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Summary. The b-carboline norharman is
present in cooked food and tobacco smoke
and show structural resemblance to the
neurotoxicant 1-methyl-4-phenyl-1,2,3,6-tet-
rahydropyridine. C57BL=6 mice were inject-
ed subcutaneously with norharman (3 and
10 mg=kg) twice per day for five consecutive
days. Eighteen hours after the last dose an
increased expression of glial fibrillary acidic
protein and fluoro-jade staining were demon-
strated whereas the number of tyrosine
hydroxylase positive cells were unchanged
in the substantia nigra. Two weeks after the
last treatment a decreased motor activity
was observed whereas cognitive functions
remained intact. In cultured PC12 cells
norharman treatment induced mitochondrial
dysfunction and increased the number of
caspase-3 and TUNEL-positive cells. The
results demonstrate that norharman induced
apoptosis in cultured cells as well as early
neurodegeneration, glial activation and sus-
tained motor deficits in mice and suggest that
exposure to norharman may contribute to
idiopathic Parkinson’s disease.
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Introduction

The development of Parkinson’s disease
appears to be a complex interaction between
genetic and environmental factors. Many
classes of heterocyclic molecules, structur-
ally resembling the parkinsonism-inducing
agent 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP) have been suggested to be
possible neurotoxicants involved in the patho-
genesis of idiopathic Parkinson’s disease.
Neither MPTP, nor its neurotoxic metabolite
1-methyl-4-phenylpyridinium ion (MPPþ),
are normally present in the environment.
In contrast, various MPTP-like compounds
such as b-carboline derivatives, are abundant
in cooked food, tobacco smoke condensate,
brewed coffee, alcoholic beverages, and in
some plants (Rommelspacher et al., 1994;
Totsuka et al., 1999; Herraiz, 2002). The
b-carboline norharman (9H-pyrido[3,4-b]-
indole) derives from tryptophan-containing
sources and is methylated in vivo to a cation-
ic metabolite, which structurally resembles
MPPþ (Matsubara et al., 1992; Collins et al.,
1992; Gearhart et al., 1997). Norharman has



been detected in the human brain, where the
level is 28 times higher in substantia nigra
than in cortex (Matsubara et al., 1993), and
in cerebrospinal fluids where increased levels
of norharman are detected in patients with
Parkinson’s disease (Kuhn et al., 1996). We
have recently suggested that the sequestering
of norharman in substantia nigra is related to
retention of b-carbolines in brain neuromela-
nin (Ostergren et al., 2004). Both norharman
and harman are bound to synthetic dopamine-
melanin in vitro. They are also bound to
and retained in melanin-containing neurons
in vivo.

High affinity binding sites for norharman
have been detected in several brain regions
such as hypothalamic, thalamic, accumbens,
amygdaloid nuclei, hippocampal-, neocorti-
cal- and olfactory-related structures (Pawlik
et al., 1990). Norharman is a potent ligand
for benzodiazepine binding sites (M€uuller
et al., 1981). The compound is also a weak
inhibitor of MAO-B (May et al., 1991). A
single iv or ip injection of norharman
(20–25 mg=kg) in rats rapidly induces cata-
lepsy and clonic convulsions (Fuentes and
Longo, 1971; Rommelspacher et al., 1981;
Pranzatelli and Snodgrass, 1987). Matsubara
and co-workers (1998) have reported that re-
peated ip injections of norharman (84 mg=kg,
twice per day for seven days) in pigmented
C57BL=6 mice induce bradykinesia two days
after the last dose. Reduced levels of dopa-
mine were also noted in the striatum and
midbrain. Most behavioral studies have
focused on acute effects of norharman and
the late effects are not known. Furthermore,
the effects of norharman on learning ability
and memory have not been reported.

In cultured cells norharman has been
reported to induce a decreased cell vi-
ability and DNA-damage (Storch et al., 2004;
Uezono et al., 2001). Furthermore, methyl-
ated norharman metabolites such as 2,9-
methylated norharman induce an increased
lactate dehydrogenase release in cultured
PC12-cells and decreased cell viability in

HEK-293 cells (Cobuzzi et al., 1994; Collins
et al., 1992; Storch et al., 2004).

