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We investigated the effects of 3-nitropropionic acid
(3NPA), a previously characterized neurotoxin, in
four strains of mice to better understand the molecu-
lar basis of variable host responses to this agent.
Unexpectedly, we found significant cardiac toxicity
that always accompanied the neurotoxicity in all
strains of mice in acute and subacute/chronic toxicity
testing. Caudate putamen infarction never occurred
without cardiac toxicity. All mouse strains tested are
sensitive to 3NPA although the C57BL/6 and BALB/c
mice require more exposure than 129SVEMS and
FVB/n mice. Cardiac toxicity alone was found in 50%
of symptomatic mice tested and morphologically, the
cardiac toxicity is characterized by diffuse swelling of
cardiomyocytes and multifocal coagulative contrac-
tion band necrosis. In subacute to chronic exposure,
atrial thrombosis, cardiac mineralization, cell loss,
and fibrosis are combined with cardiomyocyte swell-
ing and necrosis. Ultrastructurally, mitochondrial
swelling occurs initially, followed by disruption of
myofilaments. Biochemically, isolated heart mito-
chondria from the highly sensitive 129SVEMS mice
have a significant reduction of succinate dehydroge-
nase activity, succinate oxygen consumption rates,
and heart adenosine triphosphate after 3NPA treat-
ment. The severity of morphological changes paral-
lels the biochemical alterations caused by 3NPA, con-
sistent with cardiac toxicity being a consequence of
the effects of 3NPA on succinate dehydrogenase.
These experiments show, for the first time, that 3NPA
has important cardiotoxic effects as well as neuro-
toxic effects, and that cardiac toxicity possibly result-

ing from inhibition of the succinate dehydrogenase in
heart mitochondria, contributes to the cause of death
in 3NPA poisoning in acute and subacute/chronic
studies in mice. (Am J Pathol 2001, 159:1507–1520)

3-Nitropropionic acid (3NPA) is a natural environmental
toxin made by various plants and fungi. Human 3NPA
intoxication has occurred in China via ingestion of fungal
contaminated sugarcane,1,2 yet 3NPA contamination of
various foodstuffs (corn, peanuts, sugarcane) is not mon-
itored by regulatory agencies. 3NPA induces neurode-
generation in the caudate putamen in humans and ex-
perimental animals, resembling Huntington’s disease.3–8

Consequently, 3NPA poisoning is used primarily as an
animal model of selective neurodegeneration. The mech-
anism of toxicity is thought to be because of the irrevers-
ible, covalent binding of 3NPA with subsequent inhibition
of succinate dehydrogenase (SDH), an enzyme of the
citric acid cycle that transfers electrons to the electron
transport chain via its complex II function.9,10 Thus, a
major factor in 3NPA toxicity is because of cellular and
mitochondrial stress seen with metabolic impairment.

Differential neurotoxic effects of 3NPA have been iden-
tified between rats and mice,11 as mice seem resistant
and require more 3NPA exposure, and between the mice
carrying the Huntington’s disease mutation and their wild-
type littermates.12,13 Additionally, various strains of rats
exhibit differential sensitivity to 3NPA,14 however previ-
ous investigations of 3NPA toxicity have not considered
strain differences in mouse models. Significant variation
has been found between mouse strains in response to
neurological injury resulting from other neurotoxins such
as kainic acid and 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine,15,16 as well as hypoxia and ischemia reperfu-
sion mouse models.17,18 We investigated the effects of
3NPA on the same strains of inbred mice, C57BL/6,
BALB/c, FVB/n, and 129SVEMS strains, which showed
differential sensitivity to the neurotoxin kainic acid. We
were interested if certain strains of mice were less sen-
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sitive to neurological injury. The significance of this would
be of great importance in strain background selection in
genetic engineering of mice and the interpretation of
these studies.

Furthermore, because the heart, similar to the brain,
has a tremendous dependence on mitochondrial function
and oxidative metabolism for the production of ATP, we
investigated the effects of 3NPA on the heart in this
experimental protocol. Our finding of 3NPA-induced car-
diac pathology, which varied between mouse strains,
was then followed up by investigation of biochemical
mechanisms of cardiac toxicity in the most sensitive and
least sensitive mouse strains.

Materials and Methods

Animals and Materials

BALB/c and C57BL/6 mice (8- to 10-week-old males )
were purchased from Hilltop Labs (Philadelphia, PA).
FVB/n and 129SVEMS mice (8- to 10-week-old males)
were purchased from the Jackson Laboratory (Bar Har-
bor, ME). All of the mice were housed in groups of five on
a 12-hour light/dark schedule. Mice were allowed free
access to mouse lab chow and water. All experiments
were performed in accordance to the Guidelines for the
Use and Care of Laboratory Animal (NIH Publication
85-23).

Drug Administration and Experimental Groups

3NPA (Aldrich Chemical Co., Milwaukee, WI) was made
fresh daily and dissolved in isotonic saline (20 mg/ml)
without neutralization, passed through a 0.2-�m filter to
remove any bacterial contamination, and administered
by intraperitoneal injection. Mice were numbered,
weighed, and injected daily between 11:00 a.m. and 1:00
p.m. Two dosing protocols were used.

Protocol 1 Acute Toxicity

This 3NPA-dosing protocol was adapted from the orig-
inal mouse protocol for Webster Swiss mice used by
Gould and Gustine.7 Saline or 3NPA was administered to
4 to 6 mice per strain/treatment (C57BL/6, BALB/c,
129SvEMS, and FVB/n) for two injections, 100 mg/kg
3NPA, 24 hours apart, and survival was assessed at 48
hours after the first injection. In this survival study, mice
were monitored every 15 minutes throughout a 12-hour
period and were euthanized using criteria described be-
low based on clinical signs. In another series of structural
and biochemical studies, this same protocol was used,
except mice were euthanized at 24 hours after the first
dose or 1 hour after the second dose to harvest tissues
for electron microscopy (n � 10/strain/treatment), ATP
analysis (n � 3 to 6/strain/treatment), or isolate heart
mitochondria for metabolic studies (n � 3 to 4/strain/
treatment).

Protocol 2 Subacute/Chronic Toxicity

3NPA (75 mg/kg/day) was given to the above strains of
mice to model a subacute/chronic exposure. Mice were
monitored every 15 minutes throughout a 12-hour period
and euthanized based on clinical signs as described
below.

3NPA-Induced Clinical Signs in Mice

With protocol 2, exposing mice to a more chronic, lower
dose exposure of 3NPA, more consistent neurological
signs were observed, accompanied by neuropathology.
The majority of mice dosed with 3NPA developed a char-
acteristic, progressive neurological disorder, clinically
recognized in three stages referred to as stage I, II, and
III, similar to the disorder seen in the 3NPA-treated rats.8

In stage I, symptomatic mice were hypoactive but
retained a normal posture and gait. These mice had
minimal grooming activity and interaction with other mice.
In stage II, there was an increase in spontaneous motor
activity, which was characterized by a wobbly gait (atax-
ia), tremors, and a frequency to fall to one side with short
episodes of paddling.

