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The pace at which connections are being drawn between the nervous system and the 
immune system does not appear to be slowing. Although the relationship between these 
two systems is more commonly discussed in terms of concrete interactions modulating 
physiology, it can be expanded to include more abstract considerations, such as analo
gies between molecules and between basic principles of operation. Thus, we have come 
to see beyond the responsiveness of leukocytes to neuropeptides and neuromodulators 
like CRH and morphine, to recognize relationships exemplified by the compatibility 
between the principles of antigen presentation and Hebbian arguments about associative 
synaptic plasticity. Similarly, one can argue that innoculation is a form of conditioning 
and that neurons may be conditioned not only to strengthen a circuit required for inform
ation storage, but that they may also be conditioned to withstand greater metabolic 
demands or injurious conditions. The central nervous system (CNS) certainly maintains 
a degree of immune privilege; therefore, one must consider the role of resident leuko
cytes (i.e., microglia). That they help to combat infections is obvious, but microglia also 
respond to noninfectious pathologies with reactions more complex than the staid phago
cytosis of debris; it is difficult to imagine that retention of the latter responses by evolu
tion is accidental. This chapter focuses on a specific component of gliotic mediators, 
tumor necrosis factor (TNF). Some of the data discussed distinguishes between TNFa 
(cachectin) and TNF~ (lymphotoxin-a). However, their mechanisms of action and the 
responses of relevant target cells are similar enough that the more inclusive TNFs or 
TNF- will be used often to describe these shared actions. Emphasis is given to the role 
of TNFs in brain injury responses and to data that force consideration of the possibility 
that TNF expression in the CNS may have beneficial influences, particularly with 
respect to conditioning that enhances neuronal resistance to i_nsults. 

2. CHARACTERIZATION OF TNF 

TNFa and TNF~ are homologous (28% in humans, 35% in mice) proteins with 
monomeric mol wt of 17 and 25 kDa, respectively. They are products of separate 
genes that lie on chromosome 6 in humans, in close proximity to one another and to 
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the more recent addition to the family: lymphotoxin-~ (LT-~). They fall within the 
region often referred to as the major histocompatibility class III (MHC-III) group; 
nearby are genes relevant to other functions of the immune system. The close spatial 
relationship between the genes in this complex may lead to promoter overlap, and many 
of them are coordinately regulated. However, the expression patterns and regulation of 
TNFa. and TNF~ differ considerably. TNF~ is almost restricted to activated T-lympho
cytes, but TNFa. is expressed primarily in cells of the mononuclear lineage (Pennica 
et al., 1984; Sawada et al., 1989) and may also be induced in B-lymphocytes (Sung et al., 
1988), astrocytes (Sawada et al., 1989; Chung et al., 1991; Selmaj et al., 1991; Sun et al., 
1995), and neurons (Gendron et al., 1991; Tchelingerian et al., 1994). TNF~ induction in 
microglia in certain disease states has also been reported (e.g., Selmaj et al., 1991). 

TNFs are expressed basally in some cell types, but agents that activate T-cells or 
macrophages elevate expression dramatically. The mechanisms by which expression is 
regulated are complex, occurring at the levels of transcription, mRNA stability, and 
translation. For instance, TNFa. mRNA is detectable in some cells that do not appear to 
express protein. TNFa. transcription is controlled by the NFKB transcription factor 
(Shakhov et al., 1990) and is induced by concanavalin A and phorbol esters (English et al., 
1991), among other activators. TNFa. mRNA stability is regulated by a repeating AU-rich 
sequence in its 3' -untranslated region, the influence of which can be modulated by endo
toxin (Han et al., 1990). Although TNF~ is also controlled by NFKB-dependent transcrip
tion (Messer et al., 1990; Paul et al., 1990), its induction is slower than that of TNFa. and 
its mRNA is more stable (English et al., 1991). 

The TNFs share a feature uncommon among peptide signaling molecules: a trimeric 
active structure. Although the predominant forms of TNFs are noncovalent homo
trimers, LT -~ appears to exist only as a heterotrimer with TNF~ polypeptide chains; this 
relationship may explain the apparent overlap in cell-type expression patterns between 
TNF~ and LT-~. Many of the peptide growth factors are active in a dimeric form. The 
dimer binds two otherwise independent tyrosine kinase receptor molecules, and it is 
thought that signal transduction is initiated when the two receptors are brought into 
close proximity by the ligand, so that they may phosphorylate one another. The TNF 
receptors are not kinases, but it is believed that TNF signal transduction involves recruit
ment of its receptors into homomultimeric complexes as well. Indeed, signal transduc
tion can be elicited in chimeric TNF receptors that have binding domains for dimeric 
growth factors, or can spontaneously dimerize (Adam et al., 1995; Bazzoni et al., 1995). 

