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Abstract

Objective: Recently, therapy with nicotinamide adenine
dinucleotide (NADH) revealed positive effects on neu-
rodegenerative disorders associated with inflammation
of the CNS, such as Parkinson’s disease or Alzheimer’s
disease. Pathophysiologically, focal CNS inflajmmation
seems to be accompanied by an unbalanced cytokine
production, pointing to an involvement of the immune
system. Therefore, the aim of our study was to investi-
gate whether NADH could influence cytokine release of
peripheral blood leukocytes (PBLs) with special refer-
ence to interleukin-6 (IL-6). Methods: PBLs from 18
healthy donors were incubated in vitro with different
concentrations of NADH to generate dose-response
curves. As a control, mitogen-treated cells and unstimu-
lated cells were included. Results: In PBLs from the 18
healthy donors, NADH significantly stimulated the dose-
dependent release of IL-6, ranging from 6.25 to 400 ug/
ml, compared to medium-treated cells (p < 0.001). An
amount of 1,000 pg/ml IL-6 was induced by NADH con-
centrations ranging from 3.1 to >25 ug/ml. Conclusions:
It is concluded that NADH possesses cytokine-modulat-

ing effects on peripheral blood cells. The biological rele-
vance of these data is discussed in the context of the
recent use of NADH for the treatment of several neurode-
generative disorders.

Copyright© 2002 S. Karger AG, Basel

Introduction

Among the numerous enzymes participating in energy
production of living cells, the redox system nicotinamide
adenine dinucleotide (NAD*/NADH) plays a fundamen-
tal role for oxidative phosphorylation [1] leading to the
generation of adenosine triphosphate (ATP). Recently,
NADH (synonyms B-NADH, reduced DPN) has been
described to stimulate the biosynthesis of neurotransmit-
ters [2]. They are essential to maintain normal neuronal
functions, thereby ensuring the individual’s capabilities
to preserve locomotion, and mental and cognitive behav-
ior. Accordingly, NADH has been used previously as a
neurotherapeutic approach to several diseases of the cen-
tral nervous system [3-5] associated with an altered dopa-
mine, serotonin and norepinephrine metabolism [6, 7]. In
Parkinson’s disease patients, who are characterized by a
deficit in dopaminergic neurons in the substantia nigra of
the brain [8], an improvement in patients’ symptoms fol-
lowing NADH treatment was found to be related to an
enhanced endogenous dopamine production, reflected by
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an increase in the urinary excretion of dopamine metabo-
lites, such as homovanillinic acid {3, 8]. These findings
suggested a positive effect of NADH on these CNS disor-
ders. In addition, some publications favor an additional
role of the immune system in disease progression in the
brain [9]. However, the role of distinct cytokine proteins
in the induction or maintenance of brain inflammation
and homeostasis is currently disputed [10, 11]. Particu-
larly for interleukin-6 (IL-6) multiple functions in the
immune, hematopoietic and nervous system have been
shown, e.g. its neurotrophic activities on dopaminergic
neurons [12]. The question of whether NADH, beside its
recently found effects on the endogenous dopamine me-
tabolism, could also affect immunoregulatory cytokines
arises. This is the more interesting as some newly pub-
lished reports demonstrated that neurodegenerative dis-
orders may also have a systemic expression, which is
shown by phenotypic/functional changes in leukocytes
with regard to phagocytosis, apoptosis and cytokine pro-
duction, compared to healthy individuals [13-15]. There-
fore, peripheral blood leukocytes of healthy donors were
used as target cells to examine the effects of NADH on
IL-6 production. The aim of the study was to examine
whether NADH could affect the release of IL-6 by periph-
eral blood leukocytes (PBLs).

Materials and Methods

Test Substances

For the in vitro experiments NADH (as disodium salt) was pur-
chased from Biomol and used at a final concentration of 400 pg/ml in
the first screening experiments to evaluate which cytokine, if any,
might be affected by NADH. In the second series of experiments,
NADH was serially 4-fold diluted with complete cell culture medium
(400 to 0.024 pg/ml). The positive control was a mixture of the fol-
lowing lectins, each diluted to suboptimal concentrations: phytohe-
magglutinin, concanavalin A and pokeweed mitogen, all purchased
from Seromed, Berlin (Germany), were used at 200 ng/ml, respec-
tively. Lipopolysaccharide (LPS, Escherichia coli serotype 55:BS,
Sigma/Aldrich Chemicals, Miinchen, Germany) was used at a final
concentration of 200 ng/ml.

