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Abstract

Neuroinflammation plays a critical role in loss of dopamine neurons during brain injury and in neurodegenerative diseases. Diets enriched in
foods with antioxidant and anti-inflammatory actions may modulate this neuroinflammation. The model of 6-hydroxydopamine (6-OHDA)
injected into the dorsal striatum of normal rats, causes a progressive loss of dopamine neurons in the ventral mesencephalon. In this study, we have
investigated the inflammatory response following 6-OHDA injected into the striatum of adult rats treated with diet enriched in blueberry or
spirulina. One week after the dopamine lesion, a similar size of dopamine degeneration was found in the striatum and in the globus pallidus in all
lesioned animals. At 1 week, a significant increase in OX-6- (MHC class II) positive microglia was found in animals fed with blueberry- and
spirulina-enriched diets in both the striatum and the globus pallidus. These OX-6-positive cells were located within the area of tyrosine
hydroxylase (TH) -negativity. At 1 month after the lesion, the number of OX-6-positive cells was reduced in diet-treated animals while a
significant increase beyond that observed at 1 week was now present in lesioned control animals. Dopamine recovery as revealed by TH-
immunohistochemistry was significantly enhanced at 4 weeks postlesion in the striatum while in the globus pallidus the density of TH-positive
nerve fibers was not different from control-fed lesioned animals. In conclusion, enhanced striatal dopamine recovery appeared in animals treated
with diet enriched in antioxidants and anti-inflammatory phytochemicals and coincided with an early, transient increase in OX-6-positive
microglia.
© 2005 Elsevier Inc. All rights reserved.
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Introduction Injection of the neurotoxin 6-hydroxydopamine (6-OHDA)

into the striatum induces a slow progressive degeneration of

Dopamine neurons in ventral mesencephalon are known to
be vulnerable to injury, and this concern relates specifically to
dopamine neurons in the substantia nigra. For instance,
selective neuronal death of dopamine neurons in the substantia
nigra may result in chronic neurological disorders like
Parkinson’s disease (Kanazawa, 2001). The slow, progressive
loss of dopamine neurons is considered to be due, at least in
part, to oxidative stress caused by generation of reactive
oxygen species (ROS).
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dopamine neurons in the substantia nigra (Sauer and Oertel,
1994). 1t is known that 6-OHDA is easily oxidized to ROS,
and it has been suggested that 6-OHDA at least in part
induces apoptosis (Choi et al., 1999; Cohen and Heikkila,
1974; Lotharius et al., 1999). As a result of the dopaminergic
insult, proinflammatory cytokines such as tumor necrosis
factor alpha (TNFa) are increased (Mladenovic et al., 2004;
Mogi et al., 1999). Moreover, using the 6-OHDA lesion
model, it has been suggested that the neuronal death per se
does not induce production of proinflammatory cytokines
(Depino et al., 2003). Elevated levels of proinflammatory
cytokines are found also in the brain of parkinsonian patients
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(Mogi et al., 1995; Mogi et al., 1994), and the production of
proinflammatory cytokines has been localized to microglial
cells (Loddick and Rothwell, 1999; Mogi et al., 1994). Thus,
the 6-OHDA lesion is accompanied by microglia activation
(Depino et al., 2003). Indeed, it is believed that neuroin-
flammation plays a critical role in the loss of dopamine
neurons in Parkinson’s disease.

Epidemiological studies demonstrate that consumption of a
Mediterranean diet is beneficial to health (de Lorgeril et al.,
1994; Trichopoulou et al., 2003). The Mediterranean diet is
rich in fruits and vegetables, which contain high levels of
vitamin C, vitamin E, flavonoids, and carotenoids (Willet et
al., 1995). In animal experiments, it has been documented
that blueberry, spinach, or spirulina-enriched diets may
prevent age-related declines in the cerebellar noradrenergic
receptor function (Bickford et al., 2000; Bickford et al.,
1999). Furthermore, diets supplemented with antioxidants
such as vitamin E, strawberry, or spinach increase dopamine
release in the striatum and retard some age-related motoric
declines (Joseph et al., 1999; Joseph et al., 1998; Martin et
al., 2000). Another compound with antioxidative effects that
has been used for thousands of years is ginseng. Data
provided show that ginseng both in mice and rats has
neuroprotective actions on injury of the dopamine system
(Van Kampen et al., 2003).

