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ARTICLE INFO ABSTRACT

ArtiC{f? history: ) Ipomoea carnea is a toxic plant that affects goats, with symptoms being characterised by
Received 26 April 2013 nervous disorders and death. Swainsonine and calystegines are the principal toxic com-
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Available online 29 August 2013 study was to improve the clinical characterisation of experimental intoxication by I carnea

in guinea pigs through the evaluation of behavioural changes and to perform a thorough
histopathological analysis of the affected CNS. Leaves of I. carnea were administered to
guinea pigs. Open-field gait analysis and monoamine levels were measured. The poisoned
animals exhibited increased vocalisation, lethargy, and a reduction in the locomotion
frequency after the fourth week of intoxication, as demonstrated in the open-field test.
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Immunohistochemistry Significant differences were observed in hind-limb gait width by the last week of intoxi-
Ipomoea carnea cation. After 65 days, the guinea pigs were euthanised, necropsied, and examined using
Transmission electron microscopy light and electron microscopy. At the end of the experiment, plasma serotonin decreased.

In contrast, dopamine decreased, and noradrenaline increased in urine. Brain sections
were evaluated with conventional histological methods and immunohistochemistry (IHC),
as well as by transmission electron microscopy (TEM). Vacuoles were observed throughout
the brain, but they were particularly prominent in the brainstem. In addition, there were
PAS-negative regions, and the Nissl substance was dispersed or absent, which was
confirmed with the Kluver-Barreda stain. Moderate microgliosis was observed by immu-
nohistochemistry. In the medulla oblongata, numerous ubiquitin-positive spheroids
together with neuronal degeneration were observed in the nucleus gracilis/cuneatus.
Furthermore, vacuoles were observed in astrocytes, oligodendrocytes, and endothelial cells
by TEM. Our results showed that the behavioural effects may have been caused by alter-
ations in the brain in conjunction with changes in monoamine levels. This research con-
firms the utility of this model for studying the pathogenesis of plant-induced lysosomal
storage diseases.

© 2013 Published by Elsevier Ltd.

1. Introduction

Ipomoea carnea subsp. fistulosa (Convolvulaceae) is a

toxic plant found throughout the northeastern region of
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plant, especially in drought periods, when it is one of the
few plants that stay green (Riet-Correa and Mendez, 2000).

Prolonged ingestion of this and similar plants induces
neurodegeneration characterised by neuropathy and other
clinical manifestations. The animals exhibit a variety of
clinical signs, such as addiction to consumption of the
plant, depression, and loss of body weight, and neurological
deficits, such as abnormalities of gait, difficulty standing,
abnormal posture, symmetrical ataxia, and paraparesis
(Barbosa et al., 2006; de Balogh et al., 1999; Dorling et al.,
1980; Driemeier et al., 2000; James et al., 1970; James and
Panter, 1989; Molyneux et al., 1995; Rios et al.,, 2012;
Rodriguez Armesto et al., 2004; Stegelmeier et al., 1999).

These toxic effects are attributed to the poly-
hydroxylated alkaloids swainsonine and the calystegines
As, By, By, B3, and Cy. Swainsonine is a powerful inhibitor of
lysosomal o-mannosidase and Golgi mannosidase II.
Calystegines inhibit the lysosomal a-galactosidase and -
glycosidase (Colodel et al., 2002; de Balogh et al., 1999;
Haraguchi et al, 2003; Hueza et al, 2005; Molyneux
et al., 1995). The inhibition of lysosomal a-mannosidase
leads to the intralysosomal accumulation of incompletely
processed oligosaccharides. These enzymes are essential
for the proper functioning of all animal cells, and their in-
hibition results in a clinical, biochemical, and morpholog-
ical presentation similar to inherited-a-mannosidosis
(Dorling et al., 1978; James et al., 2004). These alkaloids
were isolated from I. carnea found in Corrientes, Argentina
with HPLC-MS (Cholich et al., 2009).

Furthermore, several authors reported the presence of
lysergic acid derivatives in Ipomoea (Dal6 and Moussatché,
1978; Sandoval et al., 2010).

