
133C. Cui et al. (eds.), Neural-Immune Interactions in Brain Function 
and Alcohol Related Disorders, DOI 10.1007/978-1-4614-4729-0_5, 
© Springer Science+Business Media New York 2013

          5.1   Introduction    

 Central in fl ammatory processes evoked by immunological challenges are responsible 
for directing a whole host of neural, hormonal and behavioral reactions in order to 
defend against infection and initiate recuperative processes. In particular, activation 
of brain cytokines appear especially important to the induction of sickness behav-
iors that are meant to help coordinate recovery during infection. More recently, 
research has shown that exposure to stressors may also activate peripheral and brain 
immune processes, with activation/inhibition of central cytokines being a key com-
ponent of this response. Speci fi cally, dynamic changes in central cytokines and 
other key in fl ammatory signaling pathways have been demonstrated to ultimately 
result in the expression of sickness behaviors as well, suggesting that illness- and 
stress-related neural consequences may share common mechanisms. Limited studies 
have now begun to show that alcohol is yet another exogenous stimulus that may 
also in fl uence central cytokines. In addition to modulating behavioral responses 
incurred by alcohol exposure, early changes in cytokines may portend the develop-
ment of long-term neuropathological consequences associated with chronic alcohol 
exposure. The goal of this chapter, therefore, is to review the literature surrounding 
stress-related neuroin fl ammation and alcohol-related changes in cytokines as a 
means for understanding the complex interaction between stress-responsive sys-
tems, neuroin fl ammatory processes, and their interactions with alcohol exposure. 

 Subsequently, the in fl uence of alcohol exposure on the expression of cytokines will 
be addressed. Acute or chronic alcohol administration and its consequent withdrawal 
have been shown to alter cytokines, as well as to modulate the immune response to an 
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immunological challenge. Though limited thus far, what literature is available would 
suggest that alcohol exposure has the capacity to signi fi cantly change both peripheral 
and central cytokines that could, in turn, ultimately impact behavior, stress-related 
processes, and (under long-term exposure circumstances) alcohol-associated brain/
tissue damage. Alcohol-induced cytokine alterations may also interact with other pro-
cesses more traditionally associated with stress challenges, such as the sympathetic 
nervous system (SNS) and hypothalamic–pituitary–adrenal (HPA) axis, which could 
either positively or negatively, respectively, feed back onto cytokine signaling. 

 Before proceeding, however, it is necessary to acknowledge from the outset a few 
critical distinctions. For instance, the  fi eld of stress research readily accepts the view 
that immunological challenges produced by antigen, pathogen, or direct injection of 
cytokines represent one distinct form of a “stress challenge” (e.g.,  [  10  ] ). This issue is 
well established by empirical studies demonstrating that immune activation leads to 
activation of the HPA axis (e.g., see  [  11,   12  ] ) and SNS activity (e.g., see  [  13  ] ) in much 
the same way as exposure to psychological and/or physical stress challenges that are 
otherwise devoid of antigenic or pathogenic components. However, because the impact 
of antigen or pathogen exposure on cytokine expression in brain is largely to be expected, 
use of the term “stress” in the present context will speci fi cally exclude challenges that 
are, by their very nature, immunologically based. In this regard, much of what we 
describe as stress-related neuroin fl ammation really falls into the category of what the 
 fi eld is now referring to as “sterile in fl ammation,” which simply refers to induction of 
in fl ammatory processes in the absence of antigen/pathogen/wound exposure. 

 The second semantic issue we would like to address from the outset is what is 
meant by the term “neuroin fl ammation” or “in fl ammatory processes in brain.” This 
is a critical issue because, at some point, one would like to extrapolate from isolated 
changes in a speci fi c cytokine (such as interleukin-1; IL-1), cellular process (e.g., 
morphological changes in microglia), or physiological condition (e.g., hyper-
thermia) toward these broader constructs. Though we will seek to avoid use of terms 
like this that tend to amalgamate speci fi c features of the in fl ammatory response into 
broader statements, it will be occasionally necessary to make such extrapolations in 
order to synthesize the diverse range of in fl ammatory changes examined in brain 
after stress into some meaningful portrait of the relationship between stress, 
neuroin fl ammation, and larger issues surrounding central nervous system (CNS) 
dysfunction/function.  

    5.2   Stress and Neuroin fl ammation 

    5.2.1   Cytokines in the CNS Coordinate the Expression 
of Sickness Behaviors 

 Cytokines are a classi fi cation of small proteins, which are important for regulation 
of cell signaling processes within the immune system. Comprised of chemokines, 
interleukins, and lymphokines, these molecules are critical for initiation of the 
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immune response to infection or damage and are secreted by several cell types 
within the CNS, including microglia, perivascular and meningeal macrophages 
 [  14  ] , astrocytes  [  15  ] , and even neurons  [  16  ] . Additionally, cytokine receptors have 
been identi fi ed on virtually all cell types within the CNS, and there is evidence to 
suggest that genes coding for cytokines are expressed in both neurons and glia in the 
brain under nonpathological conditions  [  17  ] . 

 Following infection, it has been consistently shown that one especially important 
consequence of immune activation is expression of sickness behaviors. Studies have 
demonstrated that acute illness induced by LPS administration or other immuno-
gens produces a constellation of classic behavioral alterations including reduced 
social and sexual interaction, decreased exploration in a novel environment, reduced 
overall activity, hyperalgesia, and suppressed food and water intake  [  18–  25  ] . 
Collectively, these behavioral responses to acute illness are referred to as “sickness 
behaviors”  [  21  ]  and, in combination with the physiological responses to infection 
(e.g., fever), are thought to act in an adaptive manner to promote ef fi cient recovery 
from infection  [  21,   26  ] . Increased central expression of immune-derived factors, 
including the proin fl ammatory cytokines IL-1, tumor necrosis factor (TNF- a ), and 
interleukin-6 (IL-6), appears to coordinate the manifestation of sickness behaviors, 
with IL-1 playing a particularly prominent role in their initiation. For instance, many 
sickness behaviors can be produced by central administration of IL-1  [  24,   27,   28  ] , 
whereas inhibition of central IL-1 activity blocks many of the sickness responses 
normally observed following peripheral immune activation  [  25  ] . At a mechanistic 
level, cytokine signals originating in peripheral organs such as the liver, gut, and 
spleen are communicated to the CNS through a variety of pathways (for a review, 
see  [  29  ] ), ultimately leading to increased expression of proin fl ammatory cytokines 
in the CNS. Interestingly, both neurons and glia express cytokines under varying 
conditions  [  16,   30  ] , and the hypothalamus appears to be one crucial CNS structure 
where proin fl ammatory cytokines precipitate the behavioral sickness response 
 [  21,   31–  33  ] . 

 In contrast, research has shown that anti-in fl ammatory cytokines in the 
CNS inhibit sickness behaviors and suppress peripheral immunity. As with 
proin fl ammatory cytokines, there are of course numerous cytokines in the CNS that 
serve an anti-in fl ammatory role such as (but not limited to) interleukin-10 (IL-10), 
interleukin-1 receptor antagonist (IL-1ra), interleukin-4 (IL-4), and interleukin-13 
(IL-13) (for review, see  [  34  ] ). Indeed, the central regulation of in fl ammatory pro-
cesses—including sickness behaviors—is an intricate process involving a delicate 
balance between the expressions of both pro- and anti-in fl ammatory constituents in 
the CNS  [  35  ] . The anti-in fl ammatory cytokine, IL-10, has received a great deal of 
attention for its role in the CNS in counter-regulating the immune response (see 
 [  36  ]  for a review). For instance, central administration of IL-10 blocks the reduc-
tion in social interaction produced by peripheral LPS administration  [  20  ]  and inhib-
its the aphagia produced by central administration of the HIV envelope glycoprotein 
gp-120  [  37  ] . IL-10 is also upregulated site-speci fi cally within the CNS following 
immune activation, which is thought to prevent the development of certain neuro-
degenerative diseases with an in fl ammatory component  [  38  ] . The anti-in fl ammatory 
action of IL-10 is so powerful that researchers have recently employed adenoviral 
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delivery of IL-10 as a method for inhibiting neuropathic pain  [  39–  41  ] . Thus, 
endogenous expression of IL-10 appears to play a unique role in counter-regulating 
centrally mediated neuroin fl ammation, and central injection of IL-10 inhibits the 
expression of sickness behaviors during acute illness. 

 Though IL-10 is one prominent example, there are a wide variety of endogenous 
peptides that have anti-in fl ammatory properties. For instance, alpha-melanocyte-
stimulating hormone (alpha-MSH) has been shown to blunt or reverse in fl ammatory-
related changes evoked by stress  [  42  ]  and in response to other in fl ammatory 
conditions (for review, see  [  43  ] ). Similarly, the IL-1 superfamily includes two 
members with properties that can be considered anti-in fl ammatory. The  fi rst mem-
ber, IL-1ra, is an endogenous peptide ligand that binds to the IL-1 type I receptor 
without any known signaling consequences, thereby blocking the proin fl ammatory 
actions of endogenous IL-1. The second, IL-1 receptor type II, is a soluble receptor 
that, when released from the cell, binds to IL-1 and consequently prevents signal-
ing of IL-1. Similar mechanisms of counter-regulation exist within the TNF family 
via TNF-binding protein—a soluble peptide that binds TNF- a  and prevents inter-
action with its functional receptors. These hardwired mechanisms of regulation and 
counter-regulation among cytokine signaling systems emphasize the importance of 
understanding the complete in fl ammatory milieu under the conditions of interest, 
which has led to greater utilization of measurement techniques that permit analysis 
of multiple in fl ammatory factors within the same samples (e.g.,  [  44  ] ).  

    5.2.2   Historical Overview of Stress-Dependent Changes 
in Central Cytokines 

 Since cytokines are expressed at exquisitely low levels in the uninjured brain, isola-
tion and detection of cytokines under nonpathological conditions has been dif fi cult, 
therefore rendering the discovery of stress-induced alterations in cytokine levels 
problematic. Nevertheless, there is ample evidence that cytokines such as IL-1 serve 
a normal physiological function in brain. For instance, the expression of IL-1 in the 
CNS follows a circadian rhythm that is independent of corticosterone (CORT) 
secretion and appears to play a key role in the initiation of sleep  [  45–  49  ] . IL-1 is 
also increased in brain after consumption of novel food in rodent models  [  50  ] . 
Furthermore, IL-1 signaling is self-propagating and requires very low levels of 
expression to exert functional consequences on target cells  [  17  ] . Thus, small 
 fl uctuations in cytokine expression tend to exert a disproportionately large impact 
on target cells, at least in part through feed-forward actions of cytokine-receptor 
interactions and the ability of local injections of cytokine within the CNS to affect 
cytokine expression at distal targets (e.g.,  [  51–  53  ] ). 

 The impact of stress on cytokine expression and other in fl ammatory processes in 
brain has been an important line of inquiry due to its implications for disease states 
of the CNS and beyond. When it comes to stress-dependent changes in in fl ammatory 
processes, much more is known about IL-1 in brain and its modulation by stress 
than any other cytokine. For this reason, we will use these studies as a case example 
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of how stress exposure, and the hormonal systems activated by stress, interacts with 
in fl ammatory processes in brain. Although some initial papers in the mid-1990s 
reported that immobilization led to increased IL-1 expression using cellular tech-
niques (in situ hybridization and immunohistochemistry), the bulk of what we know 
about IL-1 regulation by stress comes from studies utilizing gross brain dissections 
followed by IL-1 protein detection via ELISA. Using this strategy, for example, in 
one of our original studies, we demonstrated that adrenalectomized (ADX) subjects 
exhibited increased IL-1 protein in rat brain following inescapable tailshock relative 
to non-stressed ADX controls, with these stress effects not evident in sham-operated 
and stressed subjects  [  54  ] . At the time, these  fi ndings were important because they 
were the  fi rst to demonstrate that stressors were capable of signi fi cantly increasing 
IL-1 protein in brain. Within a few years, however, tissue extraction and assay sen-
sitivity had improved to the point where it was no longer necessary to ADX rats in 
order to measure and detect tailshock-induced increases in IL-1 protein  [  45  ] . 
Furthermore, Nguyen et al.  [  45  ]  also demonstrated the profound impact of endoge-
nous CORT to inhibit brain cytokine responses evoked by stress, showing that both 
the magnitude and spatial distribution of IL-1 changes provoked by stress were 
augmented in ADX rats. Since then, our lab and others have gone on to successfully 
examine cytokine expression using gross dissections and ELISA detection (e.g., 
 [  22,   55–  57  ] ) or at the level of gene expression using RT-PCR  [  58–  61  ] , which 
together further support the view that stress challenges have the ability to drive 
cytokine changes in the uninjured brain. These changes, however, do not appear to 
be a universal response to all stress challenges  [  55,   61  ] . 

 Indeed, through an exhaustive series of studies, we have examined IL-1 protein 
expression in the hypothalamus (a key stress-responsive site) following most com-
monly used laboratory stress challenges. This exploration was necessary in order to 
resolve discrepancies in the literature and address the highly appropriate critiques 
provided by experts in the  fi eld. Speci fi cally, the primary issues we have worked to 
clarify can be summarized by three fundamental questions:  fi rst, does the increase 
in IL-1 produced by stress represent a universal response to all stress challenges? If 
this were the case, then we would expect systematic  fl uctuations in IL-1 (or other 
cytokines) in response to all stress challenges. Though early studies examining IL-1 
protein failed to provide support for this viewpoint, our recent studies  [  61  ]  may sug-
gest otherwise. Secondly, is there a speci fi c feature of the stress challenge (psycho-
logical distress, physical exertion, nociception) that is predictive of cytokine changes 
in brain? If this were true, then we would expect cytokine changes to vary across 
speci fi c dimensions of the stress challenge in easily discernible ways. Such studies 
are ongoing in our laboratory. Finally, is there a threshold of stress that is necessary 
to increase cytokine expression in brain? This scenario is perhaps the most dif fi cult 
to identify because, to our knowledge, there is no objective method for quantifying 
the intensity of a stress challenge, which would be essential for identi fi cation of a 
speci fi c threshold. 

