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Abstract

One and a half to two million people sustain a traumatic brain injury (TBI) in the US each year,
of which approx 70,000–90,000 will suffer from long-term disability with dramatic impacts on
their own and their families’ lives and enormous socio-economic costs. Brain damage following
traumatic injury is a result of direct (immediate mechanical disruption of brain tissue, or primary
injury) and indirect (secondary or delayed) mechanisms. These secondary mechanisms involve
the initiation of an acute inflammatory response, including breakdown of the blood-brain barrier
(BBB), edema formation and swelling, infiltration of peripheral blood cells and activation of resi-
dent immunocompetent cells, as well as the intrathecal release of numerous immune mediators
such as interleukins and chemotactic factors. An overview over the inflammatory response to
trauma as observed in clinical and in experimental TBI is presented in this review. The possibly
harmful/beneficial sequelae of post-traumatic inflammation in the central nervous system (CNS)
are discussed using three model mediators of inflammation in the brain, tumor necrosis factor-α
(TNF-α), interleukin-6 (IL-6), and transforming growth factor-β (TGF-β). While the former two
may act as important mediators for the initiation and the support of post-traumatic inflammation,
thus causing additional cell death and neurologic dysfunction, they may also pave the way for
reparative processes. TGF-β, on the other hand, is a potent anti-inflammatory agent, which may
also have some deleterious long-term effects in the injured brain. The implications of this duality
of the post-traumatic inflammatory response for the treatment of brain-injured patients using
anti-inflammatory strategies are discussed.
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Inflammatory Events Following TBI

Traumatic brain injury (TBI) may lead to a
profound but variable swelling of brain tissue,
clinically apparent as elevation of intracranial
pressure (ICP). This swelling of the brain
results in elevated ICP and reduced cerebral
perfusion pressure (CPP), and is generally
believed to be one of the leading causes of
unfavorable outcome following TBI (1). The
post-traumatic edema formation is associated
with complex cytotoxic events and vascular
leakage following the breakdown of the blood-
brain barrier (BBB) (2,3). A profound disrup-
tion of the BBB has been observed in a variety
of experimental TBI models (2–8), as well as in
human TBI (9–11).

Infiltration and accumulation of polymor-
phonuclear leukocytes (PMNs) into brain
parenchyma have been documented to occur in
the acute post-traumatic period, reaching a
peak by 24 h postinjury (12,13). Zhuang et al.
(14) have suggested a relationship between cor-
tical PMN accumulation and secondary brain
injury, including lowered cerebral blood flow
(CBF), increased edema, and elevated ICP. The
migration of leukocytes into damaged tissue
typically requires the adhesion of these cells to
the endothelium, which is mediated by the
expression of the intercellular adhesion mole-
cule (ICAM-1), a member of the immunoglobu-
lin super gene family. An upregulation of
ICAM-1 has, in fact, been described in a variety
of experimental TBI models (15–18), suggesting
a role for leukocyte adhesion in the pathobiol-
ogy of post-traumatic cell infiltration in the
brain. In humans, soluble ICAM-1 (sICAM-1)
in the cerebrospinal fluid (CSF) has been associ-
ated with the breakdown of the BBB after
severe isolated TBI (11).

Alterations in blood-borne immunocompe-
tent cells have been described in head-injured
patients (19–23). Although it has been shown
that influx of leukocytes and lymphocytes into
the brain can occur in those regions in which
tight junctions are missing, e.g., the circumven-
tricular organs, or in the absence of BBB dis-
ruption via transendothelial migration, it is

believed that BBB dysfunction in the acute
post-traumatic period facilitates the intracere-
bral accumulation of these cells and affects
neuronal survival/death (for review, see Perry
et al., ref. [24]).

