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1 Introduction 

Neurodegeneration occurs not only in brain injury, i.e. after trauma or ischemia. 
It is also part of the typical pathology in various disorders such as Alzheimer's 
disease, Huntington's chorea, Parkinson's syndrome, AIDS dementia, Creuzfeldt
Jakob disease and other prion derived pathologies, the auto immune disease 
multiple sc1erosis, and during viral or bacterial infections. 

Cytokines are mostly soluble proteins with low molecular weights. They are 
important modulators of immunological responses but can also be synthesized and 
released by non-immune cells. Cytokines regulate cellular functions such as mi
gration, proliferation, release of other cytokines or chemokines, and the induction 
of or protection from apoptotic stimuli. Depending on the cellular surroundings, 
cytokines can have opposite effects (MORGANTl-KoSSMANN and KOSSMANN 1995). 

In the last decade transgenic mouse lines genera ted by pronuc1ear injection and 
gene targeting approaches using in-vitro-manipulated embryonic stern cells and 
blastocyst injection or morula fusion for the generation of chimeric animals have 
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become powerful and routinely used tools to elucidate gene function in vivo. To 
understand the role of specific factors involved in the pathogenesis or etiology of 
disease, various transgenic and mutant mice as models for human diseases or 
certain aspects of human disease have been created by several groups worldwide. 
The search for target genes and proteins for the design of rational drug therapies 
makes transgenic and mutant animals the ultimate tool for the proof of function
ality. This is especially true in diseases that can only be analyzed by developing 
animal models for human disease because of the lack for natural disease models, as 
is the case, for example, in Alzheimer's disease, multiple sclerosis, AIDS dementia, 
or Parkinson's syndrome. Only in animal models can disease progression and early 
onset pathology be carefully investigated. 

This review describes insights into the role of proinflammatory cytokines in 
CNS pathology gathered by studies using transgenic or knockout animals, with 
special respect to neurodegenerative and neuroinflammatory diseases. 

2 Interleukin-l 

Interleukin-l is a pleiotropic cytokine with a molecular mass of 17kDa and two 
homologous forms, IL-ICl and IL-Iß, which are thought to have similar functions. 
IL-l induces the production of IL-2 and IL-2 receptors in T cells when released 
from macrophages. IL-l can also be released from other cells such as endothelial 
cells, microglia, and astrocytes. IL-l responses are media ted by two differentially 
expressed IL-l receptors. In endothelial cells, IL-I induces the expression of 
adhesion markers (MORGANTI-KoSSMANN and KOSSMANN 1995). 

In a transgenic model system, lipopolysaccharide (LPS)-induced HIV-I ex
pression was tested using in-crosses of various mouse lines deficient for different 
cytokines. Like tumor necrosis factor (TNF), IL-l, as tested in IL-ICljß -j- mice, 
was found to be an important activator of HIV-l expression. In contrast, no 
suppression was observed in either IL-6-, interferon (lFN)-y-, IL-ICl-, or IL-1ß
deficient mice (T ANAKA et al. 2000). Here, and in other disease models, IL-l shares 
many functional similarities with TNF. For example, both TNF and IL-l ß play an 
important role in sleep regulation (KRUEGER et al. 1998). The role of IL-l ß was 
also studied in a transgenic mouse model of Alzheimer's disease. The l4-month-old 
Tg2576 mice overexpressed the Swedish double mutation of human amyloid pre
cursor protein and progressively developed typical ß-amyloid plaques in cortical 
brain regions, gliosis, and astrocytosis. IL-l ß was found to be induced in reactive 
astrocytes surrounding ß-amyloid deposits (MEHLHORN et al. 2000). The anti-in
flammatory drug Ibuprofen seems to reduce IL-l ß and glial fibrillary acidic pro tein 
(GFAP) levels in transgenic mouse models of Alzheimer's disease (LIM et al. 2000a) 
and could therefore be considered in the treatment of Alzheimer's disease patients. 
IL-I ß was also found to be important for the up-regulation of cilliary neurotrophic 
factor (CNTF) after trauma, as evidenced by the lack of CNTF up-regulation in 
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IL-l ß -/- mice (LIM et al. 2000b). As CNTF is also known to be neuroprotective 
(KORDOWER et al. 1999), complete blockade of IL-1 ß action could also have 
counterproductive effects. 

