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Shiga toxin (Stx) from enterohemorrhagic Escherichia coli (STEC) is the main cause of
hemorrhagic colitis which may derive to hemolytic–uremic syndrome (HUS). HUS is
characterized by acute renal failure, thrombocytopenia and microangiopathic hemolytic
anemia. Mortality in the acute stage has been lower than 5% of total affected argentine
children with endemic HUS. Common signs of severe CNS involvement leading to death
included seizures, alteration of consciousness, hemiparesis, visual disturbances, and
brainstem symptoms. The main purpose of the present work was to study the direct
involvement of Stx2 in brain cells by intracerebroventricular (i.c.v.) administration of Stx2.
Immunodetection of Stx2 was confirmed by immunoelectron cytochemistry in different
subsets and compartments of affected caudate putamen cells of corpus striatum.
Transmission electron microscopy (TEM) studies revealed apoptotic neurons, glial
ultrastructural alterations and demyelinated fibers. The i.c.v. microinfusion was applied
for the first time in rats to demonstrate the direct action of Stx2 in neurons and glial cells. The
toxin may affect brain neuroglial cells without the involvement of proinflammatory or
systemic neurotoxic elements.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Shiga toxin (Stx) fromenterohemorrhagic Escherichia coli (STEC) is
the main cause of hemorrhagic colitis which may derive to
hemolytic–uremic syndrome (HUS) (O'Brien and Kaper, 1998), a
triad of events which include: thrombocytopenia, microangio-
pathic hemolytic anemia, and acute renal failure (Proulx et al.,
patogenia, Departmento
gentina. Fax: +54 11 4 964
stein).
drome; i.c.v., intracerebro
tron microscopy

er B.V. All rights reserved
2001). Argentina is the first country with 400 new cases a year.
Mortality in the acute stage has been lower than 5% of total
affected argentine children with endemic HUS since 1978
(Repetto, 2005). Children usually die because of severe involve-
ment of the central nervous system (Exeni, 2001; Eriksson et al.,
2001; Oakes et al., 2006). Common signs of severe CNS involve-
ment included seizures, alteration of consciousness, hemiparesis,
de Fisiología, Facultad de Medicina, UBA, Paraguay 2155 piso 7,
0503.
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visual disturbances and brainstem symptoms (Siegler, 1994; Gallo
and Gianantonio, 1995). Some authors suggested that the origin of
CNS pathogenesis by HUS was secondary to metabolic changes:
hyponatraemia, azotaemia, hydration disorders or hypertension
(Siegler, 1994; Gallo and Gianantonio, 1995). Other authors
claimed more for infarction of the brain microvasculature by
Stx leading to neurological damage (Taylor et al., 1999; Mizuguchi
et al., 2001). And whether Stx2 directly affected brain neuroglial
cells is yet to be investigated. To study this issue then the toxin
should not pass through brain microvasculature, through the
blood–brain barrier (BBB). One way to circumvent the micro-
vasculature is to i.c.v. microinfuse the toxin in a certain brain
area. Therefore, does Stx2 possess a direct neurotoxic involve-
ment on brain parenchymal cells? This prompted us to study the
role of Stx2 on brain injury.

