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a b s t r a c t

Clostridium perfringens epsilon toxin (ETX), the most potent toxin produced by this bacteria, plays a key
role in the pathogenesis of enterotoxaemia in ruminants, causing brain edema and encephalomalacia.
Studies of animals suffering from ETX intoxication describe severe neurological disorders that are
thought to be the result of vasogenic brain edemas and indirect neuronal toxicity, killing oligodendro-
cytes but not astrocytes, microglia, or neurons in vitro. In this study, by means of intravenous and
intracerebroventricular delivery of sub-lethal concentrations of ETX, the histological and ultrastructural
changes of the brain were studied in rats and mice. Histological analysis showed degenerative changes in
neurons from the cortex, hippocampus, striatum and hypothalamus. Ultrastructurally, necrotic neurons
and apoptotic cells were observed in these same areas, among axons with accumulation of neurofila-
ments and demyelination as well as synaptic stripping. Lesions observed in the brain after sub-lethal
exposure to ETX, result in permanent behavioral changes in animals surviving ETX exposure, as
observed individually in several animals and assessed in the Inclined Plane Test and the Wire Hang Test.
Pharmacological studies showed that dexamethasone and reserpine but not ketamine or riluzole were
able to reduce the brain lesions and the lethality of ETX. Cytotoxicity was not observed upon neuronal
primary cultures in vitro. Therefore, we hypothesize that ETX can affect the brain of animals indepen-
dently of death, producing changes on neurons or glia as the result of complex interactions, indepen-
dently of ETX-BBB interactions.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Clostridium perfringens is a spore-forming bacteria, often found
as a normal inhabitant of the intestine of most animal species and
humans (Fernandez-Miyakawa and Redondo, 2016; Kohn and
Warrack, 1955; Mantis, 2005; Meer and Songer, 1997; Murrell
et al., 1986). However, when the intestinal environment is altered
by sudden changes in diet or other factors, C. perfringens pro-
liferates and produces potent toxins that act locally or are absorbed
into the general circulation (Fernandez-Miyakawa and Redondo,
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2016; Niilo, 1980). Epsilon toxin (ETX) is considered the most
potent toxin produced by this bacteria and it has been also
considered a category B toxin by the Centre of Disease Control
(CDC) for its potential use in bioterrorism (Mantis, 2005). This toxin
is produced by C. perfringens type B and D as a prototoxin, activated
through proteolytic cleavage by the animal's trypsin, quimotrypsin
or C. perfringens zinc-metalloprotease and then absorbed into the
blood stream affecting other organs such as the brain (Fernandez-
Miyakawa and Redondo, 2016; Minami et al., 1997).

ETX plays a key role in the pathogenesis of enterotoxaemia in
ruminants (Uzal and Songer, 2008). In sheep, this disease is acute
and fatal, characterized predominantly by nervous signs such as
opisthotonus, convulsions, muscular incoordination and struggling
(Miyamoto et al., 1998; Uzal et al., 2002, 2004). In the brain of
sheep, edema surrounding blood vessels in the internal capsule,
thalamus, cerebellar peduncles and/or cerebellum, is a common
feature; however focal symmetric encephalomalacia can occur as
well (Finnie, 2003, 2004; Ghabriel et al., 2000; Miyamoto et al.,
1998; Miyata et al., 2002; Zhu et al., 2001). In rat and mouse
experimental models of enterotoxaemia, the described affected
areas of the central nervous system (CNS) are the basal ganglia,
internal capsule, thalamus, subcortical white matter, substantia
nigra, hippocampus and cerebral peduncles (Finnie, 1984, 1984b,
2004). The nature and distribution of the lesions in mice CNS are
comparable to those observed in lambs suffering from C. perfringens
type D enterotoxemia, therefore rats and mice models have
frequently been chosen to study the pathogenesis of the ovine
disease (Finnie, 2003). In goats, on the other hand, the disease is
most commonly an acute or sub-acute enterocolitis, though lung
and brain edema can occur as well, the latter even progressing to
focal symmetric encephalomalacia (Uzal and Songer, 2008; Garcia
et al., 2013).

Various authors have studied the neuropathology of
C. perfringens ETX in rat, mouse, sheep, goat or bovine experimental
models (reviewed in Garcia et al., 2013). However, these studies
were unable to determine if ETX had a direct effect on glia and
neurons or if these changes were secondary to changes on blood-
brain barrier's (BBB) (Finnie, 1984, 1984b; Miyamoto et al., 1998;
Uzal and Kelly, 1997; Uzal et al., 2002). Miyamoto et al. (1998,
2000) have found evidence that suggests that ETX acts directly or
indirectly on the neurons through the glutamatergic system
(Nagahama and Sakurai, 1992). However, Dorca-Arevalo et al
(2008) described no glutamate release from nerve terminals
when incubating them with GFP-ETX. This study suggests that the
massive glutamate release is due to other mechanisms such as the
binding of the toxin to the cell-soma, axons or to the glia or other
cells. In a subsequent study, Lonchamp et al. (2010) observed that a
subset of neurons can be directly affected by ETX-induced gluta-
mate release. In the same work, the authors also report that ETX
binds to oligodendrocytes suggesting that these cells also can be a
target for ETX, and for this reason the involvement of oligoden-
drocytes in glutamate release cannot be ruled out (Lonchamp et al.,
2010). Recent studies proposed the oligodendrocytes as the cellular
target of ETX in the central nervous system (Linden et al., 2015;
Wioland et al., 2015). Although these studies described different
alterations in oligodendrocytes caused by ETX, both groups
described demyelination with preservation of neurons, astrocytes,
and microglia (Linden et al., 2015; Wioland et al., 2015).

