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Abstract. The inflammatory reaction and oxidative stress has been linked
with PD. Proinflammatory cytokines promote neurodegeneration or
neuroprotection in different animal models. In addition, these cytokines have
been reported to increase iNOS expression. With the RT-PCR method we
evaluated mRNA levels for IL1B, IL6, TNF, IFNy, IL-10 and iNOS in the
striatum of C57BL/6 mice after MPTP intoxication. The IL13 mRNA
expression rapidly increased and peaked at 6 h. The first increase of mRNA
for TNFoa and IFNy was noticed at 6-24 h and the second at the 7" day after
MPTP 1nt0x1cat10n Two peaks of IL10 mRNA were seen, immediately (6 h)
and at the 3" day post MPTP injection. The peak of mRNA level for IL6 was
observed at the 7" day Expression of mRNA for iNOS peaked at 24h, started
decreasing on the 3" day, but was still present till the 14" day. Those findings
suggest that cytokine network and iNOS may be involved in the development
of immune changes accompanying degeneration of the nigrostriatal system.
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INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative dis-
order in which dopamine (DA) neurons of the substantia
nigra (SN) selectively degenerate, thus leading to a loss
of their nerve terminals and DA deficiency in the
striatum (Marsden et al. 1998) Although the patho-
mechanism by which these neurons degenerate is still
unknown, there is increasing evidence from experimen-
tal and clinical studies for a possible involvement of im-
munological mechanisms in the etiopathogenesis of PD
(Kuhn et al. 1997).

The neurodegenerative process observed in the
nigrostriatal system in animal models of PD in which de-
generation of nigral dopaminergic neurons was induced
by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
leads to the development of local inflammatory reaction
results in glial activation accompanied by expression of
inflammatory mediators and infiltration of circulating
immune cells into the central nervous system (CNS)
(Cztonkowska etal. 1996, Kurkowska-Jastrzgbska et al.
1999, O’Callaghan et al. 1990).

Neuroinflammation is regulated by many signal mol-
ecules including cytokines. Cytokines are multifunc-
tional proteins that in the CNS play a particular role in
the normal development of the brain as well as in
neuroimmunopathological processes following injury
and neurodegeneration (Szelenyi 2001). Many investiga-
tors found markedly increased levels of pro-inflamma-
tory cytokines such as IFNy IL1P and TNFa that are
expressed by glial cells in the nigrostratial regions of pa-
tients with PD (Hunot et al. 1999, Nagatsu 2002). This
may have several implications for the pathophysiology
of this disease. It seems very likely that the chronic pro-
duction of these pro-inflammatory cytokines in high
amounts may have a deleterious effect upon nigrostriatal
dopaminergic regions. This concept is supported by the
fact that anti-inflammatory agents, such as dexametha-
sone or indomethacin, have been shown to protect
dopaminergic neurons against damage in the experi-
mental models of PD (Kurkowska-Jastrzgbska et al.
2002).

Recently, many research efforts have been focused
on the explaining the molecular actions by which
pro-inflammatory cytokines may induce neurotoxicity.
One of the better characterized cytotoxic mechanisms
induced by pro-inflammatory cytokines, such as [FNy,
IL1P and TNFa is induction and activation of the induc-
ible nitric oxide synthase (iNOS, Chatterjee et al.1999;

Akama et al.2000). Inducible nitric oxide synthase is a
isoform of NOS which has been implicated in cellular
toxicity in many cell systems including brain. Nitric ox-
ide (NO) when generated in high quantities following
induction of iNOS, combines with the superoxide anion
to form highly reactive, death-inducing compounds
such as peroxynitrite (Beal 1998; Dawson et al. 1998).
It is well accepted that increased oxidative stress may
play a prominent role in the neurodegenerative pro-
cess.

Furthermore, TNFa through interaction with its recep-
tor can activate an apoptotic transduction pathway in
dopaminergic neurons (Hsu et al. 1996, Mogi et al.2000).
The pro-inflammatory cytokines may also exert deleteri-
ous effects on the PD brain by stimulation of the reactive
glial cells to expression of other inflammatory mediators
such as complement and cyclooxygenase (COX)
(Yamoamoto etal. 1995). On the other hand, there is mul-
tiple converging evidence to support neuroprotective ef-
fects of these molecules. Cytokines, such as IL6 or IL1
stimulate reactive astrocytes to synthesis of certain
neurotrophic factors, thereby promoting axonal sprout-
ing in the degenerated brain tissue (Ho etal. 1997). TNFa
is a potent stimulator of survival factors such as
calbindin, manganase-superoxide dismutase, and Bcl-2
proteins (Keller et al 1998; Mattson et al.1995). The
TNFa-ceramide pathways that suppress the generation
of free radicals may protect neurons from the damage
(Hunot et al. 1997). This finding suggests that the pro-in-
flammatory cytokines also take part in the successful
neuroregenerative process. The detailed study of the net-
work of pro- and anti-inflammatory cytokines may help
in better understanding of the role of these cytokines in
the neurodegerative processes.

