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Abstract

Prosopis juliflora is used for feeding cattle and humans. Intoxication with the plant has been reported, and is

characterized by neuromuscular alterations and gliosis. Total alkaloidal extract (TAE) was obtained using acid/basic-

modified extraction and was fractionated. TAE and seven alkaloidal fractions, at concentrations ranging 0.03–30mg/ml,

were tested for 24 h on astrocyte primary cultures derived from the cortex of newborn Wistar rats. The MTT test and the

measure of LDH activity on the culture medium, revealed that TAE and fractions F29/30, F31/33, F32 and F34/35 were

cytotoxic to astrocytes. The EC50 values for the most toxic compounds, TAE, F31/33 and F32 were 2.87 2.82 and 3.01

mg/ml, respectively. Morphological changes and glial cells activation were investigated through Rosenfeld’s staining, by

immunocytochemistry for the protein OX-42, specific of activated microglia, by immunocytochemistry and western

immunoblot for GFAP, the marker of reactive and mature astrocytes, and by the production of nitric oxide (NO). We

observed that astrocytes exposed to 3 mg/ml TAE, F29/30 or F31/33 developed compact cell body with many processes

overexpressing GFAP. Treatment with 30 mg/ml TAE and fractions, induced cytotoxicity characterized by a strong cell

body contraction, very thin and long processes and condensed chromatin. We also observed that when compared with the

control (71.34%), the proportion of OX-42 positive cells was increased in cultures treated with 30 mg/ml TAE or F29/30,

F31/33, F32 and F34/35, with values raging from 7.27% to 28.74%. Moreover, incubation with 3 mg/ml F32, 30mg/ml

TAE, F29/30, F31/33 or F34/35 induced accumulation of nitrite in culture medium indicating induction of NO production.

Taken together these results show that TAE and fractionated alkaloids from P. juliflora act directly on glial cells, inducing

activation and/or cytotoxicity, stimulating NO production, and may have an impact on neuronal damages observed on

intoxicated animals.
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1. Introduction

Prosopis juliflora is a shrub that grows abun-
dantly in the Sind and Punjab, provinces of
Pakistan (Nasir and Ali, 1972). This plant was
introduced in the states of Pernambuco and Rio
Grande do Norte, Northeast Brazil, in 1942 and
1948, respectively, with seeds from Peru and Sudan
(SPA, 1989). Due to their palatability and nutri-
tional value, pods of P. juliflora or its bran are
largely used for feeding dairy and beef cattle with
good nutritional and economic results (Silva, 1981).
Products from this plant have also been used for
human consumption in bread, biscuits, sweeties,
syrup and liquors (Van Den Eynden et al., 2003).

Extracts of P. juliflora seeds and leaves have
several in vitro pharmacological effects such as
antibacterial (Aqeel et al., 1989; Ahmad et al., 1986;
Kanthasamy et al., 1989; Cáceres et al., 1995;
Al-Shakh-Hamed and Al-Jammas, 1999; Satish
et al., 1999), antifungal (Ahmad et al., 1989a, b;
Kanthasamy et al., 1989; Kaushik et al., 2002), and
anti-inflammatory properties (Ahmad et al., 1989a, b).
These properties have been attributed to piperidine
alkaloids (Ahmad et al., 1986; Batatinha, 1997).
Intoxication with P. juliflora has been reported in
the USA (Dollahite and Anthony, 1957), Peru (Baca
et al., 1967), and also in Brazil (Figueiredo et al.,
1995). In the later, the illness is called ‘‘cara torta’’,
and it was firstly described by Figueiredo et al. (1995).
This disease is characterised by emaciation, neuro-
muscular alterations, including muscular atrophy of
the masseter, and histologic lesions like spongiosis,
gliosis, the loss of Nissl substance and fine vacuolation
of the perikaryon of neurons from trigeminal motor
nuclei. Intoxicated goats in similar experimental
conditions also presented lesions in the central
nervous system (Tabosa, 2000), and the neurotoxic
alterations observed in these animals were accompa-
nied by glial reactivity, known as gliose (Tabosa, 2000;
Tabosa et al., 2000).

Glial cells, mainly astrocytes, are essential to the
development, homeostasis and detoxification in the
CNS (Tardy, 2002; Mercier et al., 2003; Sutor and
Hagerty, 2005). Moreover, these cells are known for
their role on energetic support and immune
response in the CNS against chemical, infectious
or traumatic challenges (Aschner, 1998; Aloisi et al.,
2000). The astrocyte reactivity, also known as
astrogliose, happens as a response to physical
damages or to exposure to toxic substances and in
some forms of neurodegenerative diseases in the
CNS (Norton et al., 1992; Little and O’Callaghan,
2001). Astrogliosis is characterised by hyperplasy,
hypertrophy, and accumulation of the specific
component of the intermediate filaments, the glial
fibrilary acidic protein (GFAP, Cookson and
Pentreath, 1994; Gomes et al., 1999).