An additional level of complexity is imparted to TNF structural considerations by the 
existence of forms integrally associated with the membrane. TNFa. is released from its 
cells of synthesis by cleavage of an integral membrane "pro-TNF," perhaps by metallo
proteases (Gearing, 1994; McGeehan et al., 1994). However, this cleavage is not requi
site for activity (Peck et al., 1989; Macchia et al., 1993); in fact, some cells appear to 
respond preferentially to this membrane-associated form of TNF (Peck et al., 1989; 
Grell et al., 1995). LT-~ appears to exist only in such an integral membrane form 
(Browning et al., 1993). This and related scenarios (such as the solubility of some 
cytokine receptors [see below]) have muddied the distinction between ligand and 
receptor in discussions of cytokine actions. These relationships also have strengthened 
the hypothesis that cytokines and growth factors evolved from cell adhesion molecules 
that originally functioned only as membrane-bound forms, an idea originally proposed 
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after the discoveries of intracellular signal transduction pathways coupled to cell-cell 
adhesion molecules and integrins (receptors for extracellular matrix proteins). An addi
tional implication of this nondiffusible TNF is that experimental analysis of CSF, 
culture-conditioned medium, or other fluids may not accurately detect changes in the 
expression of all the active TNF. 

3. RECEPTORS AND SIGNAL TRANSDUCTION 

The known high-affinity receptors for TNFa and TNF~ are the products of two 
separate but related genes. The largest mature form of one receptor is approx 55 kDa and 
is often termed TNF-R1; the other (TNF-R2) is approx 75 kDa in its largest form. They 
are homologous in their extracellular domains, and are members of a larger family that 
includes Fas and (distantly) the low-affinity NGF receptor. The cytoplasmic portions are 
usually short and divergent and predict no known enzymatic function. LT -~ does not 
interact with either of the high-affinity TNF receptors, preferring instead a separate 
member of the receptor family (Crowe et al., 1994 ). 

TNF-R1 and TNF-R2 have similar affinities for TNFa and TNF~, and both are 
widely distributed. However, the two receptors differ in subcellular localization 
(Bradley et al., 1995), and some tissues appear deficient in TNF-R2. The receptors also 
appear to differ somewhat in the signals they convey intracellularly. TNF-R1 has been 
associated most closely with the ability of TNF to evoke cell death, but either receptor 
appears capable of killing cells alone (Heller et al., 1992; Bazzoni et al., 1995). For 
TNF-R1, this activity has been mapped to a "death domain" in the cytoplasmic tail 
(Tartaglia et al., 1993a), which is homologous to sequences present in other members of 
the receptor family capable of evoking apoptosis (Fas, CD30, and so on). TNF-R2 has 
been associated with the induction of various bioactivities, such as proliferation of 
thymocytes (Tartaglia et al., 1991, 1993b), migration of Langerhans cells (Wang et al., 
1996), and participation in endotoxic shock (Pfeffer et al., 1993). In several bioassays, 
TNF-R2 seems to facilitate processes that more directly result from TNF-R1 activation, 
perhaps by increasing local concentrations of the ligand through an effect termed "ligand 
passing" (Tartaglia et al., 1993c; Bigda et al., 1994; Medvedev et al., 1996). 

Both TNF-R1 and TNF-R2 can be processed to truncated forms that lack trans
membrane regions and thus diffuse extracellularly, even humorally. In all paradigms 
tested to date, these soluble receptors can bind enough TNF to act as inhibitors of its 
actions (VanZee et al., 1992; Howard et al., 1993). However, other cytokine receptors that 
are released can function as coligands (e.g., ciliary neurotrophic factor receptor-a), 
forming a complex with the conventional ligand (e.g., ciliary neurotrophic factor) to 
interact with cells in a way that evokes signal transduction (Davis et al., 1993). Such a 
scenario has never been documented with TNF receptors; but the integral membrane form 
ofTNF-R1 can interact (perhaps indirectly) with at least one downstream effector enzyme 
that resides on the extracellular face of the plasma membrane (Wiegmann et al., 1994). 