The aim of this study was to characterize
norharman-induced early onset changes in the
substantia nigra and late effects on motor
and cognitive functions in C57BL=6 mice.
This strain is relatively susceptible to MPTP-
induced behavioral changes, although the
results are conflicting; some studies report a
MPTP-reduced motor activity whereas other
report hyperactivity or no deficits (Ogawa
et al., 1985; Sundstrom et al., 1990; Arai
et al., 1990; Fredriksson and Archer, 1994;
Rousselet et al., 2003). Our pilot studies
revealed that a single sc dose of 84 mg=kg
norharman in C57BL=6 mice caused symp-
toms of acute toxicity. The effects of repeated
sc doses of 3 and 10 mg=kg norharman were
therefore examined. The effects of norharman
on the number of tyrosine hydroxylase-positive
neurons, glial fibrillary acidic protein (GFAP)
and on neurodegeneration in substantia nigra
pars compacta were determined 18 hours after
the last treatment. Starting two weeks after the
last treatment behavioral studies (spontaneous
motor activity, Morris water maze and radial
arm maze) were performed. Finally, we ex-
amined the effects of norharman on cell
viability and cell death in cultured PC12 cells.
Cultured PC12 cells are known to produce
dopamine and express dopamine transporters
(Kadota et al., 1995) and are extensively used
for studies on various aspects of dopaminergic
neurons. The results demonstrate that repeated
norharman-treatment induced early neurode-
generation, glial activation and sustained
motor deficits in C56BL=6 mice whereas cog-
nitive functions remained intact. Furthermore,
norharman induced mitochondrial dysfunc-
tion, caspase-3 activation and DNA-fragmen-
tation in cultured PC12 cells.

Material and methods

Chemicals and antibodies

Norharman (9H-Pyrido[3,4-b]-indole) hydrochlo-
ride and 3-(4,5-dimethylthioazol-2-yl)2,5-diphenyl-
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tetrazolium bromide (MTT) were purchased from Sigma
(St. Louis, MA, USA), polyclonal rabbit anti-tyrosine
hydroxylase antibody from Chemicon (Temecula, CA,
USA), biotin-goat anti-rabbit IgG from Zymed Labora-
tories Inc (San Fransisco, CA, USA), cleaved caspase-3
antibody from Cell Signaling technology (Beverly,
MA, USA), rabbit anti-cow glial fibrillary acidic pro-
tein (GFAP) and avidin-biotin-horseradish peroxidase
complex (ABComplex=HRP) from Dako (Glostrup,
Denmark), Vector VIP substrate kit for peroxidase from
Vector Laboratories (Burlingame, CA, USA), In Situ
Cell Death Detection Kit, AP from Roche Molecular
Biochemicals (Mannheim, Germany), and Fluoro-Jade
from Histo-Chem (Jeffersson, AR, USA). RPMI1640,
fetal bovine serum, horse serum and penicillin were
obtained from the National Veterinary Institute
(Uppsala, Sweden).

Animals and treatment

Adult male C57BL=6J mice (30 g) were purchased
from B&K Universal, Sollentuna, Sweden. The animals
were allowed ten days acclimatization. Ten animals
per macrolone cage were kept at 22�C and light-
controlled environment with a 12-hour light=dark cycle
and were given a standard pellet diet (Ewos AB,
S€oodert€aalje) and tap water ad libitum. The animal
studies were conducted in accordance with the guide-
lines of the Swedish National Board for Laboratory
Animals (CFN) policy LSFS 1988:534. The local
Ethics Committee for Animal Research approved the
studies.

The mice were injected subcutaneously twice a day
for five consecutive days with norharman (3 or
10 mg=kg) dissolved in dimethylsulfoxide (DMSO)
and diluted in sodium chloride (0.9%, pH 7.4). Some
animals were used for fluoro-jade staining or immuno-
histochemistry. These animals were killed by cervical
dislocation 18 hours after the last injection, and the
brains were dissected and fixed in formaldehyde (4%)
in phosphate buffer (pH 7.4). The fixed samples were
sectioned (4mm) on a microtome (Microm Heidelberg
HM350) and mounted in distilled water on gelatin-
coated slides and dried over night at 30�C. The remain-
ing mice were used for behavioral studies two weeks
after the last injection.