Our present study was aimed at studying the temporal
changes in the mRNA expression of IL-10, IL6, I[FNy,
IL1B, TNFa and iNOS in the striatum of C57BL/6
male mice, from 6 hours to 14 days after MPTP intoxi-
cation.

METHODS

Animals

Male adult C57BL/6 mice, 11-12 months old and
35-40 g of weight were used in this study. The animals
were housed in plastic cages under a 12 h light/12 h dark
cycle and had free access to food and water. Ambient
temperature was maintained at 25 + 2°C.



Treatment

MPTP-HCL (Sigma) was dissolved in sterile 0,9% sa-
line, and was administrated in four intraperitoneal injec-
tions at 1-h intervals using a dose of 10 mg/kg body
weigh. Control mice received sterile saline only. Animals
were sacrificed by spinal cord dislocation and decapi-
tated at: 6h, 1, 3, 7, 14 days after MPTP intoxication. Six
to eight mice were killed at each time point. The striatial
samples were prepared immediately after decapitation
and stored at -80°C until use.

RT-PCR (Reverse trancriptase - polymerase
chain reaction)

Total RNA was isolated from brain tissue using TRI
reagent (Sigma), in accordance with the manufacturer’s
instructions. The RNA product was resuspended in 20 pl
diethyl pyrocarbonate (DEPC)-treated water. The qual-
ity of RNA samples was confirmed by the electrophore-
sis of RNA through the 1,5 % agarose gel containing
ethidium bromide and visualization by UV illumina-
tion. The RNA was stored at -70 ° C until used. Total
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RNA was reverse transcribed at 42°C for 1 hour with
Moloney murine leukemia virus (MMLYV) reverse tran-
scriptase according to the instruction of the manufac-
turer of the reagent (Sigma). Following the RT reaction
the cDNA products were stored at -20°C until use. The
cDNA was amplified using adequate primers (Table I).
Negative control reactions without template or MMLV
reverse transriptase were included in parallel in the PCR
amplification with primer set. As a control and to elimi-
nate sample-to-sample differences in RNA extraction
and conversion to cDNA, we amplified the housekeep-
ing gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). The thermal cycling parameters were as fol-
lows:

IL-6, IFNy, IL1B, TNFo.-95°C, 2 min; 94°C, 50 s; 60°C,
50's, 35 cycles; and 72°C, 5 min;

IL-10: 94°C, 1 min; 60°C, 30 s; 72°C, 30 s, 30 cycles;
and 72°C, 7 min.

iNOS: 94°C, 3 min; 94°C 1 min; 57°C 2 min; 72°C 3 min,
30 cycles and 72°C.

GAPDH: 94°C, 5 min; 94°C, 30s; 57,5°C, 45s; 72°C, 1
min; 30 cycles; and 72°C, 10 min. PCR products were
separated on 1,5% agarose gels stained with ethidium

Table I

Specific primer pair sequences used in semiquantitative RT-PCR

Amplicon Oligonucleotide sequences (5°-3”) Size (bp)

IFNy AGC GGC TGA CTG AAC TCA GAT TGT AG 243
GGTC ACA GTT TTC AGC TGT ATA GGG

TNFa GGC AGG TCT ACT TTG GAG TCA TTG C 307
ACA TTC GAG GCT CCA GTG AAT TCG G

IL-6 CTG GTG ACA ACC ACG GCCTTC CCT A 600
ATG CTT AGG CAT AAC GCACTAGGTT

IL-1B TCA TGG GAT GAT GAT GAT AAC CTG CT 502

CCC ATA CTT TAG GAA GAC ACG GAT

IL-10 ACC TGG TAG AAG TGA TGC CCC AGG CA 237
CTA TGC AGT TGA TGA AGA TGT CAA A

iNOS ATG ACC AGT ATA AGG CAA GC 367

GCT CTG GAT GAG CCT ATA TTG
GAPDH TGA AGG TCG GAG TCA ACG GAT TTG GT 493

CAT GTG GGC CAT GAG GTC CAC CAC
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bromide and recorded under UV light with camera
linked to an image analyzer (One-descan, Scanalitics.
Inc.). The result was evaluated as a relative unit deter-
mined by normalization of the optical density (OD) of
cytokine band to that of the GAPDH band. Two or three
cytokine PCR assays per sample were performed.