Finally, stage III was characterized by a reduction in
motor hyperactivity with ventral or lateral recumbency
(moribund state) and frequently bilateral hindlimb exten-
sion (more pronounced in protocol 2). Occasionally mice
would have a seizure (�10% of FVB/n mice) when
aroused.

Other clinical signs included weight loss (20%) that
usually began 2 to 3 days before stage III signs were
observed. Stage III mice routinely were hypothermic, with
body temperatures as low as 29°C compared to 38°C in
control mice. Body temperatures were monitored using a
Mallinckrodt Mon-a-therm model 6510 system (Mallinck-
rodt Medical Inc., St Louis, MO) with rectal probe attach-
ment. Additionally, hypothermic moribund mice, which
never progressed through neurological stages, seemed
to be in cardiopulmonary failure, characterized by respi-
ratory signs (labored breathing) and possibly impaired
perfusion (bluish distal extremities).

Criteria for euthanasia and evaluation: the moribund
mice described above were immediately euthanized and
histologically examined. Additionally, all mice with stage
III neurological signs were euthanized and histologically
examined. Mice that died acutely without significant clin-
ical signs during the day of observation (15%) were also
examined and each of the above groups were included in
Figure 1, Table 1, or Table 2.

Light Microscopy

For necropsy, mice exhibiting the above clinical signs
were anesthetized with metaphane, perfused via left ven-
tricle with 10% buffered formalin or tissues were fixed in
formalin by immersion-fixation. Tissues were processed
for standard hematoxylin and eosin staining (H&E). Be-
cause of the acute deaths in mice using protocol 1, with
inconsistent neurological signs, multiple organs were ex-
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amined in protocols 1 and 2 (heart, lungs, liver, kidneys,
pancreas, and intestines) to identify other organ patho-
logical injury and the likely cause of sudden death. After
it was determined that only the heart and brain (specifi-
cally caudate putamen) were affected and no other or-
gans showed significant pathology, only the brain and
heart were examined in subsequent studies.

Characterization and Grading of 3NPA-Induced
Cardiac Toxicity

C57BL/6 mice (n � 7) were compared to 129SVEMS
mice (n � 7) treated with two doses of 3NPA (100 mg/kg;
0 and 24 hours) and perfused with a 1% paraformalde-
hyde and 1.25% glutaraldehyde solution 1 hour after the

second injection. Saline-treated controls (n � 6 per
strain) were compared to the 3NPA treatment groups.
This time point was used because 129SVEMS mice
would commence to die shortly (1 to 2 hours) after the
second injection. The degree of cardiac cellular swelling,
necrosis, mineralization, and hemorrhage were assessed
on toluidine blue-stained histological sections. Twenty
representative heart sections per mouse were graded
semiquantitatively on a scale of 0 to 4 (0, absent; 1,
minimal; 2, mild; 3, moderate; 4, severe) and averaged
according to previously published criteria.19 For cellular
swelling the following scores were used: 1, microscopic
foci of cellular swelling that involve a few cardiomyocytes
in one location in the atria, ventricles, and septum; 2,
cellular swelling foci consisting of a few cardiomyocytes
involving more than one of the above locations; 3, small
localized, multiple foci of cellular swelling involving more
that one area; and 4, large diffuse cellular swelling involv-
ing the ventricular walls and septum. Necrosis was
scored as follows: 1, microscopic foci of necrosis that
involve a few cardiomyocytes in one location in the atria,
ventricles, and septum; 2, necrotic foci consisting of a
few cardiomyocytes involving more than one of the above
locations; 3, small localized, multiple foci of necrosis
involving more that one area; and 4, large diffuse necrotic
foci involving the ventricular walls and septum. Mineral-
ization was scored as 1, microscopic foci of mineraliza-
tion that involve a few cardiomyocytes in one location in
the atria, ventricles, and septum: 2, mineralization foci
consisting of a few cardiomyocytes involving more than
one of the above locations; 3, small localized, multiple
foci of mineralization involving more that one area; and 4,
large diffuse mineralization foci involving the ventricular
walls and septum. Hemorrhage was scored as follows: 1,
occasional erythrocytes in the interstitium; 2, small
groups of erythrocytes in the interstitium; 3, large groups
of erythrocytes in the interstitium; and 4, diffuse large
accumulation of erythrocytes in the interstitium.

Electron Microscopy

129SVEMS and C57BL/6 mice were compared by ultra-
structural analysis of caudate putamen and heart at the

Figure 1. 129SVEMS and FVB/n mice show increased sensitivity to 3NPA
compared to C57BL/6 and BALB/c mice in protocol 2 (75 mg/kg/day 3NPA).
Modified Kaplan-Meier survival curve. Mice included in this study were
observed every 15 minutes throughout a 12-hour period for consecutive days
of 3NPA dosing as described in Materials and Methods. These mice were
euthanized because of stage III neurological signs (mice with heart and brain
lesions from Table 2) or if clinically moribund (mice with only heart lesions
from Table 2) as described in Materials and Methods. Strain differences in
lesions are presented in Table 2. Fifteen percent of BALB/c mice and 7.4% of
C57BL/6 mice did not present clinical signs throughout the 22-day experi-
ment demonstrating an intrastrain and interstrain variability in resistance to
3NPA.

Table 1. Survival Rate (in %) of Four Mouse Strains after
3NPA Treatment (Protocol 1)

Strain
Number of

mice
Survival rate

(48 hours), %

C57BL/6 5 100
BALB/c 6 84
FVB/n 4 25
129SVEMS 5 20

Eight-week-old male mice (C57BL/6, BALB/c, FVB/n, and 129SVEMS
strains) were intraperitoneally treated with 2 doses, 100 mg/kg 3NPA at
0 and 24 hours and survival rate was assessed at 48 hours after the
first injection. This treatment protocol was based on the original mouse
protocol developed by Gould and Gustine.7 Mice included in this study
were observed every 15 minutes over a 12-hour period for 48 hours
after the first 3NPA dose and were euthanized using criteria described
in the Materials and Methods section based on clinical signs. Chi-
square Fisher’s exact analysis on these mice showed a significant
difference in survival between C57BL/6 mice compared to FVB/n (P �
0.048) and C57BL/6 compared to 129SVEMS mice (P � 0.048).
Comparison of Balb/c mice with other strains did not reach the 0.05
level of significance. Significant cardiac injury was found in all mice
that were euthanized or died after exposure to 3NPA in this study.