The effects of sub-lethal ETX challenge have also been studied
(Finnie, 1984, 1984b) and yet there are -to our knowledge-no
studies on the behavioral changes that sub-lethal ETX challenge
may induce in the surviving animal. In this study, we provide evi-
dence to support the hypothesis that ETX can affect with some
severity the brain of animals independently of death, producing
changes on neurons or glia separately of BBB alteration. These
effects in the brain, after sub-lethal exposure of the animal to ETX,
may cause permanent behavioral alterations. On the other hand,
lethal effects of ETX could be prevented by pharmacological in-
terventions. These results provide innovative insights into the
pathophysiology of C. perfringens type B or D enterotoxemia and
potential side effects affecting productive parameters.
2. Materials and methods

2.1. Animals

Male Sprague - Dawley rats (250e300 g) and outbreed NIH
Swiss-white mice of either sex (18e20 g) were used in this study.
The animals were housed under standard housing conditions, with
air conditioned and 12 h light-dark cycles (from 6 a.m. to 6 p.m.
approx.), with food and water provided ad libitum. The experi-
mental protocols and euthanasia procedures were reviewed and
approved by the Institutional Animal Care and Use Committee
(IACUC) of Universidad de Buenos Aires, ANLIS- Malbr�an and the
Comit�e Institucional para el cuidado y uso de animales de
Experimentaci�on -CICVyA-INTA under protocols 32/2010 and 27/
2011.
2.2. ETX purification

Purified epsilon prototoxin was prepared from an overnight
culture of C. perfringens type D (strain NCTC 8346) in Trypticase-
yeast-glucose medium, under anaerobic conditions at 37 �C.
Overnight cultures were centrifuged at 10,000 rpm for 30 min at
4 �C, and the supernatant containing ETX was saved for toxin pu-
rification. The toxin was then precipitated by ammonium sulfate.
Two columns were prepared with DEAE and CM Sepharose (Phar-
macia, Sweden), respectively, equilibrated in 10 mM Tris, pH 7.5.
The toxin was applied to the DEAE column, and the effluent was
monitored at 220 nm. The initially eluted peak was saved and
applied to the CM column. Again the effluent was monitored at
220 nm, and the first peak was collected, dialyzed against phos-
phate buffer solution (PBS), and freeze-dried. A single band corre-
sponding to epsilon prototoxin on SDS-PAGE was visualized with
Coomasie blue.
2.3. Sub-lethal dose determination (LD50)

Prior to its use in the experiments, ETX was reconstituted at an
initial concentration of 40 mg/ml and activated by incubation at
37 �C during 30 minwith 0.05% trypsin (Sigma). To determine LD50,
groups of 4 randomly selected NIH mice of either sex and weighing
18e20 g, were intravenously (i.v.) inoculated with 0.01, 0.005 and
0.0025 mg/ml of activated ETX diluted in saline solution. A similar
group was inoculated with saline alone and used as control. After
ETX injection, mice were observed for up to 96 h to monitor for
lethality. Because of the rapid action of the toxin, spontaneous
death was considered as a potential outcome of the experiments
and it was discussed and approved by the ANLIS-Malbr�an IACUC.
The assay endpoints were defined as spontaneous death, devel-
opment of severe clinical signs necessitating euthanasia, or survival
without clinical alterations during a set period of time. The LD50

was determined as the reciprocal of the concentration of toxin that
killed 50% of the inoculated animals and was calculated according
Reed and Muench method (1938). The dose in which the mice did
not die within a period of 96 h, were considered sub-lethal and
selected to use for the present work.
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2.4. Histology

After ETX inoculation, brains of spontaneously dead animals
was taken immediately and fixed in paraformaldehyde solution.
Animals surviving sub-lethal ETX doses together with the control
animals were put under deep anesthesia (100 mg/kg sodium
pentobarbital, i.p.), without delay, they were perfused intracardi-
ally with a paraformaldehyde (4%) solution. The brains were
removed at the end of perfusion and embedded in paraffin wax,
sectioned at 4 mm and stained with haematoxylin-eosin or Fluoro-
jade B stains. Neuronal damage was considered when neurons
display chromatolysis or retracted cytoplasm. Neuronal damage
was determined and expressed as a percentage of the total number
analyzed neurons.