 Though we have no de fi nitive answer to the conceptual issues raised above, we 
 fi nd them to be important theoretical considerations for understanding the relationship 
between stress and in fl ammatory processes in brain. Nevertheless, we have conducted 
a comprehensive series of experiments to try and tease these issues apart, as 
summarized below. 
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 Based on studies focusing on IL-1 protein in whole hypothalamic blocks as the 
key measure of stress-related neuroin fl ammation, we know that stress challenges 
which would likely be characterized as psychological in nature such as social defeat 
 [  61  ] , predator odor exposure  [  62  ] , simple restraint in a Plexiglas tube  [  63  ] , or mater-
nal separation of guinea pig pups  [  64  ]  have failed to alter hypothalamic IL-1 pro-
tein. Similar null effects have been observed following physiological stressors such 
as glucoprivic challenges evoked by injection of 2-deoxyglucose, or insulin-induced 
hypoglycemia  [  63  ] . However, when simple restraint in a Plexiglas tube was imposed 
on an orbital shaker as a method of “amplifying” the stress response (similar to 
 [  1,   63  ] ), or combined with an insulin-induced hypoglycemia challenge  [  63  ] , IL-1 
was signi fi cantly increased in response to both “compound” stress challenges 
(restraint + oscillation; restraint + hypoglycemia), yet unaffected by the individual 
ones (restraint alone; hypoglycemia alone). These  fi ndings do not discriminate 
between a categorical model (point 2 above) and a threshold model (point 3 above), 
but they do provide evidence that substantive changes in IL-1 protein probably 
relate in meaningful ways to the severity of the stress challenge. Importantly, 
plasma CORT was examined in all of these studies and was not positively or nega-
tively predictive of IL-1 changes  [  63  ] . This dissociation between IL-1 changes and 
CORT levels was true from simple observation of patterns in the data, as well as 
with more formalized statistical analyses performed later  [  65  ] . Additionally, one 
net outcome of these studies is that stress challenges involving exposure to an 
actively aversive stimulus (e.g., tailshock, footshock) appear to reliably produce 
telltale signs of in fl ammation such as elevated IL-1  [  54,   61  ] , which is in large part 
why many ongoing studies employ these types of stressors to pursue mechanisms 
of stress-dependent neuroin fl ammation (see  [  61  ]  for further discussion). 

 As previously mentioned, the bulk of studies having examined IL-1 protein or 
mRNA changes following stressor exposure generally used gross tissue dissections 
of the hypothalamus, hippocampus, or cortex (e.g.,  [  55,   56  ] ), each of which are 
vastly heterogeneous structures. These early studies also indicated that IL-1 was 
probably the most stress-responsive of the classic proin fl ammatory cytokines in the 
CNS  [  56  ] , an effect that we have validated more recently  [  61  ] . From these studies, 
IL-6 and TNF were either unaltered by stress exposure or were reduced as a result 
of stress, probably re fl ecting a CORT-mediated suppression (particularly for 
TNF- a ). Given the need for greater spatial resolution (which would require enhanced 
sensitivity for measurement of cytokines in smaller tissue punches), we switched to 
RT-PCR for detection of in fl ammatory-related factors at the level of gene expres-
sion. This strategy additionally provided us with the advantage of being capable of 
examining numerous in fl ammatory factors within the same CNS structure. 
Accordingly, in a recent study  [  58  ] , we examined a range of cytokines and other 
in fl ammatory markers in several brain structures after footshock, with a group of 
LPS-injected rats included as a control for assay sensitivity. Using this technique, it 
was again demonstrated that stress exposure resulted in signi fi cant IL-1 activation 
in the hypothalamus, as evidenced by increased IL-1 mRNA expression. Additional 
key outcomes of this experiment were that IL-1 changes in the hypothalamus were 
associated with increased CD14 expression (a cognate receptor for LPS), as well as 
decreased expression of CD200 receptor (which controls microglial activation state 
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via interactions with CD200 on neurons). Combined, these receptor-related changes 
suggest that microglia may be primed/activated by stress, which could ultimately 
account for priming effects that we and others had observed previously  [  6,   7,   9  ] . 
Moreover, these changes were restricted to the hypothalamus (no effects in hip-
pocampus, cortex, or pituitary gland) and were highly reproducible (replicated in 
four successive experiments  [  58  ] ). 

 Taken together, these gene expression changes intimated that increased IL-1 pro-
voked by stress may be part of a larger stress-induced in fl ammatory process 
involving microglial activation. In support of this hypothesis, administration of 
minocycline (a tetracycline antibiotic that appears to selectively target microglia as 
an inhibitor) was found to block the increase in IL-1 protein  [  57  ]  as well as other 
gene expression changes observed after footshock  [  58  ] . These  fi ndings complement 
prior studies suggesting that repeated restraint in mice led to microglial prolifera-
tion, which is often a downstream consequence of early microglial activation events 
 [  66  ] . Indeed, work from our lab and others has shown that stress exposure produces 
signs of microglial activation  [  58,   67  ] , priming  [  6  ] , and proliferation  [  66  ] . While 
these studies imply that microglia may be the cellular source of IL-1 produced by 
stress, there is also some evidence to suggest otherwise. For example, Kwon et al. 
 [  67  ]  showed that repeated exposure to immobilization led to morphological altera-
tions in microglia indicative of activation, yet their studies seemed to support the 
notion that IL-1 was expressed in neurons (not microglia or astrocytes) based on 
single-label immunohistochemistry. Another recent study also reported a similar 
localization of IL-6 in neurons after acute restraint in rats  [  68  ] . Thus, it seems likely 
that multiple cell types produce cytokines in response to stress, but the precise loca-
tion, cell type, and cytokine being expressed may vary as a function of species, 
strain, prior experience, or the nature of the stress challenge imposed. 

 Regardless of whether IL-1 changes are expressed by neurons, astrocytes, or 
microglia, it is clear that IL-1 changes in response to stress (1) are some of the most 
widely observed and reproducible changes across stress challenges; (2) are associ-
ated with other, more subtle cellular changes indicative of neuroin fl ammation; and 
(3) will have a functional impact upon all cells in the local cellular microenviron-
ment since IL-1 receptors are expressed broadly across cell type  [  69  ] . Whether the 
cellular source of cytokine changes produced by stress varies as a function of the 
nature or duration of the stress challenge or the cytokine being examined remains to 
be determined. Furthermore, despite these strong advances in our understanding of 
stress-related neuroin fl ammation, sensitivity of measurement and approach remain 
key challenges for the  fi eld. In particular, due to the low intrinsic expression of cytok-
ines under these conditions, future studies utilizing immunohistochemical approaches 
and microdialysis to detect picogram quantities that are expressed/released at the 
cellular level will be critical for clarifying the functional relationship between stress 
and/or alcohol exposure and the functional role of cytokines in the CNS. Such deter-
minations will have to be made with the strictest of controls and the highest sensitiv-
ity possible, with full acknowledgement that species, strain, stress challenge, and 
timing are likely to be key variables that signi fi cantly impact the outcomes and con-
clusions that are drawn. 
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 Given the widespread effects that increased central in fl ammation may have, it is 
therefore important to understand how exactly stress exposure relates to in fl ammatory 
processes in brain and the consequences of stress-related neuroin fl ammation for 
CNS dysfunction/function. With this in mind, we will turn our attention toward 
mechanisms involved in regulation and counter-regulation of brain in fl ammatory 
responses evoked by stress. Ultimately, a clear understanding of the acute mecha-
nisms by which stress leads to alterations in brain in fl ammatory processes will 
hopefully reveal novel insights and therapeutic targets for preventing the progres-
sive impact of stress-dependent in fl ammation on CNS function and, relevant to the 
present context, provide guidance for understanding the involvement of 
neuroin fl ammation in alcohol-related behavioral adaptations and brain damage.  

    5.2.3   The Interaction Between Stress Hormones 
and Stress-Dependent In fl ammatory Processes 

 Based on a long history of studies examining regulation of cytokines and other 
immunological processes by norepinephrine (NE) and CORT (reviewed more exten-
sively below), and the obvious impact of stress challenges on these transmitter/
hormonal systems, early studies examined the role of adrenergic receptor activation 
as a key driver of IL-1 changes produced by stress. For instance, intracerebroven-
tricular (icv) injection of the  b -adrenergic agonist isoproterenol  [  70  ]  or other agents 
that facilitate noradrenergic transmission  [  71  ]  markedly increase the expression of 
mRNA for IL-1 in the hypothalamus, an effect which may occur via receptors on 
microglia  [  72  ] . In this latter study, icv injections of isoproterenol increased mRNA 
for IL-1 in a number of hypothalamic nuclei, including the paraventricular, ventro-
medial, dorsomedial, and medial mammillary nuclei. A series of pharmacological 
studies performed by  [  60  ]  showed that increased IL-1 protein in brain (hypothala-
mus, hippocampus, etc.) occurs via activation of  b -adrenergic receptor activation 
since isoproterenol reproduced and propranolol reversed the effects of stress on 
IL-1 protein. These effects were synonymous with  fi ndings from our lab  [  57  ] , which 
replicated and extended the pharmacology by showing that desipramine (a NE 
reuptake inhibitor) increased both basal and stress-evoked IL-1 concentrations in 
brain. Furthermore, while administration of  a 1-adrenergic receptor antagonists had 
no effect on stress-induced IL-1 expression in the CNS, these compounds com-
pletely reversed the increase in  plasma  cytokines produced by tailshock (Johnson 
et al.  [  60  ] ). These intriguing  fi ndings suggest that plasma and brain cytokine 
responses may be controlled by different adrenergic receptor mechanisms, with  a 1 
receptor activation modulating plasma cytokine changes and  b -adrenergic receptor 
activation in fl uencing central cytokine changes. Perhaps even more importantly, 
these  fi ndings showed that plasma cytokine changes are dissociable from the brain 
cytokine changes and support the notion that neither effect appears to depend on the 
other. This is a crucial separation given the bidirectional interactions that occur 
between central and peripheral immune processes  [  29  ] . However, it should be noted 
that elevations in plasma concentrations of cytokines are highly variable across 
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experiments and laboratories, making it dif fi cult to establish clear functional rela-
tionships between plasma and brain cytokines. Whether this is due to low ambient 
expression, differential sample handling/processing, or the inherently unstable form 
of proteinaceous cytokines remains unclear. 

 Moving beyond pharmacological studies, the central mechanistic issues then 
turned toward neural circuits responsible for driving stress-dependent changes in 
IL-1 protein. With the NE system being the most logical target, Johnson et al.  [  60  ]  
injected the neurotoxin N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine hydrochlo-
ride (DSP-4) into rats 3 weeks prior to tailshock exposure in order to selectively 
ablate central noradrenergic systems. This treatment was previously shown to target 
largely ascending adrenergic  fi bers through destruction of cells primarily in the locus 
coeruleus, which is a principle source of noradrenergic input to the hippocampus. 
Having used this procedure, NE levels in the hippocampus were reduced by approxi-
mately 87%, while the DSP-4 lesions only reduced NE levels in the hypothalamus 
by about 20%. The authors found that the lesion, as expected, blocked the increase 
in IL-1 protein in the hippocampus produced by tailshock, while stress-induced 
increases in IL-1 in the hypothalamus (where DSP-4 lesions had a lesser impact on 
NE levels) were largely unaffected by the lesion. It is probably important to note here 
that one key difference between studies conducted by Johnson’s group and our lab is 
that their studies use Fischer rats, while our studies use Sprague Dawley rats. The net 
result of these subject differences is that Fisher rats show a much larger and broader 
spatial distribution of IL-1 changes in brain than Sprague Dawley rats. These strain 
differences are probably due to the well-documented, hyperadrenergic nature of 
Fisher rats relative to Sprague Dawley rats, as the hippocampus has not been a 
cytokine-responsive site in our studies (e.g.,  [  55,   73  ] ). 

 In order to more selectively target noradrenergic cells projecting largely from the 
nucleus tractus solitarius (NTS) to the hypothalamus and other forebrain structures, 
we recently performed a series of studies examining the impact of 6-hydroxydop-
amine lesions of the ventral noradrenergic bundle (VNAB) 10 days prior to stress 
exposure. As predicted based upon connectivity studies  [  74–  77  ] , this lesion led to 
approximately 70% depletion of NE in the paraventricular nucleus (PVN) and other 
structures, while other catecholamines were largely unaffected. Despite this NE 
depletion, rats bearing lesions of the VNAB unexpectedly exhibited an equivalent 
increase in IL-1 gene expression in the PVN after footshock relative to sham-
lesioned controls (Blandino and Deak, unpublished observations). While these 
 fi ndings demonstrated that noradrenergic cells in the NTS likely do not modulate 
stress-induced increases in IL-1 in the hypothalamus, they do not conclusively 
determine the role of noradrenergic cells in the NTS as drivers of IL-1 changes in 
the PVN and suggest that the relationship between stress exposure and cytokine 
changes may be more complex than originally thought. Regardless, the evidence to 
date suggests that NE release is a key driver of in fl ammatory processes in at least 
some brain structures during times of stress. 

 In contrast to the actions of NE, which appear to stimulate the expression of IL-1 
and other cytokines, CORT appears to constrain cytokine gene and protein expres-
sion during times of stress, at least in broad strokes. Indeed, there is a plethora of 
studies demonstrating that removal of endogenous glucocorticoids through ADX 
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 [  45,   54  ]  or by injection of glucocorticoid synthesis inhibitors  [  58  ]  enhances the 
expression of IL-1 and other cytokines in brain as a result of stress exposure. These 
 fi ndings parallel earlier studies showing that ADX enhanced the plasma IL-6 
response evoked by exposure to a novel environment  [  78  ]  and  fi t with the canonical 
viewpoint that glucocorticoids have powerful anti-in fl ammatory properties. While 
we do not wish to dispute this viewpoint, it is interesting to note that anti-
in fl ammatory actions of CORT are most pronounced at high and supraphysiological 
concentrations, whereas lower concentrations of CORT appear to have some 
immune-potentiating effects (e.g.,  [  6  ] ). Whether these low-dose facilitation effects 
relate more directly to the timing of CORT injection relative to cytokine measure-
ments, or represent differential tissue sensitivity to glucocorticoids, remains to be 
determined  [  79,   80  ] . Moreover, ambient levels of CORT taken during or immedi-
ately after stress exposure do not appear to be predictive of central IL-1 expression 
 [  63,   65  ] . Regardless, the point here is that the long-held assumption that glucocor-
ticoids exert unilateral, anti-in fl ammatory actions does not broadly account for the 
literature writ large. 

