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Abstract

In recent years the classic view that glucocorticoids, the adrenal steroids secreted during stress, are
universally anti-inflammatory has been challenged at a variety of levels. It was first observed that
under some circumstances, acute GC exposure could have pro-inflammatory effects on the peripheral
immune response. More recently, chronic exposure to GCs has been found to have pro-inflammatory
effects on the specialized immune response to injury in the central nervous system. Here we review
the evidence that in some cases, glucocorticoids can increase pro-inflammatory cell migration,
cytokine production, and even transcription factor activity in the brain. We consider how these
unexpected effects of glucocorticoids can co-exist with their well-established anti-inflammatory
properties, as well as the considerable clinical implications of these findings.
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1. INTRODUCTION

Because life is frequently not easy, simple and complex organisms have developed methods
to deal with challenging situations. In humans and other vertebrates, stressful circumstances
elicit a wide variety of physiological changes that constitute the “stress-response.” This begins
within seconds with the release of the catecholamines of the sympathetic nervous system
(epinephrine and norepinephrine). In the ensuing minutes, the hypothalamic-pituitary-adrenal
(HPA) axis is activated. CRF produced by the hypothalamus acts on the pituitary to activate
the release of ACTH into circulation, resulting in the release of the adrenal steroid
glucocorticoids (GCs). The role of GCs is largely to modulate and control the stress response
over a longer timeframe in the minutes to hours following a stressor. This response is conducted
largely on a genomic level and accordingly the actions of GCs are numerous and varied
(Sapolsky et al. 2000).

The pioneering physiological investigations of Walter Cannon and Hans Selye in the early
20 century began to define precisely what is involved in the stress- response. “Fight or flight,”
as described by Cannon, reflects the actions of both catecholamines and GCs (although the
latter were unknown until the work of Selye, some years later) to immediately increase
cardiovascular output and blood flow to the brain and skeletal muscles. This is predominately
mediated by catecholamines, although GCs potentiate their effects. Both hormones mobilize
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energy stores from adipose and hepatic cells, ensuring a supply of energy to exercising muscle.
Atthe same time, GCs decrease less immediately essential activities such as feeding, digestion,
growth and reproduction. Of key relevance to this review, the ability of stress and GCs to inhibit
the immune system was recognized soon after their discovery. The rationale for GCs diverting
stored energy to exercising muscle is clear. It is less clear why it would be adaptive for stress
to reduce the activity of the immune system, particularly because a stress response is often
accompanied, or even caused by an immune challenge. There is little reproductive value to an
injured animal that escapes a predator only to succumb to sepsis soon after.

Several theories were offered early on to help explain the supposed adaptive logic of
suppressing immunity during stress (reviewed in (Munck et al. 1984)). The most pervasive of
these was the explanation that the anti-inflammatory actions of GCs during stress were a means
to conserve energy for a more critical need such as exercising muscle. The strongest blow to
this hypothesis was evidence that GCs prevent inflammation via immune cell apoptosis, a type
of programmed cell death that is a costly, pro-active enterprise requiring considerable amounts
of protein synthesis and cellular remodeling. Moreover, these early theories could not
satisfactorily circumvent the problem that dismantling the immune system in response to stress
is often quite maladaptive.

In more recent years, the advent of improved assays that allowed for the detection of subtler
changes in immune function with better time resolution radically changed the understanding
of the effects of stress on the immune system. Specifically, it became clear that early in the
stress response, before the stress-induced rise in GC levels can have its effects on target tissues,
immune function is activated rather than suppressed (Herbert and Cohen 1993). Munck and
colleagues, in a highly influential theoretical paper, posited that the anti-inflammatory effect
of elevated concentrations of GCs functions to mediate recovery, after the stressor has abated,
from the immune-activating effects of the early phases of the stress response (Munck et al.
1984). Part of this reformulation involved the predication that failure of GCs to mediate this
immune recovery would cause a predisposition towards developing autoimmune and
inflammatory disorders. Subsequent work has supported these theories, showing that a number
of autoimmune disorders, in both experimental animal models and humans, involve a failure
of GC actions (Wick et al. 1993). It is these long-term potent anti-inflammatory effects of GCs
that are used clinically to counter such autoimmune and inflammatory disorders.

The stimulatory effects of the early phases of stress on immunity are in many cases due to the
actions of catecholamines. However, GCs have also been found to be involved in this
activation, raising the question of how GCs can both stimulate and suppress the immune
response (albeit at different times). To reconcile these observations, Munck suggested that
these opposing actions are concentration-dependent (Munck et al. 1984). Basal and low stress
levels of GCs are required for the early increases in the immune response. This constitutes a
common phenomenon in endocrinology, namely a “permissive” effect. In this case, low GC
levels are needed to allow catecholamines to rapidly stimulate immunity with the onset of
stress. Only at higher concentrations do GCs begin to exert suppressive effects to prevent
autoimmune damage. This explanation fits well into an adaptive understanding of the immune
system during the stress response where it needs to be mobilized initially, but must be kept
under control in the long term.

More recently, GCs have been found to have pro-inflammatory effects in situations other than
the early phase of the stress-response. In particular, the effects of chronic GCs on the immune
response in the brain are surprisingly different from the classic picture of suppression in the
periphery. Depending on the brain region, chronic exposure to GCs is often not anti-
inflammatory and, in greatest contrast to dogma, can actually exacerbate various aspects of
inflammation. This is in stark contrast to the effects of high concentrations of GCs in the
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periphery. The importance of these findings and their application cannot be sufficiently
underscored, given the wide use of steroids in clinical neurology for their anti-inflammatory
properties.

This review evaluates the evidence that GCs are not universally anti- inflammatory and the
situations where they have pro-inflammatory actions. First, we briefly consider the wide range
of anti-inflammatory effects of GCs on peripheral inflammation. We then review the more
recent studies that suggest GCs enhance peripheral inflammation, particularly in the early
phases of the stress response. Finally, we turn to the focus of this review, the injured CNS,
where we consider recent evidence that chronic GCs can enhance some facets of inflammation
in ways quite different from the cases of the pro-inflammatory effects of acute GCs in the
periphery.