Antioxidant supplementation improves cell-mediated im-
munity and has immunomodulatory effects (Meydani, 1999).
However, little is known how injury of the dopamine system
that may cause an inflammatory response will be affected by
diet enriched in antioxidants. Therefore, this study was
conducted to study the inflammatory response following injury
of the nigrostriatal dopamine system by injection of 6-
hydroxydopamine (6-OHDA) into the striatum of rats fed with
diet enriched in antioxidants i.e. blueberry or spirulina. The
MHC class II response as determined by OX-6-immunoreac-
tive microglial cells was used as marker for inflammation.

Materials and methods
Animal treatment

Three-month-old F344 male rats obtained from Harlan
Industries were placed onto either a NIH-31 (control) diet or
NIH-31 diet supplemented with 2% blueberry or 0.1%
spirulina (n = 5 for each group of animals and time point).
Rats remained on these diets for the entire study. Twenty-eight
days following the initiation of the diets, animals were
anesthetized with isoflurane, placed in a stereotaxic frame,
and unilaterally injected with 6-hydroxydopamine (6-OHDA)
into the dorsal striatum using the coordinates 1.0 mm anterior
and 3.0 mm lateral to the bregma, and 4.5 mm below the dura.
Each animal was injected with 20 pg 6-OHDA in saline
containing 0.5 M ascorbic acid (4 pl infused over 4 min), and
the cannula was left in place for 2 min following infusion.
Sham injections consisted of vehicle. Seven days or 4 weeks
following the lesion, rats were euthanized for perfusion and
immunohistochemistry.

Immunohistochemistry

Rats were anesthetized with pentobarbital (50 mg/kg, i.p.)
and perfused transcardially with phosphate-buffered saline
(PBS), followed by 4% paraformaldehyde in phosphate
buffer. The brains were dissected and postfixed in parafor-
maldehyde for 12 h, after which they were transferred into
30% sucrose in phosphate buffer for at least 16 h. Cryostat
sections (14 or 40 um) were processed for indirect immuno-
histochemistry. Antibodies used were directed against tyrosine
hydroxylase (TH; Pel-Freez, Arkansas, USA; 1:300 anti-
rabbit or DiaSorin, Stillwater, USA; 1:1 500 anti-mouse), OX-
6 (Serotec, Hamar, Norway, 1:200), Ibal (Wako Chemicals
GmbH, Neuss, Germany, 1:1 000), and glial fibrillary acidic
protein (GFAP; Sigma, Sweden, 1:100,) and were diluted in
PBS containing 0.3% Triton-X. Incubations were performed
for 48 h at 4°C. After washing, the sections were incubated in
Alexa 488 and Alexa 594 secondary antibodies (Molecular
Probes, Leiden, The Netherlands) for 1 h at room tempera-
ture. After additional rinsing, the sections were mounted in
90% glycerin in PBS. Double labeling of TH and OX-6, TH
and GFAP, or OX-6 and Ibal was performed. Cell counts
were performed on 40 pm thick sections processed for TH-
immunohistochemistry using Vectastain ABC system (Elite
ABC kit, Vector Laboratories). Sections were rinsed in Tris-
buffered saline (TBS) after being incubated in primary
antibodies as described above, followed by incubation in
biotinylated secondary antibody solution for 30 min and after
additional rinsing treatment with Vectastain Elite ABC
reagent. After rinsing, sections were treated with 3,3/-
diaminobenzidine to visualize the reaction. Sections were
then mounted in DPX. Evaluation was performed using image
analysis and Improvision software and for unbiased stereo-
logical cell counts using Stereolnvestigator software (Micro-
Brightfield, VT).