Immunocytochemical studies have further
demonstrated the presence of macrophages,
natural killer (NK) cells, helper T-cells, and T-
cytotoxic suppressor cells as early as 2 d postin-
jury (25,26). The entry of macrophages into
brain parenchyma following brain injury has
been shown to be maximal by 24–48 h following
lateral fluid-percussion (FP) brain injury in rats
and after human TBI (12,26,25). A recent study
in patients suffering from severe TBI suggested
that the activated cell population following
CNS trauma appears to be predominantly of the
macrophage/microglia lineage, as opposed to
the T-cell lineage (27). Both macrophages and
microglia have been proposed as key cellular
elements in the progressive tissue necrosis fol-
lowing spinal cord as well as brain trauma, pre-
sumably associated with the release of cytotoxic
molecules (among them oxygen free radicals
and inflammatory cytokines) that may be
involved in mediating the local inflammatory
response to trauma and the phagocytosis of
debris from dying cells (28–34).

The specific cytokines and growth factors
that have been implicated in the post-traumatic
inflammatory cascade include tumor necrosis
factor (TNF) and the interleukin (IL) family of
peptides, as well as nerve growth factor (NGF)
and transforming growth factor-β (TNF-β)
(35–38). Alterations in systemic and intrathecal
concentrations of cytokines such as interleukin
(IL)-1, IL-6, IL-8, IL-10, IL-12, and TNF-α as
well as TGF-β have been reported to occur in
human patients following severe head injury
(9,35–37,39–46), and regional mRNA and pro-
tein concentrations of several of these cytokines
have been shown to increase markedly in the
acute post-traumatic period following experi-
mental brain trauma in the rat (47–53).

As described earlier, the traumatized brain
shows the classic hallmarks of inflammation:
edema formation and swelling, activation of
resident immune cells as well as cerebral infil-



tration by blood-borne immunocompetent
cells, and impaired function. CNS inflamma-
tion was long believed to be a catastrophic
event leading to sustained functional impair-
ment and even death, as observed in other
neuropathologies such as bacterial meningitis.
However, there is increasing evidence that in
the setting of brain trauma, inflammatory
pathways may be of vital importance for initia-
tion of a regenerative response. In order to
highlight this possible duality of post-trau-
matic inflammation, the role of three different
inflammatory mediators is elucidated below.

Tumor Necrosis Factor-α

Tumor necrosis factor-α, a pro-inflammatory
cytokine of 17 kD, can be synthesized by sev-
eral immune and nervous cells and is rapidly
released after many types of insults to the CNS
(54). As an early mediator, this cytokine shares
several functions displayed by IL-1 and has the
ability to induce a large number of pro-and
anti-inflammatory cytokines, chemokines, and
adhesion molecules. There are two receptors
for TNF: TNFR1 (or p55) and TNFR2 (or p75).
In the nervous system, these receptors are pri-
marily expressed on glial and neuronal cells. It
has been recently recognized that p55 signal-
ing pathway determines the pathological fea-
tures of TNF, whereas p75 seems to have a
more protective role. Ligation of p55 activates
a FADD (Fas-associated death domain)-medi-
ated and/or FLICE (FADD-like IL-1-convert-
ing enzyme)-mediated pathway involving
activation of caspases ultimately leading to cell
apoptosis, or may conversely lead to TRADD
(TNF receptor-associated death domain)-
mediated activation of the transcription factor
NF-κB, which may trigger repair mechanisms
after experimental TBI (55,56). Activation of
the p75 TNF receptor also leads to NF-κB acti-
vation. Both receptors are also released in a sol-
uble form.

TNF-α has been detected in the CSF and
serum of patients with TBI (9,42,57). Csuka
and coworkers (1999) described individual

patterns of TNF concentrations among 28 TBI
patients over a 3-wk study period, with CSF
levels generally higher than those found in
serum. These observations, together with the
detection of TNF-α mRNA and protein in the
injured rodent brain, suggest that this cytokine
is markedly and acutely unregulated in brain
tissue following TBI (48–50,52,58). Following
severe lateral FP injury, increases in TNF
expression were immunohistochemically local-
ized primarily to neurons, and to a much lesser
extent to astrocytes (49), while after penetrat-
ing brain injury the increase of TNF-α has been
related to trauma-induced astrogliosis (59).
The upregulation of TNF-α therefore appears
to be an endogenous response of the brain
parenchyma to trauma, as opposed to being
the result of an unspecific invasion of the brain
by peripheral blood leukocytes.