Data analysis

All results are expressed as means £ SE. Statistical
comparisons were made using analysis of variance
(ANOVA) and Mann-Whitney U-test. The value of
P<0.05 was considered to indicate statistically signifi-
cant differences between control and treatment groups.

RESULTS

To evaluate the expression of cytokine mRNA for
IFNy, TNFa, IL1, IL6 IL10 and iNOS in the stratium
of male mice following intoxication with MPTP we
used a semiquantitative RT-PCR method. All the values
were normalized to GAPDH levels in corresponding
samples. The GAPDH gene is expressed at a relatively
constant level in cells and is commonly used in
semiquantitative RT-PCR to assess the relative effi-
ciency of each individual PCR. These results confirm
the semiquantitative quality of the method and allow
comparison of the kinetics of the cytokine mRNA pro-
duction over time. The absence of PCR product from
PCR when primers for GAPDH and water or total RNA
were used instead of cDNA ensured that there was no
contaminating exogenous DNA. Since DNA polymer-
ase amplifies both cDNA and genomic DNA with
equal efficiencies, the absence of PCR product from
PCR when non-reverse-transcribed total RNA and
primers for GAPDH were used confirmed that amplifi-
cation was based solely on cDNA. The autoradiograms
in Fig. 1 illustrated the expression of cytokine tran-
scripts in the striatium of normal and MPTP-intoxi-
cated mice.

RT-PCR analysis revealed the difference in kinetics
of IFNy, TNFa, IL1B, IL6, IL10 and iNOS mRNA ex-
pression following MPTP injection. In the control
striatum very low baseline levels of mRNA for all inves-
tigated cytokines were detected. Rapid increases in the
amounts of mRNA for pro- inflammatory cytokines:
IFNy, TNFo and IL1p we observed between 6h and 24h
after MPTP injection. The peak of the IL1J3 gene ex-
pression was observed at the 6-h time point. The expres-

sion of mRNA for that cytokine slightly declined 24h
after intoxication. After 3 days the level of mRNA for
IL1P recovered to the baseline and the expresswn of
IL1B mRNA continued at the same level in the 7" day
after intoxication. At the 14-days time point we ob-
served a moderate increase in IL1J gene expression
(Fig. 2 C).

The kinetic of mRNA for I[FNy and TNFa showed a
phasic pattern. Expression of the mRNA for these
cytokines rapidly increased beginning at 6h and peaking
at 24h after the MPTP injection. At the 3-days time
point the level of mRNA for [FNy (Fig.1 B) and TNFa
(Fig. 2 A) recovered to the basaline (IFNy) or was
slightly enhanced (TNFa). After 7 days the amounts of
mRNA for these proinflammatory cytokines increased
again but it did not return to the levels observed at the
24-h time point. The expression of rnRNA for IFNy was
minimal (as in the control) on the 14' day after intoxica-
tion. At this time point the express10n of TNFa de-
creased, as compared to the 7' day, but it did not recover
yet to the control level.

We noticed a moderate increase in the level of mRNA
for IL6 between 6h and 3 days after MPTP intoxication.
Increase of that mRNA peaked at the 7-days time point
and after 14 days we still observed the elevated expres-
sion of mRNA for IL6 (Fig. 2 E).

Our study shows also a phasic pattern of the IL10
mRNA expression. However, that pattern differed from
the patterns for IFNy or TNFa. The first increase of the
IL10 mRNA showed immediately - 6h after intoxica-
tion. Atthe 1-day time point we observed decrease in the
amount of IL10 mRNA. The highest peak of IL-10
mRNA expression was noticed at the 3rd day after in-
toxication. The level of IL10 rnRNA was also signifi-
cantly elevated between the 7" day and 14" day post
MPTP injection (Fig. 2 F).

In the control group baseline levels of mRNA for
iNOS were very low. Their expression rapidly increased
and was higher than in controls as early as at 6h after
MPTP intoxication. Expression of the iNOS mRNA
peaked at 24h, then it 51gn1ﬁcantly decreased at the day
3 but it was visible till the 14" day (Fig. 2 D).