 With that said, there are a variety of cellular mechanisms by which glucocorti-
coids impact gene expression for cytokines during times of stress, particularly in the 
case of IL-1 gene expression. Many of these effects are produced through interac-
tion of the CORT-receptor complex with repressor sites in the promoter region of 
the IL-1 gene, including the nGRE repressor site and interference with nuclear fac-
tor  k -light chain-enhancer of activated B cells (NFkB) signaling. In addition, CORT 
has been shown to block cAMP response element-binding (CREB) phosphoryla-
tion, prevent NFkB binding to the DNA, and destabilize mRNA for IL-1  [  81–  83  ] . 
As such, CORT can interfere with IL-1 gene expression (and expression of other 
cytokines) through numerous pathways. 

 When taken together, a simple framework for understanding the interaction 
between the major stress-responsive systems (SNS and HPA axis) and in fl ammatory 
consequences of stress is that neuroin fl ammatory consequences of stress are mecha-
nistically intertwined between the stimulatory actions of the SNS and the inhibitory 
actions of CORT (see  [  84  ]  for a review), though much work remains to be done in 
this area. This concept is depicted in Fig.  5.1 , which illustrates the basic mecha-
nisms and pathways that appear to be involved in IL-1 regulation by stress. Although 
not a primary focus here, it is important to note that others have established 
prostaglandins as another highly stress-responsive, proin fl ammatory mediator 
within the CNS. The conversion of arachidonic acid to a particular prostanoid occurs 
via a COX-2 dependent pathway during times of in fl ammation. Upregulation of 
COX-2 expression has been observed as a result of stressor exposure in several 
brain regions  [  85  ] , as has increased activity of other components of the pathway 
responsible for prostaglandin synthesis  [  86  ] . Furthermore, it seems that NE and 
CORT appear to exert opposing changes in prostanoid synthesis, with NE having 
been shown to stimulate prostaglandin E2 (PGE2) and CORT conversely inhibiting 
PGE2 (see  [  87  ]  for review). Taken together, these data suggest that the overarching 
mechanisms governing neuroin fl ammatory consequences of stress may generalize 
across multiple in fl ammatory signaling families.  
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 Though the review above is largely centered on the role of NE as a key driver of 
in fl ammatory processes during times of stress, we would be remiss if we did not 
also point out alternative mechanisms that may be involved in regulation of 
neuroin fl ammation by stress. For instance, Nair and Bonneau  [  66  ]  showed that the 
microglial proliferation associated with repeated stress was attenuated by adminis-
tration of MK-801. Considering that glutamate plays an equally important role in 
the initiation of the stress response  [  88  ] , and excitatory amino acids are directly 
coupled to in fl ammatory signaling pathways  [  86,   89,   90  ] , it is not surprising that 
the general level of cellular excitation in the CNS microenvironment appears to be 
predictive of cytokine release  [  16,   91  ] . With that said, it is tempting to conclude that 
the relative state of neuronal excitation of a brain site under stressful conditions may 
show a strong association with IL-1 gene expression or the expression of other 
cytokines. However, our recent studies  [  61  ]     (also Hueston et al. in prep) suggest that 
c-fos expression does not perfectly align with IL-1 expression but can serve as a 
useful comparator for understanding the relationship between cytokine expression 
and neuronal activation patterns more generally under certain conditions. In sum, 
the regulation of cytokine expression by stress is highly complex and probably 
involves a wide variety of ligands within the CNS, with a fair degree of convergence 
in signaling pathways known to be involved in cytokine gene expression. 

 In attempting to examine the stress-dependent changes in cytokines and the 
mechanisms responsible for these alterations, one of the major challenges associ-
ated with these studies has been the confounding impact of prior cranial surgery. 
This is largely to be expected due to the cellular trauma associated with implanta-
tion of guide cannula, microinjection of drugs, or insertion of injectors/electrodes to 
produce permanent lesions (e.g.,  [  92  ] ). However, designing studies without use of 
these conventional neuroscience techniques has proven to be quite dif fi cult for sev-
eral reasons. For instance, in microinjection studies, we have observed large and 
reliable increases in IL-1 protein expression after injection of sterile physiological 
saline into the third ventricle relative to noninjected (cannulated) controls despite 
agonizing attention to sterile process at all levels of the procedure. In fact, these 
changes are so large that they have masked our ability to detect increased IL-1 pro-
tein after injection of microgram quantities of LPS into the third ventricle (relative 
to vehicle-injected controls). The second, more subtle, problem associated with cra-
nial surgery is how the surgical experience impacts reactivity to later stress chal-
lenges. We have other unpublished studies demonstrating marginal increases in 
basal IL-1 expression 10 days after cranial surgery in sites distal to the microinjec-
tion, which appeared to relegate subjects nonresponsive to the stress challenge. That 
is, rats receiving prior cranial surgery failed to show stress-dependent changes in 
cytokines, which have been highly reproducible in all studies except those involv-
ing cranial surgery. While intracisterna magna injections under brief anesthesia 
probably offer one viable alternative to cranial surgery, this procedure is also not 
without impact on central in fl ammatory processes and certainly impacts other more 
acute, labile stress measures [adrenocorticotropic hormone (ACTH), CORT, and 
behavioral indices of stress/anxiety]. 

 With that said, these problems appear to be unique to situations where cranial 
surgery is performed and endogenous cytokine responses are being measured as 
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dependent variables. The use of cranial surgery to implant guide cannula for micro-
injection of compounds with anti-in fl ammatory properties to try and reverse some 
behavioral or neurochemical process that is expected to be driven by stress-dependent 
cytokines has been much more successful. While this may seem ironic at  fi rst, it 
should be noted that central injection of anti-in fl ammatory compounds would be 
expected to reduce in fl ammatory consequences evoked by the stress challenge as 
well as any ongoing in fl ammation evoked by cannula-associated damage and/or 
delivery of the vehicle as well. We raise these issues as a cautionary note to others 
who seek to pursue stress-dependent changes in cytokines and/or their behavioral 
consequences. Aside from closely monitoring sterile procedure, we recommend 
incorporation of ultimate controls (i.e., unoperated subjects) where possible to clar-
ify the in fl uence of invasive procedures on the outcomes of interest.    

    5.3   Ethanol and Neuroin fl ammation 

    5.3.1   Ethanol Exposure Alters Both Peripheral and Central 
Cytokine Expression 

 Research has consistently demonstrated that alcohol exposure is capable of inducing 
alterations in the expression of many cytokines across a variety of locations, includ-
ing the plasma, liver, and brain (e.g., see  [  93  ] ). Historically, the effects of alcohol on 
peripheral cytokine expression have been well investigated in terms of the role that 
immune signaling plays in liver and organ damage following long-term alcohol 
consumption in humans. Taken together, these types of studies have generally 
shown that in humans, following chronic heavy alcohol consumption, levels of 
cytokines such as TNF- a , IL-6, and IL-1 are signi fi cantly elevated in the plasma 
(for review, see Table 2 of  [  94  ] ). More speci fi cally, it has been hypothesized that 
initial alcohol-induced increases in cytokines leads to the activation of T helper 
cytokines, with increased T helper 1 (Th1) cytokines being associated with early 
liver damage (hepatitis) and a switch from expression of Th1 to Th2 cytokines 
related to more pronounced liver disease ( fi brosis/cirrhosis) (see  [  93  ]  for review). 

 The in fl uence of alcohol exposure on peripheral cytokine expression has also 
received considerable attention in animal models, with the effects of alcohol expo-
sure on central cytokine levels beginning to receive increasing research interest as 
well. The results from animal studies investigating alterations in peripheral and cen-
tral cytokines following alcohol exposure as well as antigen-stimulated production 
of cytokines after alcohol administration are presented in Table  5.1 . These studies 
have been organized according to location of cytokine change (i.e., central versus 
peripheral), species under investigation (rats versus mice), and type of alcohol expo-
sure (acute versus chronic).  

 We will  fi rst consider alterations in peripheral cytokines, which have primarily 
been examined as a means of understanding the effects of ethanol on peripheral 
organ damage and increased susceptibility to infection. In most instances, these 
experiments have explored the effects of alcohol exposure on antigen-stimulated 
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   Table 5.1    Studies investigating alcohol–cytokine interactions   
 Species  Ethanol exposure  Results  Reference 

 Central 
 Rat  Acute (cultured 

astrocytes treated 
with 50–300 mM) 

 Acute exposure of rat cortical 
astrocyte culture to EtOH lowered 
TNF- a  expression at 300 mM, 
while stimulating IL-6 secretion at 
100 mM and above 

 Sarc et al.  [  95  ]  

 Acute (cultured 
microglia 
stimulated with 10, 
50, and 100 mM) 

 EtOH-stimulated cells exhibited 
increased release of both TNF- a  
and IL-1 b  at all the concentrations 
used at 7, 24, and 48 h, relative to 
baseline 

 Fernandez-Lizarbe 
et al.  [  96  ]  

 Chronic 
(50–
300 mM × 7 days) 

 • Chronic exposure of rat cortical 
astrocytes to 50, 100, or 200 mM 
EtOH signi fi cantly elevated IL-6, 
with IL-6 decreased at concentra-
tions greater than 200 mM EtOH 

 • TNF- a  secretion was dose-
dependently reduced by EtOH 

 Sarc et al.  [  95  ]  

 Chronic (5 g/kg i.g. on 
3 consecutive 
days) 

 EtOH exposure on PND 7–9 resulted 
in a signi fi cant increase in levels 
of TNF- a  and IL-1 b  in both 
cerebral cortex and hippocampus 
compared with controls 

 Tiwari and Chopra 
 [  97  ]  

 Chronic (10 weeks of 
once daily10 g/kg 
EtOH i.g.) 

 Elevated levels of TNF- a  and IL-1 b  
in hippocampus and cerebral 
cortex of EtOH-consuming rats 
compared to controls 

 Tiwari et al.  [  98  ]  

 Chronic (4–6 weeks 
liquid EtOH diet) 

 Chronic EtOH diet led to an increase 
in TNF- a  and IL-6 expression in 
the hypothalamus, pituitary, and 
ovary of female rats 

 Emanuele et al. 
 [  99  ]  

 Chronic (5 mos of 
liquid diet 
exposure OR 
cultured astrocytes 
exposed to 75 mM 
EtOH for 7 days) 

 • Chronic EtOH exposure 
upregulated expression of IL-1 b  
and COX-2 in the cortex of EtOH-
fed rats relative to controls 

 • Cultured astrocytes exposed to 
long-term EtOH also exhibited 
increased production of IL-1 b  and 
COX-2 

 Valles et al.  [  100  ]  

 EtOH withdrawal 
(following chronic 
intermittent EtOH 
exposures) 

 Preexposure to systemic LPS, central 
IL-1 b , or central TNF- a  prior to 
chronic intermittent EtOH 
exposure resulted in sensitized 
withdrawal-induced anxiety 

 Breese et al.  [  101  ]  

(continued)
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 Species  Ethanol exposure  Results  Reference 

 Mouse  Acute (cultured 
microglia 
stimulated with 10, 
50, and 100 mM) 

 In wild-type mice, EtOH-stimulated 
cells exhibited increased release 
of TNF- a , whereas TLR-de fi cient 
mice did not show this EtOH-
related increase 

 Fernandez-Lizarbe 
et al.  [  96  ]  

 Acute (1 day 5 g/kg 
i.g.) 

 • Increased brain expression of 
TNF- a  and MCP-1 mRNA by an 
acute EtOH exposure, with 
cytokine gene expression either 
decreased or unchanged in the 
liver 

 • LPS-induced cytokine production 
was increased in EtOH challenged 
versus vehicle mice 

 Qin et al.  [  102  ]  

 Acute (BEC of 
100 mg/dl, i.p.) 

 Acute dose of EtOH increased levels 
of TNF- a , IL-1 b , and IL-6 protein 
in the hypothalamus 48 h after 
exposure 

 Emanuele 
et al.  [  103  ]  

 Acute (100 mM)  Exposure of BV-2 microglial cells to 
EtOH signi fi cantly decreased 
LPS-induced IL-1 b  release 

 Lee et al.  [  104  ]  

 Chronic (5 months 
ETOH-containing 
water, 10%) 

 Chronic EtOH consumption 
upregulated TNF- a , IL-1 b , and 
IL-6 mRNA expression in cortex 
in WT mice compared to pair-fed 
WT controls, with EtOH-related 
increases not observed in 
TLR4-knockout mice 

 Alfonso-Loeches 
et al.  [  105  ]  

 Chronic (daily 5 g/kg 
EtOH, i.g., for 
10 days) 

 Increased expression of TNF- a  and 
MCP-1 mRNA from EtOH 
exposure alone was reported in 
brain, with no changes in 
LPS-induced cytokine expression 
observed in relation to the EtOH 
exposure 

 Qin et al.  [  102  ]  

(continued)

Table 5.1 (continued)
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 Species  Ethanol exposure  Results  Reference 

 Peripheral 
 Rat  Acute (7 h i.v. EtOH 

infusion after 
priming dose) 

 In rats administered EtOH, TNF- a  
secretion was generally reduced in 
alveolar macrophages challenged 
in vitro with LPS relative to 
control rats 

 D’Souza et al. 
 [  106  ]  

 Acute (2 g/kg i.g.)  Acute EtOH challenged resulted in 
signi fi cantly attenuated endotoxin-
induced TNF levels in serum 
compared to vehicle rats 

 Honchel et al. 
 [  107  ]  

 Acute (BEC levels of 
75–175 mg/dl) 

 Endotoxin-induced serum levels of 
TNF- a  decreased dose-depend-
ently by prior EtOH 
administration 

 D’Souza et al. 
 [  108  ]  

 Acute  EtOH exposure attenuated LPS-
induced production of TNF in 
serum and lung 

 Nelson et al.  [  109  ]  

 Chronic (daily10 g/kg 
EtOH i.g. for 
10 weeks) 

 Increased TNF- a  and IL-1 b  in serum/
sciatic nerve of EtOH-exposed 
rats relative to controls 

 Tiwari et al.  [  110  ]  

 Chronic (Kupffer 
cells, 4 weeks of 
daily 5 g/kg EtOH 
i.g.) 

