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Paradoxical Increase in 3-Nitropropionic Acid Neurotoxicity by
-Phenyl-tert-butyl-nitrone, a Spin-Trapping Agent

Min-Yu Lan, MD; Yung-Yee Chang, MD; Shun-Sheng Chen, MD, PhD; 
Hsiu-Shan Wu, MD; Wei-Hsi Chen, MD; Jia-Shou Liu, MD, PhD

Background: 3-Nitropropionic acid (3-NP), a mitochondrial toxin, impairs cellular energy
generation by inhibiting succinate dehydrogenase. The basis of its neurotoxi-
city is oxidative stress in the wake of cellular energy failure. -Phenyl-tert-
butyl-nitrone (PBN), a spin-trapping agent with free radical-scavenging
capability, has shown protective effects in various models of experimental
brain insults. The effect of PBN on the 3-NP neurotoxicity paradigm was
evaluated in this study.

Methods: Two groups of adult male mice receiving daily systemic 3-NP administration
were pretreated with PBN or normal saline respectively for 5 days. After the
treatment course, motor dysfunction and the volume of cerebral lesions were
quantitatively evaluated. Cellular apoptosis and expressions of glial fibrillary
acidic protein (GFAP) and cyclooxygenase-2 (COX-2) in the brain were
compared between the 2 groups.

Results: All mice treated with normal saline and 3-NP survived but developed mild
motor dysfunction. Apoptosis of striatal cells was noted in the absence of
destructive cerebral lesions. In contrast, combined treatment with PBN and
3-NP resulted in more severe motor dysfunction and higher mortality in
experimental animals. Destructive lesions with cellular necrosis, and
enhanced expressions of GFAP and COX-2 were noted in the striatum.

Conclusions: 3-NP neurotoxicity was paradoxically accentuated by the combined treat-
ment with PBN and 3-NP. Metabolic clearance of 3-NP is probably impaired
by PBN and the increased oxidative stress caused by higher 3-NP levels may
exceed the free radical-scavenging ability of PBN. The shift from apoptotic
to necrotic changes with increased 3-NP toxicity is in accord with the theory
that cellular energy reserves determine the pattern of cellular death.
(Chang Gung Med J 2005;28:77-84) 
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Accumulated evidence has shown that mitochon-
drial dysfunction plays a pivotal role in the

development of certain neurodegenerative disorders

such as Parkinson's disease, Huntington's disease,
and motor neuron disease.(1-3) Mitochondrial toxins
with specific biochemical properties are thus often
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applied in elucidating pathogenic mechanisms of
these clinical conditions. 3-Nitropropionic acid (3-
NP), a mycotoxin which causes irreversible inhibi-
tion of succinate dehydrogenase,(4) may induce char-
acteristic basal ganglion lesions in humans and ani-
mals treated with it. Due to the selective involvement
of the striatal neurons, 3-NP-treated experimental
animals may present pathological features mimick-
ing those of Huntington's disease in humans.(5)

Similar to other mitochondrial toxins, the neurotoxi-
city of 3-NP has been largely attributed to the pro-
duction of reactive oxidative species (ROS) during
cellular energy failure. Accordingly, specific man-
agement strategies for reducing oxidative stress have
been shown to attenuate 3-NP-related neuronal dam-
age and neurological dysfunction.(6-9)

Spin-trapping agents are a group of chemicals
characterized by potent antioxidative effects. They
are so-called “free radical scavengers” capable of
capturing free radicals and converting them into sta-
ble abducts by transferring them to carbon-nitrogen
bonds of related nitrones.(10) In various conditions of
neuronal injury with increased ROS production
including both global and focal ischemia,(11,12) trau-
matic brain injury,(13) and exposure to excitatory neu-
rotoxins,(14) spin-trapping agents have been found to
attenuate cerebral lesions and enhance neuronal tol-
erance in experimental animals or cultured cells. In
this study, we examined the effects of a spin-trapping
agent, -phenyl-tert-butyl-nitrone (PBN), in 3-NP
treated mice to assess its potential neuroprotective
effect.