DISCUSSION

In the present study, we have demonstrated using the
RT-PCR method that administration of the MPTP
neurotoxin induced expression of the IL1p3, IL6, IL10,
IFNy and TNFa cytokines as well as the iNOS gene in
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Fig. 1. Representative RT-PCR demonstrating the expression of TNFa, IFNy, IL13,iNOS, IL6, IL10 mRNAs in the striatum of
C57BL/6 male mice at various times after the MPTP intoxication.

the mouse striatum. This method did not allow for
showing the origin of particular cytokines and iNOS,
but nevertheless measuring the mRNA levels allowed
us to follow the dynamics of activation of some genes
for inflammatory molecules genes.

There is growing evidence that the overproduction of
proinflammatory cytokines by CNS cells contributes to
pathophysiological changes seen in various neurologi-
cal diseases and brain injury and that the major cellular

source for these cytokines released is activated
microglia (Banati et al., 1993). The proinflammatory
cytokines released from activated microglia are consid-
ered to play an important role in initiation and progress
of the neurodegenerative processes (McGeer et al.
1993, Kreutzburg 1996). In the previous studies it has
been shown that beside dopaminergic neuronal involve-
ment after MPTP intoxication, microglia and astrocytic
reaction is also observed in the damaged regions
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Fig. 2. Dynamic expression of the TNFa (A), IFNy (B), IL1B (C), iNOS (D), IL6 (E), IL10 (F) mRNA in the striatum of

C57BL/6 male mice at various times after the MPTP intoxication. Values are means + SE (n=6-8). "P<0.05 compared with con-
trol mice.



(Kohutnicka et al. 1998). Our findings show that the
MPTP intoxication causes rapid increase in mRNA ex-
pression for TNFa, IL-1p and IFNy beginning 6h and
peaking 24h after intoxication. Because the time course
for expression of these cytokines parallels the time
course for microglial activation in the striatum after
MPTP injection (Kohutnicka et al. 1998, Kurkowska et
al. 1999), it would appear that the activated microglia is
a likely source of these cytokines in the MPTP model.
They are likely to be the first cytokine proteins which
are upregulated in the striatum after MPTP intoxication.
This suggests that MPTP can potentially initiate a cas-
cade of events leading to the induction of various
cytokines that may interact synergistically to induce cell
loss.

IL1P probably plays a crucial role in setting this
cytokine network in motion under normal conditions, as
it does in other inflammatory conditions and disease
states (Lawrence et al. 1998). The present study demon-
strated that induction of mRNA for this cytokine is starts
rapidly and peaks at 6h after MPTP intoxication. These
results may indicate the influence of the initial action of
IL1p to further stimulate the subsequent pro-inflamma-
tory cytokines’ expression (Sairanen et al. 1997). IL1-p3
has been implied as a mediator of several forms of
neurodegeneration, including ischemic, traumatic and
excitotoxic brain injury (Rothwell et al. 1997). Several
studies showed a rapid increase in the expression of
IL1p in the microglial cells in response to the traumatic
or ischemic injury (Goss et al. 1995, Holmin et al.
1997). It seems to be very probable that IL1f is not
neurotoxic per se (Lawrence etal. 1998). However IL1[3
may act on glial cells that in turn produce neurotoxic
and/or proinflammtory factors, thereby contributing to
the neuronal damage. IL1f3 contribution might be re-
lated to the global inflammatory process that takes place
after damage of the dopaminergic neurons, including in-
duction of the microglial cells’ activation and its inten-
sity. However, neuronal death is not fully prevented by
the antagonist of the receptor IL1f (IL-1ra), suggesting
that this cytokine is only one of the components that
together contribute to the striatal lesion (Lawrence et al.
1998).

TNFa is a potent neurotoxin and also a powerful in-
flammatory mediator (Akassoglou et al. 1997), that
could initiate and maintain an inflammatory process in
PD. Our results demonstrate a marked increase in the
expression in mRNA of TNFa in the striatum already 6h
after MPTP intoxication, with a peak at 24 h. Such a del-
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eterious effect of TNFa may be mediated by a direct ac-
tion involving receptors for the cytokine. TNFa elicits
its biological effects through the activation of two dis-
tinct receptors, the pS5 (TNFRI) and the p75 (TNFRII)
(Louis et al. 1993, Deb et al. 1996). Sriram et al. (2002)
using mice lacking both receptors for TNFo showed
that they are completely protected against the MPTP-in-
duced neurotoxicity. Theses data indicate that TNFa
could be an obligatory component of the damage of
dopaminergic neurons. (Sriram et al. 2002).