Congenital o-mannosidosis has been reported in
humans, cattle, cats, mice, and guinea pig, and this disease
is characterised in all species by progressive neurological
deterioration and premature death (Auclair and Hopwood,
2007; Crawley and Walkley, 2007; Robinson et al., 2008).
Plant-induced «-mannosidosis has been experimentally
studied in goats, cattle, and sheep, as well as in rats and
mice (Van Kampen and James, 1969; Riet-Correa and
Mendez, 2000; Hueza et al., 2005; Armién et al., 2007;
Stegelmeier et al., 2008). Nevertheless, it was found that
small rodents are poor models for neuronal storage dis-
eases. Vacuolation in various tissues but not central ner-
vous tissue were obtained with the aqueous fraction of L
carnea and, to a lesser degree, with swainsonine alone, but
no effect was found with the individual calystegines (Hueza
et al., 2005). Stegelmeier et al. (2008) reproduced neuronal
storage defects in mice but with high doses of pure
swainsonine administered subcutaneously by osmotic
minipumps.

Recently, we proposed that I. carnea-induced toxicosis in
guinea pig could be a useful model for studying the patho-
genesis of plant-induced storage diseases (intoxications
with the genera Ipomoea, Swainsona, Astragalus, Oxytropis,
Sida, and others) and for plants with similar effects that are
still awaiting characterisation (Cholich et al., 2009).

The aim of this study was to improve the clinical char-
acterisation of the disease in intoxicated guinea pigs,
especially by the evaluation of behavioural changes and
assaying monoamine levels, and to perform a thorough

histopathological study of the guinea pig CNS by light mi-
croscopy and transmission electron microscopy (TEM).

2. Materials and methods
2.1. Preparation of plant material

The plant was identified as L. carnea subsp. fistulosa from
the Convolvulaceae family, known in Northern Argentina
with the common Guarani names of “mandiyura™ or
“aguapei”. Polyhydroxy alkaloids were detected as chemi-
cal constituents of these plants, including swainsonine,
calystegine B1, calystegine B2, calystegine C1, and trace
amounts of calystegines A3 and B3. The swainsonine con-
centration was 0.02%, whereas the mean levels of calyste-
gine were 0.05% (Cholich et al., 2009).

L. carnea leaves were dried al 37 °C for 72 h and milled.
The leaves were mixed homogeneously with commercial
guinea pig pellets, previously hydrated with water for
making “small balls”. A 50:50 (vol/vol) mixture of pellets
and dry, milled leaf matter was used in this study.

2.2. Clinical study

Eight 4-week-old male Hartley guinea pigs (253 + 22 g)
were supplied by the Bioterio of the Faculty of Veterinary
Sciences, UNNE. The animals were housed individually in a
temperature-controlled room (23 + 2 °C) with relative
humidity between 35 and 65%. Lights in the animal room
were on from 6 AM to 6 PM. The animals were divided at
random into two groups: experimental group (n = 4), each
received 5 “small balls” (10 g each) per day (total swain-
sonine, 1.25 mg). In the control group (n = 4), each animal
received 50 g commercial pellets per day.

Both groups received both fresh alfalfa (Medicago sativa)
and water ad-libitum. Through the consumption period, the
animals were weighed weekly, and the daily intake of small
balls and commercial pellets was calculated based on
subtraction of food on the next day.

The present study was approved by the Ethics at
Biosafety Committee of Facultad de Ciencias Veterinarias,
Universidad Nacional del Nordeste, Argentina.

2.3. Neurological examinations

2.3.1. Open-field studies

This type of study is commonly used to assess locomo-
tion and exploration in laboratory animals. Each animal
was individually placed in the centre of a box
(120 x 120 x 50 cm) in which the floor was divided into 16
units of 30 cm? each, and the following parameters were
measured over a period of 5 min: locomotion frequency
(number of floor units entered with all feet), rearing fre-
quency (number of times the animal stood on its hind legs),
immobility time (total number of seconds with no move-
ment) and defecation (number of faecal pellets). Hand-
operated counters and stopwatches were employed to
score these behaviours. To minimise possible influences of
circadian changes on open-field behaviours, control and
experimental animals were alternated. The device was
washed with a 5% alcohol/water solution before the
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animals were placed on it, to obviate possible biasing ef-
fects due to odour clues left by previous guinea pigs
(Schwarz et al., 2003).