3.1. Receptor-Binding Proteins 

Recent studies of protein-protein interactions between TNF receptors and a novel 
class of effector molecules has greatly enhanced our understanding of the sometimes 
confusing array ofTNF actions (Fig. 1). In 1994, two proteins were cloned by virtue of 
their interaction with TNF-R2 in a yeast two-hybrid system (Rothe et al., 1994; Song 
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Fig. 1. Hypothetical connections of TNF signal transduction. TNFs bind two distinct 
receptors, TNF-Rl (p55) and TNF-R2 (p75). Intracellular proteins have recently been discovered 
that interact with the cytosolic domains of these receptors. TRAF2 appears to interact directly 
with TNF-R2; complexed with TRAFl, it can recruit a protein related to inhibitor of apoptosis 
(lAP). TRADD appears to interact preferentially with the TNF-Rl's death domain, but it can 
also bind and transduce signals through FADD and TRAF2. Indeed, TRAF2 appears responsible 
for the ultimate stimulation of NFKB by TNF-Rl activation (Hsu et al., 1996). Also involved in 
NFKB stimulation is ceramide, produced exclusively by the acidic sphinomyelinase (aSMase) 
(Wiegmann et al., 1994). This enzyme can be activated by diacylglycerol (DAG) (Kolesnick, 
1987). This is consistent with the fact that TNF stimulation ofNFKB is blocked by an inhibitor 
of the phosphatidylcholine-specific phospholipase C (PC-PLC), which normally produces 
DAG in response to TNF (Schutze et al., 1992). Ceramide from aSMase activity can directly 
activate the ~ form of protein kinase C (PKC ~), which then may stimulate NFKB indirectly 
(Muller et al., 1995). Nevertheless, some additional TRAF2-dependent signal may be required 
for NFKB stimulation, because Fas activation evokes aSMase activity without activating NFKB 
(Cifone et al., 1995). A region ofTNF-Rl separate from the death domain can stimulate neutral 
SMase (nSMase; an enzyme of the outer membrane leaflet) to produce ceramide targeted sepa
rately from that produced by aSMase. TNF stimulates phospholipase A2 to produce arachidonic 
acid (AA), which can activate nSMase (Jayadev et al., 1994). The activation of Erk/MAPK by 
this arm of the signaling pathway is extrapolated from Fas mutants that lack the death domain, 
yet still stimulate nSMase and Erk/MAPK (Cifone et al., 1995). Recently, stimulation of survival 
or death by ceramide (or its metabolites) was distinguished by the stimulation of Erk/MAPK or 
JNK/SAPK, respectively (Cuvillier et al., 1996). Caveats and apparent inconsistencies of the 
model drawn here include the following: Wiegmann et al. (1994) did not observe stimulation 
of aSMase by TNF-R2, although others have demonstrated activation of NFKB by TNF-R2 
(see text); TNF-R2 and TRADD probably compete for binding to the same site on TRAF2 
(Hsu et al., 1996); PC-PLC and aSMase are involved in the ability of Fas to kill cells (Cifone 
et al., 1995). 
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and Donner, 1995). They were termed TRAF1 and TRAF2; only TRAF2 appears to 
interact directly with the receptor. TRAF2 is also a zinc-finger protein with a RING 
motif, suggesting the possibility that it is a transcription factor. Subsequently, the 
TRAF1-TRAF2 complex was found to interact with proteins homologous to a family of 
inhibitors of apoptosis (lAPs) originally isolated from a baculovirus (Rothe et al., 1995a). 

A member of a second family of TNF receptor-associated proteins couples to TNF-R 1. 
Similarly to TRAPs, TRADD (Hsu et al., 1995) was cloned by the yeast two-hybrid 
system, in this case, using the TNF-R1 "death domain" as the trap. The requisite inter
action was a homophilic one that occurred through a region in TRADD that is itself 
homologous to the TNF-R1 "death domain" (in fact, many of the clones retrieved in this 
approach were TNF-R1 and other members of its family). The "death domain" of 

TRADD is somewhat homologous to FADD (a protein that seems to interact exclusively 
with Pas), RIP (which may interact with both TNF-R1 and Pas), and Reaper (a protein 
required for programmed cell death in Drosophila). Overexpression of either of these 
proteins induces apoptosis; interestingly, the Drosophila members of the lAP family 
(above) can block apoptosis triggered by Reaper, hinting at a possible functional control 
ofTNF-R1-associated events by TNF-R2 signals. The downstream factors may include 
a cysteine protease termed FLICE (Muzio et al., 1996) or MACH (Boldin et al., 1996), 
which binds F ADD and may be the relative of the interleukin-1 ~-converting enzyme 
(ICE) implicated by Enari et al. (1995) in cytokine-induced apoptosis. 

3.2. Enzymatic Signals 

Before the above receptor-binding proteins were even a twinkle in a cloner's eye, 
intracellular TNF signal transduction was linked to sundry enzymatic processes. TNFs 
have been shown to stimulate the activities of protein kinase C (PKC), phospholipase 
A2 (PLA2), phosphatidylcholine-specific phospholipase C (PC-PLC), sphingomyeli
nase (SMase), Erk/MAP kinases, and Jun nuclear kinase/stress-activated protein kinase 
(JNK/SAPK). Despite evidence linking these processes, their precise connections to 
one another and to the receptor-binding proteins (above) remain somewhat speculative 
(Fig. 1). Further, the role played by each of these pathways in downstream nuclear 
events and biological effects evoked by TNF (below) has been the subject of some 
controversy. For instance, several reports have implied a role for ceramide (a product 
of SMase activity) in the activation of NFKB, the most prominent transcription factor 
in TNF signaling (Schutze et al., 1992; Yang et al., 1993), but other data suggest that 
TNF induction of NFKB is independent of SMase activity (Dbaibo et al., 1993; Betts 
et al., 1994; Johns et al., 1994; Reddy et al., 1994; Westwick et al., 1995). Some discrep
ancies may reflect simple cell-type differences, but others clearly do not. Relevance of 
each signal transduction component will be clearer once the mechanistic chain of events 

connecting each of these signal transduction events to the TNF receptors has been 
elucidated. 