In this work, the effects of total alkaloidal extract
(TAE) and its chromatographic fractions, obtained
from P. juliflora leaves, on rat purified astrocyte
primary cultures were studied, evaluating cell
viability and reactivity, morphological changes,
protein assay and nitric oxide (NO) production.

2. Materials and methods

2.1. Leaves extract and extraction of alkaloids

Leaves of P. juliflora were harvested at Salvador
(BA) in the experimental fields of the Federal
University of Bahia (UFBA). The alkaloid extract
was obtained by an acid/basic modified extraction
as described by Ott-Longoni et al. (1980), with
minor modifications (Hughes et al., 2005). P.

Juliflora leaves were dried in a greenhouse at
50 1C, and the air-dried plant material (874 g) was
extracted three times with hexane (2.0 l/kg) for 48 h
at room temperature with occasional shaking to
eliminate apolar constituents. The extract was then
filtered and the residue was flooded with methanol
(1.5 l/kg) using the above process. The methanol
extract was concentrated in a rotary evaporation
system at 40 1C, and this concentrated residue was
stirred with 0.2N HCl for 16 h followed by
filtration. The solution was shaken with chloroform
to remove the non-basic material. The aqueous
layer was basified with ammonium hydroxide until
it reached pH 11, and then was extracted with
chloroform. The chloroform phase was evaporated
leading to the production of the TAE. This extract
was fractionated by chromatography in a silica gel
column using chloroform/methanol (99:1 to 1:1) as
a solvent system with a subsequent 100% methanol
elution. Thirty six fractions were obtained from the
TAE, and after thin layer silica gel chromatography,
they were developed with iodine and tested for the
presence of alkaloids by the Dragendorf’s test
(Wagner et al., 1983). Alkaloid fractions (AFs)
with the same chromatography profile were
assembled and designated F21/22/23, F25/26, F27,
F29/30, F31/33, F32 (which crystallized) and
F34/35. The TAE and AFs were dissolved in
dimethylsulfoxide (DMSO, Sigma, St Louis, MO)
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at a final concentration of 30mg/ml, and stored in
the dark at �20 1C.

2.2. Cell culture and treatments

One-day-old postnatal Wistar rats used in this
study were obtained from the Department of
Physiology of the Health Sciences Institute of the
Federal University of Bahia (Salvador, BA, Brazil).
Astrocyte cultures were prepared according to
Cookson and Pentreath (1994). Briefly, cerebral
hemispheres of newborn Wistar rat pups were
isolated aseptically and meninges were removed.
The cortex was dissected out and then gently forced
through a sterile 75 mm Nitex mesh. Cells were
suspended in Dulbecco’s modified Eagle’s medium
(DMEM, Cultilab, SP, Brazil), supplemented with
6.25 mg/ml gentamicin, 2mM L-glutamine, 0.011 g/l
pyruvate, and 10% foetal calf serum (Cultilab, SP,
Brazil) in a humidified atmosphere with 5% CO2 at
37 1C. Astrocyte primary cultures yielded at least
more than 95% purity, as confirmed by labelling
with antibodies for the astrocyte marker, glial
fibrillary acid protein (GFAP).

2.3. Cell treatments

Cells were treated with TAE or with AFs at final
concentrations ranging between 0.3 and 30 mg/ml,
for 24 h. The control group was treated with DMSO
diluted in the culture medium at equivalent volume
used in each treated group (0.1% DMSO).

2.4. Cytotoxicity and cell membrane integrity assays

The TAE and AFs were tested for their cytotoxi-
city towards astrocytes using the 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT; Sigma, St Louis, MO) test. The
experiment was performed in 96 well plates (TPP
Switzerland) (1.6� 104 cells/plate) after cells had
become confluent (95%). The cell viability was
quantified by the conversion of yellow MTT by
mitochondrial dehydrogenases of living cells to
purple MTT formazan (Hansen et al., 1989). After
the treatment, cells were incubated with MTT at a
final concentration of 1mg/ml for 2 h. Thereafter,
cells were lysed with 20% (w/v) sodium duodecil
sulphate, 50% (v/v) dimethylformamide (pH 4.7),
and plates were kept overnight at 37 1C in order to
dissolve formazan crystals. The optical density of
each sample was measured at 492 nm using a
spectrophotometer (Bio-Rad 550PLUS). Three in-
dependent experiments were carried out with four
replicate wells for each analysis. Results from MTT
test were expressed as percentages of the viability of
the treated groups related to the control groups.
A nonlinear regression was performed, using
Graphpad Software Prism 3.0, to fit concentra-
tion-response curves and to calculate the EC50 of
TAE and of the fractions F29/30, F31/33, F32 and
F34/35, which were effective concentrations that
killed 50% of cells.