2.3.2. Gait analysis

Gait analysis is a method for assessing signs of ataxia or
motor incoordination through the hind limb gait of ani-
mals. Gait was analysed using a long box (approximately
1 m long by 0.3 m wide), high at the sides and open at the
top, with a dark enclosure at one end, containing food
(alfalfa) as an incentive. Paper for recording gait patterns
was placed on the floor of the box. The hind paws of the
guinea pigs were dipped in non-toxic food colouring, and
the animals were later placed at the open end of the box
such that they would walk along the paper to the dark
enclosure. Animals were tested until two clean gait pat-
terns (i.e., animal walking all the way along the paper) were
obtained for each animal at each time. Gait length and
width were measured manually from the footprints
collected (Robinson et al., 2008).

2.4. Determination of monoamine neurotransmitters

Venous blood and urine, obtained by bladder puncture,
were collected from control and experimental guinea pigs.
Immediately before they were euthanised, guinea pigs
were anesthetised by an intramuscular injection of keta-
mine hydrochloride and xylazine hydrochloride. The
quantification of urinary noradrenaline (NA) and dopamine
(DA) and plasma serotonin (5-HT) was performed with
methods based on high performance liquid chromatog-
raphy, with electrochemical detection (Hou et al., 2002).

2.5. Post-mortem study

After 65 days of intoxication, the animals were
euthanised as a consequence of the severity of the symp-
tomatology. Brains were removed and fixed in 10% formalin
for 24 h. Then, they were cut into five transverse sections at
the following levels: anterior to the optic chiasm, caudal to
the pituitary gland, midbrain, cerebellum-pons and me-
dulla oblongata. Specimens were embedded in paraffin,
sectioned at 5-pm thicknesses, and stained with haema-
toxylin and eosin (HE), periodic acid-Schiff (PAS) for car-
bohydrates and Kluver-Barrera (KB), to detect lysosomal
vacuolation in brain regions and to stain myelin.

Immunohistochemistry was performed using paraffin-
embedded 5-pm sections. Antigen retrieval was conduct-
ed by pretreatment of the sections with citrate buffer, pH 6,
at 96-98 °C for 20 min. Primary antibodies and working
dilutions were as follows: polyclonal anti-ubiquitin 1:2000
(20458, DakoCytomation, Glostrup, Denmark), polyclonal
anti-glial fibrillary acidic protein (GFAP) 1:1500 (Z0334,
DakoCytomation), goat polyclonal anti-brain microglia
1:600 (anti Iba-1, ab5076 Abcam, Cambridge, MA, USA),
monoclonal anticalbindin-D-28K 1:500 (clone CB 955,
Sigma-Aldrich, St. Louis, MO, USA) and monoclonal anti-
parvalbumin 1:50 (clone PARV-19, Sigma-Aldrich). The
anti-mouse (K4007, DakoCytomation) and anti-rabbit
(K011, DakoCytomation) EnVision kits, and the polyclonal
rabbit anti-goat serum (E0466, DakoCytomation) + ABS

system, were used to label the primary antibodies. In all
cases, the diaminobenzidine-based detection kit from
DakoCytomation was used. Omission of the primary anti-
body was used as a negative control, and the positive
controls included CNS from control guinea pigs, to which
the appropriate antisera were added.

2.6. Transmission electron microscopy

Immediately after sacrifice, the brain was fixed by im-
mersion in cacodylate buffered 2% glutaraldehyde until
sectioning it into five transverse sections, as described
before. Then, they were post-fixed in osmium tetroxide and
embedded in epoxy resin (EPON™ Momentive Specialty
Chemicals Inc., Columbus, OH, USA). Semi-thin sections
(1 pm thick) were stained with 1% toluidine blue in 1%
borax. Ultra-thin sections (60-80 nm) of selected areas
were stained with 2% uranyl acetate and lead citrate, and
examined in a transmission electron microscope (JEOL EM
1200EX II, Tokyo, Japan).