Part of the function of IL-1 ß depends on signaling via neutral sphingomy
elinase (nSMase), which is mediated through the type-l IL-l receptor (NALIVAEVA 
et al. 2000). IL-l function is counterbalanced in vivo through the IL-l receptor 
antagonist IL-lra. Overexpression of IL-lra in the CNS of transgenic mice results 
in a lack of febrile response after central administration of LPS, whereas after 
peripheral LPS administration febrile response were normal. Since febrile responses 
can be induced even when central IL-l receptors are saturated, LUNDKVIST et al. 
(1999) concluded that IL-l is not important for the induction offebrile responses in 
the CNS. In contrast to this finding, fever development upon injection with tur
pentine was suppressed in IL-l ß as weH as IL-l Cl/ß -/- mice, but not in IL-l Cl -/
mice, whereas IL-lra -/- mice, which exhibit a growth retardation after weaning, 
showed elevated responses. A glucocorticoid response after turpentine treatment 
was also abolished in IL-l ß but not IL-l Cl -/- mice. Furthermore, upon treatment, 
cyclooxygenase-2 up-regulation in the diencephalon decreased in IL-1 ß -/- mice 
but increased in IL-1ra -/- mice. Another interesting finding of this study was that 
in IL-1 Cl-/- mice expression levels of IL-l ß were reduced and in IL-1 ß -/- mice IL-
1Cl levels were reduced, strongly suggesting mutual induction by each cytokine 
(HORAI et al. 1998). IL-1 ß -/- mice also showed an increased reaction to LPS 
(i.p.)-induced febrile reactions compared to wild-type mice. There were differences 
in the mRNA levels ofIL-ICl and the type 1 and 2 receptors (ALHEIM et al. 1997). 

Expression of IL-l ß is posttranslationally regulated by the conversion of 
prolL-lß into IL-Iß by the enzyme IL-1ß converting enzyme (lCE), also known 
as caspase 1. Knockout of this enzyme results in considerable protection of the 
CNS after ischemia (SCHIELKE et al. 1998). Similar results were obtained with the 
overexpression of a dominant-negative mutant form of ICE in the brain of 
transgenic animals (FRIEDLANDER et al. 1997), offering an interesting approach 
for the treatment of stroke patients by the pharmacological blockade of ICE. 
ICE/caspase-1 is up-regulated after induction of experimental autoimmune 
encephalitis (EAE) similar to the up-regulation of proinflammatory cytokines 
such as TNF-Cl, IL-1ß, IFN-y, and IL-6. ICE/caspase-l -/- mice show reduced 
susceptibility to EAE. However, pharmacologically blocking caspase-l was only 
preventive and thus cannot be used in a therapeutic protocol, suggesting that 
ICE/caspase-l plays an important role in the early onset of the disease (FURLAN 
et al. 1999). 

3 Interleukin-2 

Interleukin-2 is produced by lymphocytes and acts as a mitogenic stimulator of T 
cells. Its tumoricidal effect is used in the treatment of melanoma, lymphoma, and 
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kidney cancer (THULL et al. 2000) and seems to be effective in brain tumors as weil 
(EWEND et al. 2000). Depletion of autoreactive T cells after treatment with IL-2 was 
shown to prevent EAE (CRITCHFIELD et al. 1994). Overexpression of human IL-2 
using the murine metallothionein promoter resulted in ataxia due to Iymphocytic 
infiltration into the cerebellum. In addition, transgenic animals showed skin lesions 
and males were sterile due to atrophic testes (PETITO et al. 1999). Knockout of the 
IL-2 gene resulted in memory and spatiallearning deficits and indicated that IL-2 
plays a neuromodulatory function. Interestingly, tests show that IL-2 is a modula
tory molecule highly specific for neurons involved in hippocampal memory forma
tion. The IL-2 knockout resulted in a reduced hippocampal, infrapyramidal, mossy 
neuronal fiber length, a factor shown to correlate positively with spatial learning 
ability. Knockout animals did not have an altered response in fearfulness, a cognitive 
function more re la ted to learning functions in the amygdala, and demonstrates the 
high specificity of IL-2 action in hippocampallearning (CHIANG et al. 1996). 