METHODS

Animals and materials
Male ICR mice weighing 30~35 g were used for

the controls and experiments. Animals were main-
tained under a 12-h light-dark cycle with free access
to food and drinking water. 3-NP (Sigma, St. Louis,
MO, USA) was dissolved in normal saline (12.5
mg/ml) and adjusted to pH 7.4 with sodium hydrox-
ide. PBN (Aldrich, Milwaukee, WI, USA) was dis-
solved in normal saline to a concentration of 12
mg/ml. Fresh solvents of both agents were made up
every day.

Experimental design
For evaluating motor dysfunction, destructive

brain lesions, and DNA fragmentation, mice were
subjected to intraperitoneal injections of 3-NP in a
dose of 50 mg/kg every 12 h for 5 consecutive days.
One group of mice (the 3-NP/PBN group, n = 12)
was also administered PBN intraperitoneally at a
dose of 30 mg/kg, while the other group (3-NP/NS, n
= 12) was given an equivalent amount of normal
saline, 30 min before each 3-NP injection. For the
control group (n = 6), normal saline in individually
adjusted volumes was injected every 12 h. Twelve
hours after the final injection, the mice were deeply
anesthetized with ketamine (80 mg/kg) and xylazine
(4 mg/kg) and decapitated. The brains were obtained
and sectioned in 20-µm thicknesses on a freezing
microtome (Leica Microsystems, Germany). Another
3 groups of mice received intraperitoneal injections
of 3-NP and normal saline (the 3-NP/NS group, n =
6), 3-NP and PBN (the 3-NP/PBN group, n = 6), or
normal saline only (the control group, n = 3) for 3
days, respectively, and were used to examine the
expressions of glial fibrillary acidic protein (GFAP)
and cyclooxygenase-2 (COX-2). Animals were anes-
thetized with ketamine and xylazine and subsequent-
ly perfused transcardially with ice-cold heparin (10
U/ml) and 3.7% formaldehyde. The brains were
removed, placed in 3.7% formaldehyde overnight,
and sectioned in 50-µm thicknesses on a vibratome
(Pelco International, CA, USA).

Evaluation of motor function
Motor function was evaluated before the first

injection and prior to sacrifice by a grading scale
adapted from that of Ludolph et al.(15) The 6 grades of
the scale are as follows: grade 0, normal activity;
grade 1, general slowness in movement due to
hindlimb impairment; grade 2, prominent gait abnor-
mality with poor coordination; grade 3, nearly com-
plete hindlimb paralysis; grade 4, inability to move
due to impairment of all 4 limbs; and grade 5,
recumbency and lying on its side.

Evaluation of brain lesions and cellular mor-
phology

Cryosections of brain tissue were stained with
cresyl violet. Lesion volumes were calculated by
summing the unstained areas of each section and
multiplying the distance between sections (0.5 mm).
Measurements were made with the help of an image
analysis system (Image-Pro Plus, Media Cybernetics,
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Silver Spring, MD, USA. Morphological changes in
cells were observed under light microscopy.

Terminal deoxytransferase-mediated dUTP-
biotin nick-end labeling (TUNEL)