Membrane integrity was evaluated by measuring
the LDH activity on the culture medium of control
and treated cells. After 24 h treatment, the culture
medium was removed and the LDH activity was
measured following the manufacturer’s protocol
(Doles, Goiás, Brazil).

2.5. Morphological changes and glial cells reactivity

Morphological changes and cell activation were
studied analyzing the Rosenfeld’s staining and by
the immunocytochemistry patterns for the proteins
GFAP (for astrocytes) and OX-42 (for microglial
cells). The reactivity of glial cells induced by
alkaloids from P. juliflora was also evaluated by
the nitrate assay in the culture medium, which
reflects nitric oxide production. Cells were treated
for 24 h with 3 and 30 mg/ml TAE or cytotoxic
fractions. Control cells were treated for 24 h with
the same volume of DMSO that was used as a
vehicle for TAE and fractions. DMSO (0.1%) did
not show any significant effect in the analyzed
parameters, when compared with cultures that were
not exposed to this solvent.

2.6. Rosenfeld’s staining and immunocytochemistry

All control and treated glial cells seeded on
polystyrene culture dishes of 40mm in diameter
(TPP, Switzerland) were rinsed three times with PBS
without Ca2+ and Mg2+ and fixed for 10min with
methanol at �20 1C. Fixed cells were stained by the
protocol established by Rosenfeld (Rosenfeld,
1947). The Rosenfeld’s reagent (1ml) was added
and incubated for 20min at room temperature.
Thereafter, the plates were rinsed with water, air-
dried, analyzed and photographed in an optic phase
microscope (Nikon TS-100) using a digital camera
(Nikon E-4300).

Astrocytes marker was achieved by immunocy-
tochemistry for GFAP. Fixed cells were incubated
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under slow agitation with rabbit polyclonal anti-
GFAP (1/500, DAKO, Denmark) overnight and
then with tetramethylrhodamine isothiocyanate
conjugated goat anti-rabbit IgG antibody (1/250,
Sigma, St Louis, MO) for 30min at room tempera-
ture. Chromatin integrity or nuclear fragmentation/
condensation was investigated co-staining nuclear
chromatin of fixed cells with the fluorescent dye
Hoechst 33258 (Sigma, St Louis, MO), at a final
concentration of 5 mg/ml in PBS, for 10min at room
temperature in a dark chamber. Thereafter, cells
were analyzed by fluorescent microscopy (Olympus
BX70) and photographed.

Microglial cell marking was achieved by immu-
nocytochemistry against OX-42. Firstly, the endo-
genous peroxidase activity was blocked for 10min
with 3% hydrogen peroxide. The cells were incu-
bated for 1 h with the mouse monoclonal anti-OX
42 (CD11b/c) antibody (1:200, CALTAG, Burlin-
game, CA). After that, cells were incubated with
goat anti-mouse IgG peroxidase conjugated anti-
body (1:1000, Sigma) for 1 h. Microglial cells were
labelled brown after incubation with the substrate
0.3% 4-Cl-alpha naphtol/methanol solution diluted
in PBS buffer (1:5) plus H2O2 (0.33 ml/ml) at RT for
30min. To identify microglia, a Rosenfeld’s co-
staining was performed. These cells were analysed
and photographed in a light optic phase microscope
using a digital camera. The number of immunor-
eactive cells was counted under the microscope
using a 20� magnification in a 0.29mm2 field.
Always, 10 randomized representative fields were
analyzed, and the proportion of OX-42 positive cells
was presented as percentage of labelled cells related
to the total number of cells counted.