2.5. Behavioral performance

2.5.1. Inclined plane test
This test assesses an animal's ability to maintain its position on a

board which is raised progressively on an inclined plane system,
which uses a stepping motor that changes the angle of the inclined
plane, from 0 to 90�. This task constitutes a quantitative measure-
ment test of the limb motor function of laboratory animals (Chang
et al., 2008; Wells et al., 2003). In the present study, groups of 5
mice were tested after treatment with either peptone water
(Control), ETX 0.75 LD50 or ETX 0.37 LD50. The inclined plane test
was performed at day 0, 1, 7 and 14. Each time, the inclination angle
in which the mouse loses its grip was recorded. The inclined plane
score was defined as the maximum angle at which a mouse is able
to maintain its position. The scores were determined 3 times per
animal and averaged.

2.5.2. Wire hang test
This test also evaluated motor performance (Karl et al., 2003;

Kumon et al., 2010). In this test, the animals are allowed to hold
by the forelimbs from a horizontal bar attached to two vertical
poles. In the present study, groups of 5 mice were tested after
treatment with either peptone water (Control), ETX 0.75 LD50 or
ETX 0.37 LD50. The test was performed at day 0, 1, 7 and 14 and in
each occasion, the time in seconds spent by the animals hanging
from the bar until they fell down was recorded, determinations
were performed 3 times per animal and averaged. The endpoint for
this test was set to 10 s.

2.6. Intracerebroventricular inoculation (i.c.v.)

Under anesthesia (ketamine 50 mg/kg - diazepam 0.35 mg/kg,
i.p.), rats were stereotaxically implanted into the lateral ventricle
with a stainless steel guide cannula (Plastic One, Roanoke, VA). The
placement coordinates were anteroposterior: �1.80 mm; lateral;
2.4 mm and vertical: 3.2 mm (Paxinos and Watson, 2008). 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 nee-
dle extending 0.5 mm below the guide cannula was used for the
injections. Correct placement of the ventricle cannula was verified
at the end of the experiment. The cannula were fixed to the skull
surface with three screws and dental acrylic cement and tempo-
rarily occluded with a dummy cannula. After surgery, animals were
caged individually. There were randomly assigned to different
experimental groups and each rat was used only once. One week
after the experiment, freely moving animals were i.c.v. injected
through a 30-gauge needle connected by polyethylene tubing to a
20-ml Hamilton syringe. The needle was left in place for 30 s to
prevent backflow of the injected solution. Two rats were i.c.v.
injected with 6 ml of vehicle (control) and another two rats were
injected with ETX 0.05 LD50. Two hours after i.c.v. infusions, the rats
were anesthetized with sodium pentobarbital (60 mg/kg) and
perfused transcardially with 0.9% NaCl solution followed by 4%
paraformaldehyde and 0.25% glutaraldehyde in 0.1 M phosphate
buffer (PB) [fixative per animal weight (ml/g)]. The brains were
removed from skull, post-fixed in the same fixative solution for 2 h.
Samples were embedded in paraffin wax. Sections were cut at
4 mm and stained with haematoxylin-eosin and examined by light
microscopy. All these procedures were performed according to
regular protocols (Boccoli et al., 2008; Goldstein et al., 2007).

2.7. Transmission electron microscopy (TEM) of i.c.v brains

Tissue samples from i.c.v. rat cortex, hypothalamus and striatum
were processed for transmission electron microscopy. Tissue sec-
tions were stained with toluidine blue and examined by light mi-
croscopy to select the areas for TEM studies. Ultrathin sections were
then cut from selected areas, and contrasted with 1% OsO4 and 1%
uranyl acetate, dehydrated and embedded in Durcupan. The sec-
tions were contrasted with lead citrate, examined and photo-
graphed on a Zeiss 109 electron microscope. Observed neuronal
and myelin sheath alterations were described. To quantify ETX
induced demyelination; 10 electronmicrographs with an estimated
area of 3721 mm2 were taken at different parts of the brain, in these
micrographs axon diameter and myelin sheath thickness was
measured directly at locations where it was sectioned transversely
rather than obliquely, and a myelin ratio was calculated for each
myelinated axon by dividing myelin sheath thickness by total axon
diameter, and then a mean value was calculated for each brain
region in ETX treated and control groups.

2.8. Neuron primary cell cultures

Neuron primary cell cultures were established from 19-day-old
fetal Sprague Dawley rat hippocampus as described previously
(Brocco et al., 2010). Tissuewas treatedwith 0.25% trypsin in Hank's
solution for 15 min at 37� C. A single-cell solution was prepared by
dissociation in 10% horse serum supplemented Neurobasal medium
containing 4.5 g/l glucose, 2 mM glutamine, 100 U/ml penicillin,
and 100 mg/ml streptomycin. Cells were seeded on coverslips
coated with 0.1 mg/ml poly-L-lysine hydrobromide (Sigma, St.
Louis, MO) and 20 mg/ml laminin (Gibco, Carlsbad, CA) at a density of
30,000 cells/cm2. After 2 h, mediumwas changed to Neurobasal/N2
(Neurobasal supplemented with 4.5 g/l glucose, 2 mM glutamine,
100 U/ml penicillin, and 100 mg/ml streptomycin, 1 g/l ovalbumin
and N2 and B27 serum-free supplements from Gibco). According
with previous reports (Brewer and Cotman, 1989; Liu et al., 2000),
the use of a defined media without serum and polylysine and
laminin substrate contributes to maintain neurons (>90e95%) and
do not support proliferation or survival of non-neuronal cells (i.e.
glial cells, fibroblast).