To detect DNA fragmentation, TUNEL was per-
formed according to the method described by
Gavrieli et al. with modification.(16) Frozen brain sec-
tions were air-dried and fixed with 3.7% formalde-
hyde in 0.1 mM phosphate-buffered saline (PBS) for
45 min. Endogenous peroxidase activity was blocked
with 60 mM hydrogen peroxide for 30 min. Slides
were placed in 1 terminal deoxynucleotidyl trans-
ferase (TdT) buffer (Boehringer Mannheim,
Indianapolis, IN, USA) at room temperature for 15
min. They were then treated with TdT and biotinylat-
ed 16-uridine-5'-triphosphate (Boehringer
Mannheim) at 37° for 60 min. The reaction was
stopped by washing with 6 mM sodium citrate and
60 mM sodium chloride twice for 15 min. The tissue
was incubated with 2% bovine serum albumin in
PBS for 30 min. After 3 washes with PBS, they were
incubated in a moisture chamber with the avidin-
biotin-peroxidase complex (Vector, Burlingame, CA,
USA) for 30 min at room temperature. Slides were
washed with 1 PBS for 10 min, followed by 0.175 M
sodium acetate twice for 15 min. Finally the staining
was visualized with 0.025% 3,3’ diaminobenzidine
tetrahydrochloride (DAB) and 0.25% hydrogen per-
oxide with 10 mg/ml nickel sulfate and counter-
stained with 0.5% methyl green.

GFAP and COX-2 immunohistochemistry
GFAP and COX-2 expressions of formaldehyde-

fixed brain tissue were examined by an immunohis-
tochemical method using a free-floating technique.
Endogenous peroxidase activity was eliminated by
0.66% hydrogen peroxide in PBS with 0.3% triton-X
(T-PBS). The tissue was washed and then incubated
with 10% goat or rabbit sera in T-PBS for 90 min to
reduce any non-specific binding. After being washed
in T-PBS, the tissue was reacted overnight at 4°C
with polyclonal rabbit antiserum against GFAP
(Dako A/S, Glostrup, Denmark) at a dilution of 1:
500 or with polyclonal goat antiserum against COX-
2 (Santa Cruz, CA, USA) at 1: 200. Sections were
washed with T-PBS 3 times and incubated with 1:
300-diluted biotinylated anti-rabbit or anti-goat
immunoglobulin G (Vector, Burlingame, CA, USA),

followed by 1% avidin-biotin-peridoxidase complex
in the Vector ABC kit. After the PBS wash, the
immunoactivity was developed with 0.02%
diaminobenzidine and 0.2% hydrogen peroxide, and
sections were counterstained with 0.5% methyl
green. In the negative control, samples were treated
using the same procedure with the omission of the
primary antibody.

GFAP immunoreactivities were observed under
a light microscope and were assessed according to
the sizes, staining intensities, and cytoplasmic
processes of the positively stained astroglial cells.
COX-2-positive cells were observed and counted in
12 separate fields (at 600x magnification) of the
striatum and averaged for comparison.

Statistical analysis
Motor dysfunction in the 3-NP/NS and 3-

NP/PBN groups was compared using the Mann-
Whitney U-test. Numbers of COX-2-positive cells
were expressed as the mean ± standard deviation
(SD), and multiple comparisons between groups
were made by 1-way ANOVA with the post hoc
Bonferroni test. A p value of less than 0.05 was con-
sidered statistically significant.

RESULTS

In general, development of neurological impair-
ment followed a similar pattern in mice which
received 3-NP. The first manifestation of motor dys-
function was a distinctive “stretching-of-the-body”
posture on initiation of walking due to hindlimb
weakness, which developed on the third day of 3-NP
administration. Later on, the mice walked with the
abdomen dragging along the ground, and their move-
ments on the vertical axis (“standing on hindlimbs”)
decreased. No mouse in the 3-NP/NS group subse-
quently developed motor dysfunction greater than
grade 3. In the 3-NP/PBN group, the initial presenta-
tions were similar to those of the 3-NP/NS group,
while the final outcomes were variable. Of particular
note, more-severe movement abnormalities devel-
oped, including tremors, dystonic posture, complete
paralysis of the hindlimbs, no ambulation due to
involvement of all 4 limbs, and complete recumben-
cy. All mice in the 3-NP/NS group survived, while 4
mice in the 3-NP/PBN group had died by the time
the treatment was complete. The median grades
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(ranges) of motor dysfunction were 0 (0 to 1), 2 (1 to
3), and 2 (1 to 4) in the control, 3-PN/NS, and 3-
NP/PBN groups, respectively. The difference
between the 3-NP/NS and 3-NP/PBN groups was not
statistically significant (p = 0.068) (Fig. 1).

