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Abstract

Neuroimmune and inflammatory processes have been locally associated with the amygdala in 

alcohol exposure and withdrawal. We and others have suggested that this inflammation in the 

amygdala may cause disturbance of neural function observed as anxiety and autonomic distress in 

withdrawal. Despite the potential importance of the robust neuroinflammatory response, the 

mechanisms contributing to this response are not well understood. We review literature that 

suggests the effects of alcohol, and other substances of abuse, cause dysbiosis of the gut 

microbiome. This peripheral response may modulate neuroprotective vagal afferent signaling that 

permits and exacerbates a neuroinflammatory response in the amygdala. We will examine the 

mounting evidence that suggests that (1) gut dysbiosis contributes to neuroinflammation, 

especially in the context of alcohol exposure and withdrawal, (2) the neuroinflammation in the 

amygdala involves the microglia and astrocytes and their effect on neural cells, and (3) amygdala 

neuroinflammation itself contributes directly to withdrawal behavior and symptoms. The 

contribution of the gut to an anxiogenic response is a promising therapeutic target for patients 

suffering with withdrawal symptoms given the safe and well-established methods of modulating 

the gut microbiome.
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1. Introduction

The high prevalence of substance use disorders (SUDs), including alcoholism, motivates the 

need for increased understanding of physiological mechanisms accompanying addiction and 

withdrawal. Both addiction and withdrawal have pathologies and comorbidities that are 

associated with distinct changes in brain function and physiology. In previous work we 

found the status of alcohol withdrawal produces a robust and sustained neuroinflammatory 

response in the central nucleus of the amygdala (CeA), a structure strongly associated with 

regulation of emotion (Freeman et al. 2012, 2013). We and others have suggested that the 
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effects of inflammation on neuronal function drive some of the autonomic disturbances, 

anxiety, and other negative feelings associated with withdrawal (Retson et al. 2014). These 

neuroimmune processes appear to involve the activation of microglia and disturbances of the 

blood brain barrier. The source of this neuroinflammation is not yet understood, and our 

purpose in the present review is to consider the evidence that changes in the state of the gut 

microbiome may contribute to neuroimmune processes.

Recent investigations are rapidly uncovering a series of compelling connections between the 

gut and brain, where each seems able to drive substantial changes in the other (Klarer et al. 

2014; Tillisch et al. 2013; Hsiao et al. 2013; Bruce-Keller et al. 2014). While it is 

unsurprising that the brain may control function of the gut, evidence is accumulating to 

suggest that the gut may reciprocally be able to influence function of the brain. A major 

driver of this gut to brain control behavior in humans is derived from the state of the gut 

microbiome (Foster and McVey Neufeld 2013; Tillisch et al. 2013). Logically, the 

transmission of the state of the gut as a signal may be communicated through two routes: the 

circulatory system and/or through activity of vagal afferent nerve fibers. In light of evidence 

showing that abuse of alcohol can disrupt the normal balance of bacteria in the 

gastrointestinal tract, we propose that one driver of neuroinflammation and behavioral 

change in addiction and withdrawal originates in the gut. By understanding how the gut is 

perturbed in SUDs, the means by which this change of gut state influences 

neuroinflammation, and the effect of neuroinflammation on addiction and withdrawal 

behavior, it may be possible to provide novel targets of intervention to mitigate 

dysregulation of emotion and autonomic function associated with withdrawal. This review 

will focus upon one type of SUD, alcoholism, in the hopes of demonstrating how it might 

mechanistically drive perturbations in the gut microbiome that in turn lead to 

neuroinflammation and pathological brain function. The present review builds on previous 

literature studying correlations of the state of the gut microbiome and mental functions by 

summarizing the mechanistic details in logical sequence along the two putative routes of gut 

microbial influences on the brain, and specifically on the CeA in alcohol addiction and 

withdrawal.

2. Changes in the Gut Microbiome Composition Modulate Brain Function

Many reviews have been written concerning correlational studies involving the gut 

microbiota and brain function (Grenham et al. 2011; Aidy et al. 2014; Dash et al. 2015; 

Fond et al. 2015). Therefore, only a subset of that literature will be reviewed in order to 

provide context to the other relevant literature that will be reviewed here. The intention here 

is to assemble and link the various lines of evidence into a plausible mechanism by which 

changes to the milieu of intestinal bacteria are capable of driving changes in the central 

nervous system, especially focusing on changes in behavior including anxiety and 

depression. Compelling evidence for changes in the gut driving changes in the brain lies in 

the treatment results for hepatic encephalopathy, which develops as a consequence of the 

liver’s failure to filter nitrogenous small molecules produced by gut bacteria and results in a 

build-up of these small molecules in the brain causing astrocytic swelling (Butterworth 