 Chronic EtOH exposure increased 
TNF- a  production in Kupffer 
cells after LPS stimulation 
compared to pair-fed controls 

 Enomoto et al. 
 [  111  ]  

 Chronic (20 weeks of 
EtOH liquid diet) 

 • EtOH diet increased levels of 
TNF- a , IL-1 b , and IL-10 in serum 

 • EtOH diet also further augmented 
LPS-induced increases in IL-10 
and IL-1 b  

 Valles et al.  [  112  ]  

 Chronic (4 weeks of 
EtOH diet) 

 Long-term EtOH consumption 
increased TNF- a , and decreased 
IL-1 b , production after LPS 
stimulation in Kupffer cells 

 Kishore et al. 
 [  113  ]  

 Chronic (Kupffer cells 
of rats on liquid 
diet of 17–35% 
EtOH for 2+ days) 

 Chronic EtOH exposure increased 
expression of TNF- a  following 
LPS stimulation 

 Kishore et al. 
 [  114  ]  

 Chronic (12–14 weeks 
liquid EtOH diet) 

 Both spontaneous and LPS-stimulated 
TNF- a  secretion was generally 
reduced in alveolar macrophages 
of rats consuming EtOH, relative 
to pair-fed control rats 

 D’Souza et al. 
 [  106  ]  

 Chronic (6 weeks 
liquid diet) 

 Long-term EtOH consumption 
resulted in exacerbated TNF 
serum levels in response to an 
endotoxin challenge, relative to 
pair-fed rats 

 Honchel et al. 
 [  107  ]  

(continued)

Table 5.1 (continued)



1495 Mechanisms of Stress-Dependent Neuroin fl ammation and Their Implications...

 Species  Ethanol exposure  Results  Reference 

 Mouse  Acute (6 g/kg i.g.)  In WT mice, levels of all cytokines 
measured (except for IL-10 and 
MIP-2) were decreased by 
previous EtOH exposure in 
response to  E. coli  with far fewer 
affected by EtOH in TLR4 mutant 
mice 

 Bhatty et al.  [  115  ]  

 Acute (binge drinking 
model 4 
or 6 g/kg i.g.) 

 Acute EtOH decreased immunogen-
induced activation of 
proin fl ammatory cytokines for 
several hours after  E. coli  
administration. In serum, at 21 h 
post-EtOH, IL-1 b  and IL-6 were 
increased in EtOH plus LPS mice 

 Pruett et al.  [  116  ]  

 Acute (6 g/kg i.g.)  EtOH alone did not exact any 
changes on cytokines levels, while 
EtOH and poly I:C in combination 
suppressed serum TNF- a , but 
caused no changes in serum 
IL-1 b , IL-6, or IL-10 

 Glover et al.  [  117  ]  

 Acute (6 g/kg i.g.)  Acute EtOH (in vivo) delivered 
30 min before LPS administration 
generally blocked production of 
proin fl ammatory cytokines by 
LPS 

 Pruett and Fan 
 [  118  ]  

 Acute (cultured 
murine mac-
rophages treated 
with either 10, 50, 
100 mM EtOH) 

 • EtOH exposure alone generally 
increased release of TNF- a  and 
IL-1 b  

 • EtOH in combination with LPS 
attenuated LPS-induced TNF- a  
production 

 • EtOH exposure alone led to an 
increase release of IL-10 

 Fernandez-Lizarbe 
et al.  [  119  ]  

 Acute (binge EtOH, 
i.g.) 

 Suppression of LPS-induced cytokine 
production in peritoneal  fl uid and 
serum 

 Dai and Pruett 
 [  120  ]  

 Acute (3–6 g/kg i.g.)  Acute exposure suppressed LPS-
induced serum IL-6 levels in a 
dose-dependent manner 

 Pruett and Pruett 
 [  121  ]  

 Acute (treatment of 
macrophage cell 
culture line with 
0.05–0.4% wt/v 
EtOH) 

 Acute EtOH exposure suppressed the 
LPS-induced increases in TNF- a  
levels 

 Dai et al.  [  122  ]  

 Acute (2.9 g/kg i.p.)  Splenic macrophages isolated 3 h 
after EtOH exposure exhibited 
reduced IL-6 and TNF- a  
production in response to ligands 
on TLR4, TLR2, and TLR9 

 Goral and Kovacs 
 [  123  ]  

(continued)

Table 5.1 (continued)
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 Species  Ethanol exposure  Results  Reference 

 Acute (6 g/kg, i.g.)  In vivo, cytokines induced by either 
LPS or poly I:C were generally 
suppressed by EtOH (e.g., IL-6, 
IL-12), while IL-10 was 
increased, if changed at all. 
Results from the in vitro 
preparation where not the same as 
in the in vivo model 

 Pruett et al.  [  124  ]  

 Acute (150  m l i.p.)  Splenic macrophages isolated for 3 or 
24 h after EtOH exposure 
demonstrated decreased LPS-
induced IL-6 production; effect 
disappeared after 48 h and no IL-6 
changes in non-LPS-treated 
animals were observed 

 Goral et al.  [  125  ]  

 Acute (6 g/kg i.g.)  Binge EtOH exposure suppressed 
poly I:C-induced in fl ammation in 
peritoneal macrophages (e.g., 
decreased IL-6 and IL-12 mRNA) 

 Pruett et al.  [  126  ]  

 Acute (6 g/kg i.g.)  • Acute EtOH exposure generally 
suppressed the immune activating 
effects of several TLR ligands, 
although the exact cytokine/
chemokine suppressed depended 
on serum versus peritoneal sample 
and ligand of interest 

 • IL-10 production tended to be 
raised by EtOH exposure 

 Pruett et al.  [  127  ]  

 Acute (4–7 g/kg i.g.)  Binge EtOH exposure decreased poly 
I:C-induced production of many 
cytokines 
in serum (TNF- a , IFN- b , IFN- g , 
IL-6, IL-9, IL-12, and IL-15), yet 
increased poly I:C production of 
IL-10 

 Pruett et al.  [  128  ]  

 Acute (4 g/kg i.p.)  EtOH exposure lowered LPS-
stimulated IL-12 protein levels in 
blood and lung, but raised IL-10 
production 

 Mason et al.  [  129  ]  

 Acute (5–7 g/kg i.g.)  Binge EtOH exposure lowered  P. 
acnes -induced TNF- a  production 
in peritoneal samples 

 Vinson et al.  [  130  ]  

 Acute (6 g/kg i.g.)  Acute EtOH exposure signi fi cantly 
decreased of IL-1 b , IL-2, and IL-4 
in response to SRBC challenge 
compared to non-EtOH-exposed 
controls 

 Han and Pruett 
 [  131  ]  

(continued)

Table 5.1 (continued)
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immune responses and in general have reported that alcohol tends to have an overall 
dampening effect. It is noteworthy to mention that this trend parallels what was 
observed in the stress-immune literature when it was in its infancy as well. For 
instance, in mice, it has been found that acute binge-like doses (4–7 g/kg) of ethanol 
delivered intragastrically (i.g.) are capable of attenuating antigen-stimulated produc-
tion of several proin fl ammatory cytokines in both serum and peritoneal samples 
(e.g., see  [  120,   128,   130  ] ). Similarly, studies with rats have also shown that acute 
in vivo alcohol exposure suppresses later stimulation of proin fl ammatory cytokines 
by immunogens in serum (e.g.,  [  107,   109  ] ) and in lung (e.g.,  [  109  ] ). One way by 
which acute alcohol might decrease the proin fl ammatory response is through its 
interaction with toll-like receptors (TLRs), which are bound by immune challenges 
such as LPS and polyriboinosinic polyribocytidylic acid (poly I:C). This mechanism 
is supported by the observation that these attenuations in immunogen-precipitated 

 Species  Ethanol exposure  Results  Reference 

 Chronic (daily 5 g/kg 
EtOH, i.g., for 
10 days) 

 In liver, increased expression of 
TNF- a , MCP-1, IL-1 b , and IL-10 
mRNA was observed to the EtOH 
exposure alone, with LPS-induced 
increases in TNF- a  exacerbated 
by repeated EtOH exposure 

 Qin et al.  [  102  ]  

 Chronic (4 weeks 
EtOH-containing 
water, 20%) 

 Long-term exposure to EtOH resulted 
in general tolerance to EtOH-
related suppression of LPS-
induced cytokine production in 
serum and peritoneal  fl uid 

 Dai and Pruett 
 [  120  ]  

 Chronic (7 weeks 
EtOH diet) 

 No changes were observed in liver 
cytokines from exposure to EtOH 
diet alone 

 LPS-induced increases in cytokines 
were more pronounced in 
EtOH-fed mice compared to 
controls, particularly among IL-10 
mutants 

 Hill et al.  [  132  ]  

 Chronic (11 weeks of 
5% EtOH liquid 
diet) 

 Slight but signi fi cant decrease in 
LPS- and concanavalin A-induced 
production of several cytokines in 
both splenocytes and thymocytes 

 Wang 
et al.  [  133  ]  

  Notes: 
 Numbers listed in brackets refer to reference number in bibliography 
 Abbreviations used: blood ethanol concentration ( BEC ); cycloxygenase-2 ( COX-2 );  Escherichia 
coli  ( E. coli ); ethanol ( EtOH ); interferon-beta ( IFN- b  ); interferon-gamma ( IFN- g  ); interleukin-1 
beta ( IL-1 b  ), interleukin-2 ( IL-2 ); interleukin-4 ( IL-4 ); interleukin-6 ( IL-6 ); Interleukin-9 ( IL-9 ); 
interleukin-10 ( IL-10 ); interleukin-12 ( IL-12 ); interleukin-15 ( IL-15 ); intravenously ( i.v.) ; intra-
gastrically ( i.g. ); intraperitoneally ( i.p. ); lipopolysaccharide ( LPS ); monocyte chemoattractant pro-
tein-1 ( MCP-1 ); macrophage in fl ammatory protein-2 ( MIP-2 );  Propionibacterium acnes  ( P. 
acnes ); polyinosinic:polycytidylic acid ( poly I:C ); postnatal days ( PND ); toll-like receptor(s) 
( TLR ); toll-like receptor-4 ( TLR-4 ); tumor necrosis factor ( TNF ); tumor necrosis factor-alpha 
( TNF- a  ); sheep red blood cells ( SRBC )  

Table 5.1 (continued)
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proin fl ammatory cytokine production have been shown to depend upon the 
immunogen of interest. Speci fi cally, ethanol has been shown to differentially impact 
the effects of ligands to the various TLR subtypes (i.e., LPS as a TLR-4 ligand; poly 
I:C as a TLR-3 ligand) (see  [  127  ] ), with these effects also dependent upon the type 
of sample examined (i.e., serum versus peritoneal lavage versus alveolar sample). 
Additionally, though in vitro preparations also tend to show similar effects to the 
in vivo studies, differential effects of ethanol on antigen-stimulated cytokine produc-
tion may also be observed in these two preparations (e.g., see  [  124  ] ). In contrast to 
proin fl ammatory cytokines, in several instances, peripheral production of IL-10 (an 
anti-in fl ammatory cytokine) following immune challenge was shown to be  increased  
after acute ethanol exposure in mice  [  124,   127,   128  ] . Together, a suppression of 
proin fl ammatory cytokines coupled with enhancement of anti-in fl ammatory cytok-
ines, would lead to an immunosuppressive state, that is hypothesized to then act as a 
mechanism by which antigen exposure may lead to peripheral tissue damage. 

 While acute ethanol exposure has been shown to suppress peripheral production 
of proin fl ammatory cytokines after an immune challenge, in general, more chronic 
administration of ethanol has been reported to result in the opposite situation—an 
enhancement in production of these cytokines in response to an immunogen. In 
rats, long-term forced intake of ethanol via a liquid diet or ethanol-containing water 
source has been reported to increase levels of various proin fl ammatory cytokines 
in the periphery. For example, Valles et al.  [  112  ]  reported increased IL-1 b  in the 
serum following LPS challenge in rats fed an ethanol-containing liquid diet for 
20 weeks, compared to pair-fed rats. Similarly, only 6 weeks of exposure to an 
ethanol diet lead to enhanced endotoxin-induced increases in serum TNF- a  levels 
in rats  [  107  ] , while 4 weeks of daily ethanol (5 g/kg, i.g.) produced comparable 
results  [  111  ] . Parallel effects have also been observed using mice, with either 10 
repeated days of ethanol gavage (5 g/kg)  [  102  ]  or 7 weeks exposure to an ethanol-
containing diet  [  132  ]  exacerbating LPS-stimulated production of TNF- a  in liver 
relative to vehicle-exposed controls, although these long-term effects of ethanol 
have not been ubiquitously observed (see  [  133  ] ). 

 More recently, researchers have begun to investigate the impact of ethanol expo-
sure on antigen-stimulated cytokine expression in the brain. In a recent study using 
mice, for instance, it was reported that acute ethanol exposure further enhanced the 
production of brain cytokines following a systemic LPS challenge  [  102  ] . In the 
same study, a more chronic regimen of ethanol exposure (5 g/kg i.g. for 10 days) 
was also found to potentiate levels of LPS-induced central cytokine production, 
with these increases lasting much longer in the brain than in the periphery. 
Additionally, it has been observed that microglial cells exposed to ethanol and then 
given LPS exhibited reduced levels of IL-1 b  relative to microglia not exposed to 
ethanol but challenged with LPS  [  104  ] . Clearly, more studies are needed in order to 
truly understand the effects that ethanol has on central production of cytokines in 
response to an immune challenge, with factors such as species, in vivo versus 
in vitro models, and dose in fl uencing the results obtained. 