Histologically, no mice in the 3-NP/NS group

demonstrated any evident cerebral lesions. Of special
note, cells with shrunken cytoplasm, punctuate chro-
matin condensation, and fragmented nuclei were
found in the striatum where TUNEL staining showed
a large number of positively stained cells, especially
in the dorsolateral portion (Fig. 2B, D). In the 3-
NP/PBN group, destructive lesions in animals with
grade 3 and 4 motor dysfunctions were limited to the
striatum, and lesion volumes were 9.3 and 21.3
mm3, respectively (Fig. 2A). In the striatal lesions,
swollen cells with pale cytoplasm were evident and
were considered to be undergoing necrotic change.
Only a few TUNEL-positive cells were found at the
periphery of the lesions (Fig. 2C, E).

Expression of GFAP in the striatum had obvi-
ously increased in 3-NP treated mice. Furthermore,
its expression was more prominent in the 3NP/PBN
group compared to the 3NP/NS group. Similarly,
expression of COX-2 in the striatum was accentuated
in both the 3-NP/NS and 3-NP/PBS groups, and the
number of COX-2-positive cells in this region in the
3-NP/PBN group (47.9 ± 11.9) was significantly
higher than those in the 3-NP/NS (39.2 ± 9.6) and
control groups (25.2 ± 6.5, p < 0.01) (Figs. 3-4).

DISCUSSION

Results of this study indicate that PBN tended to

Fig. 1 Comparison of motor dysfunction of mice between
the 3-NP/NS group (n = 12) and the 3-NP/PBN group (n =
12) (p = 0.068, Mann-Whitney U-test; #: not including 4 ani-
mals which died; †: with destructive striatal lesions).

Figs. 2 Cresyl violet staining in the 3-NP neurotoxicity model on day 5 of treatment showing (A) destructive striatal lesions in a 3-
NP/PBN-treated mouse, (B) typical apoptotic cells with condensed and fragmented nuclei (arrows) in the lateral striatum of a 3-
NP/NS-treated mouse, and (C) cells with necrotic appearance (arrowheads) in the striatum of a 3-NP/PBN-treated mouse. TUNEL
staining revealing (D) numerous reactive cells at the same region in B, but (E) only a few at the periphery of the lesion in C (bar: 20
µm in B and C, and 25 µm in D and E).

†

†
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accentuate 3-NP neurotoxicity with evidence of
increased mortality and motor dysfunction, and
development of destructive cerebral lesions. These
findings were accompanied by enhanced expressions
of COX-2 and GFAP in the striatum. 3-NP has been
shown to increase striatal GFAP expression, the
extent of which parallels 3-NP toxicity.(17) Although
COX-2 expression in the brain has not been studied
in a 3-NP paradigm, COX-2 was found to be upregu-

lated in response to conditions producing impaired
cerebral energy metabolism, such as with cerebral
ischemia and cyanide intoxication.(18,19) Under such
conditions, inflammatory reactions and increased
ROS production, i.e., the same reactions evoked by
3-NP toxicity, contribute to brain damage.(20) Thus,
the accentuated expressions of GFAP and COX-2 in
the current study suggest that increased 3-NP toxici-
ty occurred with PBN treatment.