2.7. Statistical analysis

Values are expressed as means =+ standard deviation
(SD). Data were analysed statistically by one-way analysis
of variance (ANOVA). When the values were significantly
different (p < 0.05), the differences between pairs of means
were analysed by the t-test. Statistical analysis was per-
formed using Infostat software.

3. Results
3.1. Clinical signs

Some clinical signs observed in our poisoned guinea pigs
have already been previously described, such as hirsutism,
emaciation and body weight loss (Cholich et al., 2009). In
this study, there was a significant difference in food con-
sumption but no significant difference in water consump-
tion between the experimental groups (Table 1).
Furthermore, from the second week after the beginning of
the experiment, the intoxicated animals vocalised more
when people entered the animals’ room. They stopped
when they were provided with “small balls” of powdered
leaves and the fresh alfalfa. Starting in the fourth week, the
vocalisation persisted until these animals refused the alfalfa
and eagerly sought the small balls. When the alfalfa was put

Table 1
Total water and food consumption per day, from animals treated with
small balls, during the 65 days.

Day Untreated Treated

animals animals

(n=4) (n=4)
Water consumption (ml) 0-20 41.08 - 0.64 40.69 + 8.68
20-40 4639 +£5.56 4137 +£5.70
40-65 4549 + 352 4277 +4.58
Food onsumption (g) 0-20 29.22 +£5.17 15.20 &+ 5.51¢
20-40 3214 +1.80 30.84 +2.39
40-65 30.72 £2.17 3183 +1.29

¢ Data are presented as means + S.E.M.*P < 0.05 compared to untreated
animals.
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on one side and the balls on the other side, even the animals
with impaired mobility went toward the balls, demon-
strating preference behaviour in poisoned guinea pigs. They
increased vocalisation if the “balls” were taken away from
them. After the fourth week, neurologic deterioration was
progressive and showed increased severity. The control
animals showed no clinical signs during the experiment.

3.2. Neurobehavioral findings

3.2.1. Open-field studies

The locomotion frequency, as shown by the t-test, was
reduced from the fourth week onward in the poisoned
animals (p < 0.0142) as compared to the controls. An in-
crease in immobility time in poisoned animals compared to
controls was also observed (p < 0.0299). No difference
between groups was observed in rearing frequency or
defecation (Fig. 1 A, B).

3.2.2. Gait analysis

Treated guinea pigs moved less smoothly than normal
animals and showed poorer coordination. In the last week,
the intoxicated animals showed a decreasing trend (in cm)
in stride length (9.76 + 1.47; P > 0.068), compared to
normal animals (12.45 + 1.93) and significant increases in
stride width (6.15 £ 0.78; P < 0.0431) when compared to
control animals (4.99 + 0.46).

3.3. Quantitative monoamine determinations

The levels of neurotransmitters were determined on day
65, the end of the experiment. The plasma serotonin
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Fig. 1. Behavioral effects of I. carnea in guinea pigs exposed to “small balls”
and control animals during 65 days. (A) Effects on locomotion frequency. (B)
Effects on immobility. Data are presented as means + S.E.M; n = 4 per group.
p > 0,05.

concentration was observed to decrease, whereas
noradrenaline increased and dopamine decreased in urine
(Table 2).

3.4. Microscopic lesions

At necropsy, the gross findings in poisoned guinea pigs
included muscle atrophy, loss of fatty tissue and pale mu-
cous membranes. No macroscopic lesions were observed in
the brain. Examination of HE-stained sections revealed
widespread changes throughout the brain, but there were
particularly prominent changes in the brainstem. Gener-
ally, the neurons had a distended perikaryon containing
numerous large, pale and apparently empty vacuoles;
however, Purkinje cells, septal nuclei and thalamic neurons
exhibited few small vacuoles (Table 3). There were also
clearly defined vacuoles in ependymal cells of the choroid
plexus (Fig. 2 A, B). No vacuoles were observed inside glial
cells. The content of vacuoles was negative for both PAS and
KB stains (Fig. 2 C, D).