Table 2. Incidence of Lesions and Tissues Injured (Caudate
Putamen, Heart, or Both) in Mice Treated with 75
mg/kg/day of 3NPA (Protocol 2)

Mouse strain
Number of

mice

Type of lesion

Heart
only

Brain
only

Heart and
brain

C57BL/6 17 10 0 7
BALB/c 16 3 0 13
FVB/n 8 6 0 2
129SVEMS 8 4 0 4

Mice included in this study were observed every 15 minutes over a
12-hour period for consecutive days of 3NPA dosing as described in
the Materials and Methods section. Mice included in this table were
euthanized due to stage III neurological signs (mice with heart and
brain lesions above) or if clinically moribund (mice with only heart
lesions above) as described in the Materials and Methods section and
in Figure 1.
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time point that was used for mitochondrial biochemical
analysis and whole heart adenosine triphosphate (ATP)
evaluation. Ten mice per group were treated intraperito-
neally with saline or 100 mg/kg of 3NPA given at 0 and 24
hours and sacrificed at 1 hour after the second injection.
Mice were anesthetized with metaphane and perfused by
intracardiac perfusion via the left ventricle. One percent
paraformaldehyde in phosphate buffer was used to clear
the blood from vessels followed by a 1% paraformalde-
hyde and 1.25% glutaraldehyde in phosphate buffer us-
ing a 20 ml/minute flow rate. The brain and hearts were
removed and placed in the glutaraldehyde fixative over-
night. Tissues were trimmed to a 1 to 2 mm3, postfixed in
osmium, processed, and embedded in epoxy resin.
Blocks were cut in 1-�m sections, stained with toluidine
blue, and screened by light microscopy. Thin sections
were cut, stained with lead acetate and uranyl acetate,
and representative samples were viewed with a Jeol
electron microscope.

Heart Mitochondrial Isolation

Various biochemical parameters were compared in iso-
lated mitochondria from saline- or 3NPA-treated (protocol
1) 129SVEMS and C57BL/6 mice. Mitochondria were iso-
lated from mice (single hearts) using Nargarse digestion
as described by Hansford and colleagues.20 Mice were
euthanized by cervical dislocation and decapitation.
Hearts were quickly removed and washed free of blood in
0.25 mol/L sucrose, 10 mmol/L hepes and 1 mmol/L
EGTA isolation buffer. Hearts were then cut into 1-mm3
pieces and homogenized for 8 minutes (3 strokes/minute)
in a glass-Teflon homogenizer with 10 ml of sucrose
buffer and 0.7 mg Nargarse enzyme per heart. The ho-
mogenate was spun at 8500 � g for 8 minutes, the pellet
was resuspended in 5 ml of isolation buffer, and reho-
mogenized (10 strokes total). The homogenate was spun
at 500 � g for 12 minutes. The supernatant containing
mitochondria was centrifuged at 9500 � g for 9 minutes
to pellet mitochondria. The pellet was gently resus-
pended and spun at 8500 � g to pellet only unbroken
mitochondria. The last pellet was resuspended in the
above described sucrose/hepes buffer without the addi-
tion of EGTA. Mitochondrial proteins were measured us-
ing the method of Lowery and colleagues.21

SDH Activity in Heart Mitochondria

SDH activity was measured in isolated heart mitochon-
dria from three to four mice per strain in the saline con-
trols and the 3NPA-treated mice (protocol 1). Heart mito-
chondrial protein (100 �g) was solubilized in a 0.01%
Triton X solution in an incubation buffer of 0.05 mol/L
potassium phosphate, 0.02 mol/L succinate, 50 �mol/L
2,6-dichlorophenolindophenol, 2 �g/ml antimycin A, ro-
tenone 2 �g/ml, 2 mmol/L KCN, and 50 �mol/L decylu-
biquinone.22 Briefly, SDH activity was measured by the
rate of reduction of decylubiquinone using the substrate
succinate by following the secondary reduction of the
dye 2,6-dichlorophenolindophenol. The reaction was fol-

lowed spectrophotometrically by a decrease in absor-
bance at 600 nm for 3 minutes at 30°C.

Oxygen Consumption

Oxygen consumption rates in heart mitochondria (proto-
col 1) were measured at 28°C with a Clark-type O2 elec-
trode. Mitochondria (0.25 mg) were added to a 1-ml
aliquot of respiration buffer containing 0.12 mol/L KCl, 20
mmol/L K Hepes, pH 7.4, 5 mmol/L K phosphate, 5
mmol/L succinate, and 1 �mol/L rotenone. Respiration
was measured without ADP (state IV) and after the addi-
tion of 0.5 mmol/L ADP (state III).22

Cardiac ATP Analysis

Using protocol 1, C57BL/6 and 129SVEMS mice, 3NPA
(n � 6 per strain) or saline (n � 3) was administered at 0
and 24 hours. One hour after the second injection, mice
were anesthetized with 0.5 mg/g of chloral hydrate and
endotracheally intubated with a 22-gauge catheter
(2N1116; Baxter, Deerfield, IL). Mice were ventilated using
a Harvard apparatus rodent ventilator (no. 680) on room air
with a respiratory rate 150/minute and tidal volume set at
0.125 ml.23 The tidal volume was adjusted to ensure an
arterial carbon dioxide tension within the physiological
range. The thorax was opened and while the lungs were
being ventilated, the hearts were freeze-clamped by a pre-
cooled metal clamp that was immediately immersed into
liquid nitrogen. The heart samples were ground to fine pow-
der under liquid nitrogen and extracted and homogenized
in ice cold 0.4 mol/L perchloric acid. The denatured protein
was pelleted and reserved for protein analysis.21 The acid
extract was neutralized with equal volumes of 0.4 mol/L
KHCO3. Each extract was subjected to nucleotide analysis
using gradient ion-pair reversed-phase liquid chromatogra-
phy.24 HPLC separation was performed using an ESA
(Chelmsford, MA) solvent delivery system with a 3-�m sym-
metry C18 column (3.9 � 150 mm inner diameter) from
Waters Corporation (Milford, MA). Separation was per-
formed by reverse-phase chromatography using an iso-
cratic mobile phase consisting of buffer A (35 mmol/L
KH2PO4, 6 mmol/L tetrabutylammonium hydrogensulfate,
pH 6.0, 125 mmol/L ethylenediaminetetraacetic acid) and
buffer B (a mixture of buffer A and HPLC-grade acetonitrile
in a ratio of 1:1, v/v), filtered through a 0.2-�m membrane
filter and helium degassed. The flow rate was set at 1.0
ml/minute and detection was performed at 260 nm using an
ESA variable wavelength UV/V is absorbance detector.