3.3. NFKB 

Most of the biological effects of TNFs have been attributed to influences on gene 
expression, and the chief mediator of such nuclear events is the transcription factor 
NFKB. First discovered and named for its impact on expression of the immunoglobulin 
K chain, NFKB has since been documented to control several other genes, many of which 
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are cytokines (including the TNFs themselves), or have another relationship with 
immune system function. Its active form is composed of two polypeptides: p50 and p65. 
The larger is a member of the Rei family of transcription factor proteins, which interact 
modularly to form various dimers with differing transcriptional actions. The regulation 
of this family is intriguing and appears unique in several ways. NFKB rests in the 
cytosol, complexed to an inhibitory subunit (IKB). Activating stimuli cause specific, 
ubiquitin-directed degradation of IKB. The remaining dimer then translocates to the 
nucleus and binds to KB enhancers. A particularly interesting facet of NFKB regulation 
is its activation by oxidative conditions (Schreck et al., 1991). This relationship has led 
to speculation that NFKB might play a role in promoting the damaging effects of reactive 
oxygen species (ROS). The activation of NFKB by TNFs, factors that can initiate cell 
death in some situations, has further promoted the speculative link of this transcription 
factor to cell death. 

Since these circumstantial connections to cell death were reported, NFKB has been 
mechanistically dissociated from TNF-induced death. Although its stimulation by acti
vated TNF-R1 is dependent on the so-called "death domain" of the receptor (Hsu et al., 
1995), NFKB has been dissociated from the apoptotic pathway at the level of the 
TRADD receptor-binding protein (Hsu et al., 1995, 1996; Park and Baichwal, 1996). 
These studies suggest that TRADD heads a bifurcating signal that includes interactions 
with both TRAF2, which apparently transduces the activation of NFKB, and FADD, 
which apparently transduces the death signal. In cells expressing a mutant form of 
TRAF2, TNFa can no longer stimulate NFKB, yet can still elicit apoptosis. 
Furthermore, NFKB can be stimulated by activation ofTNF-R2 (Medvedev et al., 1994; 
Rao et al., 1995; Rothe et al., 1995b), which lacks a "death domain." Other data suggest 
the possibility that the connection to ROS reveals a role for NFKB in sensing and 
responding to oxidative stress in a compensatory way, and the exquisite responsiveness 
and specificity apparent in the interaction between ROS and NFKB seems indicative of 
a role for mild oxidation in normal cellular signals (Schreck et al., 1992), perhaps 
including those initiated by TNFs. These normal signals may include factors that offer 
protection against oxidative stress by preemptively fortifying the cell's resistance. For 
instance, manganese superoxide dismutase (Mn-SOD) is induced by TNFa (Pang et al., 
1992) and has NFKB consensus binding sites in its promoter. Large increases in intra
cellular ionic calcium ([Ca2+]J can augment oxidative stress (Takasu et al., 1989; 
Oyama et al., 1994), but may be attenuated by TNFs' induction of the calcium (Ca)
binding protein calbindin (Cheng et al., 1994; Mattson et al., 1995) (incidentally, 
TRAFl bears some homology to calbindin). 

Recently, it was determined that KB-dependent transcription is activated by a neuro
protective agent: the secreted form of the Alzheimer's ~-amyloid precursor protein 
(sAPP) (Barger and Mattson, 1996a). In addition, an antisense oligonucleotide-mediated 
decrease in IKBa, a manipulation designed to specifically activate NFKB, protects 
neuronal cells against insults such as excitotoxicity, Ca2+ ionophore, and amyloid ~
peptide (Barger et al., 1995; Barger and Mattson, 1996a,b). NFKB also is activated by 
some neurotrophic or neuroprotective agents, such as nerve growth factor (Komer et al., 
1994). These data expand the hypothesis that NFKB, at least in certain circumstances, 
can orchestrate a program of gene expression that is beneficial to the viability of some 
populations of cells. Indeed, the analogous argument can be made for TNFs themselves. 
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4. PHYSIOLOGICAL RESPONSES TO TNFs 

From their discovery, the literature concerning TNFs has been focused on their 
negative attributes: cachexia, chronic inflammation, tissue necrosis, and cartilage and 
bone resorption. However, recent data suggest that TNFs may not have been selected by 
evolution for their harmful effects! Targeted gene disruption ("knockout") of TNF 
receptors has confirmed a role for TNFs in defense against certain infections, but the 
factors may have additional benefits that are less obvious in individual tissues. Many 
insults to the brain induce TNFa expression in the absence of any infection (below). 
Although it is true that the high concentrations of TNFa present at the center of an 
inflammatory reaction or other injury may eventually prove detrimental to that tissue, 
the umbra surrounding that focal lesion may gain from the factor's subtler influences. 