2.9. ETX in cell cultures

Neuron primary cultures were treated with different concen-
trations of activated ETX. After toxin activation, the mix containing
ETX and trypsin was supplemented with fetal bovine serum to
inactivate trypsin that otherwise would affect cell viability. Control
cells were treated with the mix without ETX but containing the
inactivated trypsin. After incubating treated and control cells with
ETX for 48 h, neurons were stained with Trypan-blue dye to assess
viability. To evaluate changes in cell morphology, another set of
cells (treated vs. control) was fixed with 4% (w/v) para-
formaldehyde, 4% sacarose in PBS, and stained with May Grünwald
Giemsa. Cells were observed under a light microscope. Additional



Fig. 1. Sub-lethal dose of ETX causes neurodegenerative changes in mice brain.
Quantification of the percentage of damaged neurons in different parts of the brain in
mice inoculated with one sub-lethal dose of ETX (0.5 LD50) compared with mice
inoculated with vehicle solution. (*) P < 0.05; (**) P < 0.01; (***) P < 0.001.
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changes in cell structure were assessed using immunofluorescence
techniques. After ETX treatment, cells were fixed with 4% para-
formaldehyde in PBS, washed three times with PBS, blocked with
3% (w/v) bovine serum albumin for 1 h and washed three times
with PBS. Cells were incubated overnight at 4 �C with anti-tubulin
(1:2000; Clone B-5-1, Sigma), washed and then incubated with
rodhamine-conjugated phalloidin to stain F-actin, and with the
appropriate secondary conjugated antibodies at 37 �C for 1 h. Next,
cells were washed twice with PBS and then incubated with DAPI to
label nuclei. Finally, cells were washed with distilled water and
mounted with FluorSave reagent (Calbiochem, San Diego, CA) as
anti-fading reagent. Fluorescent images were obtained using a
Nikon E600 microscope equipped with epifluorescence illumina-
tion Nikon, Japan) with 40� and 100� oil-immersion lens.

2.10. Pharmacological modulation of ETX effects

In a first set of experiments, groups of 7 mice were i.p. inocu-
lated with peptone water, riluzole (10 mg/kg in saline), reserpine
(10 mg/kg in saline), dexamethasone (15 mg/kg) or ketamine
(50 mg/kg) and challenged i.v. with 1.25 LD50 of ETX. Additionally,
groups of 5 mice were inoculated with peptone water, riluzole,
reserpine, dexamethasone or ketamine but not challenged with
ETX and used as controls. Toxin challenge was performed one hour
after saline or riluzole injections, 30 min after ketamine, and 24 h
after dexamethasone or reserpine injection. Based on obtained
results, a second set of experiments were performed. Groups of 7
mice were inoculated with reserpine and dexamethasone as
described before, and challenged i.v. with 1.5, 1.8 and 2 LD50 of ETX.
In all the experiments, mice were observed before and after ETX
injection and the time of death post ETX injection (PTI) was
recorded. Immediately after death, the brains of two mice of each
ETX group were removed and immersion fixed in 10% buffered
formalin, together with the brains of two euthanized mice of each
control group. The tissues were embedded in paraffin wax,
sectioned at 4 mm and stained with haematoxylin-eosin or Fluoro-
jade B stains.

2.11. Statistical analysis

Physiological data were analyzed with repeated-measures
ANOVA for differences between time points and groups. Differ-
ences in neuron degeneration and demyelination between ETX
treated and control animals were analyzed using Mann-Whitney
test (GraphPad Prism4, GraphPad Software, Inc.). Significance was
set at a value of P < 0.05. Data are expressed as mean ± standard
deviation of the mean.