Statistical Analysis

Survival data from protocol 1 was compared by chi-
square Fisher’s exact analysis. SDH activity and ATP
analysis were analyzed by analysis of variance followed
by Bonferroni’s post hoc test. Heart lesion severity scores
(cellular swelling, necrosis, hemorrhage, and mineraliza-
tion) were analyzed by the Kruskal-Wallis rank test. A P
value �0.05 was considered statistically significant. All
data are presented as mean � SEM.
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Results

3NPA-Induced Mortality Is Mouse Strain- and
Dose-Dependent

In 3NPA protocol 1 (100 mg/kg, two doses at 0 and 24
hours) C57BL/6 mice and BALB/c mice had significantly
better survival at 48 hours compared to the FVB/n mice
and 129SVEMS mice (Table 1). Frequent monitoring of
mice was performed (every 15 minutes) throughout a
12-hour period. Mice were euthanized when first ob-
served in the recumbent hypothermic condition (more
prevalent in FVB/n and 129SVEMS mice) because it was
found that disease progression occurs rapidly in these
strains and mice in this state die suddenly.

When comparing mouse strains to each other, neuro-
logical signs were inconsistently seen between strains in
mice treated with this 3NPA treatment paradigm adapted
from the original 3NPA mouse study.7 In the original pilot
study (n � 4 to 6 mice) presented in Table 1, none of the
mice presented neurological signs up to 48 hours after
the initial injection. The majority of FVB/n and 129SVEMS
mice became acutely moribund after the second injec-
tion. These mice either died during the observation pe-
riod or were euthanized based on clinical signs. In later
studies using the protocol 1 dosing paradigm, 40% of the
C57BL/6 mice progressed to stage II (ataxia and tremors)
1 hour after the second injection, while 129SVEMS mice
would infrequently show neurological signs because of a
moribund condition (recumbency, nonambulatory state).

Because our initial goal was to study 3NPA-induced
neurodegeneration between strains of mice, we rea-
soned that the cause of death, which prevented the de-
velopment of overt neurotoxicity, may be avoided if we
lowered the 3NPA dose. In a second study (protocol 2), a
lower daily dose of 3NPA was used (75 mg/kg) for con-
secutive days until specific neurological signs (ataxia
and tremors initially with progression to hindlimb exten-
sion) were observed. More reproducible neurological
signs were observed with this protocol and neurodegen-
eration was found to accompany and precede mortality in
all mouse strains tested. When comparing the four strains
of mice, signs of toxicity were evident in mice as early as
day 5 to day 14 with daily exposure to 75 mg/kg. In
contrast, in the 100 mg/kg (2 doses, 24 hours apart)
study, signs of toxicity occur 1 hour after the second dose
especially in the 129SVEMS and FVB/n mice.

Survival curves for protocol 2 (Figure 1) illustrate the
time course variability between the mouse strains in sur-
vival after 3NPA treatment. By day 9, 100% of the
129SVEMS and FVB/n mice had died or were euthanized.
In contrast, 30% of the C57BL/6 mice and 26% of the
BALB/c mice remained without exhibiting any clinical
signs in the 3NPA treatment group. Between days 15 to
22, no additional mice in the remaining strains (C57BL/6
and BALB/c) showed clinical signs. On day 22 of dosing,
the saline-treated and 3NPA-treated mice that had not
presented clinical signs were euthanized and histologi-
cally analyzed. Fifteen percent of BALB/c mice and 7.4%
of C57BL/6 mice (presented in Figure 1) did not present

clinical signs throughout the 22-day experiment demon-
strating an intrastrain and interstrain variability in resis-
tance to 3NPA. In contrast, all of the 129SVEMS and
FVB/n mice treated in this protocol with 3NPA either
showed clinical signs and were euthanized or died sud-
denly by day 9 of 3NPA treatment, demonstrating a lack
of resistance in these strains to 3NPA.

3NPA Causes Strain- and Dose-Dependant
Caudate Putamen and Cardiac Toxicity

A histological survey from protocol 1 revealed toxicity in
the heart, a finding that had not been previously reported
in any species. One hundred percent of the mice that
died or were euthanized within the first 48 hours of the
first dose (Table 1) had only acute cardiac injury (see
Figure 3B). There was no evidence of histological injury in
saline-treated controls.

In attempts to avoid the acute mortality and predomi-
nant cardiac toxicity seen in protocol 1, the 3NPA daily
dose was decreased to 75 mg/kg for another series of
studies (protocol 2). A histological survey of multiple
organs was performed to correlate with clinical signs and
the cause of death in 3NPA-treated mice. With this pro-
tocol, a much higher incidence in caudate putamen in-
farction was observed, although cardiac injury was still a
confounding problem and was present in 100% of the
mice tested. 3NPA treatment either induced heart lesions
alone (myocardial cellular swelling and necrosis with fre-
quent atrial thrombosis) (Figure 2) (23 of 49 mice) or in
combination with caudate putamen infarction (26 of 49
mice). There were no examples of mice with only caudate
putamen infarction. Table 2 summarizes the incidence
and tissues injured in mice treated with 3NPA from the
four mouse strains tested in the protocol 2.

3NPA-Induced Caudate Putamen Pathology

One hundred percent of the mice exhibiting hindlimb
extension (euthanized in stage III) had severe damage in
the caudate putamen including widespread cellular
swelling, necrosis, edema, and mild to moderate hemor-
rhage (infarction) (Figure 2F). Occasional small vessel
microthrombi were found in the caudate putamen in ar-
eas adjacent to infarcts. Saline-treated mice showed no
morphological injury in the caudate putamen (Figure 2E).
Infarcts were bilateral in the majority of mice. The infarcts
were centered on the dorsal-lateral caudate putamen. In
some mice, that showed transient inconsistent neurolog-
ical signs, removed from the study and examined 7 days
later, the caudate putamen also showed evidence of
chronic injury with white matter bundles positioned in
close proximity to each other because of substantial neu-
ronal loss (Figure 2G). Ten percent of the treated mice
(FVB/n and 129SVEMS) were observed to have seizures
that were associated with unilateral infarcts that extended
into the globus pallidus, thalamus, hippocampus, cingu-
late and motor cortex, as well as caudate putamen.

Mouse Strain Susceptibility to Neuro- and Cardiotoxin 3-NPA 1511
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3NPA Acute Toxicity Induces Cardiomyocyte
Cellular Swelling and Necrosis

In protocol 1, two morphological patterns were observed
in cardiomyocytes, frequently seen in adjacent cells (cel-
lular swelling and necrosis). Cardiomyocytes exhibited
multifocal to diffuse cellular swelling, characterized by
increased pallor (Figure 2A and Figure 3D) and promi-

nent eosinophilic granulation (swollen mitochondria) and
occasional microvacuolation. Swollen mitochondria are
easily seen on the toluidine blue sections (Figure 3B).
Multifocal coagulative necrosis of cardiomyocytes was
characterized by cardiomyocytes with homogeneous in-
tensively eosinophilic cytoplasm (hematoxylin and eosin),
loss of striations, and irregular contraction bands (Figure
3C, toluidine blue).