The studies of brain intoxication produced by Stx were
usually performed in animal models of STEC colonic invasion,
Stx intraperitoneal (i.p.) or endovenous (e.v.) systemic admin-
istrations. In some previous reports, the action of Stx2 in brain
was focused on mitomycin-treated mice intragastrically
inoculated with the Escherichia coli O157:H− strain E32511/
Fig. 1 – Stx2 obtained by affinity chromatography purification w
(BBB). An elution that contained Stx2was analyzed on a SDS–PAG
theA andB subunits of Stx2 on Coomassie blue staining (A); these
cytotoxic capacitywas confirmed on aVeromonolayer cell culture
of themonoclonal anti-Stx2B antibody resulted in a significant inc
and C, data are reported as means±S.E.M. of at least three triplic
administration showed that the toxin was able to pass the blood
parenchymal brain cells near perivascular spaces (right panel). In
immunoreaction, while a negative control is shown by omitting
HSC (Fujii et al., 1994). In addition, studies with Stx2 admin-
istration on animal models for the toxin neuropathogenicity
was only performed by e.v. (Fujii et al., 1996; Yamada et al.,
1999; Mizuguchi et al., 2001) or intrathecal (Mizuguchi et al.,
1996, Fujii et al., 1998) toxin administration in rabbit brains
(Fujii et al., 1996, 1998; Mizuguchi et al., 1996, 2001; Yamada et
al., 1999). E.v. administration caused a selective damage of
neurons seen in the lower layers of the cerebellar and cerebral
cortex, midbrain and spinal cord and in a later phase
involvement of pathological changes of blood vessels (Mizu-
guchi et al., 1996). However, immunodetection of the toxin
was not shown in the brain parenchyma; it was rather
observed on blood vessels' walls. Other MRI studies performed
in rabbits showed brain lesions in the hypothalamus, hippo-
campus, brain stem,medulla (Fujii et al., 1996) and cerebellum
after e.v. Stx2 or intrathecal injection (Fujii et al., 1998).
Although this technique proved to be an efficient tool to
detect brain lesions, the topographic distribution of the toxin
within an affected brain area and its toxic influence at the cell
level could not be determined. This technique therefore is not
suitable to observe the action of Stx at the cell level.
as cytotoxic to Vero cells and passed the blood–brain barrier
E electrophoretic gel revealing two bands that corresponded to
bandswere confirmed byWB (A). (FT: flow through). The Stx2
(B). Preincubation of the toxinwith increasing concentrations
rease inVero cell viability in a dose–responsemanner (C). In B
ate experiments. *P<0.05 (ANOVA). Intraperitoneal Stx2
–brain barrier (D); Stx2 immunolocalization was confined to
the above left panel (D) the isotype control showsnon-specific
the primary antibody in the below panel.
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The present work shows the first animal model of i.c.v.
administration of Stx2 as far as we know. Also, this is the first
pathologic brain model by Stx2 administration performed in
Fig. 2 – I.c.v. administration of Stx2 altered the ultrastructure of fi
corpus striatum. Electron microphotographs show the direct effect
study is located in the dorsal caudate putamen from the rat corpus
i.c.v. administration of vehicle or Stx2 (B, C respectively) was previ
subregion. In lowmagnification, affectedneurons by i.c.v. Stx2 trea
while this is not observed in neurons in the vehicle control (arrow
Panel E showsademyelinated andhypertrophicaxon.Anormal ax
next to a demyelinated fiber (F). Neuronal bodies at different degen
i.c.v. microinfused with a vehicle (G). Neurodegenerative details ar
immunolocalization to neurons (green) and astrocytes (red) (K). So
neurons. (For interpretation of the references to colour in this figure
rats. The i.c.v. technique allows to microinfuse the toxin in
specific brain areas of interest by using a stereotaxic frame. To
avoid tissue damage, we placed the cannula between the third
bers and caused neuronal death from dorsal caudate putamen
of Stx2 in corpus striatum neurons. The area observed in this
striatum (A) shown in gray. Blue toluidine staining for brain
ous performed to choose the precise affected area in this
tment areobserved in contrast and in irregular shape (arrow,C),
, B). The selected tissue was further processed for TEM (D–J).
on fromabrain i.c.v.microinfusedwith vehicle (D). Anastrocyte
eration stages (H–J). A normal neuron from a brain which was
e in the results. I.c.v. Stx2 microinfusion shows Stx2
me astrocytes processes are in contact with Stx2 positive
legend, the reader is referred to theweb version of this article.)
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and lateral ventricles, fromwhich it contacts the dorsal corpus
striatum. This is very different from i.p. or e.v. toxin
administration because the distance of delivery is far to
assume direct effects of the toxin in the brain. It is known
that the induction of systemic pro-inflammatory responses by
Stx works synergistically (Stricklett et al., 2002). Therefore the
i.c.v. technique enables us to study the direct effect of the
toxin in corpus striatum disregarding the involvement of
systemic secondary mediators.

Neurological complications (coma, hemiparesis, abnormal
and choreoathetoid movements, dystonic posture, alteration
of consciousness) found in humans by HUS included disorders
in the basal ganglia (Barnett et al., 1995). This area that
primarily regulates the initiation of movement was mainly
involved in HUS patients that suffered from hemiparesis,
seizures, coma, altered mental state or tremor (Steinborn et
al., 2004; Barnett et al., 1995). Therefore, in light of the
preceding data, the direct action of Stx2 in rat brain corpus
striatum results of particular interest to us.

As a novel finding, we present a detailed ultrastructural
study of the Stx2 action when is i.c.v. administered in the rat
brain. Apoptotic neurons observed by TEM, neuronal Stx2
Fig. 3 – I.c.v. administration of Stx2 caused also glial ultrastructu
administration next to rat corpus striatum show at the ultrastruc
perivascular astrocyte (C, F) and an oligodendrocyte (E–F). An ast
administration of a vehicle in the same area observed. A conserve
administration of vehicle. Astrocytes in different pathologic state
and another astrocyte with gliosis can be observed (C). High mag
oligodendrocyte from a striatal fiber (E) in pathologic state.
immunoelectron detection, and pathological ultrastructural
alterations of astrocytes and oligodendrocytes are observed in
this work.
2. Results

2.1. The Stx2 obtained by affinity chromatography is
cytotoxic to Vero cells and is BBB-diffusible

In order to i.c.v. administrate a pure Stx2 elution into the brain,
we passed the supernatant cell culture that produced Stx2
through an affinity chromatography column.