Cell counts and statistics

The TH-negative zone surrounding the injection site in the
striatum was calculated as the radius perpendicular from the
injection track to the most distal part of the striatum showing
TH-negativity. Measurements were performed over 5 sections
and means for each brain was calculated. Means from each
brain was used for one-way ANOVA giving the means of
different treatments and time points. Cell counts of OX-6-
positive microglia cells in the striatum and the globus pallidus
were performed using a standardized frame. OX-6-positive
cell counts were performed on 5 sections for each brain
within this frame. The density of TH-positive nerve fibers and
GFAP-positive astroglia was calculated from images captured
with a CCD camera (ProgRes C14, Jenoptik, Jena) using NIH
image software on binary images and expressed as mean grey
density. The density of TH-immunoreactivity was measured
over globus pallidus and GFAP-positivity at the injection site
in 5 sections per brain. Means for each brain and antibody
were then processed for calculations using one-way ANOVA.
All measurements were performed on blind coded slices.
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One-way ANOVA followed by Fisher post hoc analysis was
used to analyze differences between groups and time points.
Stereological cell counts of TH-positive neurons were
performed within the nigral area. The histological material
was viewed with a Nikon Eclipse 600 microscope and
quantified using Stereo Investigator software (Version 6
MicroBrightField, Colchester, VT). The substantia nigra pars
compacta was outlined. Neurons in the substantia nigra were
counted using the optical fractionator method of unbiased
stereological cell counting techniques (West et al., 1991).
Optical dissectors were cubes 100 x 100 x 10 pm spaced in
a systematic random manner 100 pm apart and offset from
the section surface by 5 pm. The sampling was optimized to
sample 300 counted cells per animal with error coefficients
less than 0.07. Each counting frame was placed at an
intersection of the lines forming a virtual grid (160 x 1600

pum), which was randomly generated and randomly placed by
the software within the outlined structure. TH labeled neurons
were counted using a 60x oil lens (n.a. 1.4) and were
included in the measurement only when they came to focus
within the dissector (dissector height with 20 pm average
thickness of mounted sections was 30 um, thickness was
measured at random intervals throughout every section and
estimated by the program).

Results
Effects of dopamine denervation in the striatum
In the striatum, TH-immunohistochemistry revealed at 1

week postinjection a TH-negative area surrounding the
injection site in all animals that had received 6-OHDA while

Fig. 1. TH- (red) and OX-6- (green) immunoreactivity in the striatum of either sham (a) or 6-OHDA (b—j) lesioned animals treated with control diet (a—c, e, ),
blueberry-enriched diet (d, g, h), or spirulina-enriched diet (i, j) at 1 week (c—e, g, i) or 4 weeks (a, b, f, h, j). The size of the TH-negative zone was similar in all
lesioned animals at 1 week after the lesion (e, g, 1). A rapid increase in OX-6-positive microglia was found in all animals at 1 week, while in animals fed with
blueberry or spirulina, this increase was much more pronounced (e, g, i). At 4 weeks after the lesion, this increase of OX-6-positive microglia was reversed in
animals fed with blueberry or spirulina-rich diet (h, j) while it was now enhanced in lesioned animals treated with control diet (f). OX-6-positive microglia found in
rats fed with blueberry or spirulina-rich diet were enlarged with many processes (d) at 1 week as compared to OX-6-immunoreactive microglia found in control-fed
lesioned animals (c). At 4 weeks postlesion, OX-6-positive microglia were often found in myelinated fiber bundles posterior to the injection sites in control-fed

lesioned animals (b). Scale bar: a, e—j = 200 um; b = 50 um; ¢, d = 25 pm.
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no reduction in TH-immunohistochemistry was found after
sham injection (Fig. 1). The TH-negative zone was sur-
rounded by a high density of TH-immunoreactive nerve fibers
and thus the delineation between TH-positive and TH-
negative areas was abrupt. The TH-negative area as measured
by the radius from the injection site to the presence of TH-
positive nerve fibers in a medial-to-lateral axis in the striatum
after the lesion was approximately of the same size in all
animals at 1 week after the lesion except for that seen in the
sham-injected animals (Fig. 2a). Four weeks after the lesion,
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Fig. 2. Graphs showing the TH-negative zone in the striatum (a) and the
number of OX-6-positive microglial cells in the TH-negative zone (b). The TH-
negative zone was measured as the radius from the injection site to the rim of
TH-immunoreactivity within the lesioned striata. Measurements show that the
TH-negative zone was similar in all lesioned animals at 1 week after the lesion,
while a significant reduction is found at 4 weeks after the lesion in animals
treated with blueberry or spirulina-enriched diets (a). The number of OX-6-
positive microglia was significantly increased at 1 week in animals with
antioxidant-enriched diet (b). This increase was reversed at 1 month while at
this time point a significant increase in number of OX-6-positive cells was
found in the striata of control-fed lesioned animals. *P < 0.05, **P < 0.01,
*¥**¥P < 0.001, n =5 for each group.

the TH-negative zone was significantly reduced in animals
treated with blueberry- and spirulina-enriched diets as
compared to those treated with control diet. The TH-negative
zone was also significantly smaller at 4 weeks in blueberry
and spirulina-fed animals than that measured at 1 week (P <
0.01 in blueberry-fed animals and P < 0.001 in spirulina-fed
animals, n = 5 for each treatment). However, no significant
reduction of the TH-negative radius was measured in the
control diet-fed animals at 4 weeks. In animals treated with
the antioxidant-rich diet, the area close to the TH-negative
zone was no longer a sharp delineation between TH-negative
and TH-positive areas but more characterized by a sparse
nerve fiber network including intensive fluorescence and thick
nerve endings, indicating a process of recovery.