Figure 2. 3NPA treatment induces cardiac and caudate putamen injury in mice. A to D are representative light micrographs of 3NPA-induced lesions in the heart
(H&E stain). A: Left ventricle showing a band of marked epicardial pallor (original magnification, �24). The inset represents an area of transition between the
epicardial swollen (pale) myocytes and the deeper (darker) myocytes (original magnification, �100). B: An area of cardiac myocyte loss, interstitial fibrosis, and
mineralization present in a subacute-treated mouse is shown (original magnification, �100). C: Several foci of inflammatory mononuclear cell infiltrates (arrow)
are noted (original magnification, �30). Myocyte necrosis and cellular infiltrate are shown (inset; original magnification, �80). D: Organizing thrombus filling
the atrial cavity (original magnification, �24). E to G are representative light micrographs of the caudate putamen (H&E stain). E: Normal caudate putamen from
saline-treated mouse (original magnification, �10). F: Caudate putamen from 3NPA-treated mouse with infarct (note area of pallor) in the dorsal lateral aspect
(original magnification, �10). G: Caudate putamen from 3NPA-treated mouse with cellular loss, glial proliferation, and hemosiderin-laden mononuclear cells. Note
the white matter tracts are positioned closer together (resolving infarct) (original magnification, �60).
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In the protocol 2, in addition to cellular swelling and
necrosis, bilateral atrial thrombosis (Figure 2D), cardio-
myocyte mineralization, cellular loss, and fibrosis (Figure
2B) were present. Neutrophils were associated with the
superficial atrial endocardium and endothelium attached
to atrial thrombi. With the exception of thrombi, inflamma-

tory cells were rarely seen in acute toxicity associated
with cellular swelling and myocardial necrosis.

In the several mice that showed transient inconsistent
neurological signs and were removed from the study, and
examined 7 days after the last 3NPA injection, cardiac
macrophage and fibroblastic remodeling after necrosis

Figure 3. 3NPA treatment induces cardiac injury in mice. A to C are representative light micrographs of toluidine blue-stained 1-�m-thick plastic-embedded
sections of mouse hearts (original magnification, �600). A: Normal heart saline-treated mouse. B: Myocardial cellular swelling, mitochondrial enlargement, and
focal hemorrhage. C: Myocardial contraction band necrosis. D to G are representative examples of electron micrographs from mouse hearts. D: Epicardial myocyte
showing myofilament disruption and swollen mitochondria adjacent to less affected cell (original magnification, �3000). The inset shows a comparison of the
pale myocyte to an adjacent myocyte separated by an intercalated disk (original magnification, �5000). Note the dark electron-dense mitochondria with abnormal
morphology within the affected myocyte. E: Normal control myocyte (original magnification, �6000). F: Myocyte showing contraction band necrosis and swollen
mitochondria (original magnification, �4000). The inset shows the aggregated disrupted myofilament (original magnification, �12,000). G: Swollen mitochondria
are present in this cardiac myocyte. These mitochondria are larger than control, but they do not show the abnormal morphology and electron density noted in
the myocytes with myofilament disruption shown in D. Note the good preservation of the sarcomeres.
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was evident (Figure 2C). In two C57BL/6 mice that sur-
vived to day 22 in protocol 2, without neurological signs,
mild to moderate multifocal cardiomyocyte cellular loss
and fibrosis was observed but no caudate putamen pa-
thology was found in these mice.

129SVEMS Mice Are More Vulnerable to 3NPA
Cardiac Toxicity Compared to C57BL/6 Mice

Because C57BL/6 and 129SVEMS mice show the ex-
tremes of interstrain variability to 3NPA-induced mortality
in various dosing protocols, we hypothesized that
129SVEMS mice would have more significant cardiac
injury compared to the more resistant C57BL/6 mice
when compared at the same time point using protocol 1.
Four morphological components were recognized and
separately scored (Tables 3 and 4) by a semiquantitative
method described in Materials and Methods. The inci-
dence and severity of lesions was greater in the
129SVEMS mice compared to the C57BL/6 mice. Only
3NPA-treated 129SVEMS mice lesions scores were sig-
nificantly (P � 0.001) more severe than those of control
mice compared to C57BL/6 mice.

Electron Microscopy Shows that Mitochondria
in Brain and Heart Are Major Targets for 3NPA
Toxicity

Ultrastructural evaluation of the heart revealed 129SVEMS
mice had more severe damage compared to the C57BL/6
mice. 129SVEMS mice showed extensive diffuse myocar-
dial cellular swelling compared to mild, multifocal areas
myocardial swelling in the hearts of C57BL/6 mice. Acute
ultrastructural changes included cellular swelling, dis-
rupted myofilaments and markedly swollen mitochondria.

Mitochondrial swelling may have occurred early in the
progression of pathology, as it was found alone in many
cardiomyocytes without cardiomyocyte myofilament dis-
ruption (Figure 3, B and G). Mitochondrial swelling al-
ways accompanied cellular swelling and disruption of
myofilaments (Figure 3F).

Ultrastructural assessment of heart and brain revealed
a temporal relationship between the injury in the two
organs. Heart ultrastructural lesions appeared before
caudate putamen infarction. Some mice had severe heart
damage and no or mild caudate putamen injury. In the
129SVEMS mice, in cases in which the heart damage
was extensive, caudate putamen neurons were affected
as described below (Figure 4, A and B).

Caudate putamen from 3NPA-treated mice had a dis-
tinctive ultrastructural pathology at a timepoint that pre-
ceded infarction. Damage was more prominent in
129SVEMS mice compared to C57BL/6 mice. The major
ultrastructural abnormalities occurred in neurons and
could be classified as cell body or axonal degeneration.
The pathology in neuronal cell bodies predominated in
the dorsolateral caudate putamen. The neurons were
angular rather than round, suggesting shrinkage (Figure
4, A and B). These degenerating neurons had a very dark
and granular cytoplasmic matrix because of fine parti-
cles, possibly free ribosomes, within the cytoplasm. Cy-
toplasmic vacuoles were present. Most of the vacuoles
were derived from swollen mitochondria, because rem-
nants of cristae were present within the vacuole. Other
mitochondria in surrounding neuropil structures ap-
peared normal. The Golgi apparatus was also swollen in
these neurons. These abnormal neuronal cell bodies typ-
ically had a nucleus with a dark nucleoplasmic matrix
with nascent chromatin condensation along the nuclear
envelope. Many dark neurons were surrounded partially
by swollen astroglial processes characterized by a pale

Table 3. Incidence and Severity of Cardiac Myocyte Cellular Swelling and Necrosis in the Most Sensitive (129SVEMS) and Least
Sensitive (C57BL/6) Strain

Strain/treatment
group

Number of
mice

Cellular swelling scores Necrosis scores

0 1 2 3 4 0 1 2 3 4

129 mice/3NPA 7 0 0 0 0 7* 0 0 0 1 6*
129 mice/saline 6 6 0 0 0 0 6 0 0 0 0
C57 mice/3NPA 7 0 3 2 2 0 2 2 2 1 0
C57 mice/saline 6 6 0 0 0 0 6 0 0 0 0

129SVEMS and C57BL/6 mice were treated with 3NPA (100 mg/kg, 2 doses 0 and 24 hours), sacrificed 1 hour after the 2nd dose, and lesions were
scored and analyzed.