In certain cases, the nuclei of affected cells were
pyknotic and eccentric with no apparent nucleolus and
dispersed or absent Nissl substance (chromatolysis), as
corroborated by KB staining. In the medulla oblongata of
affected animals, numerous spheroids, together with
neuronal degeneration, were observed in the gracile nu-
cleus, and, to a lesser extent, in the cuneate nucleus. Both
degenerate neurons and axonal spheroids were strongly
positive for ubiquitin immunostaining (Fig. 3 A, B) but
negative for calbindin and parvalbumin. No differences of
myelin intensity with Kluver-Barreda luxol stain (KB) were
observed between groups. Immunohistochemical studies
showed moderate microgliosis (Iba-1 labelled cells) (Fig. 3
C, D) but no astrogliosis (GFAP).

3.5. Ultrastructural findings

The ultrastructure of the CNS showed different degrees
of vacuolisation in the perikarya of neurons in poisoned
animals. Most vacuoles were optically empty, but some of
them were filled with membrane fragments, vesicles,
reticular or dense granules, amorphous substances, opaque
globules or osmiophilic material. Similar vacuoles were
also found in astrocytes, oligodendrocytes and endothelial
cells (Fig. 4 A, B).

4. Discussion

Our results indicate that I carnea ingestion in guinea
pigs induced neurological toxicity with physical and
behavioural impairment. Specific neuropathological lesions

Table 2
Levels of plasma serotonin (5-HT) and urine dopamine (DA) and
noradrenaline (NA) in guinea ping poisoned with I. carnea.

Monoamine transmitters

DA (ug/24 h) Na (ug/24 h) 5-HT (ng/ml)
Treated 12.03 + 1.10? 18.63 + 1.46° 28.17 + 3.53¢
Control 41.27 + 432 1.60 + 0.52 14420 + 3.54

2 b ¢ yalues were statistical significance in treated group (a p < 0,0003, b
p < 0,0001, c p < 0,0001), when compared to values of controls.
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Table 3
Neuronal cytoplasmic vacuolation in brain regions of poisoned guinea pigs
in haematoxylin and eosin-stained paraffin sections.

Region Cell type Neuronal cytoplasmic
vacuolation
Septal nuclei +
Thalamic neurons +
Cerebellum Fastigial nuclei ++
Purkinje cell [+
Midbrain Red nucleus ++
Pretectal nuclei ++
Inferior colliculus +
Oculomotor Nuclei ++[+++
Cerebral crus +
Pons Vestibular nuclei ++H+++
Cochlear nuclei +
Medulla Solitary nucleus [+
Oblongata Hypoglossal Nucleus +++
Reticular formation [+ +++
Trigeminal nerve nuclei +++
Cuneate Nucleus ++H+++
Nucleus ambiguous +++++
Olivary nucleus —[+
Gracile nucleus ++
Facial nucleus +
Choroid Plexus ++

—/+, low numbers of vacuoles in rare numbers of cells; +; low numbers of
vacuoles or low numbers of cells moderately affected; ++, moderate
numbers of vacuoles in many cells; +++/++++, many vacuoles dis-
tending cytoplasm in majority of cells.

and changes in concentrations of neurotransmitters were
observed: serotonin decreased in plasma, whereas dopa-
mine decreased and noradrenaline increased in urine.

In the group of guinea pigs treated with I carnea, we
observed anxiety-related behavioural changes; through
vocalisation, showing preference for the “small balls” and
refusing the fresh alfalfa. It is well-known that goats
intoxicated with Ipomoea sp. locoweeds, Swainsona sp., and
Sida carpinifolia develop addiction or morbid appetite
(Colodel et al., 2002; Ralphs et al., 1990; Riet-Correa and
Mendez, 2000). It is also described that animals that
consume weeds containing swainsonine induce others to
ingest the plant by social facilitation (Ralphs et al., 1994).
However, Dal6 and Moussatché (1978) argued that several
species of Ipomoea contain lysergic acid derivatives that
could be the cause of animal anxiety. Additionally,
Pritchard et al. (1990) argued that swainsonine suppresses
appetite and retards growth in rats treated with doses over
7.6 mg/kg/day. Thus, the observed preference or addiction
to Ipomoea leaves in poisoned guinea pigs could be attrib-
uted to the derivatives of lysergic acid rather than to the
swainsonine, which suppresses the appetite (Pritchard
et al. 1990). By contrast, our poisoned guinea pigs ate
until the end of the experiment.

