to

all types of insults (Little and O’Callagha, 2001) such as

ischemia, neurodegenerative or infective diseases and

trauma (Jacob et al., 2007; Pekny et al., 2007), in a phe-



Fig. 9. Immunolocalization and quantification of Stx2. Treatment without Dexamethasone (A–D);

treatment with Dexamethasone (E–H). Micrographs show immunofluorescence staining for Stx2

striatal cells with an anti-Stx2 antibody. (A, E) vehicle; (B, F) LPS; (C, G) Stx2; (D, H) Stx2 + LPS.

Negative control by not adding the primary antibody (I). Dexamethasone decreases the number of

Stx2-immunopositive cells (J). Dexamethasone decreases the intensity levels of endocytized Stx2

(K). Different letters (a, b or c) above the columns indicate a significant difference between the four

different e.v.-treated groups without Dexamethasone treatment (p 6 0.05). *Significant difference

between the Dexamethasone-treated group with the same e.v.-treated group but without

Dexamethasone (p 6 0.05). Data are mean ± SEM. The scale bar in I applies to all micrographs.
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nomenon called reactive astrocytes. At this state the

expression of GFAP is upregulated, the cell is hypertro-

phied, and cell proliferation and pro- or anti-

inflammatory effects occur (Sofroniew and Vinters,

2010). Many types of different molecules can lead to reac-

tive astrogliosis like TNF-a, INFc, LPS, etc. In CNS injury,

reactive astrocytes are responsible for many beneficial

functions, including BBB repair, neural protection and

restricting the spread of inflammatory cells, and infection

(Sofroniew and Vinters, 2010).
Fig. 10. Open field test. Mice were treated either with vehicle, LPS,

Stx2 or Stx2 + LPS. Different letters (a, b or c) above the columns

indicate a significant difference between the four different e.v.-treated

groups without Dexamethasone treatment (p 6 0.05). *Significant

difference between the Dexamethasone-treated group with the same

e.v.-treated group but without Dexamethasone (p 6 0.05). Data are

mean ± SEM.
On the contrary, neurons showed

a decrease in the immunoexpression

of MAP2, a structural microtubule-

binding protein that binds to tubulin

polymers and contribute to the

regulation of their functions on

neurite formation and maintenance.

The MAP2 family comprises an

abundant group of heat-stable

proteins in the mammalian central

nervous system and may have an

important role in neurite outgrowth

and in neuronal plasticity (Sanchez

et al., 2000). Loss of MAP2

expression was reported as an early

indicator of ischemia-induced neu-

rodegeneration (Ballough et al.,

1995; Raley-Susman and Murata,

1995; Folkerts et al., 1998; Schmidt-

Kastner et al., 1998). The activation

of calpain mediated-proteolysis may

be the cause of the observed

decrease of MAP2 immunoexpres-

sion (Hicks et al., 1995; Arias et al.,

1997; Minana et al., 1998). As it is

known, cytoskeleton disruption by

proteolysis is one of the first signs of

cell degeneration (Cotran et al.,

1999). However, future experiments
should be done to confirm this hypothesis.

In light of presented data neurodegeneration was

determined using an immunofluorescence assay against

NeuN. Direct damage to neurons by Stx2 has been

previously demonstrated (Goldstein et al., 2007) probably

through its Gb3 receptor (Tironi-Farinati et al., 2010).

NeuN is a Fox-3 gene product, a member of the Fox-1

gene family of splicing factors that serves as a regulator

of alternative splicing of pre-mRNA. Its expression is

restricted to neurons and its subcellular localization is

used to diagnose early events of neurodegeneration

(Kim et al., 2009; Dent et al., 2010). Co-administration

of both toxins increased the number of damaged neurons

compared to the number of damaged neurons when Stx2

was administered alone. In the present work it was

demonstrated that Dexamethasone protected approxi-

mately 50% of the neurons when it was challenged

against the treatment of Stx2 together with LPS (Fig. 6K).

In light of this result proinflammatory cytokines could play

an important role in neurodegenerative processes, but

other endogenous harmful agents may not be discarded.

In order to characterize motor activity in mice

subjected to the treatment of Stx2 and/or LPS the Open

Field assay was used to test, for the first time, the

integrity of piramidal and extra-piramidal pathways.

Animals experienced akinetic symptoms probably due to

changes in the content of dopamine from the

nigrostriatal pathway. The significant decrease on

the motor activity by both toxins is consistent with the

observed cell damage in the basal ganglia. Significant

damage to other motor brain areas was also determined

such the motor cortex (Pinto et al., 2013), supporting
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the fact that Stx2 alters the motor system. Similar findings

were observed in patients (Upadhyaya et al., 1980; Sheth

et al., 1986; Hahn et al., 1989; Tironi-Farinati et al., 2010).

Finally, Dexamethasone treatment partially reversed

motor activity deficit suggesting the involvement of pro-

inflammatory mechanisms that occurs during the

encephalopathy.

In summary the present study demonstrated the

cytotoxic effect of Stx2 in the microvasculature,

astrocytes and neurons of mice striatum. LPS

contribution enhances its deleterious effects. All these

events were closely related with motor behavioral

alterations. Finally, Dexamethasone treatment resulted

to reverse the pathological condition produced by the

toxins and may be beneficial to ameliorate the negative

pathogen effects in the brain.
CONCLUSIONS

Outbreaks by intoxication with EHEC frequently occur

worldwide in north and south hemispheres, and mortality

rate caused by HUS rises dramatically when the CNS is

involved. Furthermore, the inflammatory implication in

the striatum has not been integrally investigated, nor a

murine model that intends to mimic human clinical

symptoms has not been widely established as a

valuable tool. The current study integrates for the first

time physiological, structural and behavioral data in the

striatum. It demonstrates that sublethal Stx2 breaks the

Blood–Brain Barrier and damages the microvasculature,

astrocytes and neurons, and that LPS enhances its

deleterious effects. These events lead to motor deficits

while the Dexamethasone treatment reverses the

pathological condition produced by the toxins. Our

results show that anti-inflammatory therapeutics may be

beneficial to treat the observed alterations of the

neurovascular unit by reducing the cell damage and

therefore to ameliorate motor disturbances found in

patients.
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