Fluoro-jade staining

Fluoro-jade is an anionic fluorescein derivative useful
for localization of neuronal degeneration in brain tissue
sections. Detection of neuronal damage using fluoro-
jade has been validated by a variety of well-character-
ized neurotoxicants, such as MPTP (Schmued et al.,
1997). Degenerating neurons and fibers stained with
fluoro-jade appear bright yellow-green against a dark

background (Schmued et al., 1997; Schmued and
Hopkins, 2000). Fluoro-jade staining was accomplished
according to the method described by Schmued and co-
workers (1997) with minor adjustments. Sections were
deparaffinized in xylene (2�15 min), rehydrated in
graded ethanol solutions (5 min=solution) and trans-
ferred to potassium permanganate (0.06%) and gently
shaken on a rotating platform. Sections were rinsed
with distilled water (1 min), before and after incubation
with fluoro-jade (0.001%). Subsequently the sections
were dehydrated in graded ethanol solutions, immersed
in xylene and mounted with Pertex. Images from sub-
stantia nigra were taken with epifluorescence micro-
scope with a fluoroscein filter system. Cells and fibers
emitting intense green fluorescence that distinctly
exceeded the background were marked in PhotoShop.
The size of the marked area was subsequently mea-
sured in Scion Image.

Tyrosine hydroxylase
immunohistochemistry

For tyrosine hydroxylase-immunostaining, a polyclonal
anti-tyrosine hydroxylase antibody, a biotinylated goat
anti rabbit conjugate and a Vectastain elite ABC kit
were used. The tissue sections were deparaffinized in
xylene and rehydrated in solutions of decreasing con-
centrations of ethanol (2� 5 min in 99.5%; 95%; 70%),
washed in phosphate buffered saline (PBS) and PBS
with 0.3% triton (PBST), and treated with one percent
hydrogen peroxide in PBST (30 min). The sections
were then washed three times in PBS followed by
one hour pre-incubation with four percent bovine
serum albumin (BSA) for one hour. The brain sections
were then incubated with anti-tyrosine hydroxylase
antibody (diluted 1:200 in 4% BSA) overnight (at
4�C). After 10 min rinsing in changes of PBS, the
sections were incubated with biotinylated second anti-
body (diluted 1:300 in 4% BSA, 30 min) and then with
ABComplex=HRP (30 min) at room temperature.
Immunoreactions were visualized using Vector VIP
substrate kit for peroxidase. Negative control sections
were treated in the same way as described above except
that the antibody against anti-tyrosine hydroxylase was
omitted. Cell count analyses (5 animals=treatment)
were performed on images. Each tissue-section (n¼ 5
sections from each animal) was examined indepen-
dently by two persons.

GFAP immunohistochemistry

GFAP-immunostaining was performed as described
above with a rabbit anti cow GFAP-antibody (diluted
1:500 in 4% BSA). Computerized analyzes of stained
area was made with Adobe Photoshop and Scion
Image.
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Behavioral measurements
and apparatus

Procedures and apparatus used for behavioral measure-
ments have been described previously (Carlsson et al.,
2003). In short, spontaneous motor activity, locomotion
and rearing were measured in a macrolone rodent test
cage with two series of infrared beams and a sensor
registering all types of vibrations received from the test
cage.

The radial eight-arm maze procedure is sensitive to
deficits in spatial learning performance. Before testing,
all mice were totally deprived of food for 24 hours.
Each arm contained a pellet and photocells registered
every time a mouse approached to within 3.0 cm of the
food cup, thus monitoring every arm entrance from six
to 30 cm the depth. Each mouse was tested for one trial
only, on each of three consecutive days. Each animal
was observed carefully to ensure that it consumed each
pellet.

The circular swim maze learning was of Morris
water maze type and gives a measurement of the spatial
learning ability. Before the first trial, the mouse was
placed on the submerged platform for 30 seconds.
The mouse was then put in the south position with its
head towards the wall of the tube and was then allowed
30 seconds to locate the platform. After three trials the
platform was moved to the opposite side of the tube for
the fourth trial.

Cell culture

PC12 cells were cultured in RPMI 1640 medium
supplemented with heat-inactivated fetal bovine
serum (5%), inactivated horse serum (10%) and peni-
cillin (100 units=ml). Cells were grown at 37�C in 5%
CO2=95% air with 100% relative humidity. Cells were
subcultured every four to six days. In a preliminary
study cells were differentiated with nerve growth factor
(NGF) (0.5mg=ml) for 18 hours before exposure to
norharman or vehicle. We observed, however, that
NGF-differentiated cells were more sensitive to the
vehicle than undifferentiated cells (data not shown).
In continued studies, only undifferentiated cells were
used.