2.7. Western blot

GFAP expression was also investigated by
western immunoblot. Proteins were extracted after
TAE or AFs exposure. Cells were rinsed twice with
PBS, lysed and harvested in a 2% (w/v) SDS, 2mM
ethylene glycol-bis[b-aminoethyl ether]-N,N,N0N0-
tetraacetic acid (EGTA), 4M Urea, 0.5% (v/v)
Triton X-100, 62.5mM Tris–HCl buffer (pH 6.8),
supplemented with 1 ml/ml of a cocktail of proteases
inhibitors (Sigma, St Louis, MO). Protein content
was determined by the method of Lowry et al.
(1951), using a protein assay reagent kit (Bio-Rad,
Hercules, CA). For analysis, 10 mg protein was
loaded onto a discontinuous 4% stacking and 8%
running SDS polyacrilamide gel (SDS-PAGE).
Electrophoresis was performed at 200V for
45min. Proteins were then transferred to a poly-
vinylidene fluoride membrane (PVDF, Bio-Rad,
Hercules, CA, USA), at 100V for 1 h. Equal protein
loading was confirmed by staining the membranes
with Ponceau Red (Sigma). Thereafter, membranes
were blocked for 1 h at room temperature in 20mM
Tris-buffered saline (pH 7.5), containing 0.05%
Tween 20 (TBS-T) and 1% powdered skim milk.
Subsequently, membranes were incubated with
rabbit anti-GFAP (1:10000, Boehringer, Man-
nheim). Conjugated alkaline phosphatase goat
anti-rabbit IgG or goat anti-mouse IgG (1/5000,
Bio-Rad, Hercules, CA), were used as secondary
antibodies. Immunoreactive bands were visualized
using AP conjugated substrate Kit (Bio-Rad,
Hercules, CA) according to manufacturer’s instruc-
tions. Quantification was obtained by scanning
densitometry (ScanJet 4C–HP) and analyzed using
ImageJ 1.33u (Wayne Rasband, National Institute
of Helth, USA). Antibody specificity and linearity
of the densitometric analysis system were assessed
by serial dilutions of total protein from cells in
control conditions within a range of 5–20 mg of
protein per lane.

2.8. Nitrite assay

The production of NO was assessed as nitrite
accumulation in the culture medium by using a
colorimetric test based on Griess reagent (Wang et
al., 2002). Samples (50 ml) were collected after 24 h
of treatment. Equal volumes of culture supernatant
and Griess reagent (1% sulfanilamide, 0.1% N-(1-
naphthyl) ethylene diamine dihydrochloride, 2%
phosphoric acid) were mixed. The mixture was
incubated for 10min at room temperature, and the
absorbance at 560 nm was measured on a micro-
plate reader (Thermo Plate TP-Reader). The con-
centrations of nitrite in the samples were determined
based on a sodium nitrite standard curve (NaNO2,
1.26-100mmol/l).

2.9. Statistical analysis

Results are expressed as mean7standard devia-
tion. One way ANOVA followed by the Student-
Newmann–Keuls test was used to determine the
statistical differences among groups differing in
only one parameter. Student’s t-test was used to
compare two groups. Values of Po0.05 were
considered as significant.
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3. Results

3.1. MTT test and LDH activity

The effects of TAE and alkaloidal fractions from
P. juliflora leaves upon the cell viability were
assessed by measuring the mitochondrial function
using the MTT test, which measures the reduction
Fig. 1. Cytotoxicity assay on astrocyte primary cultures treated for 24 h

with the TAE, extracted from P. juliflora leaves, or its fractions. (A) M

TAE, F21/22/23, F25/26, F27, F29/30, F31/33, F32 and F34/35. (B) L

(0.01–0.1%), or 3–30mg/ml TAE, F29/30, F31/33, F32 or F34/35; valu
of the tetrazolium salt (MTT) to the purple
formazan by cellular dehydrogenase enzymes on
living cells (Fig. 1(A)). The fractions F21/22/23 and
F27, at any concentration adopted (0.03–30 mg/ml),
do not induced any significant alterations on the
levels of MTT conversion in astrocyte primary
cultures when compared with control cultures
(0.001–0.1% DMSO). On the other hand, 24 h
with the equivalent volume of the vehicle of dilution (DMSO) or

TT test of cells exposed to DMSO (0.001–0.1%) or 0.3–30mg/ml

DH activity on the culture medium of cells exposed to DMSO

es for vehicle control samples were set at 100%; *Po0.05%.
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exposure to 0.03–30 mg/ml F25/26 induced a sig-
nificant increase (Po0.001) on the levels of MTT
conversion on astrocytes primary cultures, indicat-
ing an increased cellular metabolic activity. The
same effect was observed when cells were exposed to
0.1–0.3 mg/ml F29/30, but it was not possible to
determine the IC50 for this alkaloidal fraction in the
experimental condition adopted. Moreover, we
observed that TAE, F29/30, F31/33, F32 and
F34/35 reduced significantly (Po0.001) the MTT
conversion in a dose-dependent manner but with
different potencies. The median inhibitory concen-
trations (EC50 values) were 2.87 mg/ml (TAE),
2.82 mg/ml (F31/33), 3.01 mg/ml (F32) and 30 mg/ml
(F27). The results from the EC50 determination for
F29/30 and F34/35 were not significant coefficients
of correlation (R2o0.95).