This productwas analyzed on SDS–PAGE electrophoretic gel
(Fig. 1A) that revealed two bands that corresponded to A and B
subunits Stx2 molecular weights on Coomassie staining; these
bands were corroborated by WB (Fig. 1A). We next found that
0.55 pg/ml of this Stx2 elution was enough to kill 50% of a Vero
monolayer cell culture (CD50 dose) (Fig. 1B) usinga standardized
procedure (Karmali et al., 1985). This effect was neutralized by
the preincubation of an anti subunit B monoclonal antibody
(Fig. 1C), performed by an established method (Pistone Creydt
ral alterations. Electron microphotographs of i.c.v. Stx2
tural level a perivascular cytoplasmic astrocyte (B), a non
rocyte in no pathologic condition is shown (A) after an i.c.v.
dmyelin sheath from a normal oligodendrocyte (D) after i.c.v.
s are shown: a perivascular one with cytoplasmic oedema (B),
nification of an astrocyte with evident gliosis in detail (F). An
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et al., 2006). On the other hand, the elution fractionwithout the
Stx2 did not significantly change cell viability, as compared
with the cell Vero culture inRPMImedium(Fig1C). The capacity
of Stx2 to invade the brain parenchyma by passing the blood–
brain barrierwas previously demonstratedwith tracers (Fujii et
al., 1994) or by the toxin presence itself in the brain (Fujii et al.,
1996). We therefore tested the capacity of Stx2 to invade the
brain by i.p. administration for toxin characterization. Stx2
immunolocalization was observed in parenchymal brain cells
near perivascular spaces (Fig. 1D). This was not observed by
omitting primary antibody (below panel Fig. 1D) and with the
incubation of an isotype antibody used as a control for the Stx2
immunohistochemistry (Saper, 2005) (above left panel Fig. 1D).
The isotype chosenwas themonoclonalmouseantibody raised
against BrdU antigen, a molecule not present in the tissue.
Because there are no reports available about the direct effect of
this toxin in neurons in an in vivo model of neurological
disease, we further wanted to test the toxin directly into the
brain by avoiding a systemic STEC inoculation. We i.c.v.
microinfused the purified toxin to the rat brain and observed
by TEM whether Stx2 possesses a direct neurotoxic effect.

2.2. Stx2 caused neuronal and fiber ultrastructural
alterations in the rat corpus striatum after 8 days of i.c.v.
administration

We obtained the following electron microphotographs from
ultrathin brain sections that corresponded to the dorsal
caudate putamen subregion of rat corpus striatum (Fig. 2A) as
Fig. 4 – I.c.v. Stx2 administration was immunoelectron-localized
DAB-clustered Stx2 immunodeposits are observed in a demyelin
(B), which can be clearly observed in a highmagnification electron
the same area shows demyelinated axons and an astrocyte nucle
microscopy observations are correlated with astrocytic ultrastruc
observed in an astrocyte cytoplasmwhere an abnormal dendrite
shown (figure modified from Paxinos and Watson, 2005). I.c.v.
microinfused brain sections with either vehicle (Fig. 2B) or Stx2
(Fig. 2C) were stained with blue toluidine to select the involved
region by the toxin effect. Affected neurons in i.c.v. Stx2
microinfusions resulted to be in amore irregular and contrasted
shape compared with normal ones in vehicle neurons (Figs. 2B,
C). These affected neurons were identified by Stx2 immuno-
fluorescence together with neighboring astrocytes identified by
GFAP immunofluorescence (Fig. 2K). These identified areas
were subsequently chosenandprocessed for TEMobservations.
In thismodel, Stx2 altered the ultrastructure of fibers (Fig. 2E, F)
and neuronal bodies (Figs. 2H–J) in rat corpus striatum.
Hypertrophic and demyelinated (Fig. 2E) sheaths of fibers
could be observed. Another electron microscopy microphoto-
graph showed an astrocyte in a position suggesting the
phagocytosis of a fiber (Fig. 2F). We next wanted to determine
if the direct i.c.v. administration of Stx2 caused neuronal death.
Previous investigation regarding this issue is not available. In
our work, electron microphotographs showed neurons in
different stages of degeneration (Figs. 2H–J). One includes an
apoptotic form: nuclear lateralization in a vacuolated asym-
metric neuron (Fig. 2H); electrodense chromatin and nuclear
fragmentation inanotherneuroncould beobserved (Fig. 2I), and
in a third one a complete vacuolated contrasted cytoplasmwith
several electrodense ribosome-like particles (Fig. 2J). The toxin
enters the cell by endocytosis and is transported through the
Golgi complex en route to the endoplasmic reticulum (ER). The
toxin exits the ER into the cytosol where it blocks protein
translation. The A subunit is an N-glycosidase that, once
in disorganized neuronal fibers and in astrocytic nucleus.
ated axon (arrows, D) and inside the nucleus of an astrocyte
microphotograph (arrow, E). An isotype control performed on
us with no observable immunodeposits (A). Immunoelectron
tural changes (C, E–F). Gliosis in high magnification is
is next to it (C). F: Electrodense rough endoplasmic reticulum.
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translocated into the cytosol, hydrolyzes an adenine base from
ribosomal RNA (Sandvig and van Deurs, 2000). Therefore, the
presence of large electrodense particles ribosome-like (Fig. 2J)
could bedue to a compensatory effect, as Stx2 inhibits ribosome
function.