*Lesion scores significantly more severe than controls (P � 0.05 by Kruskal-Wallis rank test).

Table 4. Incidence and Severity of Myocardial Hemorrhage and Mineralization in the Most Sensitive (129SVEMS) and Least
Sensitive (C57BL/6) Strain

Strain/treatment
group

Number of
mice

Hemorrhage scores Mineralization scores

0 1 2 3 4 0 1 2 3 4

129 mice/3NPA 7 3 1 2 1 0 5 2 0 0 0
129 mice/saline 6 6 0 0 0 0 6 0 0 0 0
C57 mice/3NPA 7 6 0 1 0 0 7 0 0 0 0
C57 mice/saline 6 6 0 0 0 0 6 0 0 0 0

129SVEMS and C57BL/6 mice were treated with 3NPA (100 mg/kg, 2 doses 0 and 24 hours), sacrificed 1 hour after the 2nd dose, and lesions were
scored and analyzed.
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cytoplasmic matrix, few organelles, and membranous
cisterns. In the caudate putamen of C57BL/6 mice, ax-
onal pathology was found in white matter bundles. Indi-
vidual myelinated axons, found among normal axons,
were prominently dark. These abnormal axons had a
normal caliber and normal myelin sheath and were not
dystrophic but contained neurofilament accumulations.

3NPA Induces a Reduction in Heart
Mitochondrial SDH Activity and Oxygen
Consumption Rates

Because extensive ultrastructural mitochondrial swelling
was observed in the heart, a variety of mitochondrial
metabolic endpoints were examined at the time point
used in the ultrastructural studies to verify the metabolic
significance of the mitochondrial swelling. SDH activity
was measured in isolated heart mitochondria from saline-
and 3NPA-treated 129SVEMS and C57BL/6 mice in
protocol 1. Compared to the controls, 3NPA-treated
129SVEMS mice had a significant decrease in SDH ac-

tivity compared to the 3NPA-treated C57BL/6 mice (Fig-
ure 5A). Control 129SVEMS mice SDH activity was sig-
nificantly higher compared to the control C57BL/6 mice.
Oxygen consumption rates using succinate as a sub-
strate (SDH substrate) were also higher in the 129SVEMS
mouse controls compared to the C57BL/6 mice (Figure
5B). This is consistent with the finding that the control
129SVEMS mice have a higher SDH activity. SDH en-
zyme activity and oxygen consumption rates were signif-
icantly reduced in both C57BL/6 and 129SVEMS mice
after two doses of 100 mg/kg 3NPA compared to the
controls. Oxygen consumption rates were significantly
lower in the 129SVEMS mice compared to the C57BL/6
mice after only one dose of 3NPA suggesting an in-
creased metabolic vulnerability in the 129SVEMS strain at
this earlier time point.

3NPA Induces a Significant Reduction of
Cardiac ATP in 129SVEMS Mice

Other metabolic indices were analyzed to better under-
stand mechanisms underlying interstrain mortality and
morphological differences. We hypothesized that heart
ATP values could predict the more susceptible strain.
Because there was no current example in the literature for
freeze-clamping the mouse heart from an in vivo prepa-
ration to analyze ATP, we used a method developed for
rats. Intubated and room air-ventilated rats have been
used to assess whole heart ATP levels.25 We used this
method, because mice that were not intubated in our pilot
studies had low ATP values in all treatment groups. Fig-
ure 5C summarizes the mean ATP values from 3NPA-
treated mice in protocol 1. Compared to 129SVEMS
controls, only 3NPA-treated 129SVEMS mice had signif-
icantly lower ATP values. 3NPA-treated C57BL/6 mice
did show the trend for ATP reduction, although it did not
reach a 0.05 level of significance.

Discussion

Genetic differences between mouse strains can modu-
late responses to various perfusion insults or tox-
ins.15,26–29 We have determined that mouse strain differ-
ences can also modulate the response to 3NPA toxicity
based on mortality, pathology, and biochemical analysis.
129SVEMS and FVB/n mice are more susceptible to
3NPA compared to the C57BL/6 and BALB/c mice in
acute and subacute/chronic exposures. This pattern of
vulnerability among strains is the same pattern found in
kainic acid toxicity.15 However, unlike the kainic acid
study, the finding of cardiac toxicity with 3NPA most likely
influences the pattern of mortality seen between strains.

We used a mouse 3NPA-dosing protocol adapted from
that of Gould and Gustine7 from the original 3NPA Swiss
Webster mouse study. We modified their protocol by
lowering the 3NPA dose from 120 mg/kg to 100 mg/kg
and used only two doses given 24 hours apart. For our
protocol, as in the Gould and Gustine protocol, we also
did not neutralize 3NPA solutions before injection. The

Figure 4. 3NPA treatment induces neuronal degeneration in 129SVEMS
mice. A and B are electron micrographs from the caudate putamen of a
129SVEMS mouse with severe myocardial injury. A: A dark shrunken degen-
erating caudate putamen neuron (small arrowhead) adjacent to a normal
neuron (large arrowhead). Adjacent normal myelinated axons are at the
bottom right of the micrograph (original magnification, �4000). B: Dark
shrunken neuron (original magnification, �10,000) with swollen mitochon-
dria (small box) (original magnification, �11,000) and adjacent to a swollen
astroglial process (large box) (original magnification, �17,000). This cell
can be identified as a neuron because of the axosomatic synaptic junction
(inset, top left, arrowhead).
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acute 3NPA dose for the mouse is higher than the acute
3NPA dose for the rat (30 mg/kg for two or three injections
on consecutive days until neurological signs appear).
The mechanisms for the marked differences in species
(rat versus mouse) in 3NPA dose exposure required for
toxicity are not known. The existence of a 3NPA trans-
porter protein with differential expression between spe-
cies, between mouse strains and tissues could explain
the differences observed in 3NPA toxicokinetics. Addi-
tionally, differences in mitochondrial respiration/metabo-
lism and in the requirement for ATP varies between spe-
cies and possibly between strains, as it does between
tissues and this may have an effect on the species dif-
ferences seen after 3NPA exposure. In terms of potential
cardiac toxicity, the heart rate is 600 to 700 beats/minute
in the mouse and 300 beats/minute in the rat, thus the
mouse may be more susceptible to reductions in cardiac
high energy phosphates induced by 3NPA. In humans
poisoned by 3NPA, there is a marked interindividual vari-
ability in the final neuropathological outcome ranging
from diffuse cerebral edema to focal striatal dam-
age.2,30–33 This marked interindividual variability in hu-
mans reflects that seen in other species and is likely
related to differences in 3NPA exposure, toxicokinetics,
genetic variability, and pre-existing disease.