3. Results

3.1. Effects of systemic ETX on the brain

To study the effects of ETX on cells of the central nervous sys-
tem, mice were injected with different doses of ETX. According
with the results from lethality tests, the intravenous LD50 of the ETX
was determined to be 0.005 mg/ml per mouse. Mice receiving �1
LD50 ETX lethal doses, died within the first 48 h, and no obvious
histological changes were observed in these animals, while mice
receiving sub-lethal ETX doses showed neurons with chromatolysis
and retracted cytoplasm compatible with degenerative changes.
Compared with control mice, injected only with vehicle solution, in
ETX-injected mice neuronal degenerationwas more frequent in the
cortex (68% vs. 10%; P < 0.05), cerebellum (84% vs. 3%; P < 0.01),
hippocampus (56% vs. 3%; P < 0.01) and striatum (65% vs. 7%;
P < 0.01), and hypothalamus (77% vs. 8%; P < 0.001) (Fig. 1). In the
cortex, neurons from the 3rd and 5th layers were particularly
affected (laminar necrosis) (Fig. 2AeB). In the cerebellum,
shrunken degenerative Purkinje cells were seen interspersed with
other apparently normal cells (Fig. 2CeD). In the hippocampus CA2
pyramidal neurons with chromatolysis and retracted cytoplasm
were evident (Fig. 2EeF). No evidence of perivascular edema was
detected in the any of the ETX challenged mice. No significant
histological changes were observed in the brains of any of the
control mice. Degenerative neurons from the cortex, hippocampus,
striatum, thalamus and hypothalamus were detected using Fluoro-
jade B stain, in the control group no Fluoro-jade B stained neurons
were observed (supplementary data Fig. S1).
3.2. Effect of sub-lethal doses of ETX on mice behavior

In mice treatedwith sub-lethal doses of ETX, behavioral changes
were noted. Some of these mice exhibited obvious alterations,
characterized by uncoordinated movements and convulsion in one
mouse, and hyperactivity and intense aggressiveness in two other
ETX treated animals. The inclined plane scores following treatment
with the toxin and/or vehicle are resumed in Fig. 3A. The control
group showed a greater score than both ETX treated groups during
all the period. However, significant differences (P < 0.05) in the
inclined plane score were observed from day 1 until day 7 when
comparing control vs. ETX (0.75 LD50) and (0.37 LD50) mice. No
significant differences were observed between control and any of
the treated groups in the following days; although ETX treated
animals had the worst profile in the test. In the Wire Hang Test,
statistically significant differences between control and ETX treated
mice were detected in days 1 (P < 0.05), 7 (P < 0.001) and 14
(P < 0.001) PTI. These differences were more obvious at day 7 and
14 PTI (Fig. 3B). These results suggest that animals can be perma-
nently affected at least, in their motor function by sub-lethal
exposure to ETX.
3.3. Effects of intracerebroventricular ETX on the brain

To test the hypothesis that ETX can induce brain alterations
independently of toxin passage through BBB, ETX was directly
injected into the brain of rats via intracerebroventricular inocula-
tion (i.c.v.). Ultrastructure analysis of brain from ETX i.c.v. inocu-
lated rats shows neurodegenerative changes in the cortex, striatum,



Fig. 2. Neurodegenerative effects of systemic ETX in i.v. challenged mice (H/E). (A) Sections from cortex of mice inoculated with vehicle exhibiting well preserved neurons. (B) Section
from cortex of ETX i.v. inoculated mice in which laminar necrosis (arrowhead) can be observed, adjacent to areas of well preserved neurons (arrow). (C) Sections from cerebellum of
mice inoculated with vehicle exhibiting well preserved Purkinje cells. (D) In the cerebellum of ETX treated mice, the Purkinje cells appear degenerated (arrows) and the molecular
layer is vacuolated. Sections from hippocampus from control mice (E) and from ETX i.v. challenged mice (F) degenerated neurons can also be seen (F). Bar ¼ 50 mm. Neurodegenerative
effects of systemic ETX in i.v. challenged mice (H/E). In mice inoculated with vehicle solution it is possible to observed well preserved neurons in striatum (G) and hypothalamus (I),
while in ETX treated animals in which neurons displaying degenerative changes can be seen striatum (H) (arrowhead) and hypothalamus (arrow) (J). Bar ¼ 50 mm.



Fig. 3. Behavioral changes in ETX treated mice. (A) Inclined plane test scores from control and ETX (0.37 and 0.75 LD50) treated mice, values represent mean and standard deviation
of the inclination angle in which the mouse loses its grip. (B) Wire hang test scores from control and ETX (0.75 LD50) treated mice, values represent mean and standard deviation
the time in seconds spent by the animals hanging from the bar until they fell down. (*) P < 0.05; (**) P < 0.01; (***) P < 0.001.
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hippocampus and hypothalamus. In these areas, necrotic neurons
and apoptotic cells were seen. Less severe changes were also seen,
including neurons and astrocytes exhibiting with nuclear inden-
tation, vacuolated cytoplasm, rough endoplasmic reticulum disor-
ganization, abundant free ribosomes, mitochondrial degeneration
and often intracellular edemawere also observed (Fig. 4AeD). Glial
processes between pre- and post-synapses, showing synaptic
stripping were also seen (Fig. 4EeG). Intracellular edema was
notable in some glial cells at the proximity of blood vessels,
although no perivascular edema was observed and the vascular
Fig. 4. Transmission electron microscopy of rat brains inoculated i.c.v with vehicle or ETX (0
well preserved cytoplasm nucleus and organelles are shown. A neuron (C) from ETX treated
and loss of the chromatin integrity. Apoptotic cell (D) being phagocytised. (E) Neuronal syna
showing synaptic stripping were seen in ETX treated rats. (H) Blood vessels from i.c.v. ET
appeared well preserved.
endothelium appeared well preserved (Fig. 4H). Axons exhibiting
accumulation of neurofilaments and demyelination together with
some dendrites with hypertrophy were often found. Myelin
quantification reveals significant differences in striatum (P < 0.05)
and hippocampus (P < 0.01); in the rest of the brain no significant
differences were observed in myelin sheath thickness, although
ultrastructural abnormalities were evident in ETX treated rats
(Fig. 5). These findings suggest that ETX can induce direct neuronal
damage. No ultrastructural changes were seen in any of the control
rat brains.
.05 LD50). Neuron (A) and glia (B) from control rat displaying normal appearance with
rat showing with lytic necrosis, displaying organelle disaggregation, swollen nucleus