TNF-α may mediate secondary damage fol-
lowing TBI through several different mecha-
nisms (for an extensive review, see ref. 60). This
cytokine is known to affect BBB integrity, lead-
ing to cerebral edema and infiltration of blood
leukocytes, and it has been shown to induce
the receptor for the potent secondary inflam-
matory mediator anaphylatoxin (or C5a) on
neurons (61). Furthermore, TNF can induce
both apoptosis and necrosis via intracellular
signaling pathways (62). It is therefore not sur-
prising that both direct and indirect inhibition
of TNF-α activity have been shown to be bene-
ficial in numerous experimental TBI studies.
Administration of the immunosuppressive
pentoxifylline as well as of TNF binding pro-
tein (TBP), a physiological inhibitor of TNF-α
activity, have been shown to significantly
diminish edema formation and enhance motor
function recovery following experimental TBI
(63). Intravenous administration of the anti-
inflammatory cytokine IL-10 improved neuro-
logical recovery and significantly reduced TNF
expression in the traumatized cortex after
injury (64). These studies suggest a detrimental
effect of TNF in the sequelae of TBI. However,
more recent investigations in genetically modi-
fied animals point toward a dual role of this
cytokine following TBI. Mice deficient in both
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subtypes of TNF receptors have been shown to
be more vulnerable to TBI than wild-type ani-
mals, suggesting a neuroprotective role for
TNF-α in the pathological sequelae of head
injury (56). Moreover, brain-injured TNF defi-
cient (–/–) mice show an early benefit from the
lack of TNF with neurologic motor scores ini-
tially better than brain-injured wild-type con-
trols. However, this trend is reversed from 1–4
wk after injury as the injured wild-type ani-
mals recover while the TNF–/– mice do not
(65). Taken together, these data suggest that a
differential role of this cytokine may be depen-
dent on the temporal profile of its release
within the post-traumatic cytokine cascade.
These data suggest that antagonism of TNF
activity may be beneficial for the injured brain
in the acute post-traumatic period, but may
prove deleterious if extended into the chronic
phase, when it may participate in a regenera-
tive response.

The induction of NGF in astrocytes by TNF-
α in conjunction with IL-1 may be one mecha-
nism by which pro-inflammatory cytokines
may exert a beneficial action (64,66). More
recently, TNF-α has been shown to modulate
neural progenitor cells in the subventricular
zone of adult rat brains (67), pointing toward
an additional pathway through which this
cytokine may enhance regeneration following
trauma. It has also been suggested that in the
chronic phase following brain injury, TNF may
activate “anti-death “pathways, thereby becom-
ing neuroprotective (8,60). In fact, activation of
NF-κB by TNF-α may be associated with its
anti-apoptotic effect on neurons and astrocytes
(68), since prolonged activation of this tran-
scription factor has been demonstrated in neu-
rons and glia following experimental TBI in
rats (69) (Fig. 1). However, further studies are
necessary to solve the apparent dichotomy of
TNF action in the post-traumatic setting. The
exact time course of the cytokine release as
well as the interaction with other pro- and anti-
inflammatory mediators may well prove cru-
cial for determining whether TNF has indeed
both a beneficial and/or detrimental effect in
the pathobiology of TBI.