The neurologic deterioration in our poisoned guinea
pigs, in the forms of neuronal degeneration and

Fig. 2. Light microscopy. Brain. (A) Guinea pigs exposed to “small balls” per 65 days. Choroid plexus epithelium of lateral brain ventricle. Cytoplasmic vacuolation
is observed in ependymal cells (arrows), (B) when compared with the control animal. HE stain. Bar, 25 pm. Hypoglossal nucleus in the medulla oblongata. (C)
Several neurons with evident vacuoles in guinea pigs exposed to “small balls” per 65 days. (arrows), (D) when compared with the control animal. Kluver Barrera

stain. Bar, 50 pm.
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Fig. 3. Immunohistochemical reaction. Brain. Gracile nucleus in the medulla oblongata. (A) Spheroids ubiquitin positive in guinea pigs exposed to “small balls”
per 65 days. (arrows). An enlarged view is shown on the right (B) when compared with the control animal. Ubiquitin immunostaining and haematoxylin
counterstained. Bar, 50 pm. Gracile nucleus in the medulla oblongata. (C) Microglial cells were stained positively, demonstrating microgliosis in guinea pigs
exposed to “small balls” 65 days (arrows), (D) when compared with the control animal. Iba-1 immunostaining and haematoxylin counterstained Bar, 50 pm.

vacuolisation, was demonstrated by ataxia, lethargy and
reduced body condition progressively worsening until the
sacrifice. Some of those clinical signs have previously been
observed in goats poisoned with the same plant, after 40—
65 days of ingestion (Armién et al., 2007; Rios et al., 2012).
Consistent with other authors, a combination of nervous
failure and inanition has been suggested to be the cause of
the animals’ death (Armién et al., 2007). However, in a
study in which rats were treated with the different alka-
loids and the aqueous fraction from I carnea, the rats pre-
sented no clinical symptoms (Hueza et al., 2005). However,
mice treated with high doses of swainsonine lost body
weight and were clinically anxious, easily excited, and
exhibited slight tremors upon movement (Stegelmeier
et al., 2008).

The symptoms in guinea pigs suffering congenital a-
mannosidosis were first discernable during the first week
of life, but the neurological deficits were not obvious before
they were two months old (Crawley and Walkley, 2007).
Our poisoned animals manifested some of these symptoms
beginning in the second week after the onset of the
experiment. End-stage clinical disease was observed in
congenital a-mannosidosis guinea pigs between 10 and 14
months of age (Crawley and Walkley, 2007). However,

extremely poor body condition was observed in our ani-
mals at 65 days of intoxication. Therefore, we speculate that
the animals poisoned with I. carnea would not survive until
10-14 months of age. The difference in survival time be-
tween genetic and acquired disease in guinea pigs would be
related to the heterogeneity of the toxic components of I.
carnea. This seems to be in accordance with the findings of
some authors, who demonstrated that calystegines act as
coadjuvants of swainsonine and that the toxic effects were
much more prominent from the aqueous fraction of I. car-
nea (Hueza et al., 2005). Therefore, the toxic compounds of
Ipomoea may work synergistically to lead to rapid deteri-
oration of the animals intoxicated and to their subsequent
deaths. Additionally, swainsonine a is a well-known in-
hibitor both of lysosomal a-mannosidase and of Golgi
mannosidase II (Molyneux et al., 1995; Haraguchi et al.,
2003).