2. GLUCOCORTICOID REGULATION OF IMMUNITY OUTSIDE THE NERVOUS
SYSTEM

2.1 Classic Anti-Inflammatory Effects of Glucocorticoids

We now review the numerous and well-understood examples of anti-inflammatory GC actions
in the periphery. Itis critical to this discussion to first define the parameters of an inflammatory
response in order to understand the components being increased or decreased and the
similarities and differences between a peripheral and a central response (Figure 1). We assume
familiarity with the general aspects of these GC actions and review them only briefly asa means
for appreciating the contrasting pro-inflammatory effects reviewed in subsequent sections. For
more comprehensive review of this literature see (Elenkov and Chrousos 2002;Franchimont
2004).

Hans Selye in the 1930’s obtained the first evidence for GCs being anti-inflammatory, noting
that sustained stress or GC exposure caused involution of the thymus. This was such a dramatic
and reliable effect that it was long used as a bioassay for circulating GC concentrations, before
the development of radioimmunoassays. In the wake of their establishment as profoundly anti-
inflammatory, synthetic GCs came to be used in many domains of clinical pharmacology.

Work since then has examined GC-induced immunosuppression on far more reductive levels
than the involution of an organ. On the cellular level, GCs can inhibit both the innate and
adaptive immune responses. GCs inhibit lymphocyte proliferation, induce apoptosis in
basophils and eosinophils, and cause a redistribution of T-cells. GCs also cause dendritic cells
(DCs), the antigen-presenting cells of the adaptive immune system, to maintain an immature
state. In addition, GCs can induce T-cell apoptosis and a shift in the population of T cells from
mediating cellular immunity with a Th1 phenotype to mediating humoral immunity with a Th2
phenotype.

On the molecular level, GCs limit the capacity of DCs to interact with immature T-cells by
inhibiting MHC 11 expression. Moreover, GCs inhibit or reduce the expression of a variety of
chemoattractants and pro-inflammatory cytokines (e.g. IL-1p, IL-6, TNF-a), while enhancing
the expression of anti-inflammatory cytokines (e.g. IL-10, TGF-beta). The expression of other
pro-inflammatory molecules such as inducible COX-2 and prostaglandins is also inhibited by
GCs. The inhibition of cytokines and other pro- inflammatory molecules has been
demonstrated at the levels of both protein and mRNA synthesis. In addition, GCs enhance the
production of decoy receptors and antagonist molecules such as IL-1R2 and IL-1Ra, resulting
in decreased IL-1 signaling (although the latter is disputed).

GCs exert these varied effects through well-established mechanisms of steroid hormone
signaling. Upon cellular entry, GCs bind to either the Type I, mineralocorticoid receptor (MR),
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or the Type Il glucocorticoid receptor (GR). MR has a much higher affinity (0.5 nM) for GCs
than does GR (5.0 nM), and this difference is a large part of the reason for concentration-
dependent differences in GC activity (De Kloet et al. 1998). At basal GC levels, GCs
predominantly bind to MR and only slightly occupy GR. In the early stage of a stressor, MR
becomes saturated and the occupancy of GR is increased. It is not until a sustained, major
stressor that GR occupancy is saturated. Thus, MR is responsible for much of the effects of
basal and low-stress levels of GCs (i.e. the permissive effects), whereas GR largely mediates
the effects of high stress GC levels. This, combined with the fact that MR and GR signaling
often have opposing outcomes, results in a U-shaped curve of GC action where intermediate
(basal to low-stress) GC concentrations have the opposite effect of no GCs or high-stress
concentrations (Munck et al. 1984;Sapolsky et al. 2000).

Both MR and GR belong to a large class of nuclear receptors which homodimerize and
translocate to the nucleus after ligand binding. There, both MR and GR bind to the
glucocorticoid response element (GRE) consensus DNA sequence, and modulate the
transcriptional activity of downstream genes in a similar manner. Because both MR and GR
can bind to the same GRE, their often opposite effects arise from their different patterns of
protein-protein interactions with other components of the transcriptional machinery. Unlike
MR, GR directly interferes with the transcriptional activity of the pro-inflammatory
transcription factors nuclear factor kappa B (NFxB) and activating protein 1 (AP-1), thus
decreasing expression of the inflammatory genes they would normally activate. The result is
an extensive decrease in inflammatory mediators (reviewed in (De Bosscher et al. 2003)).
Interestingly, reports of rapid non-genomic signaling by these nuclear hormone receptors
suggest a mechanism by which GCs might be able to mediate temporally distinct effects (Karst
et al. 2005;Mulholland et al. 2006).

These well-characterized anti-inflammatory effects of GCs make it seem likely that stress is
also anti-inflammatory. However, as discussed next, the effects of stress are not that simple
and in many cases can be divided based on the duration of the stressor. Whereas acute stressors
frequently enhance the peripheral immune response, chronic stress is suppressive. Surprisingly,
the GCs released during stress are involved in both the enhancing and suppressive effects.

2.2 The pro-inflammatory effects of stress outside the nervous system

Stress has been assumed to be anti-inflammatory due to the well-understood anti-inflammatory
actions of GCs; however, it turns out that this is not always the case. In particular, acute stress
just before an inflammatory challenge often has the adaptive effect of enhancing the immune
response, whereas chronic stress has the role of keeping the immune response in check by
suppressing it. For example, one type of the delayed type hypersensitivity (DTH) cell-mediated
immune response is exacerbated by acute stress but suppressed by chronic stress (Dhabhar and
McEwen 1999). Moreover, peripheral and central nervous system (CNS) levels of pro-
inflammatory cytokines such as IL-1p are increased following an acute stressor in both rats
(O'Connor et al. 2003) and humans (Deinzer et al. 2004). Additionally, the activity of NFkB
and expression of NF«kB target genes increase following acute stress in human peripheral blood
mononuclear cells (Bierhaus et al. 2003) and rat cortex (Madrigal et al. 2001). These studies
all concluded that acute stress enhanced the response to a subsequent immune challenge. The
timing of the relationship between stressor and immune challenge is critical, in that acute stress
after an inflammatory challenge decreases expression of IL-1B , TNF-a, IL-6, and other pro-
inflammatory cytokines (Goujon et al. 1995b).