The measure of lactate dehydrogenase (LDH) on
the culture medium of cells exposed to 3–30mg/ml of
TAE and of the main cytotoxic fractions (F29/30,
F31/33, F32 and F34/35) revealed that they induced a
dose-dependant membrane damage (Fig. 1(B)).
Compared with the controls (0.01–0.1% DMSO), a
significant (Po0.01) increase of 4.2 to 6.9 times was
observed on the LDH activity in the culture medium
of cells exposed to 3mg/ml TAE, F29/30, F31/33. This
effect was also evident, but in less significant
extension, in cells treated with 3mg/ml F34/35 (1.7
times). When cells were exposed to 30mg/ml TAE and
cytotoxic fractions the levels of LDH activity in the
culture medium increased 4.1 times for the F34/35,
the less cytotoxic fraction, and 11.1–12.8 times for the
TAE and F29/30, F31/33, and F32 fractions.

The exposition of the primary cultures during
24 h with the dilution vehicle DMSO in equivalent
volume to the adopted concentrations did not
showed any significant alteration in the analyzed
parameters, when compared with cultures that were
not exposed to this solvent.

3.2. Morphological changes induced by TAE and

alkaloidal fractions

The morphology and immunostaining patterns of
cells treated with DMSO (0.001–0.1%) or with TAE
and AFs (0.3–30 mg/ml) for 24 h are shown in
Figs. 2–5. The majority of astrocytes in control
conditions (0.001–0.1% DMSO) presented a flat/
polygonal or bipolar fibroblast-like phenotype
(Figs. 2(A)–(C)). On the other hand, the exposure
to 3–30 mg/ml TAE, F29/30, F31/33, F32, or F34/35
for 24 h the induced structural changes on astrocytes
in a dose dependent manner. The majority of cells
exposed to the lowest TAE, F29/30, F31/33 and
F34/35 concentration (0.3 mg/ml) presented discrete
cellular changes, some of them presenting a cell
body retraction and stellate morphology (Fig. 2(D),
(G), (J), (M) and (P)). Cells exposed to 3mg/ml TAE ,
F29/30, F31/33, F32, or F34/35 clearly retracted
their cell bodies becoming shorter, thicker and more
stellate than control ones (Figs. 2(E), (H), (K), (N)
and (Q)). Astrocytes exposed to 30 mg/ml of TAE,
F29/30, F31/33, or F34/35 presented nuclear and
cytoplasmic condensation (Fig. 2(F), (I), (L) and
(R)). The fraction F32 was very cytotoxic to
astrocytes at the highest concentration (30 mg/ml).
The remaining adherent cells were completely
disrupted (Fig. 2(O)).

Few microglial cells immunostained for OX-42
appears as black small round cells on astrocyte
primary cultures in control conditions (o5%)
(Fig. 3(A)). Exposure to 30 mg/ml TAE increased
the proportion of OX-42 positive microglial cells,
possibly indicating their activation. The proportion
of OX-42 positive cells in control conditions
(0.01–0.1% DMSO) was around 1.3%. The propor-
tion of OX-42 positive cells in cultures treated with
30 mg/ml TAE was around 28.7% (Fig. 3(B)). This
effect was also evident in cultures exposed to 30 mg/
ml F29/30, F31/33, or F32, which presented 17.4%,
19.0% and 7.3% of OX-42 positive cells, respec-
tively (Fig. 3(B)).

Astrocytes immunostained for GFAP in control
conditions (0.01–0.1% DMSO) presented a mono-
layer of large flat cells with a star-like shape (Fig.
4(A)). However, exposure of cells to an intermedi-
ary concentration (3 mg/ml) of TAE or AFs induced
significant changes on the pattern of GFAP expres-
sion and immunostaining. The majority of astro-
cytes treated with 3 mg/ml TAE presented many
GFAP positive processes (Fig. 4(B)). The same was
also evident, but in a lesser extension, in astrocytes
exposed to 3 mg/ml F29/30 (Fig. 4(C)) or 3 mg/ml
F31/33 (Fig. 4(D)). On the other hand, astrocytes
exposed to 3 mg/ml F32 or 3 mg/ml F34/35 showed a
very heterogeneous GFAP expression (Fig. 4(E) and
(F)). Astrocytes exposed to 30 mg/ml TAE, F29/30,
F31/33, F32 or F34/35 were completely disrupted
(data not shown). Moreover, the Hoechst-33258
staining also revealed that at this highest concentra-
tion (30 mg/ml), TAE, F29/30, F31/33, or F34/35
induced a condensation of the chromatin nuclear in
the majority of cells (Figs. 5(D), (F) and (J),
respectively). This effect was observed on the
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Fig. 2. Photomicrograph of astrocyte primary cultures in control (DMSO 0.01–0.1%) or exposed for 24 h to 0.3–303mg/ml TAE, F29/30,

F31/33, F32 or F34/35 h, and staining by Rosenfeld’s staining. Obj. 20� 0.70, Scale bars ¼ 100mm.