One of the major roles of TNFs in vivo is coordination of the acute phase response 
(Beutler, 1995). TNFa is induced in cells of the monocyte lineage by endotoxin. When 
induced or injected systemically, TNFa exerts a dramatic influence on the liver, stimu
lating production of other cytokines, C-reactive protein, and serum amyloid A; it is 
also a major endogenous pyrogen. In addition, TNFs exert more localized effects: 
Expression within a given tissue (often by resident dendritic cells, for TNFa) causes 
changes in the endothelium of local capillaries, making them more attractive to circu
lating leukocytes. This results from a specific induction of appropriate cell adhesion 
proteins by TNFs and culminates in infiltration by neutrophils and T cells, with TNFs 
providing direct or indirect chemotactic signals. 

Perhaps the most commonly cited activity of TNFs is the induction of cell death. 
Distinctions between necrotic and apoptotic death have generated much discussion, but 
similarities in the signals that can alternatively induce necrosis and apoptosis have 
blurred this difference (e.g., Bonfoco et al., 1995). In this regard, TNFa has been inter
preted to induce both forms of cell death (Reid et al., 1989) or an atypical form of death 
that has characteristics of both apoptosis and necrosis (Fady et al., 1995). Of course, 
there are appropriate forms of cell death triggered by diffusible signals; activation
driven T-cell suicide has been considered an important role of Fas (Russell and Wang, 
1993). However, TNF-receptor knockout mice have revealed no such roles in auto
immune suppression for TNFs. TNF cytotoxicity requires the presence of a macro
molecular synthesis inhibitor, such as cycloheximide, in most cell types. This may 
reveal more about the cells being treated than about TNF. Many cell types appear 
programmed to undergo apoptosis if they receive an incomplete mitogenic stimulus; this 
scenario has been offered as a hypothetical defense against neoplasia and has been 
confirmed in cases in which cells are forced to overexpress a single oncogene, like c-myc 
(Evan et al., 1992; Shi et al., 1992). Therefore, it is not surprising that cells prevented from 
entering the cell division cycle by cycloheximide would enter a suicide program when 
they receive a TNF stimulus. The somewhat selective toxicity of TNFs has relevance to 
the original discoveries of tumor suppression by TNFa. In addition, it stands as an 
important caution in the interpretation of results obtained with TNFs in neuroblastoma 
cell lines or any other transformed cell. 

TNFs and their receptors are expressed widely throughout development (Yamasu et al., 
1989; Gendron et al., 1991; Kohchi et al., 1994; Pokholok et al., 1995), suggesting an 
important role in development of many tissues. However, functional ablation of TNFs 
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in transgenic mice reveals no obvious developmental role (Kolls et al., 1994), and 
knockout of TNF-R1 causes only subtle effects on hematopoetic progenitor cell 
numbers (Zhang et al., 1995). The most obvious beneficial role for TNFs revealed in 
knockout mice is in defense against infection; in mice that lack TNF-R1, Listeria 
monocytogenes and Mycobacterium tuberculosis infections are uncontrolled (Rothe et al., 
1993). These data suggest that TNFs function most importantly in the mature immune 
system. Indeed, an effect of TNFa. on preimplantation embryo development 
(Tartakovsky and Ben-Yair, 1991) could be mediated by effects on the uterus rather 
than on the embryo itself (Hunt, 1993). Disruption of the TNF~ gene results in agenesis 
of the lymph nodes (De Togni et al., 1994). However, given the results of receptor 
knockout studies, this effect on lymph node development probably relies on the inter
action between TNF~ and LT~, a complex that binds a receptor distinct from TNF-R1 
and -R2 (above). 

4.1. TNF and Brain Injury Responses 

Along with the many stress-related responses registered in the injured brain, TNFa. 
can be increased as much as 10-fold in various injury conditions (Table 1). In most 
models, TNFa. is one of the earliest cytokines induced, detectable as early as 1 h after 
the insult, and peaking between 4 and 12 h; however, it may be sustained as long as 5 d 
(Liu et al., 1994 ). Signals that inhibit the production of TNFa., such as prostaglandin E, 
IL-6 (Benveniste et al., 1995; Chao et al., 1995a), and TGF~ (Rimaniol et al., 1995; 
Wang et al., 1995), are also induced by brain injury. However, the kinetics are slower 
for these factors (on the order of days) and are generally consistent with the decline in 
TNFa. levels, suggesting that such inhibitory signals are responsible for limiting the 
brain's exposure to a potentially harmful factor (below). In some cases, TNFa. may be 
inducing its own negative regulators to effect a negative feedback loop (Aloisi et al., 
1992; Chao et al., 1995b; Maerz et al., 1996). TNFa. also has been reported to increase 
with aging (Siren et al., 1993) and aging-related diseases (Dickson et al., 1993; Mogi 
et al., 1994). However, its particular elevation in Alzheimer's disease appears to be 
highly variable (Selmaj et al., 1991; Cacabelos et al., 1994; Huberman et al., 1994). 