Given the widespread anti-inflammatory actions of GCs, it seems most probable that some
other aspect of the stress response is responsible for immune enhancement by acute stress.
Most evidence implicates catecholamine release by the sympathetic nervous system (SNS).
For example, stress-induced increases in NFxB signaling were modeled in human monocyte
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THP-1 cells after stimulation with norepinephrine, suggesting that SNS activation may be
responsible for stress-induced cytokine increases (Bierhaus et al. 2003). Injection of alpha and
beta adrenoceptor antagonists block the stress-mediated increase in IL-1f levels, and
adrenoceptor agonists are sufficient to substitute for stress (Johnson et al. 2005). Because the
actions of catecholamines are exerted on a shorter timescale than those of GCs, these results
fit with the picture of acute and early stages of stress as pro-inflammatory. For an extensive
review of the pro-inflammatory actions of stress, see (Black 2002).

2.3 The pro-inflammatory effects of GCs outside the nervous system

While many pro-inflammatory effects of acute stress can be attributed to catecholamines, GCs
are not as anti-inflammatory as might be expected. Several recent microarray studies examined
the effects of the high-affinity GR agonist dexamethasone on human PBMCs and found that
amidst expected anti-inflammatory changes in gene expression, there were many pro-
inflammatory systems such as chemokines, compliment proteins, and cytokines with increased
expression (Galon et al. 2002;Reyes et al. 2003). The following section reviews several
representative situations where acute GCs enhance peripheral inflammation, but is by no means
comprehensive. Notably, we do not discuss the relatively extensive stimulatory effects of GCs
on the acute phase response to inflammation. See (Sapolsky et al. 2000;Dhabhar 2002;Yeager
et al. 2004) for further review of GC effects on peripheral inflammation.

As noted, GCs have profound negative effects on the numbers of circulating leukocytes and
can induce apoptosis (Yoshimura et al. 2001). However, a closer look reveals that neutrophil
proliferation and survival are enhanced by GCs (Cox 1995;L.iles et al. 1995) and that the large-
scale depletion of other leukocytes may actually reflect extravasation to a site of injury, rather
than cell death (Dhabhar et al. 1996;Dhabhar and McEwen 1997;Viswanathan and Dhabhar
2005). The depletion of circulating leukocytes by GCs has been described metaphorically as
a deployment of immune soldiers to the battlefront rather than to the barracks (McEwen et al.
1997). Acute stress-enhanced migration of leukocytes from the bloodstream to wound sites
can be mimicked by either a physiological dose of corticosterone or a GR agonist (but not an
MR agonist), and is blocked by adrenalectomy or inhibition of GC synthesis (Dhabhar et al.
1996). Notably, chronic stress also fails to have the same effects on leukocyte redistribution
and instead decreases baseline leukocyte numbers as well as the magnitude of acute stress
effects on leukocyte redistribution (Dhabhar and McEwen 1997). These findings implicate GR
occupancy at GC levels typical of an acute stressor as both necessary and sufficient to mediate
enhancement of this particular immune response.

Acute stress levels of GCs have also been shown to enhance a model of peripheral
inflammation. Acute stress-induced enhancement of the DTH immune response is blocked by
adrenalectomy, which removes both GCs and epinephrine and is restored by supplementation
with corticosterone (the GC specific to rodents) levels that replicate the early stages of the
acute stress-response. This restoration is achieved to a greater extent by the replacement of
corticosterone than epinephrine (Dhabhar and McEwen 1999). This surprising result may be
due in part to the GC-enhanced leukocyte migration following acute stress. In contrast, chronic
exposure to corticosterone or acute exposure to dexamethasone do not have the same effect
and are anti-inflammatory (Blecha et al. 1982a;Dhabhar and McEwen 1999). It is an important
caveat that in some models of DTH and for some types of stressors, GCs and catecholamines
have not been seen to play an important role in stress-mediated augmentation (Blecha et al.
1982a;Blecha et al. 1982b).

The differences between the effects of acute and chronic stress on immune function described
by Dhabhar and McEwen (Dhabhar and McEwen 1997) cannot be explained by the
concentration-dependent effects of MR and GR signaling. As noted, the pro-inflammatory
migration of leukocytes to wound cites is GR- rather than MR-mediated. Thus, the most
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meaningful way of understanding the dichotomy between the pro- and anti-inflammatory
actions is not so much the contrast between MR and GR occupancy, as the contrast between
acute and major/prolonged stress-responses. Presumably, these differences are manifested on
the molecular level through the duration and extent of GR occupancy.

GCs can have permissive and suppressive actions through mechanisms other than activation
of the opposing effects of MR and GR signaling. While GCs reduce the expression of most
pro-inflammatory cytokines, they often simultaneously increase the expression of the
corresponding cytokine receptor. This means that at low GC levels, cytokines are in abundance,
but their receptors are not and signaling is low. Conversely, at high GC levels, receptors are
in abundance, but cytokines are suppressed so signaling is low. Thus, cytokine signaling is
minimal at extreme GC concentrations and peaks at an intermediate GC concentration (Munck
and Naray-Fejes-Toth 1992). This observation has been shown to have functional importance
in the proliferative effect of IL-2 signaling on T cells. GCs decrease I1L-2 production, but they
expedite expression of the IL-2 receptor. The result is that acute stress-levels of GCs enhance
T cell proliferation by accelerating the ability of IL-2 to signal through its receptor (Wiegers
et al. 1995;Almawi et al. 1999). Notably, exposure to chronic, high levels of corticosterone
prevented this effect (Sterzer et al. 2004). The applicability of this model to other cytokines
and their receptors remains to be investigated. Weigers and Reul have suggested that these
effects of GCs on cytokine signaling might serve to optimize the course of inflammation
(Wiegers and Reul 1998).

Although GCs inhibit many pro-inflammatory cytokines, they increase expression of at least
one potent pro-inflammatory mediator. The macrophage migration inhibitory factor (MIF) was
one of the earliest discovered pro-inflammatory cytokines. Its release from intracellular pools
in macrophages and T cells results in the production of nitric oxide and TNF-a in an autocrine
stimulatory manner (Bernhagen et al. 1994). MIF also has been implicated in DTH, as MIF-
blocking antibodies attenuate the DTH immune response (Bernhagen et al. 1996). In humans,
circadian plasma levels of GCs correlate with a circadian pattern of MIF concentrations
(Petrovsky et al. 2003). Moreover, basal concentrations of GCs increase MIF production in T
cells and macrophages. Strikingly, physiologically relevant concentrations of MIF can
completely overcome the anti-inflammatory effects of GCs on other aspects of inflammation
in LPS stimulated monocytes (Calandra et al. 1995). Furthermore, in a high dose in vivo LPS
challenge where GC treatment reduces mortality, concomitant treatment with MIF negates the
protection conferred by GCs. Taken together, these findings suggest a physiological role for
MIF in countering the anti-inflammatory effects of GCs (Donnelly and Bucala 1997).