 Although an understanding of the involvement of cytokines in alcoholism-related 
tissue damage is of great importance, more recently researchers have begun to rec-
ognize the role that cytokines may play in the development of addictive processes 
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 [  93,   134,   135  ] . In particular, it is becoming apparent that alcohol exposure has the 
potential to alter peripheral or brain cytokines levels in the absence of an immune 
challenge, which may, in turn, impact behavioral responses to alcohol, stress-related 
processes [e.g., HPA axis; extrahypothalamic corticotropin-releasing hormone 
(CRH)], or physiological processes (e.g., SNS). Although the literature in this area 
is limited and has not always reported alcohol-induced changes in cytokines (e.g., 
see  [  117,   132  ] ), there is mounting evidence to suggest that alcohol in and of itself is 
capable of signi fi cantly altering both peripheral and central cytokine expression. 
For example, Tiwari and colleagues have shown that chronic (10 weeks) exposure 
to ethanol induces increased levels of TNF- a  and IL-1 b  in both the hippocampus 
and cortex in rats  [  98  ] , as well as in the serum and sciatic nerve  [  110  ] . The same 
group also demonstrated that early postnatal exposure to ethanol on postnatal days 
(PND) seven to nine increased expression of TNF- a  and IL-1 b  in the cortex and 
hippocampus  [  97  ] . Enhancement of cytokine expression in the serum  [  112  ]  and 
cortex  [  100  ]  following long-term ethanol intake has also reported by another group, 
and with mice as well  [  105  ] . Furthermore, when acute and chronic administration 
of ethanol was compared, Qin et al.  [  102  ]  reported that both a single ethanol expo-
sure, or ten repeated exposures to ethanol, resulted in increased levels of TNF- a  and 
MCP-1 in brain, whereas liver expression of TNF- a , MCP-1, IL-1 b , and IL-10 
mRNA in liver was signi fi cantly decreased by ethanol administration. 

 In terms of stress-responsivity and immunological function, the hypothalamus is 
a brain region that is of great importance, particularly in the production of cytokines. 
When male mice were exposed to an acute systemic injection of ethanol, hypotha-
lamic protein levels of TNF- a , IL-1 b , and IL-6 were signi fi cantly increased 48 h 
later  [  103  ] . Similarly, when female rats were given long-term oral exposure to an 
ethanol diet, TNF- a  and IL-6 levels were increased in both the hypothalamus and 
pituitary  [  99  ] . Indeed, recent data from our laboratory has shown that an acute binge 
dose of ethanol (4 g/kg) increased expression of IL-6 mRNA in several brain regions 
3 h after exposure, including the PVN and hippocampus, whereas IL-1 mRNA levels 
were decreased, at this same time point    (Deak et al. in prep). Recent in vitro work 
with both cultured astrocytes  [  95,   100  ]  and microglia  [  119  ]  has also demonstrated 
the capability of ethanol exposure alone to in fl uence cytokine expression in brain, 
although the directionality of these effects seems to depend upon many factors, 
including cytokine of interest, dose of ethanol used, and duration of exposure. 

 Importantly, the timing of the assessment of cytokine changes in relation to etha-
nol exposure may be a key factor dictating the type of alterations observed in either 
peripheral or central in fl ammatory responses. Research that has focused speci fi cally 
on the effects of withdrawal from ethanol administration on immune function has 
shown, for example, in response to a LPS challenge during alcohol withdrawal in 
humans monocyte derived cytokines, IL-1β, increased yet TNF-α and IL-12 
decreased in controls. In another study  [  136  ] , human alcoholics were shown to 
have decreased peripheral blood levels of CD4+ and CD8+ T cells during acute 
intoxication and withdrawal, as well as decreased levels of natural killer (NK) cells 
when compared to healthy controls, with, however, acute withdrawal increasing 
these subjects’ blood monocyte levels. In contrast, Laso and colleagues  [  137  ]  found 
increased peripheral blood levels of CD4+ T cells and NK cells during withdrawal 
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from chronic alcoholism, but this difference may be due to the length of time after 
drinking cessation, which was much longer in the latter study (9 months versus 
1 week). In other studies, Riikonen and colleagues  [  138  ]  observed an increase in 
cerebellar microglia following intermittent ethanol exposure, which they interpreted 
as an involvement of microglia in brain atrophy in alcoholism. Kim et al.  [  139  ]  found 
that certain blood cytokine (IL-10, IL-12, IFN- g ) levels were increased in humans 
during hangover, while others  [  140  ]  have found that serum levels of IL-8 are increased 
36 h after acute ethanol administration. Cytokine expression in the blood, however, 
does not necessarily re fl ect what is occurring in the brain. For instance, while LPS-
induced increases in serum TNF- a  in rats were found to last less than a day, these 
increases persisted for at least 10 months in the brain  [  141  ] . Interestingly, in an ani-
mal model of withdrawal sensitization, it was also recently found that immune chal-
lenges may impact behavioral expression of ethanol withdrawal. When an immune 
challenge (LPS exposure) or direct application of a cytokine (IL-1 B  or TNF- a ) was 
administered prior to repeated intermittent ethanol exposure, withdrawal-related 
anxiogenesis was sensitized in the rats that had previously received an immune chal-
lenge relative to controls  [  101  ] .   

    5.3.2   Multiple Mechanisms May Contribute to the Production 
of Proin fl ammatory Cytokines in the CNS After Acute 
Ethanol Exposure 

 Proin fl ammatory cytokines were initially characterized for their role in communica-
tion between immune cells in the body and only in more recent years have been 
recognized as critical signaling molecules within the CNS. Since cytokines are pro-
duced directly by cells in the CNS as well as by immune cells in the body, there are 
at least three speci fi c mechanisms by which acute ethanol administration might lead 
to increased expression of cytokines in the CNS. Although described as discrete 
mechanisms, these should not be regarded as mutually exclusive mechanisms by 
which acute ethanol in fl uences central cytokines. 

 The  fi rst possibility is that ethanol may increase cytokines via direct actions on 
neurons or glia in the CNS. As a lipophilic compound, ethanol passes readily across 
the blood–brain barrier where it exerts its effects through direct actions on paren-
chyma of the CNS. In this regard, ethanol may directly activate cells in the CNS 
(neurons, microglia, or astrocytes) to produce IL-1 or other cytokines since each of 
these cell types participates in central cytokine production under varying conditions 
 [  16,   30  ] , and active crosstalk between neurons and glia seems to promote adaptive 
CNS functioning  [  142  ] . Of particular relevance in the present context is the recent 
 fi nding that acute ethanol exposure has been shown to activate microglia as evidenced 
by changes in reactive oxygen species in vitro  [  143  ] . Such telltale signs of microglial 
activation are often accompanied by increased cytokine production by microglia, sug-
gesting these cells may be a potential source of cytokines during acute ethanol with-
drawal. Central expression of IL-1 is also known to increase during excessive neural 
activity such as that seen during seizure activity  [  62,   144  ] . Considering that ethanol 
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withdrawal leads to increased neuronal activity that oftentimes approaches seizure 
levels (particularly when ethanol use/abuse is chronic  [  145  ] ), it is quite possible that 
sustained high levels of neuronal activity produced during withdrawal from ethanol 
exposure might increase central cytokine expression. 

 Yet another possible mechanism for ethanol-associated alterations in cytokines 
may be through increased cytokine expression peripherally, thereby activating 
immune-to-brain communication pathways. For example, acute ethanol exposure 
has been shown to increase expression of proin fl ammatory cytokines (particularly 
IL-1 and IL-6) in the liver  [  112  ] . The liver is densely innervated by the vagus nerve, 
and the vagus is a well-established route of neural communication between the 
periphery and the CNS (e.g.,  [  146  ] ). In this scenario, proin fl ammatory cytokines 
produced and released in blood or organs bind to receptors on lymphoid tissue asso-
ciated with vagal paraganglia, activate vagal transmission, and induce de novo syn-
thesis of cytokines in projection regions of the vagus nerve, particularly in the NTS 
and hypothalamus  [  146  ] . At a functional level, electrical stimulation of the vagus 
nerve increases IL-1 expression in the hypothalamus  [  147  ] , and subdiaphragmatic 
vagotomy blocks IL-1 responses in the hypothalamus produced by low doses of 
LPS or IL-1 injection  [  148,   149  ] . Similar effects have been observed with the sciatic 
 [  150  ]  and glossopharyngeal  [  151,   152  ]  nerves as well, suggesting that peripheral 
nerves may be common paths for immune-to-brain communication. A comparable 
mechanism might be proposed in the case of voluntary ethanol intake or during 
intragastric intubation where ethanol might act as an irritant to the GI tract (e.g., 
 [  153  ] )—production of cytokines by intestinal epithelial cells may bind to receptors 
on peripheral nerves innervating the gut, thereby activating immune-to-brain signal-
ing pathways and increasing central cytokine expression. In any case, these sce-
narios would indicate that central expression of cytokines during acute ethanol 
exposure and/or withdrawal could occur secondary to peripheral production of 
cytokines rather than due to a direct action of ethanol on the CNS parenchyma. 

 Finally, withdrawal from acute ethanol may increase cytokine production through 
an NE-dependent pathway. Acute ethanol withdrawal elicits robust activation of the 
HPA axis as well as the autonomic nervous system  [  154,   155  ] . Increased NE activity 
in the hypothalamus during withdrawal contributes to this HPA activation and may 
account for a variety of withdrawal-related changes in behavior  [  156  ] . Interestingly, 
increased NE release during withdrawal does not appear to be unique to alcohol, as 
withdrawal from chronic morphine has been shown to activate catecholamine-con-
taining cells in brainstem autonomic nuclei, leading to NE release in the PVN and 
ultimately activation of the HPA axis  [  157  ] . Thus, there is considerable evidence to 
suggest that hypothalamic NE is increased during withdrawal from ethanol and other 
substances, ultimately contributing to withdrawal-related activation of HPA axis 
activity and expression of withdrawal-associated behaviors. As previously discussed 
(see above), NE has also been shown to be a powerful regulator of IL-1 expression, 
particularly in the hypothalamus. Therefore, it is a possibility that increased hypotha-
lamic noradrenergic activity during ethanol withdrawal may induced expression of 
cytokines, providing a direct neurochemical-to-cytokine pathway by which acute 
ethanol withdrawal leads to increased cytokine expression. Indeed, this is an intrigu-
ing hypothesis that  fi ts well with current theories of addiction/withdrawal  [  155  ] .  
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    5.3.3   Reciprocal Interactions Between Alcohol Effects 
and Stress Challenges: Timing of Events and Levels 
of Analysis Yield Many Interesting Questions 

 There is currently a rich literature investigating the interaction between stress and 
alcohol exposure. In particular, there has been a vast number of studies that have 
sought to elucidate the role that stressor exposure has on oral consumption of etha-
nol in both humans and in animal models (for review, see  [  158–  161  ] ). Although this 
is an especially important avenue of research, the in fl uence of stressors on neural, 
hormonal, and behavioral responses to later ethanol access/exposure is also of 
importance. Of course, there is the potential for multiple (and not mutually exclu-
sive) mechanisms to contribute to the effect of stressors on alcohol responsivity, 
with stress- and/or alcohol-induced alterations in central/peripheral cytokines just 
one of many possibilities. 

 Since studies examining alterations in cytokines following ethanol exposure 
alone (i.e., without immunological challenge) have, in fact, shown that ethanol is 
capable of altering central expression of some cytokines (see above), these alco-
hol-induced changes in cytokine levels may themselves contribute to changes in 
behavior during intoxication and/or withdrawal. In this sense, one might argue that 
cytokine changes observed during withdrawal could be the cause and/or conse-
quence of distress produced by withdrawal, thereby raising interesting questions 
about whether anti-in fl ammatory agents might have “therapeutic” bene fi ts for 
ameliorating the adverse consequences of ethanol withdrawal. If this is the case, 
then one might expect the pattern of cytokine expression to vary as a function of 
the phase of alcohol exposure (i.e., some cytokines might be elevated during intox-
ication, while others might relate more to alcohol withdrawal). Indeed, recent 
results from our laboratory have observed that both i.g. and intraperitoneal (i.p.) 
administration of ethanol changes cytokine expression in several brain regions. 
More speci fi cally, a 4-g/kg challenge of ethanol resulted in increased expression of 
IL-6 mRNA in hypothalamus and hippocampus (as well as in the periphery) during 
peak intoxication, whereas IL-1 mRNA levels were decreased during intoxication 
and signi fi cantly increased during acute withdrawal from the ethanol exposure 
(Deak et al. in prep). 

 Based on these  fi ndings, one would predict that if cytokines are responsible for 
behavioral changes following ethanol exposure, then pharmacological studies should 
be able to uncover the mechanisms by which cytokines in fl uence ethanol-induced 
behavioral alterations. More speci fi cally, pharmacological blockade of cytokine sig-
naling should be capable of attenuating behavioral consequences of ethanol expo-
sure, either through more general suppression of cytokine actions or more speci fi cally 
via antagonism of the action of particular cytokines. More recently, we have begun 
to explore this possibility by examining ethanol withdrawal-related behaviors. In 
animal models, acute ethanol withdrawal involves expression of a constellation of 
behavioral sequela, including hypoactivity, anxiogenesis, reduced social interac-
tions, decreased food and water intake, and fever  [  162  ] . As described above, these 
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behavioral alterations closely resemble sickness behaviors expressed following 
immune challenge. The possibility remains, therefore, that induction of cytokines 
following exposure to ethanol may play a key role in the initiation of these behav-
iors. Current work from our laboratory    [ 171 ] has begun to explore this possibility. 
Brie fl y, rats were given a large acute ethanol challenge (4 g/kg) in order to induce an 
acute withdrawal (or hangover) state  [  163–  165  ] , which was indexed as reduced 
exploration and social investigation in a modi fi ed social investigation task previ-
ously validated in our laboratory  [  59  ] . In two different experiments, we explored the 
ability of indomethacin or IL-1ra to reverse these acute withdrawal-associated 
behaviors, with these pharmacological treatments administered following the alco-
hol challenge, but prior to behavioral testing. Although administration of these anti-
in fl ammatory substances did not successfully block expression of acute 
withdrawal-associated behaviors under these particular circumstances, these results 
do not preclude the involvement of cytokines in the expression of ethanol-related 
behaviors since several variables (such as dose of drugs used, timing of drug appli-
cation relative to ethanol exposure, and the ability of drugs to distribute broadly 
throughout the CNS) could have impacted the results obtained. 