A.M.M. Silva et al. / Toxicon 49 (2007) 601–614 607
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Fig. 3. Rosenfeld’s staining and immunocytochemistry for the microglial protein OX-42, on astrocyte primary cultures (detail). (A)

Photomicrography of OX-42 positive round microglial cells (arrows) in control conditions (DMSO 0.1%) or treated for 24 h with 30 mg/ml

TAE. Obj. 20� 0.70. Scale bars ¼ 50 mm. (B) Quantification of positive cells OX-42 in control conditions (DMSO 0.01–0.1%) or treated

with 3–30mg/ml of ETA, F29/30, F31/33, F32 and F35/36; *Po0.05.

A.M.M. Silva et al. / Toxicon 49 (2007) 601–614608
totality of the remaining adherent cells exposed to
30 mg/ml F32 (Fig. 5(H)). GFAP expression was
also examined by Western immunoblot 24 h post-
treatment (Figs. 6(A) and (B)). GFAP is seen as an
immunoreactive band of 49 kDa protein. Astrocytes
treated with 3 mg/ml TAE over expressed GFAP
compared to control ones. No significant changes
were detected on GFAP expression in astrocytes
exposed to 3 mg/ml F29/30, F31/33, F32 or F34/35.

3.3. Effect of alkaloids from P. juliflora on NO

production

In control conditions, the medium of primary
astrocytes cultures presented very low levels of
nitrite: 4.0570.56 and 5.8770.46 pg/ml for cultures
treated with 0.01–0.1% DMSO, respectively (Fig. 7).
No significant changes on nitrite levels were
observed on the culture medium of astrocytes
exposed to 3 mg/ml TAE, F29/30 or F31/33. How-
ever, 24 h treatment of the astrocytes with 3 mg/ml
F32 or F34/35 induced a significant (Po0.001)
increase on nitrite production, with values reaching
19.2571.94 pg/ml and 11.3571.73 pg/ml. More-
over, incubation with 30mg/ml TAE for 24h induced
a significant accumulation (Po0.001) of nitrite on
the culture medium, with values reaching
15.0871.41mM, and also a slight but significant
increase (Po0.05) on nitrite levels on the medium of
astrocyte cultures treated with 30mg/ml F29/30,
F31/33 or F32, with values reaching 10.3371.21,
9.9170.94, and 14.0571.55 pg/ml, respectively.
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Fig. 4. GFAP immunocytochemistry, of astrocyte primary

cultures 24 h post-treatment. Cells were treated with the vehicle

0.1% DMSO (A), or 3 mg/ml TAE (B), F29/30 (C), F31/33 (D),

F32 (E), or F34/35 (F). Obj. � 20. Scale bars ¼ 100mm.

Fig. 5. Hoechst-33258 staining of nuclear chromatin of astrocyte

primary cultures 24 h post-treatment. Cells were treated with the

vehicle 0.01–0.1% DMSO ((A), and (B)), or 3–30mg/ml TAE

((C), and (D), respectively), 3–30mg/ml F29/30 ((E), and (F),

respectively), 3–30mg/ml F31/33 ((G), and (H), respectively),

3–30mg/ml F32 ((I), and (J), respectively) or 3–30mg/ml F34/35

(K), and (L), respectively). Obj. � 20. Scale bars ¼ 100mm.

A.M.M. Silva et al. / Toxicon 49 (2007) 601–614 609
4. Discussion

Primary cultures of cortical astrocytes from rats
have been cultivated during 21 days and then
exposed to different concentrations of TAE or of
its fractions. Their effects were investigated on cell
viability and reactivity. As determined by immuno-
cytochemistry for the protein GFAP, these cultures
presented about 95% of GFAP-labelled astrocytes,
and about 1.3% of microglia cells (OX-42 positive).
The biological activity of alkaloids extracted from
pods of P. juliflora was measured in order to test the
possible direct effect of these, on astrocytes and the
potential connection with the neurotoxic phenom-
ena observed by Figueiredo et al. (1995) and Tabosa
et al. (2000, 2002) in early animal studies. Astroglial
primary cultures were exposed to 0.3–30 mg/ml TAE
or alkaloidal fractions, and their effects on cell
viability and reactivity were investigated. The
cleavage of tetrazolium ring in MTT involves the
mitochondrial succinate dehydrogenase and de-
pends on the activity of the respiratory chain and
the redox-state of the mitochondria (Mosman 1983;
Shearman et al., 1995) responsible for the produc-
tion of cell energy. In a short exposure TAE and its
fractions (F29/30, F31/33, F32 and F34/35) induced
a significant reduction in the conversion of MTT,
which means a cellular disintegration and cytotoxi-
city. We observed in parallel, a dose-dependant
increase in the levels of LDH activity in the culture
medium of cells treated with the TAE and the
fractions, showing damages on plasmatic mem-
brane. Such an effect was previously demonstrated