Preparation of PBLs

PBLs from 4 (first screening experiment) and 18 (second experi-
ment) healthy human donors, supplied as buffy coats, were isolated
by density centrifugation of heparinized blood over Ficoll-Hypaque
(Pharmacia, Freiburg, Germany) using 30 ml blood cells each diluted
1:2 with phosphate-buffered saline (PBS). After centrifugation
(20 min, 350 g, 20°C), leukocytes of the interphase were recovered,
resuspended in PBS and washed three times with PBS. Thereafter,
the cell number was adjusted to 2 x 10° cells/ml with cell culture
medium, consisting of RPMI-1640, supplemented with 5% heat-
inactivated (1 h, 56°C) fetal calf serum, 100 pg/ml gentamycin,
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1 mAM natrium pyruvate and 2 mM N-acetyl-L-alanyl-L-glutamine
(all purchased from Seromed). Leukocytes (2 x 106/ml, final volume
3 ml) were cultivated in 24-well culture plates (Nunc, Wiesbaden,
Germany) at 37°C, 5% CO; in a humidified atmosphere over a peri-
od of 72 h in the first experiment and for 24 h in the second experi-
ment.

Treatment of Human Leukocytes with the Test Substances

During the first screening, six different cytokines were examined:
tumor necrosis factor-a (TNF-a), IL-1B, IL-6, IL-10, IL-2 and inter-
feron-y (IFN-y). In these experiments, only one concentration of
NADH (400 pg/ml) was used. NADH was tested either with, or with-
out the addition of the positive control to assess the effects of NADH
on polyclonally stimulated cells, too. Non-stimulated cells were used
to detect the background production of ¢cytokines. In the second part
of the study, the influence of NADH particularly on IL-6 production
of PBLs (2 x 106 cells/ml, final volume 3 ml) was examined. The
main purpose of these experiments was to establish dose-response
curves for NADH with PBLs of individual donors. Hence, PBLs
were stimulated with increasing concentrations of NADH, from
0.024 to 400 pg/ml to determine the NADH concentration able to
stimulate the release of 1,000 pg/ml IL-6. Presently, NADH was
tested only on unstimulated cells (n = 3), and parallel cultures from
cells of each donor received the positive control, e.g. the mixture of
lectins (n = 3) to assess the maximal release of IL-6 under these exper-
imental conditions. Controls received medium (n = 6). According to
previous studies with cytokine release under these conditions, TNF-a
was determined after 6 h, IL-1p, IL-2 and IL-6 were measured after
24 h of incubation, IL-10 after 48 h of incubation and IFN-y after
72 h of incubation. In the second experiment, IL-6 was determined
after 24 h of incubation. Cell culture supernatants were harvested by
centrifugation, (1,200 rpm, 10 min, 4°C) and aliquots were stored at
-80°C until determination of all cytokines with specific sandwich
ELISA tests. The viability of the cells was routinely tested with all cell
cultures to exclude toxic effects of NADH, leading to incorrect inter-
pretation of the data with respect to cytokine release. The viability
tests, using propidium iodide staining with subsequent FACS-analy-
sis, revealed a percentage of viable cells >85% in the stimulated cul-
tures and >90% in non-stimulated cell cultures.