MTT assay

After exposure to norharman, mitochondrial function
was measured by using the MTT assay, based on the
conversion of MTT to formazan crystals by mito-
chondrial succinate dehydrogenases. All experiments
were performed on the cells plated at a density of
10000 cells=well on 96-well plates. The day after
plating the cells were exposed to norharman for
24 or 96 hours. After exposure, the wells were
decanted and fresh medium (100 ml=well) with MTT

(10 ml=well, 5 mg=ml in PBS) was added. Four hours
later, extraction buffer (100 ml=well, 50% dimethyl
formamide, 20% sodium dodecyl sulphate, pH 4.8)
was added. The solution was incubated for 24 hours.
Absorbance was measured at 570 nm in a plate-reader
(POLARstar OPTIMA, BMG Labtech). Cell viability
was expressed as a percentage of the control culture
value.

Trypan blue exclusion assay

PC12 cells (with a confluence of 95%) were exposed to
norharman (5, 50 or 500mM) or vehicle for 24 or
96 hours. The cells were trypsinated, resuspended and
50ml was added to 50ml of trypan blue solution (0.25%
in PBS). The number of trypan blue-excluding (live)
cells and trypan blue-stained (necrotic) cells were
counted using a B€uurker chamber.

Caspase-3 immunocytochemistry
and TUNEL staining

PC12 cells with a confluence of 95% were exposed to
norharman (5, 50 or 500mM) or vehicle for 24 hours
(n¼ 2=treatment). After exposure the cells were
washed with pre-warmed PBS and fixed in formalin
(4%, pH 7.4) for 10 minutes, scraped into one
tube per treatment, and pelleted by centrifugation
(1200 rpm, 5 min). The cells were washed one time
with PBS and re-centrifuged. The cells were incubated
with agarose (3% in PBS), one hour, at 50�C. Sub-
sequently, the cells were put on ice and dehydrated
in ethanol (70% over night, 95% for 4 h, 99.5% for
3 h and xylene for 30 min) and embedded in paraffin.
The cells were sectioned (4mm) on a microtome
(Microm Heidelberg HM350). The immunocytochem-
istry against activated caspase-3 was performed as
described above, but with microwave antigen retrieval.
The number of stained and unstained cells was counted
per arbitrary unit area.

For TUNEL staining the sections were washed
with PBS and PBST, and treated with one percent
hydrogen peroxide in PBST (5 min). The sections
were then washed with PBST and PBS and in-
cubated with TUNEL reaction mixture in 37�C for
60 minutes, and thereafter washed three times
with TBE (89 mM Tris, 89 mM Boric acid, 2 mM
EDTA). After incubation with converter-AP (1:4 in
dilution buffer) over night (at 4�C) the sections were
washed with NTMT (100 mM NaCl, 100 mM Tris
(pH 9.5), 50 mM MgCl2, 1% Tween in distilled water)
and incubated with nitro blue tetrazolium and 5-
bromo-4-chloro-3-indolyl phosphatase for one hour
in room temperature according to instructions from
the manufacturer. The sections were mounted in
glycerine-gelatin.

316 A. Östergren et al.



Statistical analysis

Statistical analysis of the fluoro-jade, immunohisto-
chemistry and immunocytochemistry was performed
using a one-way ANOVA (GraphPad Prism). Post-hoc
testing (GraphPad QuickCalcs) was used to compare
the treatment groups with their respective control.

Statistical analysis of the variables in each beha-
vioural test was performed with a split-plot factorial
ANOVA design (Kirk, 1995). The use of a split-plot
factorial design enables us to isolate the effects of nui-
sance variables, such as individual differences. The
fixed main effects were the level of the dose and the
time-periods or days. Interaction effects were the level
of the dose� time-period. Pair-wise testing between

the different treatment groups were performed with
the Tukey HSD test (Kirk, 1995).

Results

No clinical signs of illness such as convul-
sions, tremors or lost of weight were
observed in animals during exposure to nor-
harman. The behavioral studies were per-
formed two weeks after the last injection,
while the animals used for immunohisto-
chemistry and fluoro-jade were killed 18
hours after the last injection.