Interleukin-6

The pleiotropic cytokine IL-6 has been impli-
cated in a variety of physiological as well as
pathological processes (for a comprehensive
review see ref. 70). TNF-α is a potent inducer of
IL-6 most likely via activation of nuclear factor-
κB (NF-κB) (71) (Fig. 1). IL-6 was the first
cytokine to be associated with neurotrophic
properties, either directly when added to neu-
ronal cultures (72) or indirectly through the
induction of neurotrophin and NGF production
by astrocytes (73,74). The IL-6 receptor belongs
to the large family of class I receptors, which
includes most of interleukins, GM-/F-CSF, Epo,
LIF, and CNTF. The IL-6 receptor can be released
in a soluble form (sIL-6R), which binds to the
cytokine IL-6 forming a complex (IL-6/IL-6R),
which then associates to the transmembrane
protein gp130, known to transduce the signal.
This peculiar structure is of particular impor-
tance for cells like neurons, which produce IL-6,
and do not express the IL-6R but only gp130,
and are therefore still susceptible to the actions
of IL-6. Activation of gp130 results in a signaling
pathway that involves the transcription factor
JAK/STAT and in particular STAT-3 (75). It
seems that class I cytokine receptors, despite an
intrinsic tyrosine kinase activity, activate tyro-
sine phosphorylation of various proteins, MAP
kinases, and induction of c-fos. Interestingly, it
seems that distinct receptor domains are respon-
sible for the various activities triggered by IL-6
such as induction of acute phase proteins, cell
proliferation, and differentiation. Moreover, a
synergistic function has been demonstrated for
sIL-6R when combined with IL-6. IL-6 has been
shown to protect cholinergic neurons in the rat
striatum from N-methyl-D-aspartate (NMDA)-
excitotoxicity (76), while it appears to conversely
enhance NMDA-receptor mediated neurotoxic-
ity in cerebellar granule neurons (77).

Elevated levels of IL-6 have been detected in
the CSF and the serum of patients with severe
TBI over a period of up to 3 wk following
trauma (37,40,78). The pattern of IL-6 expres-
sion in these patients (higher concentrations in
CSF than in serum) suggests an intrathecal
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production of this factor, which has been
reported to occur in several models of experi-
mental mechanical injury to the rodent brain
(51–52). In a model of impact acceleration
brain injury in rats, Hans and co-workers (53)
demonstrated that IL-6 mRNA was upregu-
lated in cortical and thalamic neurons as well
as in infiltrating macrophages in the subarach-
noid spaces as early as 1 h postinjury. IL-6
immunoreactivity on brain cryosections and
IL-6 protein levels measured in rat CSF peaked
within the first 24 h after the trauma (53). Thus,
in this model, elevation of IL-6 in the CSF may
be attributed to the production of IL-6 in brain
parenchyma with consequent diffusion into
the CSF of the ventricular system, as well as to
production by macrophages in the subarach-
noid spaces with direct secretion into the CSF.

There is little data elucidating the effect of
this cytokine following TBI. In a study by
Kossmann et al. (78), a relationship between
high CSF concentrations of IL-6 and the detec-
tion of NGF in CSF was noted in brain-injured
patients. In vitro experiments using CSF from
these patients showed that IL-6 contained in
these samples dose-dependently stimulated
cultured primary mouse astrocytes to produce
NGF, an effect that could be significantly atten-
uated by pre-incubation with anti-IL-6 anti-
bodies (78). IL-6 released in the CNS has also
been shown to be associated with the systemic
acute-phase response following severe TBI in
humans (40), indicating that centrally released
immune mediators may evoke a substantial
systemic response to trauma, with profound
implications for the outcome of the patient.
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Fig. 1. Complex interrelationships between pro- and anti-inflammatory cytokines following traumatic brain
injury. TBI leads to a profound inflammatory response with release of a myriad of inflammatory mediators.
These mediators (e.g., tumor necrosis factor-α, interleukin-6, and transforming growth factor-β in turn have stim-
ulatory (+) and/or inhibitory (–) effects on each other and the tissue response to trauma, leading to either cell
death and tissue loss or neuroprotection and regeneration depending on the time point and location of action
(see text for details).