ELISA Procedures

We chose to determine the cytokine production at the protein
level, where the secreted protein can be measured by ELISA. The
ELISA tests were all supplied by Biosource/Medgenix (Nivelles, Bel-
gium). The sensitivity ranges of each ELISA test were between 8,000
and 125 pg/ml for TNF-o, IL-6 and IL-10, respectively. For IL-18,
IL-2 and IFN-v the sensitivity ranged between 4,000 and 62.5 pg/ml.
All ELISA assays were strictly performed according to the recom-
mendations of the manufacturer. Briefly, coating of the ELISA plates
(Maxisorb, 96-well plates, Nunc), was done at pH 9.6 in PBS/carbon-
ate buffer (Sigma/Aldrich Chemicals, Miinchen, Germany) for 2 h at
room temperature (RT) with the respective first antibody (mouse
anti-human TNF-¢, mouse anti-human IL-1B, mouse anti-human
IFN-y, rat anti-human IL-2, rat anti-human IL-6 and rat anti-human
IL-10, all supplied by PharMingen, Hamburg, Germany). Coating of
plates was performed with 1 pg/ml antibody (50 ul/well) for the deter-
mination of IL-1f, TNF-a, IL-6, IL-10 and IFN-y. For the IL-2
ELISA, 2 pg/ml antibody (50 ul/well) was used. After blocking of
non-specific binding sites with 1% (w/v) natrium-casein solution
(Sigma/Aldrich Chemicals) for 60 min (100 pl/well) at 37°C, plates
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were washed twice with 0.2 ml 0.05% (v/v) PBS/Tween 20 (PBST,
Sigma/Aldrich Chemicals), followed by the addition of the standards:
human rIL-1B (Bochringer Mannheim, Mannheim, Germany), hu-
man rTNF-q, human rIL-2, human rIL-6, human rIL-10 and human
rIFN-y (all purchased from PharMingen), or culture supernatants,
appropriately diluted in RPMI-1640 (50 pl/well, triplicate determi-
nations). After 2 h of incubation at RT and three washes with
200 ul/well PBST, the biotin-labeled second antibodies (50 pl/well)
were added, each diluted with 0.05% PBST/ 0.1% (v/v) natrium-
caseinate solution: goat anti-human IL-1p (50 ng/ml, R & D Systems,
Wiesbaden, Germany), rabbit anti-human IL-2 (1 pg/ml), rat anti-
human IL-6 (125 ng/ml), rat anti-human IL-10 (400 ng/ml), murine
anti-human IFN-y (1 pg/ml) and murine anti-human TNF-a (100 ng/
ml), all purchased from PharMingen. Then, the plates were incu-
bated for 2 h on a microplate shaker (300-400 rpm) followed by three
washing steps each with PBST (0.05%, v/v). The enzyme solution
(streptavidine/peroxidase, Jackson Immuno Research, USA, 250 ng/
ml, 100 ul) prepared in 0.05% PBST/0.1% natrium-caseinate was
added for 1 h at RT, followed by four washes with 0.2 ml PBST
(0.05%, v/v). Finally, the substrate solution (tetramethylbenzidine,
Fluka via Sigma/Aldrich Chemicals) was added (100 pl/well) and the
plates were incubated at RT in the dark. The reaction was stopped
with 50 pl 2 N H,SO, (Merck, Darmstadt, Germany). The optical
density was measured at 450 nm in a microplate reader (Titertek
Multiscan®, Dynatech, Germany).

Statistical Analysis

The dose-dependent relationships between NADH-induced IL-6
production and intersubject differences were ascertained by means
of statistical calculation programs as LIMDEP software. Repeated
measure analyses of variance (ANOVA) were used to analyze varia-
tions between individual measurements and to estimate between-
subject effects. In a post-hoc analysis, homogeneity between subjects
in response to the different amounts of NADH were analyzed with
Student-Newman-Keuls and Tukey HSD. Results were expressed as
means = SD. p = 0.05 was considered as statistically significant.

Results

Influence of NADH on the Release of the Cytokines

IL-18, TNF-a, IL-2, IL-6, IL-10 and IFN-y

The first experiment with NADH revealed consider-
able differences with some interindividual variations con-
cerning the stimulating effects of NADH on cytokine pro-
duction of PBLs from the 4 donors (data not shown). The
cytokines IL-1f and IL-10 were stimulated more or less by
NADH alone with no additional increase after costimula-
tion with the mixture of lectins. The synthesis of IL-2
remained unchanged after addition of NADH as well as
under conditions of costimulation, and TNF-o and IFN-y
seemed to be diminished by about 10-30% only in mito-
gen-stimulated cells from some donors. The most remark-
able finding, which was consistently found in leukocytes
from all 4 donors, was the pronounced enhancement of
IL-6 production by PBLs treated with NADH alone.