2.3. I.c.v. Stx2 administration altered glia ultrastructure
in the rat corpus striatum

I.c.v. microinfusion of Stx2 altered the ultrastructure of
oligodendrocytes and astrocytes. These were observed in
injured perivascular astrocytes and oligodendrocytes by TEM
(Fig. 3). Perivascular astrocyte cytoplasmic edema (Fig. 3B) and
astrocyte gliofilament hypertrophy (Figs. 3C, F) were observed.
Demyelinated oligodendrocytes (Fig. 3E) were also observed.
Interestingly, injured astrocytes were highly observed in those
that form the BBB with endothelial cells (Fig. 3B).

2.4. Stx2 was immunoelectron-localized in astrocyte nuclei
and in disorganized neuronal fibers in the rat corpus striatum
after i.c.v. administration

Wenextwanted to determine the Stx2 ultrastructural localiza-
tion by immunoelectron microscopy in dorsal caudate puta-
menof the corpus striatum (Fig. 4), the area inwhichneuroglial
damage was observed. DAB clustered immunodeposits corre-
sponding to Stx2 were immunoelectron-detected inside
demyelinated axons (Fig. 4D). The immunoelectron detection
for Stx2 performed on these sections was specific, since no
immunodeposits were observed outside fibers or subcellular
structures (Fig. 4D). Furthermore, no DAB immunodeposits
were found in isotype controls, by using an isotype primary
antibody in which the correspondent antigen is not found in
the experimental sample (Fig. 4A). Ultrastructural changes in a
glial nucleus occurred together with Stx2 immunoelectron
localization in the samenuclei of dorsal corpus striatumregion
(Fig. 4E). Immunoelectron detection of Stx2 on glial nuclei of
the same described region was negative when sections were
incubated with an isotype antibody (Fig. 4A). One of the
ultrastructural changes observed was the electrodense parti-
cles in glial nuclei (Fig. 4B) with a lateralized nucleolus (Fig. 4E).
At the cytoskeletal level, gliosis was observed in the same cell
(Fig. 4C) together with an electrodense rough endoplasmic
reticulum (Fig. 4F). A neighbor dendrite with high content of
augmented protein densities and mitochondria claimed for a
dendrite in pathologic state (Fig. 4C).
3. Discussion

Consistent with previous findings by other authors that
systemic administration of Stx2 could cause brain damage in
different models of animals (Fujii et al., 1996; Mizuguchi et al.,
2001) or infected with STEC (Kita et al., 2000; Okayama et al.,
2004) in this studywemoved forward to understand the role of
Stx2 in the brain. We found strong evidence supporting the
hypothesis that the i.c.v. administration of this toxin is
directly involved in rat brain damage by affecting neuronal
and glial cells of corpus striatum. This approach discarded the
synergistic effect of Stx2 with pro-inflammatory cytokines
TNF-α and IL-1β, produced on endothelial cells (Paton and
Paton, 1998). TNF-α increase was observed in mice brain
homogenates after STEC infection (Okayama et al., 2004).
However this action was not expected in the i.c.v. model of
brain damage because Stx2 was not injected in the systemic
vasculature but rather in the brain lateral ventricle. We
precisely did not observe endothelial brain damage. Instead
we found astrocytes with intracytoplasmic edema and gliosis
when the toxin diffused into the brain parenchyma. This is
probably the reason why Stx2 does not reach the microvascu-
lature. Therefore this i.c.v. method is useful to study the direct
damage of Stx2 in neurons and glial cells without the
involvement of pro-inflammatory systemic cytokines or
other neurotoxic systemic elements.