Two studies employing mice genetically
engineered to overexpress IL-6 reveal how the
effect of IL-6 may vary greatly depending on
the source and the target of this cytokine in the
CNS. IL-6 overexpression in astrocytes under
the control of a glial fibrillary acidic protein
(GFAP) promoter leads to neuronal loss, BBB
insufficiency, and vascular abnormalities with
concurrent severe neurologic disease (79).
However, if IL-6 expression is restricted to
neurons using a neuron-specific enolase (NSE)
promoter, animals still exhibit strong reactive
gliosis similar to the GFAP-IL-6 mice, but they
completely lack any overt neuronal pathology,
vascular changes, or behavioral abnormalities
(80). In a study subjecting IL-6 knockout mice
and their wild-type littermates to a cortical
freeze lesion, Penkowa and colleagues (81)
found that the lack of IL-6 greatly reduced reac-
tive astrogliosis and the appearance of brain
macrophages around the lesion site. Interest-
ingly, IL-6 deficiency also caused greater lesion-
induced neuronal cell loss. These observations
highlight the dual role that this pleiotropic
cytokine may play in the post-traumatic cas-
cade. Conversely, a recent study using IL-6
knockout mice subjected to experimental
closed head injury showed that these animals
were not significantly different from their
wild-type littermates in their response to TBI
in several outcome measures, such as neuro-
logic motor function, BBB permeability, intrac-
erebral neutrophil infiltration, and neuronal
cell loss (13). Therefore, IL-6 appears to pro-
mote an inflammatory response to trauma but
at the same time also seems to enhance neu-
ronal survival through direct and indirect
mechanisms. The exact nature, severity, and
type of the CNS injury as well as the timing of
IL-6 release may be decisive for either a detri-
mental or a beneficial effect of this factor fol-
lowing TBI. This may prove even more
difficult to determine in the setting of clinical
TBI, because of the heterogeneous pattern of
brain injuries found in these patients, as com-
pared to more defined lesions in standardized
experimental TBI models (82).

Transforming Growth Factor-β

Transforming growth factor-β can be synthe-
sized by nearly all cells of the CNS and is
upregulated in many CNS disorders including
clinical and experimental TBI (10,83). It is
induced by a number of the classical pro-
inflammatory cytokines and has been shown
to inhibit the production of IL-1, TNF, inter-
feron-γ (IFN-γ), oxygen radicals, MHC class II
antigen expression, T-cell activation, adhesion
of blood leukocytes, and proliferation of vari-
ous cells including astrocytes (54,84–87) (Fig.
1). TGF-β signaling involves its type I (RI) and
type II (RII) receptors while receptor type III, a
proteoglycan, does not seem to have signaling
properties but rather appears to increase recep-
tor I and II binding affinity and to be involved
in stroge functions of this cytokine. TGF-β
binds first to TGF-βRII, a constitutive receptor
serine/threonine kinase, that associates with
RI. The RI is then phosphorylated in a glycine-
serine-rich region known as the GS domain.
Phosphorylation of the GS domain leads to the
activation of the RI receptor kinase, which is
essential for propagation of signals of the TGF-
β receptor complex. It appears that RI deter-
mines the specificity of the intracellular signals
and that the so-called Smad proteins mediate
signaling from the cytoplasm to the nucleus.
They associate forming a complex and func-
tion both as a coactivator of gene transcription
as well as a transcription factor by directly
binding to DNA (75).

TGF-β has been implicated in various neuro-
logical disease, including TBI. In head-injured
patients, TGF-β reaches its maximal concentra-
tions in CSF within the first days after injury
(9,10), with levels being higher in serum than
in CSF. These elevated intrathecal concentra-
tions may therefore be the result of the passage
of serum TGF-β to the CNS across the dam-
aged BBB. However, in several patients the
amount of TGF-β found in the CSF could not
be explained by diffusion from the periphery
only, suggesting that this mediator may also be
released locally in the brain, possibly in an
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attempt to attenuate cerebral inflammation.
While microglia appear to be the primary CNS
resident source of TGF-β, there is evidence that
both neurons and astrocytes may produce this
cytokine as well (88–90).

A beneficial role of anti-inflammatory
cytokines has been suggested in various neuro-
logical diseases. In bacterial meningitis,
administration TGF-β resulted in attenuated
edema formation and reduced intracranial
pressure, as well as a decreased white blood
cell count in CSF (91). Several in vitro and in
vivo studies of NMDA excitotoxicity and
ischemia also demonstrated a neuroprotective
effect of TGF-β and a marked reduction of
lesion size (92,93). This effect is believed to be
the result of a direct modulatory action on the
NMDA receptor (92).