NADH Stimulates IL-6 Production of
Human Leukocytes

Hence, in the second series of experiments, only the I1L-6
production of PBLs stimulated by NADH alone was
examined.

Influence of Different Concentrations of NADH on the
IL-6 Production of Human PBLs from 17 Separate
Donors

The second series of experiments confirmed and ex-
tended the preliminary results from the first observations
in that NADH promoted dose-dependently the release of
IL-6 in PBL cultures from all 17 donors. PBLs from 1
donor were omitted from further calculations of the dose-
response curves due to an unacceptable background stim-
ulation in IL-6 release. Figure 1 exemplifies dose-re-
sponse curves with PBLs from 11 individual donors dem-
onstrating that the response of leukocytes to the lower
concentrations of NADH varied considerably between
the individual donors. Analysis of this effect of NADH by
means of ANOVA and the method of repeated measure-
ments revealed significant differences in IL-6 production
between PBLs of individual donors, ranging from 25 to
400 pg/ml NADH (p < 0.05). Further analysis of between-
subject effects however showed clearly that NADH at
concentrations ranging from 6.25 to 400 pg/ml was able to
significantly stimulate the release of IL-6 above back-
ground values (p < 0.001), suggesting that a concentration
of 6.25 ng/ml NADH seems to be a critical cutoft value, as
IL-6 production was negligible with PBLs from most of
the donors below that NADH concentration. In table 1,
the concentrations of 1L-6 (means = SE, triplicate deter-
minations) were summarized using 400 pg/ml NADH to
illustrate the potency of NADH. The data were expressed
with respect to the positive control, which was ascribed
100%.

PBLs from 3 donors (2, 6 and 17) released IL-6 concen-
trations in the range of the positive control indicating a
high activating potential of NADH, whereas the lowest
induction of IL-6 synthesis upon stimulation with NADH
was observed with PBLs from donors 8, 10, 12, 14 and 15
(maximally a third of the positive control). However, the
great majority of PBLs produced about half of the amount
of IL-6 which could be maximally induced by polyclonal
stimulation. No toxic effects were observed in the cell cul-
tures after staining for viability and FACS analysis (data
not shown), even with 400 pg/ml NADH. Therefore, the
aim of the second part of the experiments was to deter-
mine the NADH concentration which is able to stimulate
a biologically relevant 1L-6 production, which was chosen
as 1,000 pg/ml according to plasma levels of IL-6 cited in
the literature. Based on linear regression analysis of the 17
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Fig. 1. Dose-response curves obtained with increasing concentrations of NADH (ng/ml) using PBLs from 11 individ-
ual healthy donors. Concentrations of IL-6 (pg/ml) were determined in triplicate. The dose-response curves of the
remaining donors corresponded to those shown and were therefore omitted. Please note that I1.-6 concentrations were
shown in a logarithmic scale.

Table 1. Maximal release of IL-6 (pg/ml) by human PBLs stimulated with 400 ug/ml NADH compared to 1L-6
production induced by the positive control and estimated amount of NADH able to stimulate 1,000 pg/m] IL-6