The induction of TNFa. in response to brain injury doubtlessly initiates secondary 
elevations of enzymes, structural proteins, additional cytokines, and other signaling 
molecules. One thing it probably does not contribute is an additional increase in 
glutamate (Zomow et al., 1993). Nevertheless, TNFa. has been reported to exacerbate 
glutamate toxicity in human brain cultures (Gelbard et al., 1993; Chao and Hu, 1994). In 
some species, this effect appears to reflect the ability of TNFa. to induce nitric oxide 
synthase (NOS) in microglia (Chao et al., 1993), causing increased production of neuro
toxic nitric oxide (NO). However, NOS induction by cytokinesis insubstantial in human 
glia (Peterson et al., 1994; Walker et al., 1995). Microglia have also been shown to 
elevate their production of the excitotoxin quinolinic acid in the presence of TNFa. 
(Saito et al., 1993), but this only occurs when TNFa. is combined with another stimulus, 
such as interferon-y or endotoxin, factors not expected to be present in the absence of 
infection. The dramatic neurotoxicity of TNFa. reported in the above studies may have 
more relevance in culture conditions than in vivo, as TNFa. injections into rodent brains 
cause only temporary leukocyte invasion and no parenchymal damage or behavioral 
abnormalities (Wright and Merchant, 1992; Yamasaki et al., 1992). 
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Table 1 
Brain Injury Conditions in Which TNFa Is Elevated 

Clinical ischemia 
Clinical trauma 
Experimental ischemia 

Experimental closed-head trauma 
Fluid percussion trauma 

Ibotenic acid 
Kainic acid 
Radiation 
Surgical hippocampal lesion 

Ref. 

Fassbender et al., 1994 
Ross et al., 1994 
Liu et al., 1994; Szaflarski et al., 1995; 

Wang et al., 1994; Buttini et al., 1996; 
Saito et al., 1996 

Shohami et al., 1994 
Taupin, 1993; Hayes et al., 1995; 

Fan et al., 1996 
Alvarez et al., 1994 
Minami et al., 1991 
Chiang and McBride, 1991 
Tchelingerian et al., 1993 
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If induction of TNFa by brain injury does have acute detrimental effects mediated by 
glia, they appear to be offset by the direct effects of TNFs on neurons. Cheng et al. 
(1994) first reported a positive influence of both TNFa and TNF~ on survival of cultured 
neurons. Hippocampal, cerebral cortical, and septal neurons survived the challenges of 
glucose deprivation and excitotoxicity at a higher rate after treatment with the TNFs. 
The suppression of glial growth in these cultures had no influence on the neuroprotec
tive actions of TNFs, indicating direct action on the neurons themselves. Such neuro
protective effects may result in part from the elevation of expression of the Ca-binding 
protein calbindin. Calcium mediates a large component of the toxicity associated with 
both excitoxicity and glucose deprivation, and calbindin-expressing cells show greater 
survival rates in the face of calcium overloads (Mattson et al., 1991; Diop et al., 1995; 
Peterson et al., 1996). The TNFs induce calbindin expression in astrocytes (Mattson et al., 
1995) and markedly increase the number of neurons with detectable expression (Cheng 
et al., 1994). Obviously, one mechanism by which agents can protect neurons against 
excitotoxic challenges is by decreasing the responses to glutamatergic neurotrans
mission. Long-term potentiation in hippocampal slices, a phenomenon exquisitely 
linked to glutamatergic transmission, is inhibited by TNFa when applied for greater 
than 50 min (Tancredi et al., 1992); this could be related to the ability of calbindin to 
inhibit postsynaptic potentiation (Chard et al., 1995). 

Both TNFa and TNF~ also protect cultured neurons from the toxicity of the 
Alzheimer's amyloid ~-peptide (Barger et al., 1995). This is significant because the 
toxicity of amyloid ~-peptide involves ROS (Behl et al., 1994; Goodman and Mattson, 
1996), as well as disruption of Ca regulation (Mattson et al., 1992; Market al., 1995). 
Consistent with this relationship, TNFs also reduce neuronal toxicity associated with 
iron treatment, and cellular peroxides evoked by iron are diminished by TNF treatment 
(Barger et al., 1995). This increased antioxidant capacity requires several hours of 
pretreatment with TNFs, suggesting a requirement for gene expression. It is likely that 
Mn-SOD and/or other antioxidants are induced in neurons by TNFs through activation 
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of NFKB. This hypothesis is supported by studies using antisense oligonucleotides 
against IKBa to cause pharmacomolecular disinhibition of NFKB (Barger and Mattson, 
1996b ). Activation of KB-dependent transcription by this means results in protection of 
neurons against glutamate (Barger and Mattson, 1996b) and amyloid ~-peptide (Barger 
et al., 1995), and it decreases peroxide production in neurons. IKBa antisense treatment 
also squelches the Ca2+ elevations evoked by glutamate and amyloid ~-peptide (Barger 
et al., 1995; Barger and Mattson, 1996b). New data provides further support for the role 
of KB-dependent transcription in the neuroprotective actions of TNFa. Figure 2 depicts 
the ability of TNFa to ameliorate the death of cultured hippocampal neurons that 
resulted from glucose deprivation. Additional cultures were pretreated with double
stranded oligodeoxynucleotides corresponding to the KB enhancer sequence to act as a 
sink for any activated KB-binding transcription factors; this treatment has been deter
mined empirically to markedly diminish the KB-binding activity activated by TNFa in 
these cultures. In the presence of this inhibitor, TNFa no longer promoted survival, 
consistent with the hypothesis that KB-dependent transcription plays a major role in this 
neuroprotective paradigm. 