The reduced open-field locomotion frequency observed
in our intoxicated guinea pigs was similar to those
observed in rats exposed to I carnea aqueous extract
(Schwarz et al., 2003). The decreased dopamine and sero-
tonin levels observed in our animals would be responsible
for the reduced locomotion frequency and paraparesis. The
assessment of plasma serotonin concentration is
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Fig. 4. Electron microscopy. Capillary endothelial cell from brain. (A)
Vacuolar appearances of endothelial cells in guinea pigs exposed to “small
balls” per 65 days, the vacuoles contain membrane fragments (arrows). Bar,
2 pm (B) when compared with the control animal. Bar, 1 pm.

commonly used to provide information about serotonergic
activity in various neurological diseases (Morgadinho et al.,
2004). The neuromotor alterations observed in our animals
would be a consequence of the neuronal cytoplasmic
vacuolation in various areas of the CNS, particularly in the
brainstem, where some nuclei are known to be rich in
serotonergic neurons (Siegel, 1999). Furthermore, our re-
sults are consistent with previous studies suggesting that
exposure to I. carnea interferes with the serotonergic and
dopaminergic systems, which are strongly related to the
neuromotor system and to locomotor activity (Airio and
Ahtee, 1997; Fink and Smith, 1980; Gimenez-Llort et al.,
1997; Jacobs and Fornal, 1995).

Further, the possible presence of lysergic acid de-
rivatives in I carnea would inhibit serotonin at peripheral
levels while mimicking serotonin in the CNS, as in the
addictive effect observed in animals consuming the plant
and weakly antagonising dopamine receptors (Hughes,
1973; Setler et al., 1976). However, the increase of NA
observed in our poisoned guinea pigs could be associated
with chronic stress caused by the intoxication, as has been
previously suggested (Mendels et al., 1972; Setler et al.,
1976).

Intraneuronal vacuolation is a classical effect of intoxi-
cation by I. carnea and other lysosomal storage diseases (de
Balogh et al., 1999; Rios et al., 2008; Stegelmeier et al.,
1999). Only relatively high doses of swainsonine pro-
duced neurologic histologic changes in mice similar to
those observed in goats poisoned with Ipomoea sp. and
locoweed (Stegelmeier et al., 2008). Rats and mice are
relatively resistant to neurologic lesions (Stegelmeier et al.,
2007). Surprisingly, guinea pig, though also a rodent, re-
quires much lower doses to develop neuronal vacuolation.
In two-month-old guinea pigs with congenital a-man-
nosidosis, neuronal vacuolation was widespread, and it was
severely extensive at seven months of age, except in neu-
rons of the striatum (Crawley and Walkley, 2007). In larger
brainstem neurons in particular, we observed numerous
vacuoles.

Congenital a-mannosidosis in guinea pigs produces
signs of ataxia or motor incoordination beginning at two to
three months of age, and these abnormalities are most
likely due to various lesions in the nervous system
(Robinson et al., 2008). These findings were similar to our
gait analysis results. According to Robinson et al. (2008),
the gait changes suggest cerebellar dysfunction and spinal
cord pathology as potential underlying causes. In our study,
only the encephalon was evaluated. Moreover, the vacuole
contents were negative for KB and PAS stains, similar to
previous studies of a-mannosidosis of different genesis and
of swainsonine intoxication, in which vacuoles mainly
accumulate incompletely processed oligosaccharides rich
in mannose (Hartley, 1971; Van Kampen and James, 1969;
Stegelmeier et al., 1999).

Together with the neuronal vacuolation, spheroids were
one of the most important findings in the CNS, and they
play a key role in the diagnosis and pathogenesis of lyso-
somal storage diseases, including genetic and acquired o~
mannosidosis (Jolly and Walkley, 1997; Walkley, 1998). The
spheroids found in our study may be structures corre-
sponding to locally dilated axons that synapse in the gra-
cilis/cuneatus nuclei; similar observations were reported in
guinea pigs with congenital a-mannosidosis (Crawley and
Walkley, 2007). In agreement with Crawley and Walkley
(2007), spheroids in our animals were positive for ubig-
uitin, but, in contrast, they did not contain calbindin or
parvalbumin. These authors labelled ubiquitin, parvalbu-
min and calbindin to monitor the extent of spheroid for-
mation in congenital o-mannosidosis. The ubiquitin
immunostaining of the spheroids would indicate an acti-
vation of the nonlysosomal system for the degradation of
abnormal filamentous cytoskeletal proteins (Lowe et al.,
2001). Calbindin-D28K and parvalbumin are calcium-
binding proteins that are considered to be present in
spheroids formed in axons of GABAergic neurons. We have
no convincing explanation for this difference between the
immunohistochemistry of the calcium-binding proteins in
congenital and plant-induced a-mannosidosis.