2015). Hepatic encephalopathy is treated with lactulose, a laxative, and oral rifaximin, an 

antibiotic that primary stays in the intestinal lumen and is not widely circulated (Waghray et 
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al. 2014). By treating only the intestine, it is possible to treat central nervous system 

pathology. More direct evidence of this derives from two independent studies where 

transplantation of gut contents from one animal to another was able to induce behavioral 

changes repeatedly (Bercik et al. 2011; Hsiao et al. 2013). Such results involving behavior 

and gut status hold for mouse models even in strict germ-free environments where 

commensal bacteria can be more tightly controlled (Nishino et al. 2013). Apart from these 

examples, there is a growing body of literature to suggest that modulation of the gut 

microbiome through probiotic treatment and fecal transplant may help treat anxiety, 

depression, and other forms of mental illness in humans (Paulus and Stein 2010; Foster and 

McVey Neufeld 2013; Slyepchenko et al. 2014). Many polygenic neurological pathologies 

are suspected to be influenced by the state of the gut including chronic regional pain 

syndrome (Reichenberger et al. 2013), Parkinson disease (Scheperjans et al. 2014; Conlon 

and Bird 2015), schizophrenia (Severance et al. 2014; Nemani et al. 2015), and autism (Toh 

and Allen-vercoe 2015; Weston et al. 2015), to name a few.

Both addiction and withdrawal states have been shown to arise from changes in neurological 

function. Given the ability of the gut microbiome to influence central nervous system 

functions, it is worth investigating pathologies in which neural function and gut dysbiosis 

are both comorbid, like addiction and withdrawal. Since it has been shown that the use of 

certain addictive substances has an effect on the gut microbiome, then it follows that 

investigation into the role of the gut in contributing to the effects of the substance is 

warranted.

3. Substance Use Disorders and the Microbiome

While relatively few studies to date examine the effects of substance abuse on the 

composition of the gut microbiome or consequent inflammation, those that have been 

completed consistently demonstrate dysbiosis and increased levels of inflammation. Most of 

these studies have examined the changes in the gut microbiome in the context of alcohol 

dependence. Increased abundance of pro-inflammatory gut microbes, like Proteobacteria 

species, coupled with decreased abundance of normal commensal bacteria has been reported 

in both alcoholics and murine models of chronic alcohol exposure (Mutlu et al. 2012; Bull-

Otterson et al. 2013; Kakiyama et al. 2014; Malaguarnera 2014). For example, in all cases of 

dysbiosis seen in alcoholic patients, commensal members of the Bacteroidetes species had 

significantly lower abundance than healthy controls. It seems that alcohol exposure in mice 

takes about 3 weeks before large changes are seen in the gut composition, particularly with 

an upregulation of Actinobacteria species and simultaneous increases in pH (Bull-Otterson 

et al. 2013). The effects on plasma and pH were attenuated with co-administration of 

probiotics (L. rhamnosus) in this study. From an analysis of correlational network 

connectivity between bacterial taxa, the dysbiotic gut has a significantly lower connectivity, 

which is taken by the study to mean that it is less metabolically robust and its ability to 

respond to external stressors is impaired (Mutlu et al. 2012). As one potential mechanism by 

which dysbiosis leads to inflammation lies in certain gut bacteria that process primary bile 

acids to inflammatory types of secondary bile acids, leading to increased gut inflammation 

as well as serum inflammation (Kakiyama et al. 2014). All of these data point in the same 

direction, that alcohol abuse leads to gut dysbiosis and peripheral inflammation. We will 
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later discuss how such changes in gut composition and peripheral inflammatory response 

can lead to neuroinflammation and thus pathological neural outcomes.

4. Interoception and Communication of Gut State by Vagal Afferents

There is a long-established body of literature demonstrating that the state of the gut organs, 

including the immune system, communicates to the brain via vagal afferents (Goehler et al. 

2000). The nodose ganglion contains the gut sensory afferents of the vagus nerve, whose 

central terminals end on neurons of the nucleus tractus solitarius (NTS). The 

phenomenology of alterations in gut bacteria affecting neuronal function and neurochemical 

phenotype is becoming increasingly well-established, yet many of the actual effectors of 

these changes remain opaque. One such effector, cholecystokinin (CCK), has been shown to 

alter the neurochemical phenotype of vagal afferents directly (Dockray 2009a; Dockray and 

Burdyga 2011). Even though there aren’t an overwhelming number of studies examining 

other such mechanisms specifically, there are some that are compelling and promote hope 

that with more effort, the mechanisms can become more transparent. Vagal gut afferents 

modulate innate anxiety and the learned fear response as shown through behavioral studies 

in rats. In these studies subdiaphragmatic deafferentation led to concomitant region-specific 

changes in gamma amino butyric acid (GABA) and norepinephrine (NE) levels (Klarer et al. 