TNFa acting together with other proinflammatory
cytokines, such as IL1, may also play an indirectly dele-
terious role by inducing expression of iNOS in the acti-
vated glial cells (Akama et al. 2000). Our studies reveal
that expression of the iNOS mRNA rapidly increased
and was higher than in controls as early as 6h after
MPTP intoxication and peaked at 24h after the intoxica-
tion. NO generated by iNOS is thought to exert its toxic
effect mainly by an interaction with the superoxide radi-
cals, leading to formation of the peroxinitrite, a highly
oxidizing molecule (Beckman et al. 1990). The pres-
ence of nitrotrosine in the SN of patients with PD, and
especially in Lewy bodies, supports this hypothesis
(Good et al. 1998).

In our study we observed significant MPTP-induced
rapid increases in [FNy mRNA expression with the peak
at 24 h after intoxication. IFNy is a classic T cell
cytokine. However, data from the last decade intrigu-
ingly suggest that, under certain conditions, IFN may be
also produced in the brain (Abbas et al. 2002). Expres-
sion of mRNA for [FNy has been detected in human sen-
sory neurons (Eneroth et al. 1992). The presence of
IFNy positive cells in the brain parenchyma of PD pa-
tients was also documented (Hunot et al. 1999). The
function of [IFNy mRNA is probably related to the acti-
vation of microglial cells. It is also known that this
cytokine may induce the synthesis of iNOS in activated
microgilal cells (Reis et al. 2002). However the role of
this cytokine in MPTP induced degeneration requires
further investigation.

Expression of IL10 mRNA in the striatum after
MPTP intoxication is an interesting subject, because it
has many inhibitory effects on the proinflammatory re-
sponse. It attenuates production of proinflammatory
cytokines, such as TNF (Lee et al. 2002). In the present
study, expression of the IL10 mRNA was noticed al-
ready 6h after the MPTP intoxication, but after 24 h that
expression markedly decreased. After 3 days the ex-
pression of IL10 mRNA increased again and reaching
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its peak, and it was still increased at the days 7 and 14 af-
ter intoxication. The early expression of this cytokine is
probably due to attenuation of the inflammative reac-
tion, which starts immediately after injury. Our results
suggest that IL10 may have an important function to
suppress activated microglia, by the attenuation of
mRNA for TNF, IL1 or IFNy expression, which is ob-
served at the 3" day post MPTP injection.

Present results are in good agreement with the gen-
eral opinion that human microglia express not only
proinflammatory, but also anti-inflammatory cytokines
at the same time (Lee et al. 2002). Our results may indi-
cate that activated microglia is a major cellular compo-
nent causing inflammatory response in the striatum after
the MPTP injection by producing proinflammatory
cytokines, but microglia also may have an opposite
function by producing IL.10 that inhibits the function of
microglia in the inflammatory response via autocrine
negative feedback loop.

Itis interesting that at the 7" day post MPTP injection
we observed again an up-regulation of the mRNA tran-
scripts for TNFo and IL1f. The genesis of this late re-
sponse remained unclear, but it might indicate an
involvement of these cytokines in the neuroregenerative
processes (Chen et al. 1996, Taskien et al. 2000). The
activated astroglial cells could be a source of the second
wave of TNFo and IL13 mRNA expression. There are
conflicting data regarding the effects and role of the
TNFa in neurodegeneration. In vivo and in vitro studies
provided conflicting data on the contribution of TNFa
to neuronal death (Barone et al. 1997, Nawashiro et al.
1997). The reasons for these discrepancies are not clear,
but may be related to the type of injury. The mechanism
by which TNFa might produce its effects are not
known, although the most likely is through activation of
the transcription factor nuclear factor-kB (NFxB),
which is thought to be predominantly involved in the
neuroprotective action of TNFa (Venters et al. 2001). It
seems to be very likely that TNFa may initially exert
harmful effects but could improve recovery during the
chronic post-injury period.

Recent studies have demonstrated that intrastratial
administration of IL1B can enhance compensatory
sprouting from residual DA neurons in the ventral seg-
mental area of the midbrain and can induce behavioral
improvement in hemiparkinsonian rats (Hansen et al.
1995). There is evidence showing that IL 13 does not act
directly to induce the survival and plasticity of the DA
neurons and that it is possible that the IL1f stimulates

the release of dopaminergic neurotophic factors from
astrocytes.