OX-6-immunohistochemistry showed positive cells in all
injected striata, while control sides of all animals were OX-6-
negative. However, only few OX-6-positive microglia were
found in sham-injected animals, and those were located
within the injection track (Fig. la). In animals that had
received 6-OHDA injections, microglial cells were found at a
small distance from the needle track but still within the TH-
negative area leaving an OX-6-negative zone surrounding the
needle track at 1 week after the lesion (Fig. 1). The number
of OX-6-positive cells was moderately increased 1 week after
the 6-OHDA injection in animals fed with control diet when
comparing to sham-injected rats (Fig. 2b). Interestingly, a
significant increase of OX-6-positive cells was found at 1
week in animals fed with blueberry- and spirulina-enriched
diet (P < 0.001, n = 5, Fig. 2b). Four weeks after the lesion,
the number of OX-6-positive microglial cells counted in
blueberry and spirulina diet-fed animals was returned to
values found in sham-injected animals. In lesioned animals
treated with control diet, significantly increased number of
OX-6-positive cells was found at 1 month (Figs. 1 and 2b). In
areas posterior to the TH-negative zone, OX-6-positve cells
were found in the myelinated fiber bundles crossing the
striatum (Fig. 1b).

Ibal-immunoreactivity visualizes all microglial profiles,
and thus much more Ibal-positive cells were found than OX-
6-positive microglia. In all animals, the injection sites were
marked by an increase in Ibal-positive microglia. In sham-
operated animals, Ibal-immunoreactivity was concentrated to
the injection site, while in lesioned animals, a sphere of
increased density of Ibal-positive cells surrounding injection
site had been formed (Fig. 3). This sphere with increased
Ibal-immunoreactivity was located within the TH-negative
area in the lesioned striatum. At 1 week postlesion, center
portions of the striatum were densely packed with Ibal-
positive microglia which displayed a rounded morphology
while at more peripherally sites but still within the TH-
negative area, Ibal-positive cells possessed processes (Fig. 3).
These cells were also OX-6-immunoreactive, and found in
animals fed with antioxidant-enriched diet (Fig. 3h). The
density of Ibal-immunoreactive microglial cells was higher in
areas for dopamine depletion than that seen on control sides.
Thus, the Ibal-positve cell density was clearly reduced
outside the area of OX-6-positive cells (Fig. 3¢). Morphology
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Fig. 3. Ibal- (red) and OX-6- (green) immunoreactivity in sham (f) or 6-OHDA lesioned (a—e, g, h) striata of animals fed with control diet (a, c, f), blueberry (b, d, e,
h), or spirulina (g). At 1 week postlesion, dense Ibal-immunoreactivity was found close to the injection sites of control-fed (a) and blueberry-fed (b) animals
(injection site to the right). Few OX-6-postive microglia were found in control-fed animals (a) while in blueberry-fed animals OX-6-postive cells were numerous (b).
The pan-microglia marker Ibal showed that positive microglia was rounded close to the injection sites in both control- (c¢) and blueberry- (d) fed animals and in the
center portions of the lesions only few OX-6-positive microglia were found. OX-6-positive microglia was also Ibal-immunoreactive (h). The density of Ibal-
immunoreactive cells was higher where also OX-6-positive microglia was found, i.e. within the TH-negative zone (see Fig. 1) such that a strict border was found
between the dense and normal density of Ibal-positive cells (e). At 4 weeks after the lesion, Ibal-immunoreactivity did not differ in spirulina-fed animals (g) as
compared to sham-injected controls (f). Scale bar: a, b, f, g =200 um; ¢ and d = 50 pm; e = 40 um; h = 25 pm.

of Ibal-positive microglia showed larger cell bodies and
shorter processes than those Ibal-positive microglia that was
located in the striatal areas remote from the dopamine lesion.
Thus, microglia located within the TH-negative zone
appeared activated while microglia in areas not hit by the
dopamine depletion appeared resting. The numerous rounded
Ibal-immunoreactive microglia seen in center portions of the
lesion appeared larger in animals fed with antioxidants. These
cells had disappeared in all animals at 1 month (Figs. 3f, g).
At this time point, a reduction in Ibal-positive microglial
profiles was found in animals fed with antioxidants, while in
control diet-fed lesioned animals, Ibal-immunoreactivity was
still intense.