ARTICLE IN PRESS

Fig. 6. Modulation of glial fibrilary acidic protein (GFAP) expression by alkaloids from P. juliflora in astrocyte primary cultures. (A)

Western blotting analysis of GFAP protein expression in control conditions (0.01 DMSO), and treated with 3 mg/ml TAE, F29/30, F31/33,

F32 or F34/35 for 24 h. Samples containing 10 mg of total protein were electrophoretically separated through 10% polyacrylamide gels

containing 0.1% SDS in running buffer. (B) Histogram represents the relative expression of GFAP.

Fig. 7. Measure of NaNO2 on the culture medium of astrocyte primary cultures in control conditions (0.1–0.01 DMSO), and treated with

3–30mg/ml TAE, F29/30, F31/33, F32 or F34/35, and evaluated at 24 h post-treatment. Values for vehicle control samples were set at

100%; *Po0.05.
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on erythrocytes subjected to alkaloids from P.

juliflora, provoking significant hemolysis at concen-
trations five-fold higher (Kandasamy et al., 1989).
Moreover, the Rosenfeld’s staining clearly evi-
denced that the cells exposed to the highest
concentration used (30 mg/ml), of TAE, F29/30,
F31/33, F32 and F34/35, showed a strong contrac-
tion of the cellular body and a condensation of the
nuclear chromatin, which suggest a loss of cellular
viability. Associated with these data, the analyses of
the morphologic aspects of the cell nuclei with the
intercalating Hoechst-33258, showed a condensa-
tion of the chromatin in these cells treated with
30 mg/ml TAE and cytotoxic fractions, indicating
that the cells were in the initial states of a
programmed cell death.

One of the most important function of the
astrocytes is the control of neurotoxins inside the
CNS and this capacity is conferred by a variety of
enzymatic systems (Coyle and Schwarcz, 2000).
These cells possess the remarkable properties of
responding to apparently all forms of neurological
damage, including those induced by toxicants,
undergoing activation, known as astrogliosis. As-
trogliosis is associated with an altered phenotype
due to up-regulation of a large number of molecules
(Eddleston and Mucke 1993; Cookson and Pen-
treath 1994; Mead and Pentreath, 1998; Lefrancois
et al., 1997; Costa et al., 2002), including the
accumulation of intermediate filaments containing
GFAP. Several studies have shown that GFAP is
up-regulated after exposure to a various set of toxic
chemicals that includes kainic acid, mercury chlor-
ide, aluminium chloride, toluene, ethanol, dibutyr-
yl-cAMP and trimethyltin (Rataboul et al., 1989;
Cookson and Pentreath, 1994; Mead and Pentreath,
1998; Harry et al., 2002). While the increase in the
expression of the GFAP can be associated to
astrogliosis, reaction to physical damages and even
neurodegeneration (Tardy, 1991; Coyle and
Schwarcz, 2000; Costa et al., 2002), the reduction
of its expression can reflect abnormal synaptogen-
esis and neurotransmission (O’Callaghan, 1991;
Rajkowska et al., 2002; Moises et al., 2002). In
our study, it was demonstrated that the 24 h
treatment of astrocytes with 3 mg/ml TAE modified
their morphology and increased the expression of
GFAP. The cells presented long multipolar pro-
cesses. These data corroborate our previous studies,
showing an increase of the GFAP immunostaining
in astrocytes exposed to 3 mg/ml of a TAE from
P. juliflora pods (Hughes, 2004; Hughes et al., 2004).
Although alterations in the levels of expression of
the GFAP have not been evidenced in the astrocytes
exposed to the alkaloidal fractions, by the imuno-
cytochemical techniques, the same experimental
conditions, showed significant changes in the
morphology of the cells and particularly in the cells
exposed to 3 mg/ml F32, underlining the capacity of
astrocytes to react to low levels of this fraction. On
the other hand, a reduction in the GFAP protein
level in cells treated with the highest concentrations
of both TAE and tested fractions (data not shown),
shows the appearance of a phenomenon of cyto-
toxicity in the astrocytes, and may have an impact
on the functional and structural viability of the
neurons in intoxicated animals.