Fig. 1. Fluoro-jade staining showing degenerative changes in substantia nigra of C57BL=6 mice injected sc with
norharman (3 or 10 mg=kg) or vehicle twice daily for five consecutive days. Eighteen hours after the last injection
there is no staining in control (A), whereas there is a moderate staining in a mouse given 3 mg norharman=kg (B),
and an intense staining in a mouse given 10 mg norharman=kg (C). Semiquantitative measurement of fluoro-jade
stained areas were estimated using image analysis (D). The mean-value for each treatment is presented as a
straight line, n¼ 5 animals for the 3 mg=kg norharman, n¼ 6 animals for the groups receiving vehicle or
10 mg=kg norharman (3 sections=mouse). Statistical analysis (ANOVA) indicated a significant difference be-
tween the groups, p<0.05. Post-hoc testing indicated a higher value for norharman-treated animals compared to

vehicle-treated animals, *p<0.05
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Histological studies

Fluoro-jade staining

There was a dose-dependent increase of the
fluoro-jade stained area in substantia nigra
pars compacta of mice 18 hours after the last
dose of norharman. Representative photomi-
crographs are shown in Fig. 1A–C, and semi-
quantitative analysis of stained area is shown
Fig. 1D. One-way ANOVA showed a signifi-
cant difference between the groups, p<0.05,
and post-hoc testing indicated that there was
a significant larger fluoro-jade stained area in

the substantia nigra of animals receiving
10 mg=kg norharman, compared to vehicle-
treated controls (p<0.05).

Tyrosine hydroxylase
immunohistochemistry

The pattern and extent of immunoreactive
neurons in the substantia nigra pars com-
pacta were similar in norharman- and vehicle-
treated mice. The number of tyrosine
hydroxylase-positive neurons was 95.6%�
28.4 (3 mg=kg), and 99.0%� 42.3 (10 mg=kg)

Fig. 2. Areas of GFAP staining in substantia nigra of C57BL=6 mice injected sc with norharman (3 or
10 mg=kg) or vehicle twice daily for five consecutive days. Eighteen hours after the last injection of norharman,
there is only a low staining in control (A) whereas there is an increased staining in mice given 3 mg=kg (B) or
10 mg=kg (C). Semiquantitative measurement of GFAP stained areas were performed using image analysis (D).
The mean-value for each treatment is presented as a straight line, n¼ 2 animals for the 3 mg=kg, n¼ 3 animals
for the groups receiving vehicle or 10 mg=kg norharman (2–6 sections=mouse). Statistical analysis (ANOVA)
indicated a significant difference between the groups, p<0.05. Post-hoc testing indicated a higher value for the

high dose-treated animals compared to vehicle-treated animals, �p<0.05
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of the vehicle-treated control. There were
no statistically significant treatment-related
changes in the number of tyrosine hydroxy-
lase-positive neurons in the substantia nigra
(ANOVA, including post-hoc testing).

GFAP immunohistochemistry

Typical star-shaped astrocytes with numerous
processes appeared in sections of substantia
nigra pars compacta of mice 18 hours after

Fig. 3. Spontaneous motor behaviour, represented by total activity (A), locomotion (B) and rearing (C), in
C57BL=6 mice two weeks after sc injections of norharman (3 or 10 mg=kg) or vehicle twice daily for five
consecutive days. Values represent mean � SD, n¼ 12 animals=treatment. Statistical analysis (ANOVA) indi-
cated a significant difference between the groups, p<0.001 for total activity, p<0.001 for locomotion, and
p<0.01 for rearing. Post-hoc testing indicated a reduced level of activity in norharman-treated animals compared

to vehicle-treated animals, **p<0.01, *p<0.05
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the last dose of norharman. Representative
photomicrographs are shown in Fig. 2A–C,
and semi-quantitative analysis of stained area
is shown Fig. 2D. One-way ANOVA showed
a significant difference between the groups,
p<0.05, and post-hoc testing indicated that
there was a significant larger GFAP-stained
area in the substantia nigra of animals receiv-

ing 10 mg=kg norharman, compared to vehi-
cle-treated controls (p<0.05).

Behavioral studies

Spontaneous motor activity

Compared to vehicle-treated mice, the highest
dose group (10 mg norharman=kg) had a time-

Fig. 4. Radial arm maze learning, measuring time (A), errors (B), pellet consuming (C), in C57BL=6 mice two
weeks after sc injections of norharman (3 or 10 mg=kg) or vehicle twice daily for five consecutive days. Values
represent mean � SD, n¼ 12 animals=treatment. Statistical analysis (ANOVA) indicated no significant difference

between the groups
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dependent decrease in motor activity mea-
sured as total activity, reduced locomotion and
rearing (Fig. 3A–C). The decrease was most
pronounced during the initial high spontane-
ous activity phase within the first 20 minutes,
but remained in the following steady-state
phase. Split-plot ANOVA showed a significant
difference between the groups, (F¼ 54, 4)¼
19.50 (p<0.001) for total activity, (F¼ 54,
4)¼ 19.20 (p<0.001) for locomotion, and
(F¼ 54, 4)¼ 37.71 (p<0.01) for rearing.
Post-hoc testing with Tukey HSD-testing indi-
cated a significant decreased total activity,
locomotion and rearing during the first 40 min-
utes for the group of mice receiving 10 mg=
kg norharman (p<0.01), and a significant
decrease of total activity for the last 20 minutes
period tested, after 40 minutes (p<0.05).