GC enhanced MIF production is dose-dependent and fits the model that low-levels of GCs are
pro-inflammatory and high doses are anti-inflammatory. Low physiological doses of cortisol,
the species typical GC of humans and most primates, stimulate MIF secretion in murine
monocytes, while high doses suppress its production (Calandra et al. 1995). Surprisingly,
dexamethasone was as stimulatory as cortisol at low doses and became anti-inflammatory at
approximately the same dose. Given the striking difference in GR binding affinity between
these two GCs, this result suggests that these effects of GCs on MIF are not necessarily
controlled by the degree to which GR is bound. For the most part, the actions of GCs on MIF
fit our working model where low doses suppress, and high doses enhance inflammation.

The timing of GC exposure relative to an immune challenge has additional importance in
determining their action. When GCs are administered prior to an inflammatory challenge, they
have actually been found to augment the subsequent cytokine response. Treatment with GCs
twelve hours prior to LPS and IFN gamma stimulation increases NFxB signaling and IL-6,
TNF-a, and nitrite production in a murine macrophage cell line (Smyth et al. 2004). In a similar
manner, exposure to GCs twelve hours before LPS stimulation increases plasma levels of TNF-
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a and IL-6 in humans (Barber et al. 1993). This enhanced response is not necessarily due to
preparative cytokine receptor upregulation because similar increases are not observed when
GCs are given six hours prior to inflammatory challenge. Finally, acute stress twenty-four
hours prior to LPS increases plasma levels of TNF-q, IL-6, and IL-1p in the rat; however the
role of GCs in this outcome was not tested (Johnson et al. 2002a). In each instance of GC pre-
treatment, GCs had been removed from the media at the time of the inflammatory stimulation
in vitro, and in the in vivo model, GC levels had returned to baseline at the time of LPS
exposure. Thus, these effects are not due to the concentration of GCs at the time of the
inflammatory response. Instead, Maier et al described stress as having a preparative “priming”
effect on the subsequent inflammatory response to an immune challenge (Johnson et al.
2002a;Johnson et al. 2002b;Johnson et al. 2003).

It is clear that much work remains to be done to fully understand what governs when GCs are
pro- or anti-inflammatory in the periphery. GC type and concentration, time course of exposure,
and the activation state of the immune system are all significant. Several trends emerge among
the diverse GC enhancing effects on inflammation: low-doses, acute-exposure, and GC
presence prior to inflammation all tend to augment it, whereas high-doses, chronic-exposure,
and GC presence after inflammation tend to suppress it. The evidence suggests that in the
context of an acute stressor and immune challenge, GCs play a complex role in orchestrating
an optimal and timely response that maintains control over the potentially damaging effects of
an over-extended immune response. In the next section we will examine whether GCs have
similar effects on inflammation in the brain.

3. GLUCOCORTICOID REGULATION OF IMMUNITY IN THE NERVOUS
SYSTEM

3.1 Normative glucocorticoid effects in the brain

Glucocorticoids have an enormous and varied array of effects upon the brain. In particular,
hippocampal cells express high levels of MR and GR and are a primary target of GC actions.
Such actions include various salutary outcomes mediated by MR occupancy and/or the small
increase in GR occupancy seen in the early phase of the stress-response. These basal and
permissive effects include prevention of neuron death in the dentate gyrus, enhancement of
synaptic plasticity, and facilitation of hippocampal-dependent cognition. However, GC actions
in the hippocampus show the classic inverse-U pattern, in that heightened and prolonged GC
exposure has an array of deleterious effects, mediated by high GR occupancy. These include
impaired cognition and synaptic plasticity, inhibition of neurogenesis, atrophy of dendritic
arbors, and a reduction in spine density (McEwen and Magarinos 2001).

3.2 Glucocorticoid effects on the injured brain

The adverse consequences of prolonged elevation of GC concentrations are particularly
dramatic when coincident with neuronal injury. An extensive literature now demonstrates that
chronic stress and GCs, signaling through GR, can compromise the ability of neurons in the
hippocampus, cortex and striatum to survive a variety of neurological insults, including
hypoxia-ischemia, seizure, hypoglycemia, anti-metabolites, oxygen radical generators, the
beta-amyloid peptide, and the gp120 glycoprotein of HIV. These “endangering” actions are
exacerbated by the fact that many of these neurological insults stimulate additional GC
secretion. A fair amount is now understood about the mechanisms underlying this
endangerment. Specifically, GCs inhibit glucose uptake throughout these brain structures, an
effect that is not sufficient to be energetically disruptive by itself, but it exacerbates the declines
in ATP concentrations and mitochondrial potential caused by these insults. As a result, affected
neurons and astrocytes have less energy available for the costly tasks of high-affinity reuptake
of the potentially excitotoxic glutamate from the synapse. In addition, affected neurons are
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compromised in their ability to sequester and/or extrude free cytosolic calcium from post-
synaptic neurons, and to contain and quench oxygen radicals, all of which imperil neurons
(Sapolsky 1999;Reagan 2002).

These endangering effects of chronic GCs in the injured brain are difficult to reconcile with
their ability to decrease inflammation. To understand this apparent contradiction we must first
consider the nature and consequences of the inflammation caused by the types of neurological
insults just discussed. When neurons die necrotically, they release ATP, cytokines,
prostaglandins, calcium and glutamate, and other cellular debris. This activates microglia and
astrocyte proliferation and causes leukocytes such as granulocytes and monocytes to
extravasate from the blood stream and migrate to the site of damage (Figure 1). Whether this
inflammatory response is beneficial or detrimental to the neurons that survive the initial insult
is important for understanding how to appropriately treat neurological insults. At least some
attributes of the inflammation appear to be beneficial because TNF-a receptor knockout mice
have increased lesion size following neuronal insult (Bruce et al. 1996). Similarly, inhibition
of astrocyte proliferation exacerbates neuron loss in focal brain injury models (Myer et al.
2006). On the other hand, peripheral immune cells that respond release additional pro-
inflammatory cytokines, proteases, and oxygen radicals and these factors are responsible for
much of the damage that occurs (Dinkel et al. 2004). Broadly, it appears as if the early stages
of a moderate inflammatory response in the injured brain can be beneficial, whereas more
extensive inflammation may adversely affect surviving neurons (del Zoppo et al. 2001).