pses from a control rat brain. (F and G) Glial processes between pre- and post-synapses,
X challenged rat, no perivascular edema was observed and the vascular endothelium



Fig. 5. Transmission electron microscopy of rat brains inoculated i.c.v with vehicle or ETX (0.05 LD50). In control rats (A), axons and myelin sheath show normal appearance (arrow).
In ETX treated rats demyelization (B, Bi and C) was frequently seen. (D) Morphometric data derived from ultrastructural measurements in myelin sheath in ETX i.c.v. challenged and
control rats. Bars shows myelin sheath thickness-axon diameter ratio. (*) P < 0.05; (**) P < 0.01.
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3.4. ETX toxicity in neurons cultures

To further evaluate if ETX induced neurodegenerative changes
observed in i.c.v. rats could be produced directly by ETX in neurons,
cytotoxicity was evaluated in neuron primary cultures established
from rat hippocampus. Neurons did not exhibited any cytotoxic
changes in either the control or ETX challenged cells, even with
high concentrations of ETX (60 LD50). No differences in the viability
of these cells were observed when cells were stained with the vital
dye Trypan blue, and no alterations were noticed in cytoskeleton
structures or nucleus (supplementary data Fig. S2). These results
suggest that most of the cytotoxic effects of ETX in different cellular
types of the brain in vivo are not associated with direct cytotoxicity.
3.5. Pharmacological modulation of ETX effects in the brain

According with previous studies related with neuropathology of
C. perfringens ETX, we evaluated if riluzole, ketamine, reserpine and
dexamethasone can prevent lethality or neurodegeneration
induced by ETX. In a first series of experiments, ETX dose was
selected to induce lethality within a period of 48 h i.e. 1.25 LD50.
Under this condition, toxin-inoculated -but no control-mice
exhibited convulsive episodes and death. Pre-treating mice with
reserpine or dexamethasone before administration of 1.25 LD50 of
ETX led to neuroprotection in 100% of the challenged mice. No
death was observed and histological and Fluoro-jade B analyses of
different regions of the brain did not reveal neurological damage.
Administration of riluzole and ketamine before ETX challenged fail
to protect mice, in the ketamine pre-treated groups even a slight
increase in lethality was observed. The results of the experimental
challenge of mice with 1.25 LD50 of ETX, injected or not with the
different drugs, are summarized in Fig. 6. We also evaluated
whether reserpine and dexamethasone can prevent lethality or
neurodegeneration at higher ETX-doses challenge. However, the
tested drugs fail to prevent death when mice were challenged with
2, 1.8 and 1.5 LD50. Although reserpine pretreated mice showed
longer survival times even with 2 LD50, these differences were not
significant (P > 0.05).
4. Discussion

In recent years, appreciation of the importance of intestinal
microbiota in the regulation of the gut-brain axis was increased
(Chen et al., 2013; Dinan and Cryan, 2013). It is known that the
microbiota “communicates”with the CNS via the neural, endocrine
or immune systems, affecting host's behavior (Chen et al., 2013;
Dinan and Cryan, 2013). Although C. perfringens is part of the
microbiota in most animal species, little is known about the effect
of this bacteria or its toxins can have on the host's behavior.
Miyamoto et al. (2000) have reported seizure in mice receiving
either 2 or 4 LD50 ETX i.v. injections; however, there are no reports
on the long term effects of sub-lethal ETX injections in animal
behavior. In preliminary studies, we have observed that mice sur-
viving ETX challenge (either intravenous or intragastric toxin
administration) developed alterations in their motor functions as
well as their social interaction. Some of these mice were observed
up to one year after ETX and no recovery was noticed (data not
published). In order to study ETX induced behavioral changes in