The Stx2 used in the i.c.v. microinfusion was the end
product of a supernatant cell culture by which proteins were
subsequently precipitated, dialyzed and passed through an
affinity chromatography column. We found that the purified
Stx2 resulted to be cytotoxic to Vero cells in a similar dose
found in another report (Karmali et al., 1985). In addition, Stx2
was able to bypass the BBB, by which this pathophysiologic
feature is supported by other authors (Fujii et al., 1996). Stx2
was immunolocalized in cells near perivascular regions after i.
p. administration.

After 8 days of i.c.v. Stx2 microinfusion, ultrastructural
alterations of fibers and neuronal bodies in the rat corpus
striatum were observed. These changes included different
stages of neuronal degeneration, hypertrophic and demyeli-
nated axon fibers and were correlated with the immunoelec-
tron localization of Stx2 in demyelinated axons and with the
endoplasmic reticulum reaction of neurons. Therefore the
presence of Stx2 in striatal neurons detected by immunoelec-
tronmicroscopy labeling showed to be neurotoxic in vivo. Stx2
immunoelectron detection was also observed on astrocyte
nuclei. It was postulated that Stx2B may be involved in
inhibiting rRNA assembly (Falguieres and Johannes, 2006).
Therefore, its presence may cause alterations at the ultra-
structural level in this compartment. The i.c.v. administration
of Stx2 caused also cytoplasmic edema and gliosis, and
demyelinated sheaths in oligodendrocytes.

Striatal neurons may express a receptor for the toxin.
Neuronal apoptosis may be caused by the action of
endocytosed Stx2. The neuronal presence of Stx glycolipid
receptors was described in dorsal root ganglion neurons
(Ren et al., 1999). However, the presence of a Gb3 receptor
in striatum neurons was not yet described and the finding
of an in vivo Stx2 neuronal or glial receptor is yet an issue
to be addressed.

In our work, we observed that is the Stx2 itself the
consequence of neuronal brain damage. How the toxin acts
inside the neuron remains to be elucidated. A fundamental
issue to be addressed is whether the toxin alters neurotrans-
mitter neuronal metabolism. One possibility to remark would
be the action of Stx2 in the synthesis of nitric oxide (NO) in
some subsets of striatal neurons. We previously observed the
neuronal alteration in the synthesis of NO after a neuronal
damage (Goldstein et al., 1997). Which could be the factor that
triggered this phenomenon? As far as we know, there is no
information regarding this and this remains an open question.
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The main input structure of the basal ganglia is the
striatum (Gerfen, 2004), which is specifically related to limb
movements in its dorsolateral area and it extends between AP
+1.6 mm to −1.0 mm relative to bregma (West et al., 1990).
These coordinates are coincident with our i.c.v. stereotaxic
Stx2 microinfusion. Then i.c.v. administration could be a valid
method to study the Stx2 behavior on rat striatum.

The present work showed the first animal model of i.c.v.
administration of Stx2 as far as we know. Also, this was the
first brainmodel of Stx2 administration performed in rats. The
i.c.v. technique allowed to microinfuse the toxin in specific
brain areas of interest by using a stereotaxic frame. We placed
the cannula between the third and lateral ventricles, in
contact with the corpus striatum to avoid tissue damage.
This is very different from i.p. or e.v. toxin administrations
because the distance of delivery is too far to assume direct
effects of the toxin in the brain. The toxic induction of
systemic pro-inflammatory responses by Stx has also been
reported. One of these responses is the rapid induction of TNF-
α after STEC infection in mice with protein calorie malnutri-
tion (Kita et al., 2000). Therefore the i.c.v. technique enables us
to study the direct effect of the toxin in corpus striatum
disregarding the involvement of systemic secondary
responses. A previous report showed intrathecal Stx admin-
istration in rabbit cisterna magna (Fujii et al., 1998), located
between the medulla and the cerebellum; this approach to
study the direct action of Stx2 in the CNSmay be valid to study
the action of the toxin in cerebellum, pons and medulla, but
may not be for specific areas of the brain. Whether other
striatum local potential partners of action may synergistically
play together with Stx2 brain injury, remains to be considered.