We found that the mouse strain susceptibility, based
on mortality and pathology, is likely driven by 3NPA car-
diotoxicity in these four commonly used mouse strains.
All mouse strains are sensitive to 3NPA, although the
cumulative dose needed to cause cardiac toxicity varies
between strains. The ultrastructural changes, including
mitochondrial swelling, cellular edema, and myofilament
disruption, are more severe in the hearts of the highly
sensitive 129SVEMS mice compared to C57BL/6 mice,
suggesting the increased cardiac damage may be asso-
ciated with the increased mortality of this strain. The light
microscopic findings of cardiomyocyte cellular swelling,
contraction band necrosis, mineralization, and atrial
thrombosis are consistent with significant pathological
abnormalities seen in other examples of cardiac toxici-
ties.19,34–41 The cardiac toxin doxorubicin also induces
atrial thrombosis in mice.42 The formation of atrial thrombi
in doxorubicin-induced cardiomyopathy is thought to be
associated with decreased cardiac contractility, effecting
blood flow dynamics and toxic injury to the atrial cardio-
myocytes and endothelial surfaces. These mechanisms
of injury are likely involved in 3NPA cardiac toxicity.

We found that the mouse strain susceptibility, based
on mitochondrial biochemical studies, is likely driven by
3NPA cardiotoxicity when comparing two mouse strains
with differential sensitivity. 129SVEMS mice are metabol-
ically more impaired at an earlier time point compared to
C57BL/6 mice. The analysis of multiple mitochondrial
biochemical endpoints of toxicity at the time point used in
the ultrastructural studies revealed significant differences
between the strains supporting vulnerability. SDH en-
zyme activity is significantly reduced in both strains after
3NPA treatment, although 129SVEMS mice have a
greater percent reduction compared to controls. Notably,
the SDH activity is constitutively higher in this strain that
correlates with the higher oxygen consumption rates ob-

Figure 5. 3NPA induces a reduction in heart mitochondrial SDH activity,
oxygen consumption, and heart ATP in mice. 129SVEMS and C57BL/6 mice
were treated with 3NPA (protocol 1) and heart mitochondria were isolated
and analyzed for SDH activity and succinate oxygen consumption rates.
129SVEMS and C57BL/6 mice were treated with 3NPA (protocol 1) and heart
ATP was extracted and analyzed by HPLC. A: Significant differences were
found in SDH activity, control 129SVEMS versus 129SVEMS 3NPA-treated
(P � 0.001), control C57BL/6 versus C57BL/6 3NPA-treated (P � 0.001),
control 129SVEMS versus control C57BL/6 (P � 0.001). B: Significant differ-
ences were found in oxygen consumption, control 129SVEMS versus
129SVEMS 3NPA one dose, and two doses (P � 0.001), control C57BL/6
versus C57BL/6 3NPA two doses (P � 0.001). C: Significant difference was
found in heart ATP, control 129SVEMS versus 129SVEMS 3NPA two doses
(P � 0.05).
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served in 129SVEMS mice oxidizing succinate (the sub-
strate for SDH). These data suggest that the 129SVEMS
mouse strain may rely more on cardiac SDH activity.
3NPA-treated 129SVEMS mice oxidizing succinate have
a significant reduction in oxygen consumption after one
dose of 3NPA compared to C57BL/6 mice. In addition,
heart ATP levels are significantly reduced in 129SVEMS
mice treated with 3NPA compared to controls. These
findings correlate well with the 129SVEMS mice strain being
more susceptible to 3NPA, although ATP reduction is prob-
ably not the only factor involved in this strain’s increased
sensitivity to 3NPA compared to C57BL/6 mice.

Mitochondrial toxicity is key to 3NPA neurotoxici-
ty8,43–54 and seems critical in 3NPA cardiac toxicity.
3NPA induces only mitochondrial swelling in some car-
diomyocytes. In more severely damaged cells, in addi-
tion to mitochondrial swelling, there is also severe disrup-
tion in myofilaments. This suggests that 3NPA-induced
toxicity in the cardiomyocyte first involves damage to
mitochondria, as an early event in toxicity. Further dam-
age to other organelles in this model, may be a sequelae
of mitochondrial dysfunction.

There have been no previously published studies eval-
uating 3NPA in vivo cardiac toxicity; yet, 3NPA has been
studied in various in vitro cardiac systems. 3NPA is a
competitive inhibitor of succinoferricyanide oxidoreduc-
tase (another name for SDH) activity of Keilin-Hartree
mitochondrial particles from rat heart.55 3NPA is slowly
oxidized by SDH and its oxidation product instanta-
neously and irreversibly inhibits cardiac SDH.7,9 Isolated
rat atria incubated with 3NPA (10�4 mol/L) in an organ
bath for 15 minutes produced bradycardia and signifi-
cant ATP depletion compared to controls.56 This finding
is consistent with our in vivo experiments showing that
mice treated with 3NPA have a significant cardiac ATP
depletion (129SVEMS mice). Isolated control heart mito-
chondria exposed to 3NPA 10�2 mol/L for a 30-minute
incubation produced significant reduction of O2 con-
sumption in the presence of the substrates malate/gluta-
mate or succinate.56 This in vitro finding also parallels our
experiments showing in vivo 3NPA treatment reduces
oxygen consumption rates in heart mitochondria isolated
from treated mice.

Indirect physiological evidence of 3NPA cardiac tox-
icity has been reported such as models showing brady-
cardia and a reduction in contractile force in the guinea
pig atria,57 vasodilation in rabbit aortic rings, and hypo-
tension and bradycardia in dogs.58 Consequently, in light
of our more direct evidence of 3NPA inducing cardiac
damage, there is substantial evidence that 3NPA cardiac
toxicity has the potential to be responsible for cardiac dys-
function and death in animals exposed to this toxin. It is not
known if sudden death in mice and rats treated with 3NPA
in acute and chronic models (with and without neurological
signs) reported by others investigators were because of
3NPA-induced cardiac toxicity7,11,13,14,51,59,60. In our
protocol, comparable to Gould and Gustine’s7 acute pro-
tocol, ultrastructural evidence of cardiac injury is ob-
served at the time point when 129SVEMS mice begin to
die acutely, before any significant caudate putamen
damage is observed. Caudate putamen infarction never