4 Interleukin-3 

Overexpression of IL-3, a hematopoietic and immunomodulatory cytokine, results 
in microglialjmacrophage activation finally leading to demyelination and overt 
motor pathology in the brains of 5-month-old transgenic mice. The animals showed 
multiple plaque lesions with primary de- and remyelination and macrophages with 
crystalline intracisternal inclusions closely resembling to those found in lesions 
of multiple sclerosis patients (CHIANG et al. 1996; POWELL et al. 1999a). As in 
TNF- and IL-6-overexpressing mice or in EAE, elevated levels of matrixmetallo
proteinases (MMPs) as weil as the tissue inhibitor MMPI (TIMPI) were found 
(PAGENSTECHER et al. 1998). Interestingly, the C5a receptor was also induced in 
neurons and glia of the brains of mice expressing IL-3 und er the control of the 
GF AP promoter, indicating a link between complement activation and early-onset 
pathology (PARADlSIS et al. 1998). The same group was also able to show mast cell 
infiltration followed by Iymphocytic infiltration, focal demyelination with intense 
macrophage staining, and proliferative astrogliosis with blood-brain barrier leak
age (POWELL et al. 1999b); interestingly, the Th2 chemokine CIO was also induced 
(ASENSIO et al. 1999; ORLOFSKY et al. 2000). 

In another transgenic mouse model with overexpression of IL-3 in the brain, 
7-month-old animals developed a motor neuron disease characterized by hind limb 
paralysis that was very similar to several aspects of amyotrophic lateral sclerosis 
and progressive muscular atrophy. A found the loss of dendrites and axons and 
degeneration of neurons in the spinal cord were observed. From in vitro experi
ments with embryonic transgenic spinal cord neurons, the authors concluded that 
these effects did not result directly from IL-3 expression (CHAVANY et al. 1998). 
An interesting anti sense approach was taken using a T-cell-specific promoter to 
selectively repress expression of IL-3 in peripheral T cells. For some unexplained 



Cytokines in Degenerative Brain Diseases: Lessons from Transgenie Animals 53 

reason, this resulted in increased expression of IL-3 in astrocytes of the CNS, 
leading to activated astrocytes and microglia in the cerebellum, brain stern, and 
spinal cord, with a partialloss of cerebellar nuclei neurons, neurons in the cranial 
nerve nuclei, and spinal cord motor neurons. Whereas outside of the CNS 
antisense-IL-3 transgenic animals exhibited a lymphoproliferative syndrome, their 
neurological phenotype consisted of a progressive neurologic dysfunction that 
included ataxia, bradykinesia, and paralysis (SUGITA et al. 1999). 