Despite these beneficial effects, other actions
of TGF-β may potentially be harmful for the
brain-injured tissue. The response to TGF dif-
fers distinctly between local and systemic
administration (87). If administered locally
TGF-β has chemotactic properties leading to
leukocyte recruitment and activation, which
paradoxically may help maintain an inflamma-
tory response in the injured brain. It also
enhances deposition of extracellular matrix
(ECM) and formation of a glial scar, both of
which may impair regenerative processes
(94,95). Moreover, systemic administration of
TGF has a profound immune inhibitory effect
(87), potentially rendering the brain-injured
patient more susceptible to infections. There
may also be a long-term detrimental effect of
TGF-β release in the brain, since evidence sug-
gests that TGF-β increases expression of amy-
loid precursor protein (APP) and deposition of
beta amyloid (Aβ), thereby playing a potential
role in the pathogenesis of Alzheimer’s disease
(AD) (96,97). Epidemiological studies have
suggested that head injury may be a risk factor
for AD. (98,99). Cognitive dysfunction, evident
as deficits in both memory and learning, is a
well-established consequence of TBI.
Histopathological examination of brains from
patients who died as a consequence of head

trauma has revealed Aβ deposition (100), and
upregulation or accumulation of β-amyloid
precursor protein (β-APP) similar to that noted
after human TBI (101) has been observed in a
variety of experimental TBI models (102–104).
Additionally, Aβ 1–42 (an amyloid β-peptide
species terminating at amino acid residue 42)
has been found to be elevated in the CSF of
severely head-injured patients (105) and to cor-
relate with CSF levels of TGF-β (106). This
truncated form of the Alzheimer protein may
exacerbate or contribute to cell death in selec-
tively vulnerable brain regions following
experimental FP brain injury (107). While the
role of IL-1 in the neuronal expression of β-
APP in the acute period following human head
injury has been examined (108), to our knowl-
edge, no such study has been performed in the
context of TGF, β-APP/Aβ, and TBI. Since it is
possible that the predominantly positive anti-
inflammatory effects of TGF-β in the acute
phase following TBI may be offset by a long-
term increase of risk for the development of
AD, further investigations along these lines are
certainly warranted.

Conclusion

There is overwhelming evidence of a pro-
found inflammatory response to head trauma,
and as such, TBI appears to be, in part, an
inflammatory disease. Although previously
defined as immunologically privileged, the
brain exhibits many features of inflammation
found also in other tissues following trauma.
This initial post-traumatic inflammation is sus-
tained by infiltrating inflammatory cells and
the release of a myriad of soluble inflamma-
tory mediators.

The role of this inflammatory process in the
setting of CNS injury is unclear and the ques-
tion of whether inflammation is good or bad
for the injured brain remains unanswered. The
acute response to trauma with its early edema
formation is likely to be associated with
inflammatory events which, together with the
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cytotoxic effects of immune mediators, is
believed to be deleterious for the injured brain
by causing further secondary damage and neu-
rological dysfunction. But as we begin to better
understand the interactions between inflam-
matory mediators, growth factors, and the res-
ident cells of the CNS, it has become
increasingly apparent that this response, how-
ever detrimental it may be in the acute period
following TBI, sets the stage for regenerative
and reparative processes in the chronic phase
of this disease. Understanding these differ-
ences with regard to timing and extent of the
release of the different immune mediators as
well as differential effects on different target
cells may prove to be the key to developing
new modalities for anti-inflammatory therapy
following TBI. Future work on possible thera-
peutic strategies will have to focus on how to
modify carefully these pathways in order to
abolish the deleterious effects of acute CNS
inflammation without sacrificing its beneficial
actions on recovery of function and plasticity.
Only when we better understand the duality of
post-traumatic inflammation in the CNS can
we hope to find an effective intervention to
modify this response for the good of the
patient suffering from TBI.
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