The injection into the striatum caused increased density
of GFAP-immunoreactivity in the injected striata. GFAP-
immunoreactive cells were concentrated to the immediate
vicinity of the needle track and did not leave any negative
central zone as that seen with OX-6-immunoreactivity.
GFAP-immunoreactivity induced by the injection showed
the same density at injection site in all animals at 1 week

after the lesion (Fig. 4). At 4 weeks after the dopamine
depletion, a significant increase in GFAP-positive profiles
was found in lesioned animals given control diet, while
blueberry- and spirulina-treated animals showed no change
compared to sham-injected animals or to the 1 week time
point (Fig. 4).

Effects in the globus pallidus by dopamine denervation

A degeneration of TH-immunoreactive nerve fibers was
found in the globus pallidus ipsilateral to the injected side in
all lesioned animals independently of diet. Nerve fiber density
was significantly reduced in all groups compared to sham-
injected controls and no difference between diets was found.
One month after the lesion, TH-positive nerve fiber density
was not different between groups of 6-OHDA treatment, but
TH-positive nerve fiber density in blueberry control diet and
spirulina-fed animals was significantly reduced when com-
paring to sham-injected animals, while nerve fiber density in
blueberry-fed animals was not significantly different from sham-



1. Stromberg et al. / Experimental Neurology 196 (2005) 298—307 303

50 *

'S
=3

w
=

]
=1

=

W 1 week
0O 4 week

density of GFAP-immunoreactivity

Sham + 6-OHDA + 6-OHDA + 6-OHDA +
control diet control diet  blueberry diet  spirulina diet

¢

Fig. 4. GFAP-immunoreactivity in striata from sham (a) or 6-OHDA (b—d) -injected animals fed with control (a, b), blueberry (c), or spirulina (d) diets at 4 weeks
after the lesion. An increase in density of GFAP-positive profiles was found in control-fed lesioned animals at 4 weeks (P <0.001, n = 5), while animals treated with
antioxidants did not differ from sham-injected controls (e). At 1 week after the injection, the density of GFAP-immunoreactivity was similar in all animals (e). Scale
bar: a—d = 200 pm.

injected controls (Fig. 6a). Furthermore, a significant (P < treated with blueberry or spirulina at | week after the lesion (Fig.
0.001, n =5) increase in number of OX-6-positive microglia was 6b). This increase was reversed at 4 weeks and no difference was
found in the globus pallidus after dopamine lesions in animals found compared to sham-injected animals at this time point

Fig. 5. TH (red) and OX-6 (green) in the globus pallidus of sham (a, e) or 6-OHDA (b—d, f—h) -injected animals treated with control diet (a, b, e, f), blueberry (c, g), or
spirulina (d, h) at 1 week (a—d) or 4 weeks (e—h) after injection. TH-immunoreactivity was reduced in all animals given 6-OHDA at 1 week (b—d) while a recovery was
found at 4 weeks in animals fed with blueberries (g). OX-6-positive profiles were dense in globus pallidus of animals fed with blueberry (c¢) and spirulina (d) at 1 week
while in lesioned control animals (b) the number of OX-6-positive cells was similar to that found in sham-injected animals (a). At 4 weeks, the number of OX-6-positive
cells was increased in control-fed lesioned animals (f), while in blueberry (g) and spirulina (h) treated striata, OX-6-positive cells did not differ from sham-injected
controls (e). Scale bar: a—h =200 um.
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(Figs. 5 and 6). However, in lesioned animals fed with control
diet, a significant increase in OX-6-positive cells was found at
4 weeks compared to that measured at 1 week. The levels at 4
weeks in control diet-fed animals were not different from those
measured in animals fed with antioxidant-enriched diet at 1
month (Fig. 6b). No OX-6-positive profiles were found in the
control sides of any animals. In addition, no change in number
of GFAP-positive astrocytes was found in globus pallidus
ipsilateral to the injection in any animal.
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Fig. 6. The density of TH-immunoreactive nerve fibers in globus pallidus
showed a significant reduction in all 6-OHDA lesioned animals at 1 week after
the lesion when comparing to sham-injected controls (a). At 4 weeks, nerve
fiber density had recovered in blueberry-fed animals as compared to sham-
injected controls, but not when comparing to the other lesioned animals (a).
There was no significant recovery between 1 and 4 weeks time points when
comparing within the same treatment (a). The number of OX-6-positive cells in
globus pallidus followed the same pattern as that seen in the striatum, i.e. a
slight increase in dopamine lesioned control animals and a significant increase
in animals that received blueberry or spirulina at 1 week (b). At 4 weeks, the
increase in antioxidant-fed animals was reversed and not significantly different
from sham-controls, while a significant increase was found in control-fed
lesioned animals (b). *P < 0.05, **P <0.01, ***P <0.001, n.s. not significant,
n =5 for each group.
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Fig. 7. Stereological cell counts of TH-positive neurons in the substantia nigra
ipsilateral to the lesion or sham injection at 4 weeks after injection. The
number of TH-positive neurons was reduced in all lesioned animals while a
significance was found in control and blueberry-fed animals (P < 0.05 vs.
sham control, n = 5).