5 Interleukin-6 

Interleukin-6 is a pleiotropic cytokine with a molecular mass of 26kDa that regu
lates immune and hepatic acute-phase responses, hematopoiesis, and host defense 
mechanisms. As is the ca se for TNF and other cytokines, elevated levels of IL-6 in 
the CNS are found in several neurological disorders, including AIDS dementia 
complex, Alzheimer's disease, multiple sclerosis, systemic lupus erythematosus, 
CNS trauma, and viral and bacterial meningitis (GRUOL and NELSON 1997). 
Overexpression of IL-6 in the CNS of transgenic mice under control of the GF AP 
promoter was first described by CAMPBELL et al. (1993). Mice expressing IL-6 in 
astrocytes exhibited neurological disease symptoms, the severity of which depended 
on the level of expression IL-6. Transgenic animals showed astrogliosis, microglial 
activation, neurodegeneration, angiogenesis, elevated expression levels of GFAP, 
IL-lct/ß, TNFct, ICAM-l, and complement C3 mRNA, and the induction ofacute
phase protein EB22/5.3 and metallothionein 1 and 2 (CAMPBELL et al. 1993; 
CHIANG et al. 1994; BARNUM et al. 1996; HERNANDEZ et al. 1997). Runting, ataxia, 
tremor, and seizures were observed in mice with high level IL-6 expression 
(CAMPBELL et al. 1993). Furthermore, the blood-brain barrier in both high- and 
low-expressing animals never developed (BRETT et al. 1995). GFAP-IL-6 transgenic 
animals also exhibited hippocampal interneuron pathology affecting cholinergic 
transmission (STEFFENSEN et al. 1994), reduced long-term potentiation (BELLINGER 
et al. 1995), and reduced avoidance learning (HEYSER et al. 1997). Interestingly, a 
transgenic mouse model using the neuron-specific enolase promoter for driving 
IL-6 expression showed astrogliosis and ramified microglia, a marker for microglial 
activation, but no behavioral changes or neuronal degradation was observed 
(FATTORI et al. 1995). If the differences in the severity of pathology seen in different 
animal models depend on the level of expression or on the source of expression 
(glial vs. neuronal expression) remains unknown. 

Based on the findings in transgenic animals, IL-6 expression in human brain 
sections of Alzheimer's disease patients and non-affected control patient material 
was investigated. IL-6 immunoreactivity was detected in lesions of Alzheimer's 
disease patients but not in the brain sections from of controls (HULL et al. 1996). 

IL-6 knockout animals have been tested in a number of different disease 
models. Although IL-6 overexpressing mice show severe inflammatory lesions, 
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other findings seem to suggest that IL-6 may playa role in up-regulation of pro
tective factors such as acute-phase pro teins (TILG et al. 1997; PENKOWA et al. 2000). 
For instance IL-6-deficient mice are resistant to MOG-induced EAE (OKUOA et al. 
1998, 1999). On the other hand, IL-6 deficiency did not protect in a model of focal 
brain ischemia (CLARK et al. 2000), while other cytokines such as IL-lO seemed to 
play an important role by counterbalancing IL-6 or TNF expression (AGNELLO 
et al. 2000), suggesting a reactive rather than an etiologically significant role of 
these cytokines in brain pathology. 

6 Interferons 

Three major groups of interferons are known. IFN-a, consists of several subtypes 
all with an approximate molecular mass of 20kDa; IFN-ß is highly homologous to 
IFN-a, and has the same molecular mass. IFN-a, is mainly expressed by leukocytes 
whereas IFN-ß is mainly expressed by fibroblasts; however, the a,- and ß-IFNs 
bind to the same receptor. IFN-y binds to its own receptor complex. The receptor 
complexes of IFN-a,/ß and y share common signal transduction components, some 
of which are located on mouse chromosome 16 or chromosome 21 in humans 
(PELLEGRINI and SCHINOLER 1993). Trisomy 21 or Down's syndrome is one of the 
most frequent genetic diseases in humans. Like mouse chromosome 16, human 
chromosome 21 is the carrier of genes that are crucial to the immune response, 
including large cluster of genes that code for components of the IFN-a,/ß and 
IFN-y receptors. One of the major features of Down's syndrome is the frequent 
early onset of Alzheimer's disease in affected patients (OE LA MONTE 1999). In a 
mouse trisomy 16 model with one copy each of (by gene targeting) disabled IFN-y 
receptor (lFNGR) gene and disabled IFN-a,/ß receptor (IFNAR-2) gene, mouse 
fetuses showed improved growth and neuronal survival (MAROUN et al. 2000), 
suggesting the involvement of interferons in Down's syndrome and Alzheimer's 
disease. 