Therefore, this suggests that chronic GCs should exert two opposing effects in the injured brain.
On the one hand, GCs directly compromise the ability of various neuron types to survive a
number of neurological insults, augmenting damage. In contrast, by decreasing the extensive
inflammation caused by these insults, GCs should decrease damage (and in support of this,
non-steroidal anti-inflammatory agents that blunt inflammation are neuroprotective (Patel et
al. 1993;Hara et al. 1998), however, see (Blais et al. 2005)). This raises the issue of whether
the endangering GC effect upon neurons, or their protective inhibition of extensive
inflammation is more dominant. The fact that exposure to high stress concentrations of GCs
augments the extent of neurotoxicity and inflammation in response to these insults in vivo
suggests that the endangering effects prevail (Sapolsky 1999).

These findings come as somewhat of a surprise given the anti-inflammatory potential of chronic
GCs. However, it turns out that at least part of the explanation is that the anti-inflammatory
effects of chronic GCs in the brain are actually less consistent and potent than in the periphery.

3.3 Just how anti-inflammatory are GCs in the brain?

Anti-inflammatory GC actions in the CNS have been demonstrated in numerous studies.
However, as will be seen, there are also circumstances where GCs fail to have anti-
inflammatory actions and where they even augment inflammation. We review these cases, and
then try to discern the circumstances predicting when GCs stimulate or suppress inflammation.

3.3.1 Anti-and pro-inflammatory GC effects at the histological and cellular levels
—GCs are quite effective at reducing certain types of inflammatory cytotoxicity in the brain.
For example, treatment with dexamethasone decreases iNOS-mediated toxicity of microglia
(Golde et al. 2003). Direct infusion of LPS into the prefrontal cortex causes necrotic cell death
accompanied by an extensive inflammatory response and is commonly used as a model for
inflammatory neurological disorders. Nadeau and Rivest found that acute-stress levels of GCs
were both necessary and sufficient to lessen damage due to direct LPS infusion into the brain
(Nadeau and Rivest 2002;Nadeau and Rivest 2003). Thus, basal GC levels and the
physiological response to acute stress are anti-inflammatory and reduce inflammatory
cytotoxicity (Rivest 2003).
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In contrast, there are a number of circumstances where GCs fail to have these anti-inflammatory
properties. For example, dexamethasone fails to reduce inflammation in tuberculosis
meningitis, although it does correspond with an improved prognosis (Simmons et al. 2005)
and fails to decrease cytotoxic edema following cerebral ischemia. For a recent synthesis of
clinical applications where GCs do and do not have theraputic benefit see (Gomes et al.
2005).

Most strikingly, long-term or high stress levels of GCs appear to exacerbate similar measures
of cellular inflammation. Thus, chronic high dose corticosterone treatment worsens
excitotoxin-induced or ischemic hippocampal damage (Sapolsky and Pulsinelli 1985;Dinkel
et al. 2003). The chronic unpredictable stress (CUS) paradigm exposes animals to a different
stressor each day and animals subjected to CUS after direct LPS infusion into the prefrontal
cortex have markedly increased neuron and astroglia death. This effect of CUS is reversed by
blocking GR, suggesting that GC signaling is the critical component of CUS involved (de
Pablos et al. 2006). These findings are in contrast to the aforementioned protective effects of
basal to low-stress levels of corticosterone on LPS toxicity. Use of the same neurological insult
highlights the concentration-dependent effects of GCs on neurological inflammation. Notably,
GCs also dose-dependently inhibit astrocyte proliferation (Crossin et al. 1997).

The pro-inflammatory GC effects extend to the extravasation and migration of circulating
inflammatory cells to a site of neurological injury. This may not come as a surprise given the
previously mentioned effects of GCs on these cells in the periphery. GC concentrations
positively correlate with the degree of inflammatory infiltration of granulocytes and
macrophages to the site of hippocampal infusion of excitotoxin (Figure 2). Blocking GC
synthesis reduces the migration and abundance of these cells at the injury site. Furthermore,
rats exposed to chronic high stress levels of corticosterone show accelerated and augmented
microglial activation and migration of peripheral cells to the injury site (Dinkel et al. 2003).
Similarly, GCs released during CUS enhance microglial activation following direct LPS
injection to the prefrontal cortex (de Pablos et al. 2006). These findings implicate chronic stress
levels of GCs in enhanced activation of the immune cell response to neurological cytotoxicity.

3.3.2 Anti- and pro-inflammtory GC effects at the messenger level—Levels of pro-
inflammatory cytokines are an index of the inflammatory signaling cascades activated by
injury. GCs potently decrease the production of these molecules in the periphery and also
promote secretion of anti-inflammatory cytokines. In many cases, this is also true in the brain.
Adrenalectomized or GR antagonist-treated animals have been found to have increased
production of many cytokines in many different models (Goujon et al. 1995a;Goujon et al.
1996;Nadeau and Rivest 2003). The studies that have looked at the effects of chronic GC
exposure have also found similar results for basal GCs: locking GCs at basal levels augments
excitotoxin-induced upregulation of IL-1f and TNF-a expression and protein levels in the
hippocampus (Dinkel et al. 2003). Pharmacological inhibition of GR increases TNF-a, IL-1
beta, and iNOS protein levels in rats given LPS peripherally (Munhoz et al. 2006). Moreover,
in hippocampal cultures, low concentrations of corticosterone inhibit excitotoxin-induced
expression of IL-1f3 and TNF-a (MacPherson et al. 2005). These findings suggest that basal
levels of GCs have anti-inflammatory properties on these pro-inflammatory cytokines during
necrotic cell death.