Radial arm maze learning

All groups of mice had a relatively linear
improvement in the radial arm maze acquisi-
tion performance, and no significant effect of
treatment was observed for time (Fig. 4A),
number of errors (Fig. 4B), or number of pel-
lets taken (Fig. 4C). Post-hoc testing with
Tukey HSD-testing indicated however that

the 3 mg=kg dose group made more errors
than the vehicle group on the third day.

Circular swim maze learning

The design of the swim maze was a three day
long acquisition period followed by a rever-
sal trial on the fourth day when the platform
was relocated. When comparing the time for
each mouse to reach the platform no signifi-
cant difference between the groups was
observed (Fig. 5).

In vitro studies

MTT assay

There was a dose-dependent decrease of mito-
chondrial activity in PC12 cells exposed to
norharman (50, 100, 250, and 500mM) for
24 or 96 hours (Fig. 6). One-way ANOVA
showed a significant difference between the
groups, p<0.0001, for both exposure times.
Post-hoc testing indicated a reduced mito-
chondrial activity for cells exposed to
500mM norharman for 24 hours (p<0.001),
and for cells exposed to 50, 100, 250 and
500mM norharman for 96 hours (p<0.001),
compared to vehicle-treated cells.

Fig. 5. Swim maze performance of C57BL=6 mice two weeks after sc injections of norharman (3 or 10 mg=kg) or
vehicle twice daily for five consecutive days. Latencies to reach the platform were measured on three consecutive
days. On the fourth day the platform was moved to the opposite side of the tube. Values represent mean� SD,
n¼ 12 animals=treatment. Statistical analysis (ANOVA) indicated no significant difference between the groups
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Fig. 6. Mitochondrial function as measured by the MTT-assay in PC12 cells after exposure to norharman for
24 or 96 hours. Values for cells without any exposure to vehicle or norharman were set to 100%. Values
represent mean � SD, n¼ 3 (6–14 wells=dose) experiments with 24 hours of exposure time, and n¼ 4 (17–28
wells=dose) experiments with 96 hours exposure time. Statistical analysis (ANOVA) indicated a significant
difference between the different concentrations, p<0.0001 for both 24 and 96 hours exposure time. Post-hoc
testing indicated a reduced mitochondrial activity, ***p<0.001 for norharman-treated cells compared to vehicle-

treated cells

Fig. 7. Necrosis as measured by the trypanblue exclusion assay, in PC12 cells after exposure to norharman for
24 or 96 hours. Values represent mean � SD, n¼ 5 experiments (including �1300 cells=dose) for 24 hours
exposure time, n¼ 4 experiments (including �100 cells=dose) for 96 hours exposure time. Statistical analysis
(ANOVA) indicated a significant difference between the different concentrations, p<0.001 for 24 hours
exposure time, and p<0.05 for 96 hours exposure time. Post-hoc testing indicated an increased number of
necrotic cells, ***p<0.001 and *p<0.05 for norharman-treated cells compared to vehicle-treated cells. In cells
without exposure to vehicle or norharman 2.8% � 0.8 was necrotic after 24 hours exposure, and 7.0% � 4.2 after

96 hours

322 A. Östergren et al.



Trypanblue-exclusion assay

There was a dose-dependent increase of
necrosis in PC12 cells exposed to norharman
(5, 50, 500 mM) for 24 or 96 hours (Fig. 7).

One-way ANOVA showed a significant dif-
ference between the groups, p<0.001 for
24 hours exposure time, and p<0.05 for
96 hours exposure time. Post-hoc testing

Fig. 8. Apoptosis as determined by caspase-3 activation, in PC12 cells after exposure to vehicle (A) or norhar-
man 5 (B), 50 (C) or 500 mM (D) for 24 hours. The number of caspase-3 positive cells was evaluated by
immunocytochemistry (E). Values represent mean � SD, n¼ 4 stainings (including �800 cells=dose). Statistical
analysis (ANOVA) indicated a significant difference between the different concentrations. Post-hoc testing
indicated an increased number of apoptotic cells, ***p<0.001 for norharman-treated cells compared to

vehicle-treated cells
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indicated a increased number of necrosis
for cells exposed to 500mM norharman for
24 hours (p<0.001), and for cells expo-
sed to 50 mM and 500mM norharman for
96 hours (p<0.05) compared to vehicle-
treated cells.