Donor IL-6, pg/ml, after Background Positive control¢ Percent of  Estimated NADH
No. stimulation with stimulation® positive concentraton
400 pg/ml NADH? control able to induce
1,000 pg/ml IL-6¢
1 28,481.6+3,553.7 0+0 38,212.3+495.2 74.5 12.5-25
2 32,275.5+14,590.9 0+0 19,673.0£755.0 164.0 12.5-25
3 28,893.8+2,180.4 . 0+0 54,337.9+7,749.1 53.1 3.1-6.2
4 23,240.6£2,754.5 7.7+11.6 34,484.2+3,145.4 67.3 3.1-6.2
5 36,307.6£2,114.4 0+0 44,030.9+7,123.4 82.4 3.1-6.2
6 28,608.9+1,382.9 19.0+26.2 26,184.3+5,073.8 109.2 6.2-12.5
7 16,094.0+1,040.8 0+0 32,178.4+3,809.2 50.0 12.5-25
8 7.206.3£560.7 00 24,279.0+1,031.3 29.6 >25
9 25,392.9+4,205.1 0+0 31,284.0+2,234.1 81.1 6.2-12.5
10 25,305.2+2,217.8 441£21.2 73,082.9+8,505.7 34.6 3.1-6.2
11 11,326.5+170.1 13.5+6.5 22,362.6+4,131.8 50.6 12.5-25
12 4,963.4£2273.6 81.5£30.9 35,282.8+1,864.0 14.0 >25
13 15,874.3+713.9 61.3x17.3 39,446.6£4,128.1 40.2 >25
14 8,749.1£258.1 24.8+7.1 31,342.8+806.8 27.9 >25
15 12,257.6+1,350.3 23.7+8.5 35,277.6+£7,407.6 347 12.5-25
16 11,099.6 £665.1 10.3+£6.4 23,369.3+975.8 47.4 12.5-25
17 21,955.4+4,956.5 61.3+35.4 19,673.0£755.0 111.6 3.1-6.2
@ Mean values of triplicate determinations and standard error of the mean.
> Mean values of six determinations and standard error of the mean.
¢ Mean values of triplicate determinations and standard error of the mean.
d

Estimated concentration of NADH according to the regression curves calculated for each donor.
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dose-response curves, concentrations of NADH stimulat-
ing 1,000 pg/ml IL-6 were estimated for each donor (ta-
ble 1). They varied between 3.1 pg/ml and >25 pg/ml
NADH.

Discussion

The results of this study demonstrate that NADH was
able to stimulate dose-dependently the production of IL-6
by human peripheral blood leukocytes. Although the ex-
act mechanism(s) of NADH-induced IL-6 stimulation is
unknown at present, NADH may possibly increase IL-6
synthesis and release by PBLs at the level of transcription.
Since the molecular cloning of 1L-6 in 1986 [16], knowl-
edge on the signal transduction pathways initiated after
binding of IL-6 to its receptor has increased considerably
[17]. Due to this increased knowledge on signal transduc-
tion pathways combined with the fact that NADH is ulti-
mately involved in the mitochondrial generation of ATP
it may be hypothesized that ATP activates distinct ATP-
sensitive transcription factors possibly increasing the syn-
thesis of 1L-6. Support for this mere speculation may be
derived from findings recently published by Tanaka et al.
[18] demonstrating that survival of striatal neurons after
focal cerebral ischemia in the rat was specifically me-
diated by a family of transcription factors activated by a
cyclic AMP-response clement binding protein. In the
past, the research on possible neuroprotective roles of this
extremely pleiotropic cytokine has received considerable
attention from neuroscientists and resulted in a lot of pub-
lications with contradictory results, underlining the com-
plex nature of the communication between the CNS and
the immune system. A lot of experimental studies in vitro
[19-21] and animal studies [22-24] indicated a potential
neuroprotective role of IL-6 in several forms of neuronal
injury. In contrast, in clinical situations of neurodegenera-
tive disorders including Alzhecimer’s disease, stroke or
Parkinson’s disease, the role of IL-6 and its soluble recep-
tor becomes the more puzzling as IL-6 was either reported
to be diminished or increased [25-28]. Thus, although IL-
6 protein and gene expression together with its soluble
receptor have been identified in several CNS regions,
where both proteins seem to act as mediators of host
defense and affect neuronal survival, the putative protec-
tive role of IL-6 remains not fully understood [29, 30].
However, the limitations of using peripheral leukocytes
and not brain-derived target cells, such as glia cells, neu-
rons or brain-derived endothelial cells, should be borne in
mind. Moreover, the question of whether NADH-in-