However, in the context of sustained stress, or stress levels of GCs, a very different picture
emerges. CUS fails to suppress the increased expression of IL-1p and TNF-a following infusion
of LPS into the prefrontal cortex (de Pablos et al. 2006). Even more striking, CUS augments
TNF-a, IL-1p, and iNOS protein levels in hippocampus and cortex when LPS is administered
peripherally, an effect that is GR-mediated (Munhoz et al. 2006). Similarly, high stress
concentrations of corticosterone exacerbate excitotoxin-induced increases in IL-1p and TNF-
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a MRNA and protein levels both in vivo and in vitro (Dinkel et al. 2003;MacPherson et al.
2005). A more detailed analysis of GC concentration reveals inverse-U properties where
intermediate concentrations enhance inflammation the most. Mild stress levels of
corticosterone are even more effective than high stress levels in augmenting excitotoxin-
induced expression of TNF-a and iNOS in vitro and in vivo (MacPherson et al. 2005;Munhoz
in prep). Dexamethasone causes a dose-and time-dependent increase in expression and activity
of prostaglandin D2 synthase in neuronal cultures (Garcia-Fernandez et al. 2000) and
dexamethasone or corticosterone treatment increases the pro-inflammatory leukotriene
synthesis enzyme 5-lipoxygenase in both the hippocampus (Uz et al. 1999) and macrophages
(Riddick et al. 1997). Finally, dexamethasone alone or more robustly in conjunction with
retinoic acid, causes increased COX-1 expression in neuroblastoma cell lines (Schneider et al.
2001).

3.3.3 Anti- and pro-inflammatory GC effects at the transcription factor level—As
discussed, a classic anti-inflammatory GC action in the periphery is to decrease the activity of
NFxB. Commensurate with that, in unstressed rats, GR antagonists increase LPS-induced
NFxB DNA binding activity in the frontal cortex and hippocampus (Munhoz et al. 2006).
Moreover, dexamethasone treatment decreases basal NFkB DNA binding activity in cortex
and hippocampus (Unlap and Jope 1995;Unlap and Jope 1997) and also following LPS
treatment (Wang et al. 2006) (however there are some caveats to this interpretation that will
be discussed later.)

In contrast, CUS increases LPS-induced NFkB DNA binding and protein levels in these brain
structures (Figure 3), a GR-mediated effect (Munhoz et al. 2006). Moreover, CUS following
direct LPS infusion into the prefrontal cortex increases components of the MAPK signaling
pathway involved in inflammatory pathogenesis including phosphorylated JNK, p38, and ERK
(de Pablos et al. 2006). These effects of CUS are also GR-mediated. Taken together, these
findings suggest that as for other aspects of neuroinflammation, basal GC levels decrease pro-
inflammatory transcription factor signaling while high GC levels enhance it.

4. DISCUSSION

This emerging literature suggests that it is no longer tenable to consider GCs to be universally
anti-inflammatory. Moreover, the rules that dictate how GCs affect inflammation appear to be
different between the CNS and periphery. Before we discuss the conditions that lead to
increased or decreased inflammation, we first address several potential confounds in these
studies.

4.1 Is GC-enhanced inflammation the result of GC resistance?

One possible explanation is that GC-mediated increases in inflammation might be due to the
formation of GC resistance from exposure to chronic high doses. Indeed, many of the described
hallmarks of the increased inflammatory response are similar to the increases seen from GC
resistance. Resistance to GCs, however, is characterized by a decrease in GR function. In many
of the studies reviewed, treatment with GR antagonists reverses the increased inflammation.
This suggests that it is not a deficit in GR function, but rather a hyperactivity of GR signaling
that is responsible for the observed increases in inflammation following chronic exposure to
GCs.

4.2 I1s GC-enhanced inflammation merely due to the neurotoxic effects of GCs?

As reviewed, stress and GCs can compromise the ability of hippocampal, cortical and striatal
neurons to survive a variety of insults. This endangerment involves direct GC actions upon
neurons themselves, resulting in exacerbation of the damaging cascade of glutamate/calcium/

Brain Behav Immun. Author manuscript; available in PMC 2008 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sorrells and Sapolsky

Page 11

oxygen radical excess. Insults such as hypoxia-ischemia, seizure and hypoglycemia
overwhelmingly result in necrotic, rather than apoptotic neuron death, and stress levels of GCs
increase the incidence of necrotic, rather than apoptotic neurotoxicity (Sapolsky 1999;Roy and
Sapolsky 2003). Given the inflammation triggered by necrotic neuron death, are the observed
pro-inflammatory effects of GCs merely a secondary consequence of the hormone causing
more necrotic neuron death?

This possibility cannot be completely discounted for every instance of GC enhanced
inflammation, however, several lines of evidence weaken this interpretation. First, the pro-
inflammatory effects of GCs have been observed prior to the emergence of neuron death
(Dinkel et al. 2003). This suggests that the enhanced inflammation is not the result of GC-
increased damage. Moreover, a correlative analysis of those data indicate that the extent of
enhanced inflammatory cell migration at a particular time point post-insult predicts the extent
of augmented neurotoxicity at a later time point. This finding is compatible with the idea that
GC-enhanced inflammation may, in part, contribute to the increased neuron death. In contrast,
the extent to which GCs augment neurotoxicity at a particular time point does not predict the
subsequent extent of inflammation (Dinkel et al. 2003). Finally, and perhaps most
compellingly, GC-enhanced neuroinflammation can occur in the absence of neuron death (i.e.
from peripheral LPS administration) (Munhoz et al. 2006;Munhoz in prep).

4.3 1s GC enhanced inflammation due to a decrease in local GC exposure?

There are often functional differences between synthetic and endogenous GCs. As noted, the
synthetic GC dexamethasone differs from corticosterone in that the former only binds to GR.
But an important additional difference is that dexamethasone crosses the blood-brain barrier
(BBB) poorly due to the activity of the multi-drug resistance transporter p-glycoprotein (De
Kloet et al. 1998). As a result, dexamethasone exerts a disproportionate percentage of its
neuroendocrine effects at the pituitary, rather than the brain. A consequence of a strong
dexamethasone signal at the pituitary is a negative feedback inhibition of the adrenocortical
axis, resulting in decreased secretion of ACTH and corticosterone. The consequence is that
little dexamethasone penetrates the brain parenchyma and systemic corticosterone secretion
drops. Given that the total amount of GCs (either endogenous or synthetic) reaching the injured
brain will decrease, are the pro-inflammatory effects of dexamethasone merely an artifact of
a net decrease in GC anti-inflammatory actions?