Although PBN has been shown to exert neuro-
protective effects in several models of brain insult,(11-

14) controversies still remain. In an infant rat model of
group B streptococcal meningitis, PBN effectively
reduced oxidative injury and attenuated neuronal
damage in the cortex and hippocampus.(21) In con-
trast, PBN augmented neuronal apoptosis in the hip-
pocampus and learning deficits in rats infected with
Streptococcus pneumoniae.(22) This discrepancy could
have been due to the pathogen-specific ability to
modulate the environmental oxidative-reductive state
and pathogen-dependent activation of antiapoptotic
pathways. In a traumatic brain injury model, PBN
increased neuronal apoptosis in the early stage, but
this was accompanied by reduced cortical lesions
and favorable behavioral outcomes.(23) Reports con-
cerning the effects of PBN in a 3-NP neurotoxicity
model are also conflicting. In an experiment using 3-
NP treatment of cultured neurons, PBN was added to

Fig. 3 Immunohistochemical reactions of GFAP (upper row) and COX-2 in the striatum (lower row) in the control, 3-NP/NS, and
3-NP/PBN groups following 3 days of treatment (bar: 100 µm).

Fig. 4 Numbers of striatal cells with COX-2 immunoactivity
in the 3-NP/NS (n = 6), 3-NP/PBN (n = 6), and control (n = 3)
groups following 3 days of treatment (p < 0.01 by one-way
ANOVA).
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reduce oxidative stress.(24) Under the conditions in
that study, neuronal death caused by 3-NP was ame-
liorated by PBN. In another study using an intrastri-
atal injection of 3-NP in rats, neither motor deficits
nor brain lesions were altered by the systemic admin-
istration of PBN.(25) Although the inadequate elimina-
tion of free radicals by PBN was postulated, the pos-
sibility of involvement of other mechanisms could
not be excluded. Furthermore, Schulz et al. evaluated
the effects of PBN and 2 other spin-trapping agents,
n-tert-butyl- -(2-sulfophenyl)-nitrone (S-PBN) and
5,5-dimethyl-1-pyrroline-n-oxide (DMPO), in reduc-
ing the toxicity evoked by the systemic administra-
tion of 3-NP in rats.(8) They found that only DMPO
had a protective effect, while PBN and S-PBN were
both detrimental. It was further shown that the plas-
ma content of 3-NP was higher in rats pretreated
with S-PBN, a phenomenon not noted with DMPO
treatment. They inferred that either S-PBN or PBN
may impede metabolic clearance of 3-NP via inhibi-
tion of hepatic cytochrome p450 monooxygenase,
and the accentuated oxidative stress might eventually
have exceeded the free radical-scavenging capability.
In our study, a wide range of susceptibilities among
the mice receiving 3-NP plus PBN treatment could
be explained by interindividual variations in the
activities of catalytic enzymes.(26) Therefore, when
applying an agent with protective effects in vitro to
in vivo conditions, its modulation of host metabolic
or other physiological functions, which may unex-
pectedly lead to adverse reactions, must also be
taken into consideration.

In our study, 3-NP-induced apoptosis of striatal
neurons shifted to necrotic changes with the com-
bined PBN and 3-NP treatment. Considering that
inhibition of the mitochondrial function of energy
generation underlies 3-NP toxicity, the above finding
could be regarded as the presentation of 2 distinct
features of cellular death in response to a gradual
deficiency in the energy supply.(27) With mild to mod-
erate energy depletion in neuronal cells, dysfunction
of the N-methyl-D-asparate (NMDA) receptors
allows excessive entry of calcium ions.(5)

Subsequently, overt uptake of intracellular calcium
ions by mitochondria may lead to release of apoptot-
ic activators,(28) thus triggering the apoptotic process.
On the other hand, with severe depletion of cellular
energy, NMDA receptors are fully activated, and the
intracellular overload of calcium ions disrupts the

electron transport chain. This further aggravates the
energy deficiency and, in association with the mas-
sive release of free radicals, causes necrosis.

Finally, the current study also showed that 3-NP
can cause selective striatal damage without gross tis-
sue destruction. Of particular interest, experimental
animals developed motor deficits and neuronal apop-
tosis with a quite fixed pattern. These findings war-
rant further characterization to establish a novel ani-
mal model of apoptosis in the striatum, in the hope
of opening more avenues for the testing of antiapop-
totic strategies.
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