Microglia, the resident immune cells of the brain,
act in the same way as those of tissue macrophages
in other organs, serving as tissue phagocytes (when
required) and being the first line of defence against
invading pathogens and other challenges (Dickson
et al., 1993; Giulian et al., 1994; Streit et al., 1999;
Gonzalez-Scarano and Baltuch, 1999). Activated
microglia have been referred to turn into small
round cells without processes, expressing OX-42
(Streit et al., 1988; Salimi and Humpel, 2002). Our
results demonstrated clearly, by immunocytochem-
ical methods, a significant increase in the ratio of
positive OX-42 cells in the astrocyte primary
cultures treated during 24 h with 30 mg/ml TAE
and cytotoxic fractions (F29/30, F31/33 and F32),
showing that these compounds are also able to
induce activation of the microglia (microgliose).
When activated, these cells, may endanger the
surviving and viability of neurons, according to
the degree of their activation, and may involve them
in the observed phenomena of neurotoxicity in-
duced by P. juliflora in cattle and goats (Tabosa,
2000; Tabosa, 2002).

In the CNS of mammals, one of the lines of
production of nitric oxide (NO) consist in generat-
ing a system of free radicals, absent in resting glial
cells. It can however be induced, through by the
conversion of L-arginine to L-citruline by the
inducible nitric oxide synthase. Moreover, among
several factors released by activated glia, NO seems
to play a critical role in stress-induced brain damage
(Gebicke-Haerter, 2001; Nicholson et al., 2004).
The expression of this enzyme has been detected in
culture of glial cells and astrocytes from neuropa-
tologic samples (Manning et al., 2001). In this study,
we observed a significant increase of the accumula-
tion of nitrite, the stable form of the NO, in the
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culture medium of cells treated with 3 mg/ml F32
and F34/35 or with 30 mg/ml TAE, F29/30, F31/33
and F34/35. These results suggest the involvement
of NO in the induced phenomena of neurotoxicity
provoked by alkaloids from P. juliflora, since this
neuromediator can cause cytotoxicity in nervous
cells (Manning et al., 2001).

According to Nakano et al. (2004a, b), the
cytotoxicity of alkaloids from P. juliflora leaves
and pods is correlated to the presence of an
indolizidine ring in the centre of the molecule, and
the positioning of specific functional groups at 3 and
30 positions in the heterocyclic rings. We can suspect
that alkaloids present in the TAE and cytotoxic
fractions, and especially in F32, possess these two
chemical characteristics, which however remain to
be investigated. These alkaloids are amphoteric
substances, comporting the polar heterocyclic and
indol rings, and the apolar chains that join them.
This double character regarding the polarity can be
an element that promotes the disarrangement of the
structure of the fluid mosaic of the plasmatic
membranes of the astrocytes when these compounds
are in high concentrations. Moreover, it was
recently shown that the alkaloid juliflorine is a
non-competitive acetylcholinesterase inhibitor and
also presents a Ca2+-channel blocking activity,
which should be involved in neuromuscular spasm-
sobserved in animals intoxicated by P. juliflora

(Choudhary et al., 2005).
In conclusion, this study demonstrated that some

alkaloids from P. juliflora leaves can act directly on
glial cells, inducing either their activation, or
cytotoxicity, with an apparent dose dependence.

Chromatographic analyses have disclosed that
the F32 fraction can be a pure substance, and
clearly, for the set of experiments carried through
and its results, it was the most toxic fraction.
Therefore, we can still suggest that among the active
components, present in the P. juliflora TAE, the F32
fraction would be more effective in inducing
cytotoxicity and reactivity in glial cells. The
characterisation of its chemical structure will con-
tribute to a better understanding of its mechanism
of action in glial cells and of its impact on the
viability of neurons associated with alkaloids from
P. juliflora.
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Salimi, K., Humpel, C., 2002. Down regulation of complement

receptor 3 and major histocompatibility complex I and II

antigen-like immunoreactivity accompanies ramification in

isolated rat microglia. Brain Res. 946, 283–289.

Satish, S., Raveesha, K.A., Janardhana, G.R., 1999. Antibacter-

ial activity of plant extracts on phytopathogenic Xanthomonas

campestris pathovars. Lett. Appl. Microbiol. 28, 145–147.

Shearman, M.S., Hawtin, S.R., Tailor, V.J., 1995. The intracel-

lular component of cellular 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) reduction is specifically

inhibited by b-amyloid peptides. J. Neurochem. 65, 218–227.
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