Although the precise mechanism of action is unknown, IFN-ß has been used in 
the treatment of relapsing-remitting multiple sclerosis and was confirmed to be 
helpful in several clinical trials (CHOFFLON 2000). IFN- a,/ß is up-regulated in IL-6 
transgenic animals and confers protection against CNS herpes virus infection 
(CARR and CAMPBELL 1999). In addition, the IFN-a,/ß receptor seems to be cru
cially involved in protection from MHV-A95 or measles virus infectious disease of 
the brain (LAVI and WANG 1995; MRKIC et al. 1998). Mice overexpressing IFN-a, 
under control of the GF AP promoter developed progressive inflammatory en
cephalopathy, with marked calcium mineralization, meningoencephalitis, gliosis, 
and neurodegeneration. These features resemble some of those found in idiotypic 
human encephalopathies, however, overexpression ofIFN-a, also increased survival 
of transgenic mice after intracerebral infection with lymphocytic choriomeningitis 
virus (AKWA et al. 1998). 
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Various transgenic mouse models have been developed in which IFN-y is 
expressed in the CNS of mice. Depending on the onset of trans gene expression, 
slightly different phenotypes have been observed. Using the myelin basic protein 
(MBP) promoter, which is specific for oligodendrocytes, one group showed the 
demyelinating effect of IFN-y including strong inflammatory activation of micro
glia, and MHC land 11 up-regulation. Most interestingly, a defect in cerebellar 
granule cell migration was observed and the phenotypes of the mice resembled 
those of transgenic mice with hypomeylination, i.e. shiverer, quaking, or jumpy 
(CORBIN et al. 1996). In another model, transgenic mice expressing oligodendro
cyte-specific IFN-y showed transgene expression only after 8 weeks of age. Here 
severe inflammatory lesions including infiltration and again up-regulation of MHC 
molecules was observed accompanied by demyelination and its behavioral conse
quences. However, perhaps due to the late onset of transgene expression, at an age 
when the CNS of rodents is completely developed, no cerebellar developmental 
defect was reported (HORWITZ et al. 1997). Transgenic animals with chronic ex
pression of IFN-y in myelinating oligodendrocytes in the CNS, however, showed 
MHC I immunostaining and up-regulated iNOS mRNA levels, but no spontaneous 
CNS inflammation or demyelination, and the incidence, severity, and histopa
thology of EAE were similar to that in non-transgenic control animals. But, in 
contrast to control mice, which recover from EAE, transgenic animals showed 
sustained neurological deficits (WILLEN BORG et al. 1996). 

The use of IFN-y-receptor knockout animals in a model of MOG-induced 
EAE clearly showed that IFN-y signaling is required both for the induction of 
MOG-induced EAE and for recovery from the disease. In this study, spleen cells 
from IFN-y receptor -/- mice proliferated extensively when stimulated with MOG 
peptide in culture and produced high levels of IFN-y and TNF but no detectable 
IL-4, suggesting that IFN-y receptor -/- knockout animals cannot induce a proper 
Th2 response leading to chronic inflammation (WILLENBORG et al. 1996). Another, 
even more sophisticated approach was made by the group ofT. Owens. Here Balb/c 
mice, which are rather resistant to MBP-induced EAE, were made highly sensitive 
to EAE by knocking out the IFN-y gene (KRAKOWSKI and OWENS 1996). Further 
analysis revealed that the chemokines MCP-l and GRO-<X were up-regulated in the 
CNS of these mice despite the IFN-y knockout genotype. IP-I0, which is highly 
expressed by astrocytes in the CNS of mice with an intact IFN-y gene and EAE, 
however, was not expressed, which suggests that astrocytes are controlled by IFN-y 
(GLABINSKI et al. 1999). 