One possible explanation for the discrepancy between studies showing neurotoxicity 
of TNFs and those demonstrating neuroprotection is the species difference. Until 
recently, neuroprotective effects of TNFs were reported in studies utilizing only human 
TNFs on rodent cultures, but studies in which neurotoxicity was observed often utilized 
human TNF on human cultures. Human TNFa does not activate the rodent TNF-R2 
efficiently. Therefore, the possibility remained that TNF's toxicity in human neuronal 
cultures resulted from more efficient activation of TNF-R2, although this would be 
counterintuitive, given the connections of TNF-R1 to cytotoxicity. Nevertheless, this 
possibility has been ruled out, because rat and mouse TNFas have been demonstrated to 
confer neuroprotection in intraspecies cultures (Fig. 2; Bruce et al., 1996). This appears 
to leave the possibility that the diversity in reactions of neural cultures to TNFs results 
from variability in the numbers of glia present, especially given the hypothesis proposed 
by Chao et al. (1993) that microglia mediate TNF neurotoxicity. 

Considering the direct neuroprotective actions of TNFs, contrasted to the apparently 
indirect microglia-mediated neurotoxicity reported in other studies, it would be difficult 
to predict the ultimate integration of these effects in vivo. Bruce et al. (1996) have now 
addressed this question empirically. Mice in which the TNF-R1 and TNF-R2 genes each 
had been independently disrupted were back-crossed to yield individuals devoid of 
receptors for the homotrimeric TNFs. No abnormalities in development or basic neuro
logical behavior have been observed in these double knockouts. However, there are 
revealing alterations in responses to CNS injury in these mice. Transient occlusion of 
the middle cerebral artery to effect focal ischemia causes a larger cortical infarct area in 
the double knockout mice. In addition, kainic acid injections into the dorsal hippo
campus also evokes more severe damage in the mice lacking TNF receptors, despite 
the fact that this lesion elevates TNFa levels to a similar degree in both knockout and 
wild-type mice. In contrast, kainic acid elevates Mn-SOD immunoreactivity only in the 
wild-type mice, consistent with the hypothesis that TNFa enhances antioxidant capacity 
(above). Systemically beneficial effects ofTNFa may include the induction ofvasodila
tory C-type natriuretic peptide (CNP) (Suga et al., 1993) or a glucose transporter (Pekala 
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Fig. 2. TNF neuroprotection is dependent on the activity of KB-binding transcription factors. 
Rat primary hippocampal neurons (7 din culture) were treated for 24 h with a control BSA solution 
(Con), 100 ng/mL rat TNFa. (TNF; Peprotech), or rat TNFa. added after a 3-h pretreatment with 
10 !JM of a double-stranded oligonucleotide containing the KB enhancer sequence (TNF + KB). 
The cultures were then deprived of glucose for 18 h. The percentage of original neurons surviving 
the glucose deprivation was determined in triplicate as described (Cheng et al., 1994) and is 
depicted± SEM. The KB enhancer sequence competes for the binding of KB-binding transcription 
factors to genomic DNA. No cell death resulted from nonspecific oligonucleotide toxicity 
(Barger and Mattson, 1996b). 

et al., 1990; Boado et al., 1994) in vascular endothelial cells. However, the enhanced 
vulnerability resulting from disruption of TNF signaling persists in culture preparations 
from the TNF receptor-knockout mice (Bruce et al., 1996), demonstrating that at least 
much of the protection associated with TNF signaling results from a direct effect on 
CNS parenchyma. (Indeed, endogenous TNFa expression may play an important role in 
basal neuronal survival rates in culture, as anti-TNFa antibody dramatically reduced the 
survival of wild-type neuronal cultures to rates seen in cultures from the TNF-receptor 
knockout mice.) 

The studies performed with the TNF-receptor knockout mice are compelling evidence 
that TNF ameliorates damage from at least acute CNS injury. However, Shoharni et al. 
( 1996) used a different model and reached the opposite conclusion. In the latter study, 
injections of either pentoxifylline or soluble TNF receptor lessened the cortical damage 
resulting from closed-head trauma. There are several possible explanations for the 
inconsistency of the two studies. First, pentoxifylline is of questionable utility in this 
application because it is cerebroprotective by virtue of prostaglandin-dependent 
vasodilatory activity (Noskovic et al., 1995; Tanahashi et al., 1995), inhibits the pro
duction of other cytokines, such as interleukin-1 ~ (Weinberg et al., 1992), and has even 
been shown to elevate TNFa production (Reed and DeGowin, 1992). Alternatively, it is 
possible that closed-head trauma has a lower component of excitotoxic/oxidative 
damage than the ischemia and kainic acid models. Of course, the ever-present caveat of 
transgenic experiments applies to the TNF-receptor knockout study: Disruption of TNF 
signaling during development may have created a confounding aberrancy in adult injury 
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responses in the knockouts. However, this seems unlikely because of the normal 
anatomy and behavior of the TNF-receptor knockout mice in examinations that were 
more than cursory (e.g., synaptophysin analysis, Morris water maze). 