2014). The gut microbiome has been shown to affect this pathway with ingestion of 

Lactobacillus rhamnosus regulating central GABA receptor expression with consequent 

effects on emotional behavior and response to stress in mice, an effect that was eliminated in 

vagotomized animals (Bravo et al. 2011). Further, the same strain of bacteria administered 

directly into the gut lumen causes increased vagal afferent activity that was semi-dependent 

upon activation of stretch receptors, meaning that the bacteria seemed to prime the neurons 

to be more reactive to stretch stimuli (Perez-Burgos et al. 2013). It appeared that the 

increased activity was driven by the same neurons firing with greater frequency rather than 

the recruitment of more neurons. Results obtained from administration of Lactobacillus 

reuteri in rats has demonstrated inhibition of calcium-dependent potassium channels 

opening in colonic enteric sensory neurons, having the net effect of increasing excitability of 

these neurons (Kunze et al. 2009). In spite of this effect stemming from a different 

Lactobacillus species and being found in enteric sensory neurons and not vagal afferents, it 

does add one potential mechanism by which gut microbiota directly affect neuronal 

function. There are many other potential pathways driven by gut microbial alterations; 

relative amounts of metabolites can act directly on vagal afferent neurons or through 

cascades with downstream effects on these neurons (Wikoff et al. 2009).

How might changes to relative bacterial abundance physically be sensed by the vagal 

afferents? As alluded to previously, one route of communication may be through direct 

interactions between vagal afferent neurons and bacteria or their metabolic products. 

Another route includes effects of paracrine signaling from enterochromaffin (EC) cells and 

from enteroendocrine (EE) cells (Figure 1; Mayer 2011) that interact with the gut lumen 

causing secretion of factors that affect nearby cells in the gut wall (Rhee et al. 2009). These 

paracrine factors may also interact with local circuit neurons of the enteric nervous system 

known as intrinsic primary afferent neurons (IPAN). Both IPAN and extrinsic afferents of 

the vagal or splanchnic systems send projections that richly innervate myenteric plexuses, 
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allowing for some paracrine type or other means of communication (Mayer 2011). It is also 

possible that secretion of normal gut factors, like cholecystokinin (CCK), which are known 

to signal the state of the gut to the brain via the vagus nerve, can be altered in dysbiosis 

(Dockray 2014). Adjustments of this nature can change vagal neuron signaling, altering 

peripheral feedback effects of vagal efferents (Dockray and Burdyga 2011). Regardless of 

which mechanisms drive these effects, they are reliably observed. It is clear that a better 

characterization of how vagal activity is altered and precisely what this means for vagal 

projections that influence regions of the brain will remain important topics of inquiry for 

some time.

5. Vagal Afferents Modulate Neuroinflammation in the Limbic System

Stimulation of vagal afferents has been clinically used to treat neurological and psychiatric 

disorders including depression (Shah et al. 2014), drug-resistant epilepsy (Fraschini et al. 

2014), and Alzheimer’s disease (Vonck et al. 2014). Vagal stimulation has also been used in 

animal models of neuropathic pain (Oshinsky et al. 2014) and of schizophrenia (Perez et al. 

2014). Although some studies listed above also suggest mechanisms involving dopaminergic 

signaling and network reorganization, much of the experimental work on vagal afferent 

signaling and its effect on the brain has dealt with the anti-inflammatory pathways. 

Stimulation of the vagal afferents limits synaptic hyperexcitability induced by 

lipopolysaccharide (LPS) driven IL-6 production (Cunningham et al. 2008; Garcia-Oscos et 

al. 2015). Vagal stimulation also seems to be protective against neuroinflammation that is 

induced in the context of stroke through activation of specific noradrenergic neurons 

(Mravec 2010). Increasing the amount of norepinephrine present in the brain, e.g. cortex and 

hippocampus, has been shown to mitigate expression of cytokines, adhesion molecules, and 

other pro-inflammatory markers (O’Sullivan et al. 2010). This sets up an anti-inflammatory 

pathway whereby the vagal afferents activate noradrenergic neurons of the nucleus of the 

solitary tract (NTS), which then project to the central amygdala and provide a noradrenergic 

milieu that mitigates neuroinflammation (O’Sullivan et al. 2010). Similarly, peripheral 

vagus nerve stimulation has been shown to induce production of anti-inflammatory 

cytokines in the neurovasculature of animals treated with LPS injection, suggesting that the 

activity of vagal afferents is able to modulate the brain’s protective immune response 

(Mihaylova et al. 2012). Even cytokines and inflammation in the peripheral circulation have 

been shown to activate vagal afferents and modulate anti-inflammatory effects in the central 

nervous system (CNS) (Maier et al. 1998). It is therefore plausible that the humoral 

communication of cytokines to the brain is potentiated or permitted in the face of altered 

vagal signaling from the gut due to microbial imbalance.