7 Tumor Necrosis Factor/Lymphotoxin 

Tumor necrosis factor (also known as TNF-<x) and lymphotoxin (LT, TNF-ß) are 
closely related molecules that partly share the same receptors. Furthermore, their 
genes are located in close proximity on the same chromosome-17 in mouse 
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(GARDNER et al. 1987; MULLER et al. 1987) and 6 in humans (NEDOSPASOV et al. 
1986). Depending on the cell type, these two cytokines exert cytotoxic, proliferative, 
and immunomodulating functions. L Tel is a secreted pro tein which in solution 
forms a homotrimer molecule with a conformation similar to that of TNF. LT -ß is 
a transmembrane protein with a membrane anchor for attachment to the cell 
surface of the heteromeric complex of L Tel and LTß. This complex is structurally 
related to TNF and LTel homotrimers. The LTell:LTß2 heteromer is the pre
dominant form of surface L T. Signaling of TNF and LTel homotrimers is media ted 
by p55 and p75 receptors, while the heteromeric complex of L Tel /L Tß signals 
through the LTß receptor (WARZOCHA et al. 1995). 

CNS-specific overexpression of transgenic TNF was first reported by Probert 
and colleagues. This mouse line coincidentally expressed TNF after random inte
gration of the mouse TNF gene into the genome. Expression was observed at 3-8 
weeks of age with high TNF expression in specific neuronal cells throughout the 
whole brain. Histopathological analyses revealed infiltrating CD4 and CD8T cells 
in the meninges and parenchyma, astrocytosis, microgliosis, and demyelination. 
Treatment with anti-TNF antibodies prevented the disease pathology to a large 
ex te nt (PROBERT et al. 1995). 

TNF transgenic animals also showed behavioral effects (FlORE et al. 1996). 
Whether behavioral changes result from different NGF levels, as suggested by the 
ALOE et al. (1999), or are due to direct neuronal modulation, as has been discussed 
based on in vitro da ta (GLAZNER and MATTSON 2000), remains incompletely un
derstood. Direct effects of TNF on neuronal signaling, however, could be impor
tant in understanding disease mechanisms. In vitro cultivation of primary neurons 
resulted in reduced calcium influx upon stimulation of NMDA receptors (CHENG 
et al. 1994; FURUKAWA and MATTSON 1998). However, a transgenic mouse model 
developed in our laboratory in which mice expressed moderate levels of TNF in 
hippocampus and cortex, demonstrated increased NM DA vs. normal AMP A 
receptor currents, probably due to increased NR2A and NR2B subunit expression 
of the NMDA receptor (Klein M, Marchetti L, Köhr G, Eisel U, manuscript in 
preparation). Neurons might respond differently to TNF in culture or depending 
on their state of differentiation than und er in vivo conditions. As excessive calcium 
influx also plays an important role in neuronal degeneration in EAE, and therefore 
possibly in multiple selerosis (PITT et al. 2000; SMITH et al. 2000), the modulating 
effect of cellular calcium responses through cytokines may play an important factor 
in understanding cytokine action in brain disease. 

Further transgenic mouse models in which mice expressed the transmembrane 
form of TNF revealed that TNF can only induce demyelinating disease if it is 
expressed in astrocytes, not in neuronal cells (AKASSOGLOU et al. 1997). This raises 
the question how the transmembrane form can induce pathology, and which cell 
type needs to be triggered by the transmembrane form to induce pathology. The 
transmembrane form of TNF is the main activator of the TNF receptor-2 (GRELL 
et al. 1995), which appears, however, not expressed in oligodendrocytes (Winter, 
Pfizenmaier, Eisel unpublished observation). These cells are in elose contact to 
neuronal cells, and thus it is very likely that astrocytes expressing the transmem-
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brane form of TNF activate resident microglia and the blood-brain barrier, where 
astrocytes form an integral part together with endothelial cells (WEBB and MUIR 
2000). However, further in-crossing of transmembrane-TNF-expressing transgenic 
mice with TNF receptor-l knockout mice abrogates TNF-induced multiple-sc1e
rosis-type pathology, e.g. oligodendrocyte apoptosis and primary demyelination 
(AKASSOGLOU et al. 1998), defining a prominent role for TNF receptor-l in mul
tiple-sc1erosis-like disease. These findings also hint to the above-mentioned specu
lation, that oligodendrocytes might not be the primary target of TNF action 
(at least of the transmembrane form) or TNF receptor-l is not expressed in the 
subcellular areas of the oligodendrocytejneuronal interaction. 