occurred in our studies (acute and subacute/chronic) in
the absence of cardiac toxicity. Any potential relationship
between the two lesions needs to be addressed in future
studies. The data from our studies show that cardiac
toxicity is found in all cases of acute and subacute/
chronic 3NPA toxicity in the mouse. The influence of
cardiac toxicity (inducing decreased cardiac output) on
the development of neurological lesions in the mouse is
not known. The incidence of cardiac toxicity in acute and
chronic models of 3NPA toxicity in the rat is unknown.
Gould and Gustine7 suggested in the original mouse
study, that because 3NPA induced a dramatic decrease
in cardiac SDH activity, 3NPA-induced cardiac injury, if
severe enough, may decrease cardiac output and cause
subsequent caudate putamen ischemic hypoxia-induced
striatal damage. Gould and Gustine reported that SDH
activity in the mouse heart was reduced to 13% of the
controls whereas brain SDH activity was reduced to 20%
of the controls. Cardiac pathological lesions were not
reported in this study, although it was not clear at what
time point heart samples were collected and examined,
possibly only after one dose.7 It should also be noted that
the sites of lesions found in the Gould and Gustine7 3NPA
mouse study, as they point out, are similar to those found
as a result of hypoxia.61 In one of the first studies using
3NPA in rats, Hamilton and Gould50 observed that the
neuronal damage produced by systemic 3NPA histolog-
ically resembled that produced either by kainic acid, hypo-
glycemia, or ischemia. Interestingly, a recent model of
global brain ischemia in rats produces cell loss in the stri-
atum that resembles that seen in Huntington’s disease.62

In general, the striatum is exquisitely sensitive to isch-
emia and hypoxia.62–69 The proposed reasons for this
increased sensitivity of the striatum to hypoxia and isch-
emia are: 1) glutamatergic excitotoxicity via NMDA re-
ceptor has been attributed to the neuronal cell death and
oxidative stress in this area70,71; 2) the architecture of the
blood supply to the striatum is predominantly end-arterial
with few collateral vessels, so this region is susceptible to
changes in nutrient perfusion and oxygen delivery72,73; 3)
the unique connectivity and the level of oxidative metab-
olism of the striatum74; and 4) the striatum is a region in
the brain where massive glutamateric inputs and dopa-
minergic inputs converge. Dopamine and glutamate are
important neurotransmitters in the brain, but when con-
comitantly over released, each acts as a potent neuro-
toxin.75 In fact, the mechanisms attributed to the stria-
tum’s generalized vulnerability to ischemia and hypoxia
are consistent with those mechanisms found responsible
in the pathogenesis of 3NPA striatal neurotoxicity.

Global brain ischemia/hypoxia with striatal damage76

and increased blood brain barrier permeability77 can be
induced by heart failure. Oxidative stress is a potential
outcome of brain hypoperfusion.78–80 Interestingly, in-
creased protein carbonyls groups indicative of oxidative
stress are demonstrated in the cortex and the striatum of
3NPA-treated rats81 suggesting a more global brain
3NPA effect. Thus, 3NPA intrinsic striatal neurotoxicity
needs to be addressed in future studies in the absence of
3NPA cardiac toxicity to rule out the potential influence of
cardiac dysfunction and any subsequent possible striatal
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hypoperfusion (ischemia/hypoxia) that may occur in the
3NPA neurotoxicity mouse model. It is not known if 3NPA
cardiac toxicity-induced deaths observed in mice in a
chronic model of 3NPA toxicity developed by Ouary and
colleagues,14 although we observed chronic cardiac in-
jury in mice exposed to 3NPA daily for 21 days.

3NPA may have an intrinsic toxic effect (direct or indi-
rect) on the striatum through its effects on the function of
the lateral striatal artery. The potential for a focal disrup-
tion of blood flow dynamics involving the lateral striatal
artery should be considered. The blood brain barrier of
the lateral striatal artery and its tributaries is disrupted in
3NPA toxicity models44,73 as well as in cardiac arrest/
resuscitation models77 demonstrating the increased sen-
sitivity of this artery to conditions of cardiac dysfunction
induced hypoxia/ischemia and 3NPA metabolic inhibi-
tion. The mechanisms involved in this blood brain barrier
disruption are unknown. Additionally, intermittent cortical
vasospasms have been observed after cardiac arrest
and global brain ischemia82,83 and the potential of striatal
vasospasms was not evaluated in these studies. 3NPA
produces bradycardia and systemic hypotension and
vasodilation,57,84 although regional striatal blood flow dy-
namics have not been studied. It would be important to
evaluate striatal blood flow in 3NPA toxicity, especially in
light of cardiac dysfunction, to possibly shed light on the
heightened vulnerability of the lateral striatal artery and
the striatum.

The finding of strain dependency in 3NPA-induced
toxicity is significant because the mouse strains tested in
this study are commonly used as background strains for
transgenic and knockout mice. For the construction of
knockout mice, 129SVEMS mice are most commonly
used as the source of the embryonic stem cells. After
successful gene targeting, embryonic stem cells are rou-
tinely implanted in the blastocysts of C57BL/6 mice.85

FVB/n mice are also used for the construction of trans-
genic mice because they have large ova that are easily
microinjected with DNA. BALB/c mice are also used as a
background strain for nude mice. Differences in the
mouse strain genetic background, especially if more than
a single parent strain is included, can greatly influence
the expression of transgenes and phenotype of knockout
mice. Thus, a better understanding of mouse genetics
and phenotypes will improve our design and interpreta-
tion of studies using genetically engineered mice.

This 3NPA model of cardiac toxicity could be a valu-
able tool for understanding many issues in cardiac patho-
physiology including the mitochondria’s role in cardiac
cell death (apoptosis and necrosis), oxidative stress, and
chemical preconditioning. 3NPA is known for its profound
preconditioning effects at low doses (1/25 of the LD-50
dose, ie, gerbils) to protect against subsequent brain
ischemia in various rodent models.86–90 Recently it was
found that low doses of 3NPA (1 mg/kg) induces precon-
ditioning and protection in the heart when given before
ischemia/reperfusion in rabbits.91 The stress signals (ie,
ATP depletion and reactive oxygen species production)
that are induced in 3NPA toxicity may likely be the same
signals that induce the preconditioning effect. Thus at
high doses, 3NPA is toxic to the brain and heart and at

low doses, 3NPA may be beneficial to the brain and
heart. The plant Astragalus called “Huang-Qi” in Chinese
herbal medicine, known for containing 3NPA, has been
used for centuries to precondition the heart. It is not
known if the 3NPA in Astragalus is inducing this cardiac
protective effect.

Remarkedly, there are few models of chemical cardiac
toxicity. Of those that are well studied, mitochondrial
toxicity seems to be of great importance in the heart.
Fluoroacetate (1080), a rodenticide and an inhibitor of
mitochondrial citric acid cycle enzymes aconitase and
SDH, similar to 3NPA, induces damage in the heart and
the brain depending on the species studied.37,92,93 A
second cardiac toxin, Doxorubicin (adriamycin) has been
shown to redox cycle at complex I producing mitochon-
drial superoxide, which subsequently damages various
complexes of the electron transport chain.94,95 Thus for
its effects on the heart, 3NPA may be another useful
compound to study cardiac mitochondrial toxicity and
preconditioning.
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