Effects of striatal dopamine denervation in the substantia nigra

Cell counts of TH-positive neurons using stercology
revealed a significant reduction in number of neurons in
control- and blueberry-fed animals as compared to sham-
injected animals at 4 weeks after the lesion (P < 0.05; Fig.
7). Treatment with spirulina resulted in fewer but not
statistically different number of TH-immunoreactive neurons
at 1 month. However, none of the lesioned animals differed
individually.

Discussion

This study shows that diet enriched in phytochemicals with
anti-inflammatory and/or antioxidant properties such as
blueberry and spirulina causes a rapid but transient increase
of OX-6-positive microglia in the striatum and the globus
pallidus of intrastriatally injured animals, while the dopamine
lesion per se did not differ in size at 1 week. Thus, 1 month
after the lesion, the antioxidant-treated animals had normal-
ized their OX-6-positive microglia levels while an increase
was now shown in control-fed animals. At this time point,
recovery of striatal TH-positive nerve fibers had occurred
only in animals fed with blueberry and spirulina while a loss
of dopamine neurons in the substantia nigra was obvious in
all lesioned animals. The enhanced recovery of striatal
dopamine innervation is in accordance with previous studies
showing that other antioxidants in combination with dopa-
mine lesions will preserve striatal dopamine levels (Datla et
al., 2004). In addition, using ginseng to reduce oxidative
stress promotes survival of ventral mesencephalic dopamine
neurons after MPTP lesions (Van Kampen et al., 2003).
Furthermore, blocking the cyclooxygenase (COX) pathway
using COX-2 inhibitors will result in significant regeneration
of TH-positive nerve fibers (Sanchez-Pernaute et al., 2004).
One active compartment of Spirulina platensis is c-phycocy-
anin, which inhibits COX-2 (Reddy et al., 2000). Thus,
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recovery of striatal TH-positive nerve fibers after treatment
with antioxidants such as spirulina seen in this study has
support from other reports.

Using the COX-2 inhibitor to rescue dopamine neurons
from injury will result in fewer activated microglia (Du et al.,
2001; He et al., 2001; Sanchez-Pernaute et al., 2004; Wu et al.,
2002). While a clear increase using the pan-microglia marker
Ibal was found in all lesioned animals in the present study, a
robust increase of OX-6-positive microglial cells early after
the lesion was associated with enhanced striatal TH-positive
recovery. Thus, the outcome was reversed from what was
predicted. Interestingly, using the antisense to TNFa to
supress OX-6 expression in microglia during the initial phase
after dopamine lesion will result in larger dopamine deple-
tions. In contrary, inhibiting TNFa and microglia activation at
a later stage results in smaller dopamine lesions (Gemma et
al., 2003). Thus, the rapid increase of activated microglia
early after injury may be beneficial to neural repair. The
reason for this is still unknown, but the rapid onset of OX-6-
positive microglia in animals fed with antioxidant-rich diet
might improve phagocytosis and prepare for a rapid onset of
regeneration. These suggestions are not proven in this study;
however, it has been shown in other brain areas that rapid and
transient onset of microglia activation or adding microglia
into an injured area may enhance neuronal survival and/or
regeneration, while a long-term microglial reaction results in
neuronal death (Hollerbach et al., 1998; Rabchevsky and
Streit, 1997).