Fig. 6. Pharmacological modulation of ETX effects. Mice were pretreated with selected drugs and challenged with 1.25 LD50 ETX. One group of mice were injected with peptone
water without ETX (PW, negative control); another group was challenge i.v. with ETX after receive peptone water (ETX þ PW; positive control), mice challenged i.v. with ETX after
receive selected drugs. Reserpine (ETX þ Re), riluzole (ETX þ Ri), ketamine (ETX þ Ke) or dexamethasone (ETX þ De). Control groups pretreated with selected drugs but without ETX
challenged were omitted in the figure.
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mice, a protocol with sub-lethal challenge was performed. After
toxin injection, treated animals had a drop in the angle in which
they could cling to when tested in an inclined plane test. The his-
tological analysis of the brains of the intoxicated mice shows
degenerative changes in neurons from different organs including
cortex, cerebellum, hippocampus and striatum. These structural
alterations are in agreement with previous studies which describes
that the drop in the angle in the inclined plane test are associated
with brain injury in rats predominantly in the hippocampus (Chang
et al., 2008 Chio et al., 2007) but also to alterations in the striatum,
cerebellum and cortex. In the Wire Hang Test, which measures
neuromuscular strength (Karl et al., 2003) statistical differences
between control and ETX group were maintained until the termi-
nation of the experiment on day 14. These results shows that mice
surviving sub-lethal ETX exposure may become handicapped,
developing permanent motor dysfunction and behavioral changes.

Although C. perfringens ETX enteroxemia is generally associated
with ruminants (Niilo, 1980; Fernandez-Miyakawa and Redondo,
2016), previous works, reported a positive correlation between
sheep contact and the chronic form of multiple sclerosis (MS) in
humans (Murrell et al., 1986). In recent years, Rumah and co-
workers reported the isolation of C. perfringens type B from a hu-
man patient at first clinical presentation of MS and also found 10%
immunoreactivity to ETX in other MS patients compared to 1% in
control subjects (Rumah et al., 2013). In concordance with the
suggested role of ETX in human MS, the neurological signs -such as
dyscoordination and imbalance-described in the present work in
ETX challenged mice, may be analogous to those described in hu-
man patients with MS (Murrell et al., 1986; Rumah et al., 2013).
Although there seems to be a strong association between ETX and
MS, the role of this toxin in MS or other human neurodegenerative
disorders needs further investigation.

In the present study, mice challenged with sub-lethal doses of
ETX develop nervous signs and behavior alterations and histolog-
ical alterations compatible with neuronal degeneration. Described
histological analysis was in concordance with previous reports
(Finnie,1984), inwhich animals challengedwith lethal doses of ETX
showed no histological alterations in brain parenchyma, while mice
receiving sub-lethal doses showed histological alterations
compatible with neurodegenerative changes. In these animals no
evident edema neither structural alterationwere observed in blood
vessels and BBB. Although perivascular edema may not be histo-
logically visible during the first hours PTI, subtle changes of the BBB
permeability cannot be discarded. Previous studies have described
that in i.v. ETX challenged mice, the toxin was able not only to
induce brain edema but to cross the BBB and bind to glial cells
(Dorca-Arevalo et al., 2008; Soler-Jover et al., 2007). To test if the
ETX-BBB interaction is essential in ETX induced neuropathology,
sub-lethal doses of toxin were inoculated in rats directly into the
brain parenchyma by i.c.v. injection. In i.c.v. challenged rats,
neurodegenerative changes were seen as early as 4 hs PTI, char-
acterized by necrotic and apoptotic-like changes in glia and neu-
rons together with demyelination in the cortex, striatum and
thalamus. Similar observations were reported by Finnie (1984b)
after i.v. injections. However, in the present study, either peri-
vascular edema or changes in the vascular endothelium were not
observed, suggesting that ETX also affects directly the brain pa-
renchyma regardless of edema.

To further evaluate the susceptibility of neurons to ETX cyto-
toxicity, neuronal primary cultures were established from rat hip-
pocampus and incubated with ETX. The lack of cytotoxic effects of
ETX on isolated neurons may be suggestive of an indirect mecha-
nism involved in in vivo observed ETX induced neurodegeneration.
The described alterations in glial cells and the results obtained in
pharmacological modulation experiments may reinforce this idea.
In previous works using GFP-targeted ETX (Soler-Jover et al., 2007);
the authors describe toxin binding and alterations of the viability of
astrocytes. Lonchamp et al. (2010) observed no binding of ETX to
astrocytes from the cerebellar cortex and suggested that the GFP-
tag could influence this binding. In contrast, these same authors
reported binding of the toxin to oligodendrocytes and granule cells
from the cerebellum. Recent reports have described binding of ETX
to granule cells and oligodendrocytes and demyelination induction
in the CNS (Linden et al., 2015; Wioland et al., 2015). In the present
study, neuron cells were obtained from the hippocampus, and it is
possible that cells from this brain area are not directly targeted by
ETX. Wioland et al (2015) reported that ETX binds to oligoden-
drocytes and acts in a pore-forming independent manner (Wioland
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et al., 2015). In the present study, i.c.v. ETX inoculated rats exhibited
demyelination in some of the axons but it was not possible to
determine if this is a direct effect of ETX on these oligodendrocytes
or the result of a more intricate reaction.