This possibility has been raised (Glezer and Rivest 2004) as a possible explanation of observed
pro-inflammatory effects of dexamethasone (Bruccoleri et al. 1999), but it cannot be
universally applicable. First, GCs can augment pro-inflammatory cytokine expression in
primary brain tissue culture, a setting where issues of BBB permeability and adrenocortical
negative feedback regulation are irrelevant (MacPherson et al. 2005). Second, a similar
question has been raised concerning the effects of dexamethasone on memory consolidation
and for this topic there exist many lines of evidence that support the conclusion that like
corticosterone, dexamethasone is capable of exerting its effects centrally (Roozendaal 2000).
Finally, as reviewed, corticosterone is also capable of increasing inflammation in vivo and
antagonism of GR signaling blocks this effect (de Pablos et al. 2006;Munhoz et al.
2006;Munhoz in prep).

In the following sections we consider circumstances that favor pro- and anti-inflammatory GC
effects in the brain.

4.4 Basal/permissive levels of GCs versus stress levels

As reviewed, the more than half-century old view of the effects of stress and GCs on peripheral
immunity has been modified in two important ways. The first is the recognition that the primary
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effect of stress on inflammation is not suppression, but rather stimulation; this reflects the
immunostimulatory effects of sympathetic catecholamines in the first few minutes of the stress-
response. These findings lead to the revisionist view that GC anti-inflammatory actions are not
mediating the stress-response, but rather constraining it and facilitating recovery from it.

The second modification is the recognition that the early, immunostimulatory effects of stress
are not merely due to catecholamines, but also to basal GC levels. These findings led to the
revisionist view that at the beginning of the stress-response, basal levels (or even the earliest
phases of stress-induced increases in GC secretion) have permissive immunostimulatory
actions; this is the inverse-U of GC function. Importantly, this revisionist view of the
stimulation of immunity by GCs does not challenge the traditional view that stress levels of
GCs, and the pharmacological levels of synthetic GCs used clinically, are robustly
immunosuppressive.

The finding that GCs can have pro-inflammatory effects in the brain would initially seem to
fit comfortably in this revisionist picture, in that these GC actions would “merely” be basal,
permissive effects, predominately mediated by MR occupancy at the beginning of a stress-
response. The studies reviewed, however, make clear that this is not the case. It is basal levels
of GCs or an acute stressor which inhibit TNF-a , IL-1f and iNOS expression and protein
levels in the face of a neurological challenge, both in vivo and in cell culture (Goujon et al.
1996;Nadeau and Rivest 2003;MacPherson et al. 2005;Munhoz et al. 2006). Instead, sustained
stress, stress levels of GCs, or heavy and selective occupancy of GR all have pro-inflammatory
effects on these endpoints (Figures 2 and 3) (Uz et al. 1999;Garcia-Fernandez etal. 2000;Dinkel
et al. 2003;MacPherson et al. 2005;de Pablos et al. 2006;Munhoz et al. 2006;Munhoz in
prep). Collectively, the pro-inflammatory effects of GCs reported in the brain reflect effects
of chronic stress far more than basal or acute GCs.

4.5 Synthetic versus endogenous GCs

Because of their clinical relevance, the properties of synthetic GCs (most commonly
dexamethasone) are pervasively explored in the literature. Care must be taken when
considering the actions of these compounds, as they are frequently quite different than the
effects of endogenous GCs. Besides the aforementioned poor BBB permeability of
dexamethasone, this GC also exhibits greatly reduced binding to normal GC carrier molecules
such as the corticosteroid-binding globulin, and an enhanced in vivo affinity for GR as opposed
to MR (McEwenetal. 1997;De Kloet etal. 1998). As a result, dexamethasone permeates tissues
and activates nuclear receptors in a way that is completely different than endogenous GCs. A
concerted effort is needed to explore the differences between how endogenous and synthetic
GCs affect inflammation in the CNS.

4.6 GCs prior to versus during or after inflammation

As reviewed, an observed trend in the periphery is that GC exposure far enough prior to an
inflammatory stimulus results in an enhanced response to subsequent inflammation (Barber et
al. 1993;Smyth et al. 2004). This phenomenon appears to be separate from the effects of GCs
given at the same time as an ongoing inflammatory response as studies that administer GCs
concurrent with, or following an inflammatory challenge are more likely to have classic anti-
inflammatory effects (depending on dose, as discussed) (Goujon et al. 1995b;Goujon et al.
1996;Nadeau and Rivest 2003). A number of these investigations have looked at the effects of
acute stress but not GCs. Nonetheless, many of the effects of prior acute stress are similar to
those of prior GC treatment.

Prior acute stress also has measurable effects on subsequent inflammation in the CNS. If
animals are exposed to an acute stressor 24 hours prior to LPS treatment, the result is an

Brain Behav Immun. Author manuscript; available in PMC 2008 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sorrells and Sapolsky

Page 13

enhanced inflammatory response across several measures, including plasma and brain levels
of IL-1p and TNF-a (Johnson et al. 2002a). More specifically, prior acute stress was found to
enhance LPS-induced production of IL-1f in microglia (Frank et al. 2006). The enhanced
response in the brain is relatively long-lived, being observable for at least four days following
the stressor (Johnson et al. 2002b). Injection of IL-1 receptor antagonist completely blocked
stress-enhancement of IL-1p production, illustrating that pro-inflammatory signaling by
IL-1p is necessary to observe its own potentiation by stress. In addition, centrally injected
human recombinant IL-1f was sufficient to reproduce the effects of an acute stressor (Johnson
et al. 2004).

4.7 Regional differences in GC effects in the brain

To date, virtually all the reports of pro-inflammatory GC effects have examined the
hippocampus or cortex (or cultures derived from them) (Dinkel et al. 2003;MacPherson et al.
2005;de Pablos et al. 2006;Munhoz et al. 2006;Munhoz in prep). One study found that LPS-
induced NF«B activation, iNOS, and TNF-a levels were more pronounced in the cortex than
the hippocampus across the full physiological range of corticosterone concentrations (Munhoz
in prep). Another demonstrated simultaneous pro- and anti-inflammatory GC effects in
different brain regions; specifically CUS stress exacerbated LPS-induced NF«B activation in
the hippocampus and cortex, while inhibiting activation in the hypothalamus (Munhoz et al.
2006). One can readily imagine an array of mechanisms to explain these regional differences
including, for example, differing concentrations of GR and MR in neurons, microglia or the
vascular endothelium. Understanding the mechanisms that drive these regional differences is
an important subject of future research.