 Together, the studies described above provide some context for understanding 
how ethanol-induced cytokines might play a role in orchestration of ethanol-related 
behavioral changes. Another very interesting line of inquiry is how ethanol-related 
cytokine changes might impact the response to later stress challenge, or vice versa. 
In this regard, stress exposure before, during, or after intoxication (during acute 
withdrawal or beyond) may be signi fi cantly impacted by the individual’s recent 
and/ or lifelong history of alcohol exposure. This is relevant because cytokines are 
an important mechanism by which the HPA axis becomes sensitized  [  7  ] . Furthermore, 
as stressors themselves (such as footshock) have been shown to increase cytokine 
expression  [  57,   58,   63  ] , exposure to stress during intoxication or withdrawal could 
impact cytokine levels and feedback onto alcohol-induced alterations. Breese and 
colleagues have explored this possibility, for example, using a stress-sensitization 
model of ethanol withdrawal-related behaviors. Whereas a single 5-day exposure to 
an ethanol-containing diet did not result in acute withdrawal-induced anxiogenesis 
in a social interaction paradigm, this group has shown that repeated intermittent 
exposures to an alcohol diet did sensitize the withdrawal response and result in 
exacerbated anxiety during withdrawal  [  166  ] . Furthermore, repeated exposure to 
stress substituted for previous alcohol exposure, ultimately leading to signi fi cant 
withdrawal-related anxiogenesis after just one bout of ethanol diet exposure, which 
in and of itself, did not produce withdrawal-induced anxiety  [  167  ] . Recently, work 
from their laboratory examined cytokines as a mechanism underlying this stress 
sensitization of ethanol withdrawal behaviors, with repeated administrations of LPS 
or several other cytokines substituting for repeated stress or ethanol diet exposures 
in the expression of sensitization of withdrawal-related anxiety  [  101  ] . 

 In Fig.  5.2 , a potential framework for viewing the interactions between alcohol 
exposure, stress-related processes and in fl ammatory systems has been presented. 
Within our own laboratory, we have begun to explore the possible interaction 
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between stress, alcohol, and cytokines by investigating the HPA axis response to 
stress during withdrawal from an acute ethanol challenge since previous work has 
shown enhanced HPA activation to stressors during ethanol withdrawal  [  112,   168  ]  
(but see also  [  169  ] ). Furthermore, we have been interested in whether any possible 
stress-related alterations in HPA activation are related to cytokine responses evoked 
by the stress and/or ethanol exposure itself. Brie fl y, we have recently reported that 
moderate acute stressors (e.g., restraint stress or exposure to a novel environment) 
imposed on adult male rats during peak withdrawal from an acute ethanol challenge 
were shown to signi fi cantly exacerbate stress-induced increases in plasma CORT 
 [  170  ] . While this initial work observed a stress hyperresponsive state during acute 
withdrawal, at this time, these changes have not been directly linked to ethanol-
induced alterations in the expression of cytokines following stressor exposure  [  170  ] . 
Of course, the timing between ethanol exposure, stress exposure, and measurement of 
cytokines is certainly of importance and therefore does not necessarily rule out the 
involvement of cytokines in ethanol-withdrawal-related stress hyperresponsivity. 
Future studies in our lab will continue to explore these possibilities.  
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Behavioral 
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Alcohol-related 
brain damage 
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Withdrawal

 
 

Alterations in mood/motivational 
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distress, depression, drug-seeking, 
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 The interaction between alcohol, 
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  Fig. 5.2    The interaction between alcohol, cytokines, and stress-responsive systems. Exposure to 
and/or withdrawal from alcohol has the capacity to directly impact cytokine expression and is also 
associated with activation of stress-responsive systems. Given the powerful in fl uence that cytok-
ines exert over behavioral processes (e.g., sickness behaviors), it is likely that alcohol-induced 
changes in central cytokines play a key role in mediating alcohol-related behavioral adaptations. 
A growing body of research points toward long-term elevations in cytokines as a result of chronic 
alcohol use and abuse, which serve as a harbinger of alcohol-related brain damage. Given the 
cyclic interactions between alcohol exposure, cytokines, and stress-responsive systems, future 
studies delineating more precise mechanisms of central cytokine regulation by alcohol may hold 
promise for preventing the adverse consequences of long-term alcohol exposure       
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    5.4   Conclusions and Future Directions 

 Our overarching goal here was to provide a broad overview of mechanisms and 
tribulations surrounding examination of stress-related in fl ammatory processes as 
well as the  fl edging literature surrounding alcohol–cytokine interactions. The central 
message we hoped to convey is that, to fully understand the interaction between 
alcohol and cytokines in brain and their potential implications for alcohol-related 
brain pathology, one must take into account the multitude of integrative, system-
level interactions that are impacted by alcohol exposure, including, but not limited 
to, stress-responsive systems, liver–gut interactions, and the presence/absence of 
associated immunogenic stimuli (bacteria, viruses, etc.), as each of these will be 
determinants of cytokine expression in brain. Moreover, we assert that there is a 
wide body of literature now indicating a role for cytokines and other in fl ammatory 
processes in mediating the deleterious consequences of long-term alcohol exposure, 
whereas there is a relative paucity of studies seeking to identify early-term (acute), 
dynamic changes in cytokines in relation to alcohol, as well as how such effects 
might transform over the course of developmental history of the subject or in 
response to a growing number of alcohol exposures across the lifetime. Such studies 
will be instrumental in forging a near-certain link between initial alcohol exposure 
and the ultimate, adverse consequences of end-stage alcoholism.      

  Acknowledgements   Supported by NIH grant number R21AA016305-01 to T.D., the 
Developmental Exposure Alcohol Research Center (DEARC; P50AA017823), National Science 
Foundation (NSF grant #0822129), and the Center for Development and Behavioral Neuroscience 
at Binghamton University. Any opinions,  fi ndings, and conclusions or recommendations expressed 
in this chapter are those of the author(s) and do not necessarily re fl ect the views of the above stated 
funding agencies. The authors have no con fl icts of interest to declare.  

   References 

    1.    Dhabhar FS, McEwen BS (1997) Acute stress enhances while chronic stress suppresses cell 
mediated immunity in vivo: a potential role for leukocyte traf fi cking. Brain Behav Immun 
11:286–306  

    2.    Deak T et al (1997) Evidence that brief stress may induce the acute phase response in rats. 
Am J Physiol 273:R1998–R2004  

    3.    Deak T, Nguyen KT, Fleshner M, Watkins LR, Maier SF (1999) Acute stress may facilitate 
recovery from a subcutaneous bacterial challenge. Neuroimmunomodulation 6:344–354  

    4.    Fleshner M, Nguyen KT, Cotter CS, Watkins LR, Maier SF (1998) Acute stressor exposure 
both suppresses acquired immunity and potentiates innate immunity. Am J Physiol 
275:R870–R878  

    5.    Frank MG, Baratta MV, Sprunger DB, Watkins LR, Maier SF (2007) Microglia serve as a 
neuroimmune substrate for stress-induced potentiation of CNS pro-in fl ammatory cytokine 
responses. Brain Behav Immun 21:47–59  

    6.    Frank MG, Miguel ZD, Watkins LR, Maier SF (2010) Prior exposure to glucocorticoids 
sensitizes the neuroin fl ammatory and peripheral in fl ammatory responses to  E. coli  lipopoly-
saccharide. Brain Behav Immun 24:19–30  



160 T. Deak et al.

    7.    Johnson JD et al (2002) Prior stressor exposure primes the HPA axis. Psychoneuroendocrinology 
27:353–365  

    8.    Johnson JD, O’Connor KA, Hansen MK, Watkins LR, Maier SF (2003) Effects of prior stress 
on LPS-induced cytokine and sickness responses. Am J Physiol 284:R422–R432  

    9.    Johnson JD, O’Connor KA, Watkins LR, Maier SF (2004) The role of IL-1b in stress-induced 
sensitization of proin fl ammatory cytokine and corticosterone responses. Neuroscience 
127:569–577  

    10.    Sawchenko PE, Li HY, Ericsson A (2000) Circuits and mechanisms governing hypothalamic 
responses to stress: a tale of two paradigms. Prog Brain Res 122:61–78  

    11.    Turnbull AV, Rivier C (1995) Regulation of the HPA axis by cytokines. Brain Behav Immun 
9:253–275  

    12.    Turnbull AV, Rivier CL (1999) Regulation of the hypothalamic-pituitary-adrenal axis by 
cytokines: actions and mechanisms of action. Physiol Rev 79:1–71  

    13.    Smagin GN, Swiergiel AH, Dunn AJ (1996) Peripheral administration of interleukin-1 
increases extracellular concentrations of norepinephrine in rat hypothalamus: comparison 
with plasma corticosterone. Psychoneuroendocrinology 21:83–93  

    14.    van Dam AM, Brouns M, Louisse S, Berkenbosch F (1992) Appearance of interleukin-1 in 
macrophages and in rami fi ed microglia in the brain of endotoxin-treated rats: a pathway for 
the induction of non-speci fi c symptoms of sickness? Brain Res 588:291–296  

    15.    Martinez F, Abril ER, Earnest DL, Watson RR (1992) Ethanol and cytokine secretion. Alcohol 
9:455–458  

    16.    Tringali G et al (1996) Evidence for the neuronal origin of immunoreactive interleukin-1 beta 
released by rat hypothalamic explants. Neurosci Lett 219:143–146  

    17.    Vitkovic L, Bockaert J, Jacque C (2000) “In fl ammatory” cytokines: neuromodulators in 
normal brain? J Neurochem 74:457–471  

    18.    Avitsur R, Cohen E, Yirmiya R (1997) Effects of interleukin-1 on sexual attractivity in a 
model of sickness behavior. Physiol Behav 63:25–30  

    19.    Avitsur R, Yirmiya R (1999) The immunobiology of sexual behavior: gender differences in 
the suppression of sexual activity during illness. Pharmacol Biochem Behav 64:787–796  

    20.    Bluthe RM et al (1999) Central injection of IL-10 antagonizes the behavioural effects of 
lipopolysaccharide in rats. Psychoneuroendocrinology 24:301–311  

    21.    Dantzer R (2001) Cytokine-induced sickness behavior: mechanisms and implications. Ann N 
Y Acad Sci 933:222–234  

    22.    Deak T, Bellamy C, Bordner KA (2005) Protracted increases in core body temperature and 
interleukin-1 following acute administration of lipopolysaccharide: implications for the stress 
response. Physiol Behav 85:296–307  

    23.    Deak T et al (2005) Behavioral responses during the forced swim test are not affected by 
anti-in fl ammatory agents or acute illness induced by lipopolysaccharide. Behav Brain Res 
160:125–134  

    24.    Plata-Salaman CR (1994) Meal patterns in response to the intracerebroventricular adminis-
tration of interleukin-1 beta in rats. Physiol Behav 55:727–733  

    25.    Plata-Salaman CR, Ffrench-Mullen JM (1992) Intracerebroventricular administration of a 
speci fi c IL-1 receptor antagonist blocks food and water intake suppression induced by inter-
leukin-1 beta. Physiol Behav 51:1277–1279  

    26.    Hart BL (1988) Biological basis of the behavior of sick animals. Neurosci Biobehav Rev 
12:123–137  

    27.    Johnson DR, O’Connor JC, Hartman ME, Tapping RI, Freund GG (2007) Acute hypoxia 
activates the neuroimmune system, which diabetes exacerbates. J Neurosci 27:1161–1166  

    28.    Plata-Salaman CR, Oomura Y, Kai Y (1988) Tumor necrosis factor and interleukin-1 beta: 
suppression of food intake by direct action in the central nervous system. Brain Res 
448:106–114  

    29.    Maier SF, Watkins LR (1998) Cytokines for psychologists: implications of bidirectional 
immune-to-brain communication for understanding behavior, mood, and cognition. Psychol 
Rev 105:83–107  



1615 Mechanisms of Stress-Dependent Neuroin fl ammation and Their Implications...

    30.    Breder CD, Dinarello CA, Saper CB (1988) Interleukin-1 immunoreactive innervation of the 
human hypothalamus. Science 240:321–324  

    31.    Cadet P et al (2003) Cyclic exercise induces anti-in fl ammatory signal molecule increases in 
the plasma of Parkinson’s patients. Int J Mol Med 12:485–492  

    32.    Wandinger KP et al (1999) Effects of amantadine treatment on in vitro production of interleu-
kin-2 in de-novo patients with idiopathic Parkinson’s disease. J Neuroimmunol 98:214–220  

    33.    Tringali G, Dello Russo C, Preziosi P, Navarra P (1998) Hypothalamic interleukin-1 in physi-
ology and pathology. Toxicol Lett 102–103:295–299  

    34.    Opal SM, DePalo VA (2000) Anti-in fl ammatory cytokines. Chest 117:1162–1172  
    35.    Anisman H (2004) Considering cytokine panels. Brain Behav Immun 18:221–222  
    36.    Dantzer R (2004) Cytokine-induced sickness behaviour: a neuroimmune response to activa-

tion of innate immunity. Eur J Pharmacol 500:399–411  
    37.    Barak O et al (2002) Involvement of brain cytokines in the neurobehavioral disturbances 

induced by HIV-1 glycoprotein120. Brain Res 933:98–108  
    38.    Arimoto T et al (2007) Interleukin-10 protects against in fl ammation-mediated degeneration 

of dopaminergic neurons in substantia nigra. Neurobiol Aging 28:894–906  
    39.    Milligan ED et al (2005) Controlling pathological pain by adenovirally driven spinal produc-

tion of the anti-in fl ammatory cytokine, interleukin-10. Eur J Neurosci 21:2136–2148  
    40.    Milligan ED et al (2005) Controlling neuropathic pain by adeno-associated virus driven pro-

duction of the anti-in fl ammatory cytokine, interleukin-10. Mol Pain 1:9  
    41.    Soderquist RG et al (2010) Release of plasmid DNA-encoding IL-10 from PLGA micropar-

ticles facilitates long-term reversal of neuropathic pain following a single intrathecal admin-
istration. Pharm Res 27:841–854  

    42.    Milligan ED et al (1998) The long term acute phase-like responses that follow acute stressor 
exposure are blocked by alpha-melanocyte stimulating hormone. Brain Res 810:48–58  