Caspase-3 immunocytochemistry
and TUNEL

Norharman exposure for 24 hours increased
the number of cleaved caspase-3 positive
PC12 cells. One-way ANOVA showed a

Fig. 9. DNA-fragmentation as determined by TUNEL-staining of PC12 cells after exposure to vehicle (A) or
norharman 5 (B), 50 (C) or 500 mM (D) for 24 hours. Number of TUNEL-positive stained cells (E). Values

represent mean � SD, n¼ 2–3 sections (including >450 cells=dose)

324 A. Östergren et al.



significant difference between the groups,
p<0.0001. Post-hoc testing indicated an in-
creased number of caspase-3-positive cells
treated with 5 mM and 50 mM norharman
(p<0.001). At the highest concentration
(500 mM) the number of cleaved caspase-3-
positive cells decreased and was not sig-
nificant different from vehicle-treated cells.
Most cells were swollen with ruptured cell
membranes (as shown in Fig. 8D).

The effect of norharman on DNA-frag-
mentation was similar to caspase-3 staining
(as shown in Fig. 9).

Discussion

b-Carbolines such as norharman are present
in cooked food and tobacco smoke and show
structural resemblance to the parkinsonism-
inducing neurotoxicant MPTP. The present
subacute study revealed that repeated sc
injections of norharman (10 mg=kg) during
five days in mice caused an early onset neu-
rodegenerative changes, glial activation in
substantia nigra pars compacta and a signifi-
cant decrease in spontaneous motor activity
two weeks after the last dose. In contrast, no
norharman-induced changes in learning and
memory were observed. Although high doses
of norharman are known to induce convul-
sions and acute behavioural changes this
compound has not previously been observed
to induce any late motor deficits. Matsubara
and co-workers (1998) have reported an
insignificant reduction of spontaneous motor
activity and a increased bradykinesia in
C57BL=6 mice two days after high ip doses
of norharman. Temporal inactivity observed
shortly after treatment may, however, be dif-
ficult to evaluate since also the handling may
be stressful for the animals.

The highest dose of norharman caused a
significant decrease of spontaneous motor
activity in all periods of measurement, even
though a normal habituation was observed.
The habituation in a motor activity paradigm

represents a complex behavioural endpoint,
and may under some circumstances serve as
an index of a simple, non-associative type of
learning. Therefore the three sequential peri-
ods of measurement (i.e. 0–20, 20–40 and
40–60 min) were performed. The results sug-
gest that the norharman-induced changes in
mice were caused by motor impairment rather
than alteration of learning. Neurotoxicant-
induced dysfunction in the cholinergic sys-
tem has been reported to affect learning and
memory and several studies have indicated
that water swim maze performance test is
associated with muscarinic cholinergic func-
tion (as reviewed by Pepeu and Giovannini,
2004). In the present study the design of the
swim maze was a three day long acquisition
period followed by a reversal trial on the
fourth day. The latencies to find the platform
decreased in all treatment groups. Further-
more, the lack of changes in the spatial mem-
ory tasks is in concordance with previous
reports demonstrating that norharman is only
a weak inhibitor at muscarinic cholinergic
receptors and in acetylcholinesterase assays
(Muller et al., 1981; Skup et al., 1983). No
changes in learning ability and coordination
have been observed in MPTP-treated rodents
suggesting that these tasks are not dependent
on dopaminergic neurons of substantia nigra
(Da Cunha et al., 2003).

The repeated treatment with norharman
did not induce a significant early loss of ty-
rosine hydroxylase-positive neurons in the
substantia nigra. This is in accordance with
reports on subacute and acute treatment with
MPTP (Petroske et al., 2001). The number of
tyrosine hydroxylase-positive neurons at this
site is not reported to change during the first
month post-MPTP lesioning (Jakowec et al.,
2004). The fluoro-jade staining revealed,
however, that repeated norharman treatment
induced early neurodegenerative changes in
the substantia nigra. Fluoro-jade stains, how-
ever, all types of degenerating neurons and
glial cells. Since we also detected an in-
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creased amount of GFAP-staining in substan-
tia nigra, the early changes detected by
fluoro-jade staining is more likely to be due
to glial activation. Glial cells are known to
play a neuroprotective role and to maintain
dopaminergic cell function by supply of
trophic factors. Activated glial cells may
have a decreased protective ability (Hirsch
et al., 2003), and are reported to stimulate
cytokines that activate caspases and even-
tually lead to apoptosis in dopaminergic neu-
rons (Hunot and Hirsch, 2003). This is in
accordance with reports demonstrating that
MPTP-induced activation of glial cells may
be involved in MPTP-induced dopaminergic
cell death (Wu et al., 2002; Serra et al.,
2002). The late depression of spontaneous
motor activity is suggested to be due to early
activation of the glial cells leading to degen-
eration of neurons.