4.2. Demyelination and TNF 

Regardless of any neuroprotective actions of TNF in acute brain injury, one must 
always avoid too much of a good thing. Chronic TNFa elevation has been proposed to 
play a role in demyelinating diseases. It is elevated in amyotrophic lateral sclerosis, 
and both TNFa and TNF~ are elevated in multiple sclerosis (Selmaj et al., 1991). 
Demyelination has been proposed to result from death of oligodendrocytes because they 
are sensitive to TNFa, at least in culture. Oligodendrocytes have been reported to 
express only TNF-R2 in vivo; it was postulated that their expression of TNF-R1 when 
cultured was responsible for their susceptibility to TNFa (Tchelingerian et al., 1995). 
Nevertheless, TNFa antibodies or soluble receptor can ameliorate experimental auto
immune encephalomyelitis, one of the leading animal models for multiple sclerosis 
(Selmaj and Raine, 1995). Furthermore, TNFa transgenic mice show a spontaneous 
demyelination (Probert et al., 1995). It is unclear whether these results stem from a direct 
effect of TNFa on oligodendrocytes or whether more elaborate immune interactions are 
responsible. TNFa can actually protect against demyelination in a virus-induced 
encephalomyelitis model (Paya et al., 1990). 

It is important to consider that demyelination may not always be a negative event. 
Myelin seems to participate in the suppression of axonal regeneration in the CNS. 
Therefore, demyelination may be seen as simply another component of TNF' s injury 
responses repertoire (Schneider-Schaulies et al., 1991). It has been noted that the TNF
R1 death domain is homologous to proteins involved in axonal guidance (Hofmann and 
Tschopp, 1995). A role for TNFa in the re-establishment of connections is supported by 
its influence on the outgrowth of neurites from primary hippocampal neurons (Fig. 3). 
Relatedly, PC12 cells adhere better to ex vivo sections of optic nerve if the nerves have 
been treated in vivo with TNFa (Schwartz et al., 1994). Given the dramatic influence of 
TNFs on the expression of cell adhesion molecules (CAMs) and other cell-surface 
proteins, it would not be surprising if TNFs induce factors that facilitate neurite attach
ment and outgrowth. Again, an excess of this activity could also be detrimental; in addi
tion to the often mentioned possibility that TNF initiates or aggravates demyelination, 
aberrant sprouting and growth of neuritic processes could give rise to the dystrophic 
neurites present in Alzheimer's disease in particular. 

5. CONCLUSIONS: THERAPEUTIC OPPORTUNITIES 

TNFs are pleiotrophic factors expressed or inducible in many tissues, including the 
brain. Although maligned as the mediators of fever, shock, and necrotic tissue damage, 
they definitely can have beneficial effects on the survival of neurons. This role seems 
intuitively consistent with the well-characterized responsiveness of TNFa to brain 
injury. Nevertheless, it would be extremely risky to design therapies around treatment 
with TNFs themselves because of their diverse and sometimes unpredictable actions. 
The goal now should be to tease apart TNF signal transduction, so that the distinctions 
that dictate a cell's response to TNF can be identified and exploited for therapeutic 
advantage. For instance, the activation of transcription factors that bind KB enhancer 
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Fig. 3. Effects of TNFa on neurite outgrowth. (A) Rat primary hippocampal neurons (3 d in 
culture) were photographed at the intervals depicted after addition of control BSA or 30 ng/mL 
rat TNFa. Average dendrite length was measured in 15 cells/treatment and is depicted as 
percentage of the initial length ± SD. Note that control dendrites did not grow during the 
observation time, but TNFa-treated dendrites significantly elongated: (B) Axons were measured 
in the same neurons before treatment and at 80 and 200 min after treatment. Growth rate was 
calculated from elapsed time between photographs and is depicted as a percentage of the growth 
rate of the axons before treatment. Control axons slowed dramatically once photography began 
(perhaps because of the adverse effects of pH changes as the bicarbonate culture medium was 
exposed to ambient air). However, axon growth rate increased in the presence of TNFa. 

sequences appears to account for most, if not all, of TNFa's neuroprotective activity. In 
addition, ceramide already has been shown to enhance neuronal survival (Goodman and 
Mattson, 1996); integration of this finding with a recent report of superior cell survival 
stimulated by metabolites of ceramide (Cuvillier et al., 1996) should lead pharma
cologists down promising paths. 
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