NADH Stimulates IL-6 Production of
Human Leukocytes

duced peripheral IL-6 may be able to affect neurodegener-
ative disorders in the CNS remains to be determined.
However, a prerequisite for the assumed protective role of
systemically induced IL-6 to counteract local inflamma-
tion in the brain may be either its passage across the
blood-brain barrier and/or a migration of IL-6-producing
cell types into the brain parenchyma, a hypothesis which
has been supported by several recent publications [31-
33]. It may also be conceivable that the normally intact
blood-brain barrier may be entered by cytokines and acti-
vated leukocytes under conditions of peripheral or local
inflammation [34]. Accordingly, severe traumatic brain
injuries could disrupt the normally intact blood-brain bar-
rier [35]. Notably, early IL-6 production in the CNS was
found by this study group [35] to exceed serum IL-6 levels
by several orders of magnitude. A correlation between
CSF and serum IL-6 was found by Kossman et al. [35]
only initially after trauma and corresponded to a severe
dysfunction of the blood-brain barrier. In contrast, sys-
temically applied IL-6 was described by Zalcman et al.
[36] to increase the sensitivity to the locomotor-stimulat-
ing effects of amphetamine in rats, pointing to a possible
impact of peripheral IL-6 upon local CNS activities, ei-
ther mediated directly or indirectly by the hormonal sys-
tem. Altogether, IL-6 has achieved considerable attention
from neuroscientists as a putative neuroprotective cyto-
kine whose biological effects are highly dependent on its
local concentrations available to other cell types [37]. Bio-
availability of IL-6 may presumably be further regulated
by the intriguing functions of the soluble IL-6 receptor
able to act even as an agonist [37]. In summary, it is essen-
tial to verify the findings of an NADH-induced IL-6
release by human PBLs, with brain-derived cell types
being a more relevant target cell population. Apart from
the many biochemical and cellular alterations found in
patients affected by neurodegenerative disorders [38, 39],
the possible involvement of the immune system has
received increasing recognition. Therefore, although mul-
tiple functions of NADH in combination with IL-6 may
be conceivable in promoting neuronal survival, all these
considerations will still remain elusive before the exact
mechanism of action of NADH-induced IL-6 production
is fully understood, which will be the subject of further
investigations.

Acknowledgments

For technical assistance we thank Roswitha Beyer and Carola
Vogler. Statistical evaluation of the data was done by Prof. Dr. H.
Skarabis, Free University of Berlin, Germany.

Neuroimmunomodulation 2001;9:203-208 207



—_

W

References

Barroso N, Campos Y, Huertas R, Esteban J,
Molina JA, Alonso A, Gutierrez-Rivas E, Aren-
as J: Respiratory chain enzyme activities in
lymphocytes from untreated patients with Par-
kinson’s disease. Clin Chem 1993;39:667-669.
Vrecko K, Birkmayer JGD, Krainz J: Stimula-
tion of dopamine biosynthesis in cultured
PC12 phaeochromocytoma cells by the co-
enzyme nicotinamide adenine dinucleotide
(NADH). J Neural Transm 1993;5:147-156.
Birkmayer W, Birkmayer JGD, Vrecko C, Pal-
etta B, Reschenhofer E, Ott E: Nicotinamide
adenine dinucleotide (NADH) as medication
for Parkinson’s disease. Experience with 415
patients. New Trends Clin Neuropharmacol
1990;4:7-24.

Birkmayer W, Birkmayer JGD: The coenzyme
nicotinamide adenine dinucleotide (NADH) as
biological antidepressive agent. New Trends
Clin Neuropharmacol 1991;5:19-25,
Birkmayer JGD: Coenzyme nicotinamide ade-
nine dinucleotide. New therapeutic approach
for improving dementia of the Alzheimer type.
Ann Clin Lab Sci 1996;26:1-8.

Murphy DL: Amine precursors, amine and
false neurotransmitters in depressed patients.
Am J Psychiatry 1972;129:141-148.
Schildkraut JJ, Klermann GL, Hammond R,
Freud DG: Excretion of 3-methoxy-4-hydroxy-
mandelic acid (VMA) in depressed patients
with antidepressant drugs. J Psychiatr Res
1964:2:257-266.

Birkmayer W, Birkmayer JGD, Vrecko K, Pal-
etta B: The clinical benefit of NADH as stimu-
lator of endogenous L-dopa biosynthesis in par-
kinsonian patients; in Streifler MB, Korczyn
AD, Melamed E, Youdim MBH (eds): Ad-
vances in Neurology, Parkinson’s Disease:
Anatomy, Pathology, and Therapy. New York,
Raven, 1990, vol 53, pp 545-549.