5. SUMMARY AND CONCLUSIONS

The abundance of evidence in diverse experimental systems makes an unconfounded
interpretation difficult, however, when summarized (Table 1), several trends emerge. Based on
these studies, the classic picture of GCs as anti-inflammatory must be modified in a number
of ways:

a. Theimmunosuppressive effects of GCs during chronic stress do not so much represent
mediation of the immune stress-response as containment of and recovery from it. This
conclusion rests heavily on the fact that the earliest phases of the stress-response
involve enhancement of immunity in the periphery.

b.  While much of that enhancement appears to be mediated by catecholamines, GCs do
play a role. As such, in the periphery, basal GC concentrations and those in the low
stress range have permissive pro-inflammatory effects, while high stress levels of GCs
remain anti-inflammatory in the periphery.

c. These opposing GC actions fit well with other examples of inverse-U GC actions;
moreover, a number of molecular mechanisms exist to explain such inverse-U GC
effects.

d. In both the periphery and CNS, prior exposure to stress or GCs can result in a
“priming” of the immune response to a subsequent inflammatory challenge. The
involvement of GCs in this phenomenon remains to be more rigorously tested.

e. Inthe CNS, chronic GCs and stress are not uniformly anti-inflammatory and there
are circumstances where they can actually increase inflammation; this has been
observed across inflammatory cell extravasation and migration, inflammatory
messenger levels, and transcription factor activation.
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f.  The picture of pro-inflammatory GC effects in the brain is quite different from that
in the periphery. In the injured nervous system, it is high, stress levels of GCs that are
pro-inflammatory, while basal or low stress levels have traditional anti-inflammatory
effects; this is the opposite of what is seen in the periphery.

g. Whether pro-inflammatory GC effects occur in the brain can depend upon the brain
region in question, the use of synthetic versus endogenous GCs, and the timing of GC
exposure with respect to the inflammatory challenge.

These findings produce two challenges. The first is in the realm of basic science, namely to
understand the mechanisms underlying the contrasting anti- and pro-inflammatory GC actions.
As one example of the magnitude of this challenge, GCs can have diametrically opposite effects
simultaneously in the injured cortex and hypothalamus (Munhoz et al. 2006). Contrasts such
as these could well arise from differences in effects of GC/GR complexes upon GREs, from
GC/GR interactions with other components of gene transcriptional machinery, or from
mechanisms completely independent of the genome.

The second challenge is one in the realm of clinical neurology. There has often been a dogma
about the uniformly beneficial effects of GCs in the face of brain inflammation. Yet, as long
emphasized by leaders in the field, GCs do not lessen post-stroke edema and, if anything,
worsen the outcome (Fishman 1982); furthermore, the same seemingly paradoxical worsening
is seen when GCs are used after traumatic brain injury (Roberts et al. 2004). Finally, while
there is increasing evidence that chronic low-grade brain inflammation can increase the
likelihood of late-onset Alzheimer’s Disease, and that long-term NSAID treatment can buffer
against this, long-term GC treatment has no such beneficial effects (Aisen et al. 2000). Thus,
the basic science findings considered in this review may well have considerable clinical
implications.
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Figure 1. Comparison of central and peripheral inflammatory responses

This diagram highlights major similarities and differences between an inflammatory response
to injury in the CNS and periphery. The most readily noticeable differences are on a cellular
level. Whereas mast cells and tissue resident macrophages are the first lines of response in the
periphery, in the brain it is the astrocytes and microglia and microglia are divided between
populations in the parenchyma and the perivascular space. The blood brain barrier represents
the largest difference between the immune response in the CNS and periphery, with a reduced
ability of molecules from the plasma being able to flow across the endothelium during an injury
state. Finally, the nature of the cells that extravasate from circulation depends on the nature of
the injury, with neutrophils forming less of the immediate response in the CNS. On a molecular
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level, many of the pro-inflammatory molecules such as cytokines, chemokines, and
prostaglandins produced are the same, although as mentioned, the cells producing them are
different and there may be differences in the specific profile. Much of this inflammatory
response is attributable on a transcriptional level to the activity of the pro-inflammatory
transcription factor, NFkB. While active, NFkB affects increases in the molecular response to
inflammation as well as eventually causing its own repression.

Brain Behav Immun. Author manuscript; available in PMC 2008 March 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Sorrells and Sapolsky

Page 21

10000+ * 5
— *p < 0.01 M High cort
T M Intact
i [ Basal

8000+

7000+

6000+

50004

4000+

Number of cells

3000-

2000+

1000+

Macrophages  Granulocytes Microglia

Figure 2. Glucocorticoid-increased immune cell response to CNS injury

Rats were exposed to different amounts of GCs for three days, given a unilateral infusion of
kainic acid in the CA3 region of the hippocampus and the abundance of different immune cells
was quantified over 72 hours post kainic acid. This graph shows an increase in the abundance
of different immune cells with increasing exposure to corticosterone. Rats in the basal group
(white) were adrenalectomized and given a low-dose subcutaneous corticosterone pellet, which
locks circulating corticosterone levels at a basal level. Rats in the intact group (gray)
experienced a stress response from a sham adrenalectomy as well as a physiological stress
response to kainic acid, but were otherwise unmanipulated. Rats in the high cort group (black)
were injected daily with corticosterone in order to induce chronic high exposure. [From Dinkel
et al. 2003 Blackwell publishing, with permission]
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Figure 3. Stress enhances NFkB activation in the CNS

The DNA-binding activity of nuclear NFkB is increased in the frontal cortex of animals
exposed to peripheral LPS and this effect is enhanced by stress. Administration of the GR
antagonist RU-486 30 minutes prior to LPS completely attenuates the stress-induced increase
(not shown). Animals were exposed to a chronic unpredictable stress paradigm (CUS, black
bars), which consisted of varying daily stressors for two weeks or control (white bars). They
then received i.v. saline or LPS and the DNA-binding activity of NFkB isolated from frontal
cortical nuclei was assessed via electrophoretic mobility shift assay (EMSA). * p <0.001 LPS
relative to saline and ** p < 0.05 relative to LPS and no stress. [Based on data from Munhoz
et al. 2006 Elsevier publishing, with permission]
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