    43.    Lasaga M, Debeljuk L, Durand D, Scimonelli TN, Caruso C (2008) Role of alpha-melanocyte 
stimulating hormone and melanocortin 4 receptor in brain in fl ammation. Peptides 29:
1825–1835  

    44.    Maslanik T, Bernstein-Hanley I, Helwig B, Fleshner M (2012) The impact of acute-stressor 
exposure on splenic innate immunity: a gene expression analysis. Brain Behav Immun 
26:142–149  

    45.    Nguyen KT et al (2000) Timecourse and corticosterone sensitivity of the brain, pituitary, and 
serum interleukin-1b protein response to acute stress. Brain Res 859:193–201  

    46.       Hansen M, Krueger J (1997) Subdiaphragmatic vagotomy blocks the sleep and fever-promoting 
effects of interleukin-1B. Am J Physiol 273:R1246–R1253  

    47.    Krueger JM, Walter J, Dinarello CA, Wolff SM, Chedid L (1984) Sleep promoting effects of 
endogenous pyrogen (interleukin-1). Am J Physiol 246:994–999  

    48.    Opp MR, Krueger JM (1991) Interleukin-1 receptor antagonist blocks interleukin-1-induced 
sleep and fever. Am J Physiol 260:453–457  

    49.    Taishi P, Bredow S, Guha-Thakurta N, Obal F, Krueger J (1997) Diurnal variations of 
interleukin-1b mRNA and b-actin mRNA in rat brain. J Neuroimmunol 75:69–74  

    50.    Hansen MK, Taishi P, Chen Z, Krueger JM (1998) Cafeteria feeding induces interleukin-
1beta mRNA expression in rat liver and brain. Am J Physiol 274:793–798  

    51.    Allan SM et al (2000) Cortical cell death induced by IL-1 is mediated via actions in the hypo-
thalamus of the rat. Proc Natl Acad Sci USA 97:5580–5585  

    52.    Grundy R, Rothwell N, Allan S (2002) Site-speci fi c actions of interleukin-1 on excitotoxic 
cell death in the rat striatum. Brain Res 926:142–148  

    53.    Proescholdt M et al (2002) Intracerebroventricular but not intravenous interleukin-1b induces 
widespread vascular-mediated leukocyte in fi ltration and immune signal mRNA expression 
followed by brain-wide glial activation. Neuroscience 112:731–749  

    54.    Nguyen KT et al (1998) Exposure to acute stress induces brain interleukin-1b protein in the 
rat. J Neurosci 18:2239–2246  

    55.    Deak T, Bellamy C, D’Agostine L (2003) Exposure to forced swim stress does not alter 
central production of IL-1. Brain Res 972:53–63  



162 T. Deak et al.

    56.    O’Connor K et al (2003) Peripheral and central proin fl ammatory cytokine response to a 
severe acute stressor. Brain Res 991:123–132  

    57.    Blandino P Jr, Barnum CJ, Deak T (2006) The involvement of norepinephrine and microglia 
in hypothalamic and splenic IL-1beta responses to stress. J Neuroimmunol 173:87–95  

    58.    Blandino P Jr et al (2009) Gene expression changes in the hypothalamus provide evidence for 
regionally-selective changes in IL-1 and microglial markers after acute stress. Brain Behav 
Immun 23:958–968  

    59.    Arakawa H, Blandino P Jr, Deak T (2009) Central infusion of interleukin-1 receptor antago-
nist blocks the reduction in social behavior produced by prior stressor exposure. Physiol 
Behav 98:139–146  

    60.    Johnson JD et al (2005) Catecholamines mediate stress-induced increases in peripheral and 
central in fl ammatory cytokines. Neuroscience 135:1295–1307  

    61.    Hueston CM et al (2011) Stress-dependent changes in neuroin fl ammatory markers observed 
after common laboratory stressors are not seen following acute social defeat of the Sprague 
Dawley rat. Physiol Behav 104:187–198  

    62.    Plata-Salaman CR et al (2000) Neither acute nor chronic exposure to a naturalistic (predator) 
stressor in fl uences the interleukin-1beta system, tumor necrosis factor-alpha, transforming growth 
factor-beta1, and neuropeptide mRNAs in speci fi c brain regions. Brain Res Bull 51:187–193  

    63.    Deak T et al (2005) Stress-induced increases in hypothalamic IL-1: a systematic analysis of 
multiple stressor paradigms. Brain Res Bull 64:541–556  

    64.    Hennessy MB et al (2004) Responses of guinea pig pups during isolation in a novel 
environment may represent stress-induced sickness behaviors. Physiol Behav 81:5–13  

    65.    Barnum CJ, Blandino P Jr, Deak T (2008) Social status modulates basal IL-1 concentrations 
in the hypothalamus of pair-housed rats and in fl uences certain features of stress reactivity. 
Brain Behav Immun 22:517–527  

    66.    Nair A, Bonneau RH (2006) Stress-induced elevation of glucocorticoids increases microglia 
proliferation through NMDA receptor activation. J Neuroimmunol 171:72–85  

    67.    Kwon M et al (2008) The repeated immobilization stress increases IL-1beta immunoreactivities 
in only neuron, but not astrocyte or microglia in hippocampal CA1 region, striatum and para-
ventricular nucleus. Neurosci Lett 430:258–263  

    68.    Jankord R et al (2010) Stress activation of IL-6 neurons in the hypothalamus. Am J Physiol 
Regul Integr Comp Physiol 299:R343–R351  

    69.    Licinio J, Frost P (2000) The neuroimmune-endocrine axis: pathophysiological implications 
for the central nervous system cytokines and hypothalamus-pituitary-adrenal hormone 
dynamics. Braz J Med Biol Res 33:1141–1148  

    70.    Yamaguchi T, Kuraishi Y, Minami M, Yabuuchi K, Satoh M (1991) Involvement of central 
b-adrenoceptors in the induction of hypothalamic interleukin-1b mRNA by methamphet-
amine. Neurosci Res 12:432–439  

    71.    Maruta E et al (1997) Beta2-adrenoceptors on the glial cells mediate the induction of 
interleukin-1beta mRNA in the rat brain. Brain Res Mol Brain Res 49:291–294  

    72.    Yabuuchi K et al (1997) Intracerebroventricular injection of isoproterenol produces its anal-
gesic effect through interleukin-1b production. Eur J Pharmacol 334:133–140  

    73.    Porter fi eld VM et al (2011) Rat strain differences in restraint stress-induced brain cytokines. 
Neuroscience 188:48–54  

    74.    Sawchenko PE, Swanson LW (1981) Central noradrenergic pathways for the integration of 
hypothalamic neuroendocrine and autonomic responses. Science 214:685–687  

    75.    Sawchenko PE, Swanson LW (1982) The organization of noradrenergic pathways from the 
brainstem to the paraventricular and supraoptic nuclei in the rat. Brain Res 257:275–325  

    76.    Swanson LW, Hartman BK (1975) The central adrenergic system. An immuno fl uorescence 
study of the location of cell bodies and their efferent connections in the rat utilizing dop-
amine-beta-hydroxylase as a marker. J Comp Neurol 163:467–505  

    77.    Swanson LW, Sawchenko PE (1983) Hypothalamic integration: organization of the paraven-
tricular and supraoptic nuclei. Annu Rev Neurosci 6:269–324  

    78.    Morrow LE, McClellan JL, Conn CA, Kluger MJ (1993) Glucocorticoids alter fever and IL-6 
responses to psychological stress and to lipopolysaccharide. Am J Physiol 264:R1010–R1016  



1635 Mechanisms of Stress-Dependent Neuroin fl ammation and Their Implications...

    79.    Frank MG, Thompson BM, Watkins LR, Maier SF (2012) Glucocorticoids mediate stress-
induced priming of microglial pro-in fl ammatory responses. Brain Behav Immun 26:337–345  

    80.    Sorrells SF, Sapolsky RM (2007) An in fl ammatory review of glucocorticoid actions in the 
CNS. Brain Behav Immun 21:259–272  

    81.    Necela BM, Cidlowski JA (2004) Mechanisms of glucocorticoid receptor action in 
nonin fl ammatory and in fl ammatory cells. Proc Am Thorac Soc 1:239–246  

    82.    Watkins LR, Hansen MK, Nguyen KT, Lee JE, Maier SF (1999) Dynamic regulation of the 
proin fl ammatory cytokine interleukin-1b: molecular biology for non-molecular biologists. 
Life Sci 65:449–481  

    83.    Quan N, He L, Lai W, Shen T, Herkenham M (2000) Induction of IkappaBalpha mRNA 
expression in the brain by glucocorticoids: a negative feedback mechanism for immune-to-
brain signaling. J Neurosci 20:6473–6477  

    84.    Deak T (2007) From hippocampus to dorsal horn: the pervasive impact of IL-1 on learning 
and memory spans the length of the neuroaxis. Brain Behav Immun 21:746–747  

    85.    Yamagata K, Andreasson KI, Kaufmann WE, Barnes CA, Worley PF (1993) Expression of a 
mitogen-inducible cyclooxygenase in brain neurons: regulation by synaptic activity and 
glucocorticoids. Neuron 11:371–386  

    86.    Garcia-Bueno B, Madrigal JL, Perez-Nievas BG, Leza JC (2008) Stress mediators regulate 
brain prostaglandin synthesis and peroxisome proliferator-activated receptor-gamma activa-
tion after stress in rats. Endocrinology 149:1969–1978  

    87.    Garcia-Bueno B, Caso JR, Leza JC (2008) Stress as a neuroin fl ammatory condition in brain: 
damaging and protective mechanisms. Neurosci Biobehav Rev 32:1136–1151  

    88.    Ziegler DR, Cullinan WE, Herman JP (2005) Organization and regulation of paraventricular 
nucleus glutamate signaling systems:  N -methyl- d -aspartate receptors. J Comp Neurol 484:43–56  

    89.    Yirmiya R, Goshen I (2011) Immune modulation of learning, memory, neural plasticity and 
neurogenesis. Brain Behav Immun 25:181–213  

    90.    Zhang XM, Zhu J (2011) Kainic acid-induced neurotoxicity: targeting glial responses and 
glia-derived cytokines. Curr Neuropharmacol 9:388–398  

    91.    Tringali G et al (1997) The release of immunoreactive interleukin-1 beta from rat hypotha-
lamic explants is modulated by neurotransmitters and corticotropin-releasing hormone. 
Pharmacol Res 36:269–273  

    92.    Holguin A et al (2007) Characterization of the temporo-spatial effects of chronic bilateral 
intrahippocampal cannulae on interleukin-1beta. J Neurosci Methods 161:265–272  

    93.    Crews FT et al (2006) Cytokines and alcohol. Alcohol Clin Exp Res 30:720–730  
    94.    Achur RN, Freeman WM, Vrana KE (2010) Circulating cytokines as biomarkers of alcohol 

abuse and alcoholism. J Neuroimmune Pharmacol 5:83–91  
    95.    Sarc L, Wraber B, Lipnik-Stangelj M (2011) Ethanol and acetaldehyde disturb TNF-alpha 

and IL-6 production in cultured astrocytes. Hum Exp Toxicol 30:1256–1265  
    96.    Fernandez-Lizarbe S, Pascual M, Guerri C (2009) Critical role of TLR4 response in the 

activation of microglia induced by ethanol. J Immunol 183:4733–4744  
    97.    Tiwari V, Chopra K (2011) Resveratrol prevents alcohol-induced cognitive de fi cits and brain 

damage by blocking in fl ammatory signaling and cell death cascade in neonatal rat brain. 
J Neurochem 117:678–690  

    98.    Tiwari V, Kuhad A, Chopra K (2009) Suppression of neuro-in fl ammatory signaling cascade 
by tocotrienol can prevent chronic alcohol-induced cognitive dysfunction in rats. Behav 
Brain Res 203:296–303  

    99.    Emanuele N, LaPaglia N, Kovacs EJ, Emanuele MA (2005) Effects of chronic ethanol 
(EtOH) administration on pro-in fl ammatory cytokines of the hypothalamic-pituitary-gonadal 
(HPG) axis in female rats. Endocr Res 31:9–16  

    100.    Valles SL, Blanco AM, Pascual M, Guerri C (2004) Chronic ethanol treatment enhances 
in fl ammatory mediators and cell death in the brain and in astrocytes. Brain Pathol 14:365–371  

    101.    Breese GR et al (2008) Repeated lipopolysaccharide (LPS) or cytokine treatments sensitize 
ethanol withdrawal-induced anxiety-like behavior. Neuropsychopharmacology 33:867–876  

    102.    Qin L et al (2008) Increased systemic and brain cytokine production and neuroin fl ammation 
by endotoxin following ethanol treatment. J Neuroin fl ammation 5:10  



164 T. Deak et al.

    103.    Emanuele NV, LaPaglia N, Kovacs EJ, Emanuele MA (2005) The impact of burn injury and 
ethanol on the cytokine network of the mouse hypothalamus: reproductive implications. 
Cytokine 30:109–115  

    104.    Lee H et al (2004) Ethanol selectively modulates in fl ammatory activation signaling of brain 
microglia. J Neuroimmunol 156:88–95  

    105.    Alfonso-Loeches S, Pascual-Lucas M, Blanco AM, Sanchez-Vera I, Guerri C (2011) Pivotal 
role of TLR4 receptors in alcohol-induced neuroin fl ammation and brain damage. J Neurosci 
30:8285–8295  

    106.    D’Souza NB, Nelson S, Summer WR, Deaciuc IV (1996) Alcohol modulates alveolar 
macrophage tumor necrosis factor-alpha, superoxide anion, and nitric oxide secretion in the 
rat. Alcohol Clin Exp Res 20:156–163  

    107.    Honchel R et al (1992) Tumor necrosis factor in alcohol enhanced endotoxin liver injury. 
Alcohol Clin Exp Res 16:665–669  

    108.    D’Souza NB, Bagby GJ, Nelson S, Lang CH, Spitzer JJ (1989) Acute alcohol infusion sup-
presses endotoxin-induced serum tumor necrosis factor. Alcohol Clin Exp Res 13:295–298  