As a novel finding, we showed a detailed ultrastructural
study of the Stx2 action when it was i.c.v. microinfused in the
rat brain. Apoptotic neurons observed by TEM, in association
with Stx2 immunoelectron labeling, together with pathologi-
cal ultrastructural alterations of astrocytes and oligodendro-
cytes were observed in the affected areas. All the presented
data clearly demonstrated the direct neurotoxic involvement
of Stx2 in particular brain areas which would be involved in
CNS damages observed in children with HUS.
4. Experimental procedures

4.1. Stx2 plasmid

Standard techniques were used to construct an expression
plasmid (Sambrook et al., 1989). The plasmidwas isolated from
the bacteria using the Wizard Plus SV miniprep DNA purifica-
tion system (Promega Corp., Madison, WI, USA). The construct
was sequenced by the dideoxy chain-termination method
using an Applied Biosystem automatic sequencer. The stx2a
and stx2b genes were obtained from chromosomal DNA of E.
coliC600 containing the 933Wbacteriophage (22) (a gift fromM.
Rivas, Instituto Nacional de Enfermedades Infecciosas “Dr.
Carlos G. Malbrán”, Buenos Aires, Argentina). A fragment of
1422 bp was amplified by the polymerase chain reaction (PCR)
fromchromosomal DNAusing two specific primers (upstream:
5′-GAA TTC ATT ATG CGT TGT TAG-3′ and downstream: 5′-
GAA TTC TCA GTC ATT ATT AAA CTG-3′, both containing an
EcoRI restriction site) flanking both the stx2a and stx2b genes.
The PCR productwas cloned into pGEM-T Easy (PromegaCorp.,
Madison, WI, USA). Competent E. coli DH5α cells (Life Technol-
ogies, Rockville, MD, USA) were transformed and the isolated
plasmid was designated pStx2.

4.2. Stx2 purification

Stx2 was purified by affinity chromatography under native
conditions. Briefly, recombinant E. coli DH5α containing pStx2
were cultured in LB supplemented with 100 μg/ml ampicillin
until an OD600 of 0.6. The bacterial pellet obtained after
centrifugation at 6000 rpm for 10 min was resuspended in
lysis buffer (50 mM NaH2PO4, 300 mM NaCl, pH 8) and
incubated on ice for 30 min. The suspension was then
sonicated, centrifuged at 12,000 rpm for 20 min, and the
supernatant was precipitated with a saturated solution of SO4

(NH4)2 following precipitation at 12,000 rpm at 4 °C for 20 min.
The pellet containing the Stx2 was resuspended in the
preceded lysis buffer and dialyzed against 8.1 mM Na2HPO4,
1.5mMNaH2PO4·H2O, 137mMNaCl, 2.7mMKCl to remove SO4

(NH4)2 to be subsequently washed and eluted for affinity
chromatography in an agarose–galabiose resin (Calbiochem,
La Jolla, CA). The dialyzed Stx2 A and B subunits adhered to the
galabiose portion of the resin (Tarragó-Trani and Storrie, 2004;
Tomada et al., 2002). The resin was subsequently washed with
10 mM PBS, 10 mM NaH2PO4·H2O, 10 mM NaH2PO4·H2O
containing 1 M NaCl. Finally, the complete holotoxin Stx2
were eluted with 50 mM NaH2PO4·H2O, containing 0.5 M
melibiose (Sigma, St. Louis, MO, USA). All the preceding
solutions were in pH=7.0. To determine the Stx2 purity, all
fractions were diluted in loading buffer, separated on a 12.5%
SDS polyacrylamide gel, electrotransferred to nitrocellulose
membrane (Hybond ECL, Amersham Pharmacia Biotech,
Buckinghamshire, UK) and immunoblotted with either a
monoclonal anti-verotoxin II (slt-2B) or either with a mono-
clonal anti-verotoxin II (slt-2A) (Biodesign International, ME,
USA) directed against the B or A subunits of Stx2. The first
eluted fraction showed two bands of approximately 32 kDa
and 7.7 kDa that corresponded to the A and B complete Stx2
subunits as shown in Coomassie blue stained SDS–PAGE gels
and also in Western blot. An eluted fraction without Stx2 was
used as the vehicle. The quantity of the Stx2 purification was
determined by the Bradford method. This purification proce-
dure resulted in approximately 1 ng/μl Stx2.