In our studies we noticed a moderate increase of the
level of mRNA for IL6. This mRNA increase peaked at
the 7-days time point. After 14 days we still observed
the elevated expression of mRNA for IL6. It seems to be
very likely that the delayed increase of IL6 mRNA ex-
pression post MPTP intoxication may contribute to the
neuroprotective action of IL6. Although IL6
overexpression is generally detrimental and can add to
the pathology associated with several CNS disorders,
there is evidence that IL6 may also have an anti-inflam-
matory immunosuppressive action. IL6 also inhibits
IFNy, IL1P or TNFa synthesis (Crowl et al. 1991). IL6
was suggested to play a key role in regulating neuronal
survival (Campbell et al. 1998). Bolin at al. (2002) de-
scribed the increased sensitivity of dopaminergic neu-
rons to a neurotoxicant in the absence of IL6. This result
indicates the neuroprotective activity of IL6 in the
injured nigrostriatal system.

In conclusion, many cytokines are expressed after
thte MPTP intoxication. Present findings suggest that
the cytokine network should be studied in detail in the
future. By blocking out different cytokines we can prob-
ably find out which of them are needed for successful re-
generation and which of are harmful.

REFERENCES

Abbas N., Bednar I., Mix E., Marie S., Paterson D.,
Ljungberg A., Morris C., Winblad B., Nordberg A., Zhu J.
(2002) Up-regulation of the inflammatory cytokines
IFN-gamma and IL-12 and down-regulation of IL-4 in ce-
rebral cortex regions of APP(SWE) transgenic mice. J
Neuroimmunol 126: 50-7.

Akama K.T., Van Eldik L.J., (2000) Beta-amyloid stimula-
tion of inducible nitric-oxide synthase in astrocytes is
interleukin-1beta- and tumor necrosis factor-alpha
(TNFalpha)-dependent, and involves a TNFalpha recep-
tor-associated factor- and NFkappaB-inducing kinase-de-
pendent signaling mechanism. J Biol Chem 275: 7918-24.

Akassoglou K., Probert L., Kontogeorgos G., Kollias G.
(1997) Astrocyte-specific but not neuron-specific
transmembrane TNF triggers inflammation and degenera-
tion in the central nervous system of transgenic mice. J
Immunol 158: 438-45.

Banati R.B., Gehrmann J., Schubert P., Kreutzberg G.W.
(1993) Cytotoxicity of microglia.

Glia 7: 111-8.

Barone F.C., Arvin B., White R.F., Miller A., Webb C.L.,

Willette R.N., Lysko P.G., Feuerstein G.Z. (1997) Tumor



necrosis factor-alpha. A mediator of focal ischemic brain
injury. Stroke 28: 1233-44.

Beal M.F, (1998) Excitotoxicity and nitric oxide in Parkin-
son’s disease pathogenesis. Ann Neurol 44: S110-4.

Beckman J.S., Beckman T.W., Chen J., Marshall P.A., Free-
man B.A. (1990) Apparent hydroxyl radical production by
peroxynitrite: implications for endothelial injury from ni-
tric oxide and superoxide. Proc Natl Acad Sci USA 87:
1620-4.

Bolin L.M., Strycharska-Orczyk 1., Murray R., Langston
JW., Di Monte D. (2002) Increased vulnerability of
dopaminergic neurons in MPTP-lesioned interleukin-6 de-
ficient mice. J Neurochem 83: 167-75.

Campbell I.L. (1998) Transgenic mice and cytokine actions
in the brain: bridging the gap between structural and func-
tional neuropathology. Brain Res Brain Res Rev 26:
327-36.

Chatterjee P.K., Hawksworth G.M., McLay J.S, (1999)
Cytokine-stimulated nitric oxide production in the human
renal proximal tubule and its modulation by natriuretic
peptides: A novel immunomodulatory mechanism? Exp
Nephrol 7: 438-48.

Chen L.E. Seaber A.V., Wong G.H. Urbaniak J.R. (1996) Tu-
mor necrosis factor promotes motor functional recovery in
crushed peripheral nerve. Neurochem Intl 29: 197-203.

Crowl R.M., Stoller T.J., Conroy R.R., Stoner C.R. (1991) In-
duction of phospholipase A2 gene expression in human
hepatoma cells by mediators of the acute phase response. J
Biol Chem 266: 2647-51.

Czlonkowska A., Kohutnicka M., Kurkowska-Jastrzebska I.,
Czlonkowski A. (1996) Microglial reaction in MPTP
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) induced
Parkinson’s disease mice model. Neurodegeneration 5:
137-43.

Dawson V.L., Dawson T.M. (1998) Nitric oxide in
neurodegeneration. Prog Brain Res 118:215-29.

Deb S., Gottschall P.E. (1996) Increased production of matrix
metalloproteinases in enriched astrocyte and mixed
hippocampal cultures treated with beta-amyloid peptides.
J Neurochem 66: 1641-7.