    109.    Nelson S, Bagby G, Summer WR (1989) Alcohol suppresses lipopolysaccharide-induced 
tumor necrosis factor activity in serum and lung. Life Sci 44:673–676  

    110.    Tiwari V, Kuhad A, Chopra K (2011) Amelioration of functional, biochemical and molecular 
de fi cits by epigallocatechin gallate in experimental model of alcoholic neuropathy. Eur J Pain 
15:286–292  

    111.    Enomoto N et al (2003) Prevention of ethanol-induced liver injury in rats by an agonist of 
peroxisome proliferator-activated receptor-gamma, pioglitazone. J Pharmacol Exp Ther 
306:846–854  

    112.    Valles SL et al (2003) Chronic ethanol consumption enhances interleukin-1-mediated signal 
transduction in rat liver and in cultured hepatocytes. Alcohol Clin Exp Res 27:1979–1986  

    113.    Kishore R, Hill JR, McMullen MR, Frenkel J, Nagy LE (2002) ERK1/2 and Egr-1 contribute 
to increased TNF-alpha production in rat Kupffer cells after chronic ethanol feeding. Am J 
Physiol Gastrointest Liver Physiol 282:G6–G15  

    114.    Kishore R, McMullen MR, Nagy LE (2001) Stabilization of tumor necrosis factor alpha 
mRNA by chronic ethanol: role of A + U-rich elements and p38 mitogen-activated protein 
kinase signaling pathway. J Biol Chem 276:41930–41937  

    115.    Bhatty M, Jan BL, Tan W, Pruett SB, Nanduri B (2011) Role of acute ethanol exposure and 
TLR4 in early events of sepsis in a mouse model. Alcohol 45:795–803  

    116.    Pruett SB et al (2010) Innate immunity and in fl ammation in sepsis: mechanisms of 
suppressed host resistance in mice treated with ethanol in a binge-drinking model. Toxicol 
Sci 117:314–324  

    117.    Glover M, Cheng B, Fan R, Pruett S (2009) The role of stress mediators in modulation of 
cytokine production by ethanol. Toxicol Appl Pharmacol 239:98–105  

    118.    Pruett SB, Fan R (2009) Ethanol inhibits LPS-induced signaling and modulates cytokine 
production in peritoneal macrophages in vivo in a model for binge drinking. BMC Immunol 
10:49  

    119.    Fernandez-Lizarbe S, Pascual M, Gascon MS, Blanco A, Guerri C (2008) Lipid rafts regulate 
ethanol-induced activation of TLR4 signaling in murine macrophages. Mol Immunol 
45:2007–2016  

    120.    Dai Q, Pruett SB (2006) Different effects of acute and chronic ethanol on LPS-induced 
cytokine production and TLR4 receptor behavior in mouse peritoneal macrophages. 
J Immunotoxicol 3:217–225  

    121.    Pruett BS, Pruett SB (2006) An explanation for the paradoxical induction and suppression of 
an acute phase response by ethanol. Alcohol 39:105–110  

    122.    Dai Q, Zhang J, Pruett SB (2005) Ethanol alters cellular activation and CD14 partitioning in 
lipid rafts. Biochem Biophys Res Commun 332:37–42  

    123.    Goral J, Kovacs EJ (2005) In vivo ethanol exposure down-regulates TLR2-, TLR4-, and 
TLR9-mediated macrophage in fl ammatory response by limiting p38 and ERK1/2 activation. 
J Immunol 174:456–463  



1655 Mechanisms of Stress-Dependent Neuroin fl ammation and Their Implications...

    124.    Pruett SB, Fan R, Zheng Q, Schwab C (2005) Differences in IL-10 and IL-12 production 
patterns and differences in the effects of acute ethanol treatment on macrophages in vivo and 
in vitro. Alcohol 37:1–8  

    125.    Goral J, Choudhry MA, Kovacs EJ (2004) Acute ethanol exposure inhibits macrophage IL-6 
production: role of p38 and ERK1/2 MAPK. J Leukoc Biol 75:553–559  

    126.    Pruett SB, Schwab C, Zheng Q, Fan R (2004) Suppression of innate immunity by acute etha-
nol administration: a global perspective and a new mechanism beginning with inhibition of 
signaling through TLR3. J Immunol 173:2715–2724  

    127.    Pruett SB, Zheng Q, Fan R, Matthews K, Schwab C (2004) Ethanol suppresses cytokine 
responses induced through Toll-like receptors as well as innate resistance to  Escherichia coli  
in a mouse model for binge drinking. Alcohol 33:147–155  

    128.    Pruett SB, Fan R, Zheng Q (2003) Acute ethanol administration profoundly alters poly I:C-
induced cytokine expression in mice by a mechanism that is not dependent on corticosterone. 
Life Sci 72:1825–1839  

    129.    Mason CM, Dobard E, Kolls JK, Nelson S (2000) Ethanol and murine interleukin (IL)-12 
production. Alcohol Clin Exp Res 24:553–559  

    130.    Vinson RB, Carroll JL, Pruett SB (1998) Mechanism of suppressed neutrophil mobilization 
in a mouse model for binge drinking: role of glucocorticoids. Am J Physiol 275:
R1049–R1057  

    131.    Han YC, Pruett SB (1995) Mechanisms of ethanol-induced suppression of a primary anti-
body response in a mouse model for binge drinking. J Pharmacol Exp Ther 275:950–957  

    132.    Hill DB et al (2002) A role for interleukin-10 in alcohol-induced liver sensitization to 
bacterial lipopolysaccharide. Alcohol Clin Exp Res 26:74–82  

    133.    Wang Y, Huang DS, Giger PT, Watson RR (1994) In fl uence of chronic dietary ethanol on 
cytokine production by murine splenocytes and thymocytes. Alcohol Clin Exp Res 18:64–70  

    134.    Crews FT, Vetreno RP (2011) Addiction, adolescence, and innate immune gene induction. 
Front Psychiatry 2:19  

    135.    Crews FT, Zou J, Qin L (2011) Induction of innate immune genes in brain create the 
neurobiology of addiction. Brain Behav Immun 25(Suppl 1):S4–S12  

    136.    Kutscher S et al (2002) Concomitant endocrine and immune alterations during alcohol 
intoxication and acute withdrawal in alcohol-dependent subjects. Neuropsychobiology 
45:144–149  

    137.    Laso FJ et al (1996) Long lasting immunological effects of ethanol after withdrawal. 
Cytometry 26:275–280  

    138.    Riikonen J et al (2002) Intermittent ethanol exposure increases the number of cerebellar 
microglia. Alcohol Alcohol 37:421–426  

    139.    Kim DJ et al (2003) Effects of alcohol hangover on cytokine production in healthy subjects. 
Alcohol 31:167–170  

    140.    Gonzalez-Quintela A et al (2000) In fl uence of acute ethanol intake and alcohol withdrawal on 
circulating levels of IL-6, IL-8, IL-10 and IL-12. Cytokine 12:1437–1440  

    141.    Qin L et al (2007) Systemic LPS causes chronic neuroin fl ammation and progressive neuro-
degeneration. Glia 55:453–462  

    142.    Polazzi E, Contestabile A (2002) Reciprocal interactions between microglia and neurons: 
from survival to neuropathology. Rev Neurosci 13:221–242  

    143.    Colton CA, Snell-Callahan J, Chernyshev ON (1998) Ethanol induced changes in superoxide 
anion and nitric oxide in cultured microglia. Alcohol Clin Exp Res 22:710–716  

    144.    Vezzani A, Moneta D, Richichi C, Perego C, De Simoni MG (2004) Functional role of pro-
in fl ammatory and anti-in fl ammatory cytokines in seizures. Adv Exp Med Biol 548:123–133  

    145.    Trevisan LA, Boutros N, Petrakis IL, Krystal JH (1998) Complications of alcohol with-
drawal: pathophysiological insights. Alcohol Health Res World 22:61–66  

    146.    Goehler LE et al (2000) Vagal immune-to-brain communication: a visceral chemosensory 
pathway. Auton Neurosci 85:49–59  

    147.    Hosoi T, Okuma Y, Nomura Y (2000) Electrical stimulation of afferent vagus nerve induces 
IL-1b expression in the brain and activates HPA axis. Am J Physiol 279:R141–R147  



166 T. Deak et al.

    148.    Hansen MK et al (2000) Effects of vagotomy on serum endotoxin, cytokines, and corticoster-
one after intraperitoneal lipopolysaccharide. Am J Physiol 278:R331–R336  

    149.    Hansen MK et al (2000) Effects of vagotomy on lipopolysaccharide-induced brain interleu-
kin-1beta protein in rats. Auton Neurosci 85:119–126  

    150.    Herzberg U, Sagen J (2001) Peripheral nerve exposure to HIV viral envelope protein gp120 
induces neuropathic pain and spinal gliosis. J Neuroimmunol 116:29–39  

    151.    Romeo H, Tio D, Rahman S, Chiappelli F, Taylor A (2001) The glossopharyngeal nerve as a 
novel pathway in immune-to-brain communication: relevance to neuroimmune surveillance 
of the oral cavity. J Neuroimmunol 115:91–100  

    152.    Romeo H, Tio D, Taylor A (2003) Effects of glossopharyngeal nerve transection on central 
and peripheral cytokines and serum corticosterone induced by localized in fl ammation. 
J Neuroimmunol 136:104–111  

    153.    Fleming S et al (2001) Pro- and anti-in fl ammatory gene expression in the murine small intes-
tine and liver after chronic exposure to alcohol. Alcohol Clin Exp Res 25:579–589  

    154.    Adinoff B, Iranmanesh A, Veldhuis J, Fisher L (1998) Disturbances of the stress response: the 
role of the HPA axis during alcohol withdrawal and abstinence. Alcohol Health Res World 
22:67–72  

    155.    Koob GF (2003) Alcoholism: allostasis and beyond. Alcohol Clin Exp Res 27:232–243  
    156.    Linniola M, Mefford I, Nutt D, Adinoff B (1987) NIH conference: alcohol withdrawal and 

noradrenergic function. Ann Intern Med 107:875–889  
    157.    Benavides M, Laorden ML, Garcia-Borron JC, Milanes MV (2003) Regulation of tyrosine 

hydroxylase levels and activity and Fos expression during opioid withdrawal in the hypotha-
lamic PVN and medulla oblongata catecholaminergic cell groups innervating the PVN. Eur J 
Neurosci 17:103–112  

    158.    Becker HC, Lopez MF, Doremus-Fitzwater TL (2011) Effects of stress on alcohol drinking: 
a review of animal studies. Psychopharmacology (Berl) 218:131–156  

    159.    Pohorecky LA (1981) The interaction of alcohol and stress. A review. Neurosci Biobehav 
Rev 5:209–229  

    160.    Pohorecky LA (1990) Interaction of ethanol and stress: research with experimental animals – 
an update. Alcohol Alcohol 25:263–276  

    161.    Pohorecky LA (1991) Stress and alcohol interaction: an update of human research. Alcohol 
Clin Exp Res 15:438–459  

    162.    Becker HC (2000) Animal models of alcohol withdrawal. Alcohol Res Health 24:105–113  
    163.    Doremus TL, Brunell SC, Varlinskaya EI, Spear LP (2003) Anxiogenic effects during with-

drawal from acute ethanol in adolescent and adult rats. Pharmacol Biochem Behav 75:411–418  
    164.    Doremus-Fitzwater TL, Spear LP (2007) Developmental differences in acute ethanol with-

drawal in adolescent and adult rats. Alcohol Clin Exp Res 31:1516–1527  
    165.    Varlinskaya EI, Spear LP (2004) Acute ethanol withdrawal (hangover) and social behavior in 

adolescent and adult male and female Sprague–Dawley rats. Alcohol Clin Exp Res 28:40–50  
    166.    Overstreet DH, Knapp DJ, Breese GR (2002) Accentuated decrease in social interaction in 

rats subjected to repeated ethanol withdrawals. Alcohol Clin Exp Res 26:1259–1268  
    167.    Breese GR, Knapp DJ, Overstreet DH (2004) Stress sensitization of ethanol withdrawal-

induced reduction in social interaction: inhibition by CRF-1 and benzodiazepine receptor 
antagonists and a 5-HT1A-receptor agonist. Neuropsychopharmacology 29:470–482  

    168.    Rylkova D, Shah HP, Small E, Bruijnzeel AW (2009) De fi cit in brain reward function and 
acute and protracted anxiety-like behavior after discontinuation of a chronic alcohol liquid 
diet in rats. Psychopharmacology (Berl) 203:629–640  

    169.    Zhao Y, Weiss F, Zorrilla EP (2007) Remission and resurgence of anxiety-like behavior across 
protracted withdrawal stages in ethanol-dependent rats. Alcohol Clin Exp Res 31:1505–1515  

    170.    Buck HM, Hueston CM, Bishop C, Deak T (2011) Enhancement of the hypothalamic–pituitary–
adrenal axis but not cytokine responses to stress challenges imposed during withdrawal from 
acute alcohol exposure in Sprague–Dawley rats. Psychopharmacology (Berl) 218:203–215  

    171.    Richey L, Doremus-Fitzwater TL, Bush HM, Deak T (2012) Acute illness-induced behav-
ioral alterations are similar to those observed during withdrawal from acute alcohol exposure.  
Pharmacol Biochem Behav 103:281–294      


	Chapter 5: Mechanisms of Stress-Dependent Neuroinflammation and Their Implications for Understanding Consequences of Alcohol Exposure
	5.1 Introduction
	5.2 Stress and Neuroinflammation
	5.2.1 Cytokines in the CNS Coordinate the Expression of Sickness Behaviors
	5.2.2 Historical Overview of Stress-Dependent Changes in Central Cytokines
	5.2.3 The Interaction Between Stress Hormones and Stress-Dependent Inflammatory Processes

	5.3 Ethanol and Neuroinflammation
	5.3.1 Ethanol Exposure Alters Both Peripheral and Central Cytokine Expression

	5.3.2 Multiple Mechanisms May Contribute to the Production of Proinflammatory Cytokines in the CNS After Acute Ethanol Exposure
	5.3.3 Reciprocal Interactions Between Alcohol Effects and Stress Challenges: Timing of Events and Levels of Analysis Yield Many Interesting Questions
	5.4 Conclusions and Future Directions
	References