4.3. Characterization of the Stx2 purification in Vero cells

The first eluted fraction that contained the Stx2 was assayed
for toxicity to Vero cells (Karmali et al., 1985) by neutral red
assay. The neutral red cytotoxicity assay was adapted from
previously described protocols (Karpman et al., 1998). Vero
cells were plated in 96-well plates and grown to confluence in
complete RPMI medium. The cells were then washed in PBS
and exposed to different concentrations 10−8 pg/ml to 106 pg/
ml Stx2 holotoxin in growth-arrested conditions for 72 h.
200 μl of freshly diluted neutral red in RPMI medium was
added to a final concentration of 50 μg/ml and cells were
incubated for additional 3 h at 37 °C in CO2 incubator at 5%.
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Cells were then washed with a solution that contained 200 μl
of CaCl2 1%, formaldehyde 4% twice and then, they were
solubilized in 200 μl of acetic acid 1% in ethanol 50%.
Absorption in each well was read in an automated plate
spectrophotometer at 546 nm. Results were expressed as
neutral red uptake percent, and 100% represents cells
incubated under identical conditions but without toxin
treatment. The 50% cytotoxic dose (CD50) corresponded to
the dilution required to kill 50% of Vero cells. For neutraliza-
tion assay of Stx2 eluted fractions Vero cells were grown as
previously described. 0.1, 10 and 1000 pg/ml of the Stx2 eluted
fraction were mixed with 50 ng/ml or 5 μg/ml of the
monoclonal Stx2B antibody (Slt-2B, Biodesign International)
for about 30 min at 37 ° C, in shaking. This cocktail was then
incubated with the Vero cell culture for 24 h. Vero cell viability
and cytotoxicity were assay by using the neutral red technique
as described previously. Neutralization controls were per-
formed by omitting either Stx2, the antibody anti-Stx2, or
both.

In order to determine the capacity of Stx2 to bypass the rat
BBB, rats were i.p. injected with the toxin. After 48 h, rats were
perfused with a fixative solution (procedure detailed below).
Brain floating sections were subjected to immunohistochem-
istry to localize Stx2. Brain sections were rinsed several times
in 10 mM PBS, and then incubated for 20 min with 0.3% H2O2

diluted in methanol to prevent endogenous peroxidase
activity. Brain sections were then rinsed several times in
10 mM PBS and further incubate with 2.5% normal donkey
serum for 40min. The sections were further incubated for 72 h
at 4 °C with a mouse monoclonal Stx2B antibody (1:50, slt-2B,
Biodesign International). Negative controls were performed by
omitting the primary antibody. The mouse monoclonal anti-
BrdU (dilution 1:50, clone DU 33 #B 2531, Sigma, St. Louis, MO,
USA) immunohistochemistry was used as an isotype control.
After several rinses in 10mM PBS, the sections were incubated
with a secondary antibody (RTU Vectastain Elite ABC reagent
kit, Vector Laboratories, Burlingame, CA) and developed using
DAB (Vector Laboratories). After several rinses in 10 mM PBS,
the sections were mounted on glass slides, dehydrated and
cover slipped with mounting media.

4.4. Animals

250–300 g male Sprague–Dawley rats were housed in air-
conditioned and light-controlled (lights between 06:00 and
18:00 h) animal house. They were provided with food and
water ad libitum. After 8 days of i.c.v. Stx2 or vehicle infusions,
the rats were sacrificed for ultrastructural studies. Rats were
anesthetized with sodium pentobarbital (60mg/kg) and perfused
transcardially with 0.9% NaCl solution followed by 4% parafor-
maldehyde and 0.25% glutaraldehyde in 0.1 M phosphate buffer
(PB) [fixative per animal weight (ml/g)]. Brains were removed
from skull, post-fixed in the same fixative solution for 2 h. All
these procedures were performed according to regular protocols
(Lopez-Costa et al., 1994, Priestley et al., 1992). Brain sectionswere
cut on an Oxford vibratome. Serial 40-μm-thick coronal sections
were obtained and collected in 0.1 M phosphate buffer. Brain
floating sections obtained were processed either for light
microscope blue toluidine staining or for ultrathin slices to
immunoelectron microscope studies. The experimental proto-
cols and euthanasia procedures were reviewed and approved by
the Institutional Animal Care andUseCommittee of University of
Buenos Aires.

4.5. I.c.v. infusion of Stx2

Anaesthetized rats (ketamine 50 mg/kg – diazepam 0.35 mg/
kg, i.p.) were stereotaxically implanted onto the joint of the
lateral and third ventricles with a stainless steel guide cannula
(Plastic One, Roanoke, VA). The placement coordinates were
anteroposterior: −0.96 mm; lateral: 2 mm and vertical: 3.2 mm
(Paxinos and Watson, 2005). To reach the ventricle area and
minimize the damage of tissue, a 21-gauge guide cannula was
implanted at this point. Then, a 30-gauge needle that extends
0.5 mm below the guide cannula was used for the injections.
Correct placement of the ventricle cannulae was verified at
the end of the experiment, followed by postmortem brain
fixation and cut on an Oxford vibratome; data obtain from
improperly implanted animals were excluded from analysis.
Cannulaewere fixed to the skull surfacewith three screws and
dental acrylic cement and temporarily occluded with dummy
cannulae. After surgery, animals were caged individually. Rats
were randomly assigned to different experimental groups and
each rat was used only once. 1 week after on the day of the
experiment, the i.c.v. injection was made in freely moving
animals through a 30-gauge needle connected by polyethylene
tubing to a 20-μl Hamilton syringe. The needlewas left in place
for 30 s to prevent back flow of the injected solution. The rats
were i.c.v. injected with 6 μl of vehicle or 6 μl of Stx2 (1 ng/μl).
After 8 days, the rats were sacrificed for ultrastructural
studies.