Currently, besides immunotherapy or husbandry methods,
there are not effective and adequate treatment options for enter-
otoxemia. Based in previous reports and the results of our studies,
we evaluated the potential of pharmacological interventions to
moderate the lethal consequences of the disease. As most reports
propose a major role for BBB alterations in ETX neurotoxicity (Zhu
et al., 2001; Garcia et al., 2013), we proposed that reducing BBB
permeability by pharmacological treatment would affect the subtle
change observed in animal models and decrease ETX lethality.
Dexamethasone was selected as it is known to prevent tight junc-
tion protein reorganization and degradation, decreasing the BBB
permeability after injury (Tenenbaum et al., 2008). In mice pre-
treated with dexamethasone and then challenged with 1.25 LD50
of ETX mortality could be prevented and no histological damage
was observed. After challenge with higher ETX doses, it was not
possible to protect mice with dexamethasone, suggesting that
other marked toxin activities are related to ETX neuronal damage.
Based on the results reported in the present work, we also focused
in ETX damage to brain parenchyma. However search for neuro-
protective compounds is a difficult task, particularly for ETX, since
the mechanism of damage is complex and most likely multifacto-
rial. One of the most remarkable ultrastructural changes observed
in i.c.v. treated rats include synaptic stripping. This change has been
associated with brain injury in inflammation or as a mechanism of
neuroprotection, mostly via an increased uptake of excessive
glutamate in a number of different conditions (Perry and O'Connor,
2010; Yamada et al., 2011). The role of glutamate in ETX neuro-
toxicity has also been reported (Lonchamp et al., 2010; Miyamoto
et al., 1998, 2000). In a previous study (Lonchamp et al., 2010);
the authors reported glutamate release in granule cells directly
targeted by ETX and stimulation of the glutamatergic transmission
at the granule cell-Purkinje cell synapse. This activation may
propagate throughout the brain inducing glutamate excitotoxicity,
since glutamate is present in most cells in the brain. It has also been
reported that mice and rats receiving riluzole, a glutamate release
inhibitor, prior to the injection of 2 or 4 LD50 of ETX producedminor
histological changes and even absence of brain edema, particularly
in the hippocampus (Miyamoto et al., 1998, 2000; Nagahama and
Sakurai, 1993). However, Nagahama and Sakurai reported that
mice challenged with ETX survived longer when they were previ-
ously treated with reserpine, a noradrenaline release inhibitor, but
not with riluzole (Nagahama and Sakurai, 1993). In the present
study, mice mortality rate after i.v. challenge with 1.25 LD50 of ETX
was initially reduced by pre-treatment with reserpine more than
with riluzole. However, further attempts to produce reserpine
protection after challenge with higher ETX doses, revealed incon-
sistent results and in all cases ETX challenged mice showed
behavioral changes and death. Administration of ketamine
(antagonist of the NMDA receptor) before ETX challenged fail to
protect mice, and even a slight increase in lethality was observed.
NMDA receptor antagonists may increase the release of endoge-
nous excitatory aminoacids glutamate and aspartate (Liu and
Moghaddam, 1995) activating glutamatergic neurotransmission at
non-NMDA receptors. These conflicting results suggest that
although glutamatergic system activation could be partially
responsible for neuronal damage produced by ETX under certain
undefined conditions, other mechanisms must be implicated.
Indeed, mortality rate after ETX challenge with 1.25 LD50 was
reduced by treating mice with reserpine, corresponding with other
studies (Nagahama and Sakurai, 1993). This result suggests that the
catecholaminergic system may be involved in ETX
neurodegenerative pathogenesis. Further research is necessary to
understand if some particular circumstances of animal and the
brain physiology, like husbandry stressful situations, can affect the
fate of ETX and the impact of brain intoxication in a previously
overstimulated CNS. Furthermore, it is necessary to search for other
potential drugs as well as combination of some of them to
neutralize ETX induced neuronal damage.

The results of the present report support the hypothesis that
ETX induced BBB changes are not the only mechanism behind ETX
brain damage. It may affect some subsets of neurons (i.e. granular
cells in the cerebellum) though not all glia (Dorca-Arevalo et al.,
2008; Soler-Jover et al., 2007) or neurons are susceptible. It also
over-activates the glutamatergic and catecholaminergic systems,
causing further disarrangements and damage to the entire brain.
Also, it seems that ETX associated neurological disease in animal
would be more complex than previously supposed. It is highly
probable that the exposure of an animal to low levels of ETX that do
not produce an obvious clinical sign could produce permanent
changes in the CNS enough to alter the normal behavior. Mono-
gastric animals in which C. perfringens producing ETX has been
isolated (i. e. humans) but lethal disease has not been described,
could be likewise affected. Although enterotoxemia occurs in ru-
minants and it is usually considered a deadly disease with great
impact in animal production, further research evaluating the pro-
ductive influence of no lethal ETX encounter in domestic animal
would be necessary to understand other potential impact of this
enterotoxic infection.
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