The important neurodegenerative change observed in
our animals would be responsible for the propioceptive
deficits and paraparesis of affected animals. In fact, the
gracilis nucleus is one of the dorsal column nuclei that
participate in the sensation of fine touch signals to the
cerebral cortex and in proprioception of the hind limb
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(Crawley and Walkley, 2007). Huxtable and Dorling (1985)
argued that the axonal dystrophic changes observed in rats
treated with higher doses of swainsonine for up to 200 days
were attributable to normal ageing because the spheroids
were also found in untreated rats. In our study, the lesions
observed in the gracilis nucleus were attributed to intoxi-
cation because our experiment used young animals, and
spheroids were absent in the control guinea pigs.

Vacuoles in glial cells were not observed in HE-stained
slides. However, glial vacuoles were clearly observed by
TEM in our poisoned guinea pigs, in agreement with pre-
vious observations reported from goats (Armién et al.,
2007). It is likely that the glial functions of providing
nutrition and support to neurons were affected. Another
relevant finding in this study was moderate microgliosis, as
evidenced by expression of Iba-1. Microglia are extremely
sensitive to even small pathological changes in the CNS
(Dissing-Olesen et al.,, 2007). The specific functions of
microglia are only beginning to be explored (Graeber,
2010). These lesions are similar to previously reported
findings from guinea pigs with ¢-mannosidosis (Crawley
and Walkley, 2007). In our animals, apart from vacuoles
corresponding to glial cells, neurons and choroid plexuses,
vacuoles were also observed under TEM in many capillary
endothelial cells, as previously observed in guinea pigs
with congenital o-mannosidosis (Auclair and Hopwood,
2007). However, lesions in these additional cell types
were not observed in guinea pigs poisoned with Swainsona
galegifolia, which developed extensive neuronal vacuola-
tion in the central nervous system and peripheral ganglia
during a four-week-period (Huxtable, 1970).

Curiously, goat, rats and mice have been preferably used
as experimental models to reproduce intoxication by Ipo-
moea, even though guinea pigs provide important advan-
tages because of multiple qualities: despite being rodents,
guinea pigs reproduce lysosomal storage diseases at the
neuronal level, similar to that which occurs in ruminant
and congenital a-mannosidosis. In contrast, rats are a poor
model, with the exception of guinea pigs, for reproducing
the neurological changes induced by lysosomal storage
diseases. This assumption is also based on the result ob-
tained by Stegelmeier et al (1995, 2008) who observed that
mice are relatively resistant to swainsonine toxicity. On the
other hand, Huxtable and Dorling (1985) demonstrated
that rats treated with high doses of swainsonine developed
histologic lesions similar to locoism of livestock only in
areas of the brain not protected by the blood/brain barrier.

In summary, all of our findings, including cytoplasmic
vacuolation in neurons, glial cells, and blood vessel endo-
thelia, as well as axonal spheroids, reveal an extensive
neuropathology in a pattern similar to congenital a-man-
nosidosis. Additionally, behavioural and neurological tests
in guinea pigs poisoned with I carnea allowed us to
examine the intoxication and measure the relevant
monoamine neurotransmitters systematically.

Further studies into the neuropathology in guinea pigs
intoxicated with I carnea, such as detailed developmental
analysis of the onset and progression of lesions, may be
useful for understanding the complex pathological pro-
cesses of the intoxication and could be related to other
acquired and congenital lysosomal storage diseases.
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