Eneroth A., Andersson T., Olsson T., Orvell C., Norrby E.,
Kristensson K. (1992) Interferon-gamma-like immuno-
reactivity in sensory neurons may influence the replication
of Sendai and mumps viruses. J Neurosci Res 31: 487-93.

Good P.F., Hsu A., Werner P., Perl D.P., Olanow C.W,
(1998) Protein nitration in Parkinson’s disease. J
Neuropathol Exp Neurol 57: 338-42.

Goss J.R., Styren S.D., Miller P.D., Kochanek P.M., Palmer
AM., Marion D.W., DeKosky S.T, (1995) Hypothermia
attenuates the normal increase in interleukin 1 beta RNA
and nerve growth factor following traumatic brain injury in
the rat. ] Neurotrauma 12: 159-67.

Hansen J.T., Sakai K., Greenamyre J.T., Moran S. (1995)
Sprouting of dopaminergic fibers from spared

Cytokines expression in PD model 125

mesencephalic dopamine neurons in the unilateral partial
lesioned rat. Brain Res 67:197-204.

Ho A., Blum M. (1997) Regulation of astroglial-derived
dopaminergic neurotrophic factors by interleukin-1 beta in
the striatum of young and middle-aged mice. Exp Neurol
148: 348-59.

Holmin S., Schalling M., Hojeberg B., Nordqvist A.C.,
Skeftruna A.K., Mathiesen T. (1997) Delayed cytokine ex-
pression in rat brain following experimental contusion. J
Neurosurg 86: 493-504.

Hsu H., Shu H.B., Pan M.G., Goeddel D.V, (1996)
TRADD-TRAF2 and TRADD-FADD interactions define
two distinct TNF receptor | signal transduction pathways.
Cell 84: 299-308.

Hunot S., Brugg B., Ricard D., Michel P.P., Muriel M.P.,
Ruberg M, Faucheux B.A., Agid Y, Hirsch E.C, (1997)
Nuclear translocation of NF-kappaB is increased in
dopaminergic neurons of patients with Parkinson’s dis-
ease. Proc Natl Acad Sci U S A 94: 7531-6.

Hunot S., Dugas N., Faucheux B., Hartmann A., Tardieu
M., Debre P., Agid Y., Dugas B., Hirsch E.C. (1999)
FcepsilonRII/CD23 is expressed in Parkinson’s disease
and induces, in vitro, production of nitric oxide and tu-
mor necrosis factor-alpha in glial cells. J Neurosci 19:
3440-7.

Keller J.N., Kindy M.S., Holtsberg F.W., St Clair D.K., Yen
H.C., Germeyer A, Steiner S.M., Bruce-Keller A.J,
Hutchins J.B., Mattson M.P. (1998) Mitochondrial manga-
nese superoxide dismutase prevents neural apoptosis and
reduces ischemic brain injury: suppression of
peroxynitrite production, lipid peroxidation, and mito-
chondrial dysfunction. J Neurosci 18: 687-97.

Kohutnicka M., Lewandowska E., Kurkowska-Jastrzebskal.,
Czlonkowski A., Czlonkowska A. (1998) Microglial and
astrocytic involvement in a murine model of Parkinson’s
disease induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP). Immunopharmacol 39: 167-80.

Kreutzberg G.W, (1996) Microglia: a sensor for pathological
events in the CNS. Trends Neurosci 19: 312-8.

Kuhn W., Muller T., Nastos I., Poehlau D. (1997) The
neuroimmune hypothesis in Parkinson’s disease. Rev
Neurosci 8: 29-34.

Kurkowska-Jastrzebska 1., Babiuch M., Joniec 1.,
Przybylkowski A., Czlonkowski A., Czlonkowska A.
(2002) Indomethacin protects against neurodegeneration
caused by MPTP intoxication in mice. Int
Immunopharmacol 2: 1213-8.

Kurkowska-Jastrzebska 1., Wronska A., Kohutnicka M.,
Czlonkowski A., Czlonkowska A.(1999) The inflamma-
tory reaction following I-methyl-4-phenyl-1,2,3,
6-tetrahydropyridine intoxication in mouse. Exp Neurol
156: 50-61.

Lawrence C.B., Allan S.M., Rothwell N.J, (1998)
Interleukin-1beta and the interleukin-1 receptor antagonist



126 A. Ciesielska et al.
act in the striatum to modify excitotoxic brain damage in
the rat. Eur J Neurosci 10:1188-95.

Lee Y.B., Nagai A., Kim S.U. (2002) Cytokines, chemokines,
and cytokine receptors in human microglia. J Neurosci Res
2002 69: 94-103.