4.6. TEM and immunoelectron cytochemistry

For immunoelectron cytochemistry brain floating sections were
rinsed in 10 mM PBS, and then incubated for 20 min in PBS
containing 5%normaldonkey serum.Sectionswere incubated for
48 h at 4 °C with the monoclonal anti-Stx2B antibody (Biodesign
International) (1:100). Controls were performed by an isotype
control using the monoclonal anti-BrdU (clone DU 33 #B 2531,
Sigma,St. Louis,MO,USA).After several rinses inPBS, thesections
were incubated with a secondary donkey anti-mouse antibody
(1:100) coupled with peroxidase (Vector Laboratories) diluted in
PBS for 1 h. After several rinses in PBS, the sections were
developed with a solution containing 0.05 % DAB and 0.01 %
H2O2 in 10 mM PBS, pH=7.4 for 10 min. The sections were
subsequently processed for TEM observation. The samples were
first assessed by lightmicroscopywith blue toluidine to select the
areas for TEM studies. Ultrathin sections were cut from selected
areas (Priestley et al., 1992). Ultrathin sections were contrasted
with 1% OsO4 and 1% uranyl acetate, dehydrated and flat-
embedded in Durcupan. The sections were contrasted with lead
citrate, examined and photographed on a Zeiss 109 electron
microscope.AdobePhotoshopsoftwarewasused in theassembly
of images (Adobe Systems Inc., San Jose, CA, USA).

4.7. Visualization of Stx2 and GFAP

Brain floating sections were incubated with BSA 1%+ mono-
clonal anti-Stx2B antibody (1/50) for 48 h at 4 °C, following
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incubation for 1 h with goat IgG anti-mouse/FITC (1:100)
(Sigma, St. Louis, MO, USA) in PBS and incubated with 1% BSA
for 1 h; a polyclonal rabbit antibody against GFAP (Sigma, St.
Louis, MO, USA) (1:500) was diluted in 10 mM PBS+0.2% TX,
incubated for 48 h at 4 °C. After that, a secondary goat IgG anti-
rabbit Cy3 (Zymed Laboratories Inc, San Francisco, CA, USA)
(1:100) was incubated for 1 h in 10 mM PBS. After several
washes with PBS, the floating sections were mounted on glass
slides and cover slipped in fluorescence mounting solution
(Vectashield, Vector Laboratories). Controls were performed
using the same procedure but omitting the primary antibody
or by using an isotype control described above. For visualiza-
tion of the i.c.v. microinfusion of eluted Stx2, a green
fluorescence filter was used, and for GFAP the filter was
shifted to red. Confocal colocalization images were performed
by Gray-scale images (12 bit), acquired with an Olympus FV300
microscope using the green helium–neon laser (543 nm) and
argon laser (488 nm). Images were captured with Fluo View
application software. Serial optical sections were performed
with Simple 32 C-imaging computer. Z-series sections were
collected at 1 μmwith a UplanApo 40×. A scan zoom of ×1 was
used in the acquisition of images. Adobe Photoshop software
was used in the assembly of images. Merge images were
obtained using this program.

4.8. Image processing

For visualization of brain sections stained with blue toluidine
or immunohistochemistry of anti-Stx2 developed with DAB–
peroxidase system a microscope Nikon Eclipse 2000 was used
(Nikon Instruments Inc., Melville, NY, USA). Images were
captured with a Nikon Coolpix 4300 digital camera (Nikon
Corporation, Tokyo, Japan). Adobe Photoshop software was
used in the assembly of images (Adobe Systems Inc., San Jose,
CA, USA).

4.9. Statistical analysis

Five brain sections from six animals for i.c.v. Stx2 microinfu-
sion and the same number for the vehicle conditionwere used
for TEM studies. Five brain sections from five independent
immunoelectron cytochemistry experiments in each condi-
tion were used for Stx2 striatal localization. For Stx2 char-
acterization, data shown are mean±S.E.M. The statistical
significance between two mean values obtained for two
different experimental conditions was calculated by the
Student's t-test. All data from the curves were analyzed by
one-way analysis of variance (ANOVA). P values b0.05 were
considered significant. For BBB characterization, five sections
from three rats were used.
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