Cooper NR, Bradt BM, O’Barr S, Yu IX: Focal
inflammation in the brain. Role in Alzheimer
disease. Immunol Res 2000;21:159-165.
Vitkovic L, Bockaert J, Jaque C: ‘Inflammatory
cytokines’: Neuromodulators in normal brain?
Neurochemistry 2000;74:457-471.

Akiyama H, Barger S, Barnum S, Bradt B,
Bauer J, Cole GM, Neil R, Eikelenboom P,
Emmerling M, Fiebig BL, Finch CE, Frautschy
S, Griffin WST, Hampel H, Hull M, Landreth
G, Lueh LF, Mrak R, Mackenzie IR, McGeer
PL, O’Banion MK, Patcher J, Pasinetti G, Pla-
ta-Salman C, Rogers J, Rydel R, Shen Y, Streit
W, Strohmeyer R, Tooyoma I, Van Muiswinkel
FL, Verhuis R, Walker S, Webster S, Wegrzy-
niak B, Wenk G, Wyss-Coray T: Inflammation
and Alzheimer’s disease. Neurobiol Ageing
2000;21:383-421.

Engele J: Changing responsiveness of develop-
ing midbrain dopaminergic neurons for extra-
cellular growth factors. J Neurosci Res 1998;
51:508-516.

20

21

22

23

24

Etcheberrigaray R, Bhagavan S: Ionic and sig-
nal transduction alterations in Alzhcimer’s dis-
ease: Relevance of studies on peripheral cells.
Mol Neurobiol 2000;20:93-109.

Lombardi VRM, Garcia M, Rey L, Cacabelos
R: Characterization of cytokine production,
screening of lymphocyte subset patterns and in
vitro apoptosis in healthy and Alzheimer’s dis-
ease (AD) individuals. J Neuroimmunol 1999;
97:163-171.

Salman H, Bergman M, Djaldetti R, Bessler H,
Djaldetti M: Decreased phagocytic function in
patients with Parkinson’s disease. Biomed
Pharmacother 1999;53:146-148.

Hirano T: Interleukin-6 and its receptor: Ten
years later. Int Rev Immunol 1998;16:249-
284.

Horn F, Henze C, Heidrich K: Interleukin-6
signal transduction and lymphocyte function.
Immunobiology 2000;202:151-167.

Tanaka K, Nogawa S, Ito D, Suzuki S, Dembo
T, Kosakai A, Fukuuchi Y: Activated phos-
phorylation of cyclic AMP responsive element
binding protein is associated with preservation
of striatal neurons after focal cerebral ischemia
in the rat. Neuroscience 2000;100:345-354,
Hama T, Kushima Y, Miyamoto M, Kubota
M, Takei N, Hatanaka H: Interleukin-6 im-
proves the survival of mesencephalic catechol-
aminergic and septal cholinergic neurons from
postnatal, two week old rats in cultures. Neuro-
science 1991;40:445-452.

Maeda Y, Matsumoto M, Hori O, Kuwabara
K, Ogawa S, Yan SD, Ohtsuki T, Kinoshita T,

Kamada T, Stern DM: Hypoxia/reoxygena- ¢

tion-mediated induction of astrocyte interleu-
kin-6: A paracrine mechanism potentially en-
hancing neuronal survival. J Exp Med 1994;
180:2297-2308.

Yamada K, Umegaki H, Maezawa I, Iguchi A,
Kameyama T, Nabeshima T: Possible involve-
ment of catalase in the protective effect of
interleukin-6 against 6-hydroxydopamine tox-
icity, in PC12 cells. Brain Res Bull 1997;43:
573-571.

Ali C, Nicole O, Docagne F, Lesne S, Macken-
zie ET, Nouvelot A, Buisson A, Vivien D: Isch-
emia-induced interleukin-6 as a potential en-
dogenous neuroprotective cytokine against
NMDA receptor-mediated excitoxicity in the
brain. J Cereb Blood Flow Metab 2000;20:
956-966.