Selective transport of neurotoxicants by
use of the dopamine-transporter is often sug-
gested to be the mechanism for accumulation
of harmful substances in substantia nigra.
However, our previous autoradiographic stu-
dies revealed no selective uptake and reten-
tion of norharman at this site in C57BL=6
mice (Ostergren et al., 2004). This is in
analogy with studies demonstrating that there
is only a limited uptake of norharman and
monomethylated b-carbolines by dopamine
transporters (Drucker et al., 1990). Recent
reports have indicated, however, that there
is a carrier-mediated uptake of 2-methylated
b-carbolines in cells transfected with the
human dopamine transporter (Storch et al.,
2004). 2,9-Dimethylated norharman will not
pass the blood-brain barrier but a single intra-
nigral injection of this metabolite has been
reported to cause marked nigrostriatal lesions
(Neafsey et al., 1995).

The 2,9-dimethylated norharman is a
potent mitochondrial toxicant in cultured
PC12 cells (Fields et al., 1992; Collins
et al., 1992; Cobuzzi et al., 1994). The pre-
sent study demonstrated that norharman
caused mitochondrial dysfunction as well as

an increased number of caspase-3 positive
cells, TUNEL- and trypanblue stained PC12
cells. The increase of caspase-3 positive and
TUNEL-stained cells was most evident at the
low concentrations (5 and 50 mM) suggesting
that norharman preferentially induced apop-
totic cell death. These observations are in
accordance with studies reporting that nor-
harman (250 mM) can induce DNA damage
and morphological changes corresponding
to apoptosis in cultured human neuroblas-
toma cells (Uezono et al., 2001). At the
highest concentration (500 mM) the number
of caspase-3 positive and TUNEL-stained
PC12 cells decreased whereas the number
of necrotic cells increased markedly. Also
MPTP and MPPþ are reported (McNaught
et al., 1996; Kohda et al., 1998; Quigney
et al., 2003) to cause apoptosis at low con-
centrations and necrosis at high concen-
trations (Hartley et al., 1994; Soldner et al.,
1999). Norharman, norharman-metabolites
and MPTP=MPPþ can inhibit complex I in
the mitochondrial respiratory chain, although
with different potency (Albores et al., 1990;
McNaught et al., 1996). Such inhibition may
increase production of the superoxide anion
(Hasegawa et al., 1990); consequently, radi-
cals may play a role in norharman induced
apoptosis at low concentrations when ATP
synthesis is not severely compromised. High-
er concentrations of these mitochondrial toxi-
cants may severely decrease rates of ATP
synthesis and result in inability of the cells
to maintain normal cellular function and so
result in necrosis (Hartley et al., 1994).

In conclusion, the present results demon-
strated that repeated exposure to the food-
derived toxicant norharman resulted in early
onset degenerative changes and glial activa-
tion in the substantia nigra, and a late de-
pression of spontaneous motor activity in
C57BL=6 mice. In cultured PC12 cells nor-
harman caused mitochondrial dysfunction,
and apoptosis as detected by immunocyto-
chemical analysis of activated caspase-3 and
the TUNEL assay. Our previous studies have
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demonstrated that norharman is selectively
localized and retained in melanin-containing
neurons in vivo (Ostergren et al., 2004). The
presence of neuromelanin in substantia nigra
has also been suggested to play a role for
toxicant-induced damage at this site (Zecca
et al., 2003; Ostergren et al., 2004). However,
common laboratory animals such as the pig-
mented C57BL=6 mice lack neuromelanin in
the substantia nigra (Barden and Levine,
1983). The observed depression in sponta-
neous motor function of norharman-treated
C57BL=6 mice is therefore not related to a
selective accumulation of the compound at
this site but is suggested to be due to an early
glial activation in the substantia nigra nigra
and subsequent neurodegenerative changes.
The role of exposure to norharman in idio-
pathic Parkinson’s disease should be further
investigated.
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