Loddick S.A., Turnbull A.V., Rothwell N.J., (1998) Cerebral
IL-6 is neuroprotective during permanent focal cerebral
ischemia in the rat. J Cereb Blood Flow Metab 18:
176-179.

LouisJ.C.,Magal E, Takayama S, Varon S.(1993) CNTF pro-
tection of oligodendrocytes against natural and tumor ne-
crosis factor-induced death. Science 259: 689-92.

Marsden C.D., Olanow C.W., (1998) The causes of Parkinson’s
disease are being unraveled and rational neuroprotective ther-
apy is close to reality. Ann Neurol 44: S189-96.

Mattson M.P., Cheng B, Baldwin S.A., Smith-Swintosky
V.L., Keller J, Geddes J.W., Scheff S.W., Christakos S.
(1995) Brain injury and tumor necrosis factors induce
calbindin D-28k in astrocytes: evidence for a
cytoprotective response. J Neurosci Res 42: 357-70.

McGeer P.L., Kawamata T, Walker D.G., Akiyama H,
Tooyama I, McGeer E.G, (1993) Microglia in degenera-
tive neurological disease. Glia 7:84-92.

Mogi M., Togari A., Kondo T., Mizuno Y., Komure O., Kuno
S., Ichinose H., Nagatsu T. (2000) Caspase activities and
tumor necrosis factor receptor R1 (p55) level are elevated
in the substantia nigra from parkinsonian brain. J Neural
Transm 107: 335-41.

Nagatsu T. (2002) Parkinson’s disease: changes in
apoptosis-related factors suggesting possible gene ther-
apy. J Neural Transm 109: 731-45.

Nawashiro H., Tasaki K., Ruetzler C.A., Hallenbeck J.M.
(1997) TNF-alpha pretreatment induces protective effects
against focal cerebral ischemia in mice. J Cereb Blood
Flow Metab 17: 483-90.

O’Callaghan J.P., Miller D.B., Reinhard J.F. (1990) Character-
ization of the origins of astrocyte response to injury using the
dopaminergic neurotoxicant, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine. Brain Res 25: 73-80.

Perini G., Della-Bianca V., Politi V., Della Valle G., Dal-Pra
I.,Rossi F., Armato U. (2002) Role of p75 neurotrophin re-
ceptor in the neurotoxicity by beta-amyloid peptides and
synergistic effect of inflammatory cytokines. J Exp Med
195:907-18.

Reis D.S., Souza M.A., Mineo J.R., Espindola F.S. (2001)
Myosin V and iNOS expression is enhanced in J774
murine macrophages treated with IFNy. Braz J Med Biol
Res 34: 221-226.

Rothwell N.J., Allan S., Toulmond S. (1997) The role of
interleukin - 1 in acute neurodegeneration and stroke: patho-
logical and therapeutic implication. J Clin Invest 100:
2648-2651.

Sairanen T.R., Lindsberg P.J., Brenner M, Siren A.L. (1997)
Global forebrain ischemia results in differential cellular
expression of interleukin-1beta (IL-1beta) and its receptor
at mRNA and protein level. J Cereb Blood Flow Metab 17:
1107-20.

Sriram K., Matheson J.M., Benkovic S.A., Miller D.B.,
Luster M.I., O’Callaghan J.P. (2002) Mice deficient in
TNF receptors are protected against dopaminergic
neurotoxicity: implications for Parkinson’s disease.
FASEB J 16: 1474-6.

Szelenyi J. (2001) Cytokines and the central nervous system.
Brain Res Bull 5: 329-38.

Taskien H.S. Olsson T., Bucht A., Khafemi M., Svelander L.
(2000) Peripherial nerve injury induces endoneurial ex-
pression of IFNy, TNFa and IL-10 mRNA. J
Neuroimmunol 102: 17-25.

Venters H.D., Broussard S.R., Zhou J.H., Bluthe R.M.,
Freund G.G., Johnson R.W., Dantzer R., Kelley K.W.
(2001) Tumor necrosis factor (alpha) and insulin-like
growth factor-I in the brain: is the whole greater than the
sum of its parts? J Neuroimmunol 119:151-65.

Yamamoto K., Arakawa T., Ueda N., Yamamoto S. (1995)
Transcriptional roles of nuclear factor kappa B and nuclear
factor-interleukin-6 in the tumor necrosis factor alpha-de-
pendent induction of cyclooxygenase-2 in MC3T3-El
cells. J Biol Chem 270: 31315-20.

Received 12 March 2003, accepted 3 April 2003