TNF-induced multiple sc1erosis in transgenic mice also demonstrated a lack 
of dependence on the adaptive immune response, as these animals also showed 
demyelinating disease when back-crossed into RAG-l knockout mice, which fail to 
build mature lymphocytes (KASSIOTIS et al. 1999). 

Using embryonic stern cells and gene targeting strategies, knockout animals for 
TNF, lymphotoxin, and TNF receptors were used to investigate EAE and several 
other models of neurodegenerative disease inc1uding ischemic lesions and scrapie. 
TNF-deficient mice lacked germinal centers and follicular dendritic cell networks in 
lymphoid tissues. Peripheral infection with scrapie failed in mice lacking TNF but 
not in wild-type or IL-6-deficient mice which have impaired germinal centers but 
intact follicular dendritic cell networks (MABBOTI et al. 2000). The authors con
c1uded that neuroinvading follicular dendritic cells may function as a vector for 
scrapie prions in the CNS. 

Although TNF and TNF receptor signaling may be important for the onset of 
demyelinating disease in EAE (PROBERT et al. 2000), TNF may be considered as a 
reactive cytokine which is up-regulated upon injury. It may have several roles 
inc1uding attracting lymphocytes, changing the state of the blood-brain barrier and 
having a protective function. TNF receptors may have divergent functions in EAE 
(GARY et al. 1998) and retinal ischemia (Fontaine, V, Hanoteau N, Fuchs C, 
Pfizenmaier K, and Eisel U, submitted). TNF receptor-l might be important for the 
initiation of MOG-induced EAE, whereas TNF receptor-2 seems to have an im
portant function in protection and immunoregulation (GARY et al. 1998). In retinal 
ischemia, both receptors are up-regulated within hours upon reperfusion, and TNF 
receptor-l may counter-regulate TNF receptor-2 signaling which has a more pro
tective function. In brain ischemia, reports have also shown a protective role for 
TNF receptor-l (SCHERBEL et al. 1999). TNF signaling seems to be important for 
long-term recovery from c10sed head injury, although mice lacking TNF were 
initially less impaired than wild-type animals. 

8 Conclusions 

The picture of cytokine function may be blurred by the great number of animal 
models and the many - sometimes contradictory - results. Cytokines may not be 
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categorized as either good or bad with respect to disease. Almost all transgenic 
models using the overexpression of cytokines show some kind of pathology that 
may be related to some diseases. However, chronic and widespread expression of 
cytokines is a hallmark only of extreme disease conditions. Moreover, although 
these transgenic animals are important for studying immune functions in the brain, 
their role is limited to pro vi ding a model system of a particular disease, which, 
although highly similar, is not entirely analogous. For example, based on the in
vestigation of TNF transgenic and TNF/TNF-receptor-deficient mice, clinical 
studies were performed using soluble TNF receptor as a scavenger in multiple 
sclerosis patients. This study showed that disease in the group of patients treated 
with Lenercept (sTNFR-IgG p55) was exacerbated compared to that of the control 
group (The Lenercept Multiple Sclerosis Study Group and The University of 
British Columbia MS/MRI Analysis Group 1999), which clearly demonstrates that 
TNF also has a protective function. Cytokines therefore may be considered 
regulators in a network. Distortion of this network in an animal model, e.g. by 
overexpressing cytokines, results in many cases in autoimmune responses similar to 
those seen in certain human brain disease. But only careful and comparative 
investigation of different animal models and more refined inducible models will lead 
to a better understanding of cytokine functions in the brain. 
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