Reyes TM, Fabry Z, Coe CL: Brain endothelial
cell production of a neuroprotective cytokine,
interleukin-6, in response to noxious stimutli.
Brain Res 1999:851:215-220.

Loddick SA, Turnbull AV, Rothwell NJ: Cere-
bral interleukin-6 is neuroprotective during
permanent focal cerebral ischemia in the rat. J
Cereb Blood Flow Metab 1998;18:176-179.
Hampel H, Sunderland T, Kotter HU,
Schneider C, Teipel SJ, Padberg F, Dukoff R,
Levy I, Moller HJ: Decreased soluble interleu-
kin-6 receptor in cerebrospinal fluid of patients
with Alzheimer’s disease. Brain Res 1998;780:
356-359.

208

Neuroimmunomodulation 2001;9:203-208

26

27

28

29

30

31

32

33

34

35

36

37

39

Hucl M, Strauss S, Volk B, Berger M, Bauer M:
Interleukin-6 is present in early stages of plaque
formation and is restricted to the brains of Alz-
heimer’s disease patients. Acta Neuropathol
1995;89:544-551.

Muller T, Blum-Degen D, Przuntek H, Kuhn
W: Interleukin-6 levels in cerebrospinal fluid
inversely correlate to severity of Parkinson’s
disease. Acta Neurol Scand 1998;98:142-144,
Yamada K, Kono K, Umegaki H, Yamada K,
Iguchi A, Fukutsu T, Nakashima N, Nishiwaki
H, Shimada Y, Sugita Y, Yamamoto T, Hase-
gawa T, Nabeshima T: Decreased interleukin-6
levels in the cerebrospinal fluid of patients with
Alzheimer type dementia. Neurosci Lett 1995,
186:219-221.

Marz P, Otten U, Rose-John S: Neural activi-
ties of IL-6 type cytokines often depend on
soluble cytokine receptors. Eur J Neurosci
1999;11:2995-3004.

Barkhudaryan N, Dunn AJ: Molecular mecha-
nisms of actions of interleukin-6 on the brain,
with special reference to serotonin and the
hypothalamo-pituitary-adrenocortical axis.
Neurochem Res 1999;24:1169-1180.

Banks WA, Kastin AJ, Broadwell RD: Passage
of cytokines across the blood-brain barrier.
Neuroimmunomodulation 1995;2:241-248.
Plotkin SR, Banks WA, Maness LM, Kastin
AJ: Differential transport of rat and human
interleukin la across the blood-brain barrier
and blood-testis barrier in rats. Brain Res 2000;
881:57-61.

Pan W, Kastin AJ: Penetration of neutrophins
and cytokines across the blood-brain/blood-
spinal cord barrier. Adv Drug Deliv Rev 1999;
36:291-298.

Lassman H: Basic mechanisms of brain inflam-
mation. J Neural Transm Suppl 1997;50:183-
190.

Kossmann T, Hans VH, Imhof HG, Stocker R,
Grob P, Trentz O, Morganti-Kossmann C: In-
trathecal and serum interleukin-6 and the acute
phase response in patients with severe traumat-
ic brain injuries. Shock 1995;5:311-317.
Zalcman S, Savina I, Wise RA: Interleukin-6
increases sensitivity to the locomotor-stimulat-
ing effects of amphetamine in rats. Brain Res
1999;847:276-283.

Gadient RA, Otten UH: Interleukin-6 — A mol-
ecule with both beneficial and destructive po-
tential. Progr Neurobiol 1997;52:379-390.
Hirsch EC: Mechanisms and consequences of
nerve cell death in Parkinson’s disease. J Neu-
ral Tansm Suppl 1999;56:127-137.

Miranda S, Opazo C, Larrondo LF, Munoz FJ,
Ruiz F, Leighton F, Inestrosa NC: The role of
oxidative stress in the toxicity induced by amy-
loid B-peptide in Alzheimer’s disease. Progr
Neurobiol 2000;62:633-648.

Nadlinger/Birkmayer/Gebauer/Kunze