The rapid onset of OX-6-positive microglia in the globus
pallidus was present in animals treated with the antioxidant-
enriched diet, which is in accordance with what was found in
the striatum. Obviously, the dopaminergic collaterals from the
nigrostriatal pathway were also affected by the striatal lesion
and resulted in dopamine denervation of the globus pallidus.
Interestingly, the normalization of OX-6-positive microglia at
1 month after the lesion had effect on recovery of dopamine
nerve fibers only in blueberry treated animals when compar-
ing to sham-injected controls, although the effect was not
convincing since nerve fiber density did not differ in any of
the lesioned animals and no significant recovery was found
between 1 and 4 week time points in any of the different
treatments. Poor regeneration of globus pallidus has been
noticed before. In grafting studies, graft-derived reinnervation
avoids targeting the globus pallidus and instead forms nerve
fiber bundles that pass peripherally to the globus pallidus
rather than crossing through it (Stromberg et al., 1992, 2001).
What reduces the capacity of globus pallidus to achieve
regenerating dopamine nerve fibers is still unknown, but the
robust onset of OX-6-positive microglia did not appear to
promote regeneration in globus pallidus as that seen in the
striatum.

The intrastriatal dopamine lesion model is characterized by
a slow, progressive neurodegeneration of ventral mesence-
phalic dopamine neurons (Sauer and Oertel, 1994). Although
it appears that the neurotoxic effect is maximal already at 48
h after the lesion (Mladenovic et al., 2004; Zuch et al., 2000),
a significant loss of TH-positive neurons is not obvious

before 6 days after the striatal lesion (Marti et al., 2002). At 4
weeks, there was a reduction in all lesioned animals except
for those treated with spirulina diet. However, the spirulina-
treated animals did not differ from the other lesioned animals
and thus the antioxidant-rich diet did not appear to protect at
the cellular level, but at the nerve terminal level as seen in the
striatum. Since it has been shown that striatal 6-OHDA
injection induces apoptosis in the nigral neurons, and that
both TH and fluorogold prelabeling of nigral neurons
disappear, it is likely that the nigral neurons undergo cell
death (Emsley et al., 2001; Marti et al., 2002; Mladenovic et
al., 2004; Rosenblad et al., 2000). Thus, the recovery of TH-
positive nerve fibers seen in the striatum in animals treated
with antioxidant-rich diet, was probably due to sprouting from
non-injured dopamine neurons rather from regenerating
rescued dopamine neurons or upregulation of lost TH
synthesis.

The density of GFAP-positive astrocytes was calculated
from the area of injection sites. Thus, the injection per se did
cause an astrocytic reaction equal to that found in the
lesioned animals independent of diet at 1 week after
injection. However, when comparing the astrocytic levels
remote from the injection sites but still ipsilateral to the
lesion, an upregulation of reactive astrocytes after both 6-
OHDA and MPTP lesions has previously been shown
(Stromberg et al.,, 1986). However, increased density of
GFAP had occurred at 1 month after the lesion in animals
that received control diet compared to that measured in
sham-injected controls and antioxidant treated 6-OHDA-
injected animals. It is known that reactive astrocytes may
produce proinflammatory cytokines such as TNFa (Dong,
2001). TNFa is toxic to dopaminergic neurons and thus
might have prevented regeneration in control-fed animals
(McGuire et al., 2001). Furthermore, TNFa mRNA levels are
increased in the striatum after a dopamine lesion (Mladenovic
et al., 2004). Interestingly, animals fed with diet enriched in
antioxidants reduce their TNFa levels (Cartford et al., 2002),
which might explain the dopaminergic regeneration within
the striatum.

In summary, the size of the dopamine denervation was
similar in all lesioned animals at 1 week, and therefore we may
conclude that the dopamine recovery was enhanced in animals
fed with blueberries or spirlina. Microglia was densely packed
in the close vicinity to the injection site as seen by the presence
of the pan-microglia marker Ibal, but microglia expressing
0OX-6 were significantly increased in the striatum as well as in
the globus pallidus in animals on antioxidant-rich diet early
after the lesion. At 4 weeks, the number of OX-6-positive cells
was reversed, while at this time point, an increase was found in
control diet-fed animals.
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