Having seen the potential anti-inflammatory role of the vagus, how then might gut 

microbiome signaling through the vagus have a pro-inflammatory effect? The state of the 

gut microbiome is reported to the brain via vagal projections to the NTS (Maier et al. 1998; 

Goehler et al. 2000; Bravo et al. 2011) by changes in the activity of the vagus nerve (Perez-

Burgos et al. 2013) and in the neurochemical phenotype of the vagal afferent neurons in the 

nodose ganglia and their targets in the NTS (Dockray 2009b; Burdyga et al. 2010; Dockray 

and Burdyga 2011). The NTS in turn has viscerosensory projections to the central nucleus of 

the amygdala (CeA) that involves NE (Reyes and Van Bockstaele 2006; Rinaman 2011). 
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Decreased activity of these projections would lead to a loss of its anti-inflammatory activity 

as described above, mediating stress and anxiety. More recently neurons expressing 

glucagon-like peptide 1 (GLP-1) and glutamate have also been described to participate in 

these NTS viscerosensory projections to the CeA in a proposed anxiogenic GLP-1 pathway 

to the corticotropin releasing factor (CRF) neurons in the CeA (Maniscalco et al. 2012; 

Zheng et al. 2014). The CeA contains a dense population of CRF neurons that co-express 

GABA and a dense plexus of CRF terminals. CRF is a key neuropeptide mediator of stress 

and neuroinflammatory responses linked to withdrawal (Zorrilla et al. 2014; Koob 2010; 

Gilpin 2012; Weiss et al. 2001; Retson et al. 2014). Thus increased activity of the NTS 

GLP-1 neurons by vagal inputs may well be pro-inflammatory and anxiogenic in the CeA 

(Sakanaka et al. 1986; Phelix et al. 1994; Koob 1999; Asan et al. 2005).

As a demonstration of the concept of gut microbial driver of anxiety, probiotic treatment 

with Lactobacillus rhamnosus resulted in decreased anxiety-like behavior and changes in 

GABA receptor expression indicative of a less anxious state in mice when the vagus was 

intact (Bravo et al. 2011). Vagal integrity has also proved necessary for the increase in 

anxiety-like behavior eight hours following Campylobacter jejuni (C. jejuni) infection 

(Goehler et al. 2008). There is a small but growing literature on visceral interoceptive effects 

of the NTS on the CeA strongly impacting emotional and higher processes, including those 

reporting the state of the gut microbiome. Vagally mediated increases in c-Fos expression in 

NTS and CeA following C. jejuni infection were taken to suggest that this neuronal route 

may play a key role in the induced anxiety-like behavior driven by gut dysbiosis (Gaykema 

et al. 2004; Goehler et al. 2005, 2008).

Dysregulating or altering the vagal afferents via the gut microbiome may interact with this 

system and promote neuroinflammation. We hypothesis that the largest effects of vagal 

signaling may not be seen on a chronic basis due to adaptive processes and compensation, 

but instead manifest upon sudden changes that happen faster than compensatory 

mechanisms can respond. This may contribute to the increase in neuroinflammation seen 

upon withdrawal that was present at a lower state during chronic exposure to alcohol 

(Freeman et al. 2012).

6. Humoral Factors from the Gut and Neuroinflammation

Apart from the vagal route of gut-to-brain communication, it is also possible that 

inflammatory signaling molecules and/or bacterial toxins in the circulation can act as a 

means to drive neuroinflammation through direct interaction in the brain. The best 

characterized mechanism for this starts with the “leaky gut” concept, wherein inflammation 

leads to a breakdown of lymphatic duct lining and endothelial cell junctions which permits 

inflammatory molecules to leak outside of the gut into the bloodstream or surrounding 

adipocytes (Keita and Söderholm 2010). Once in the blood stream, it is possible for 

peripheral cytokines to enter the brain through active transport with the potential to induce 

their own synthesis, even with an intact blood brain barrier (Skinner et al. 2009; Banks et al. 

1995; Downs et al., 2014). In one study, it was shown directly in nonhuman primates that 

endotoxin-induced inflammation in the periphery was able to activate microglia and thus 

precipitate a neuroinflammatory response (Hannestad et al. 2012). This means that the 
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precipitating neuroinflammation that is seen in exposure and withdrawal can indeed come 

first from the periphery; it doesn’t require that the blood brain barrier be disturbed as a 

prerequisite to allow entry of inflammatory molecules. We hypothesize that the vagus nerve 

driven neural circuit would have the fastest influences on central inflammation, but that a 

blood borne route may follow, producing interactions of the two routes of influence. 

However, to our knowledge, fine-grained time series or other studies aiming to further pick 

this mechanism apart have not been performed in the context of substance use or 

withdrawal. Once the blood brain barrier is disturbed, presumably through inflammatory 

processes that promote breakdown of the tight junctions in the neurovascular endothelial 

cells, peripheral cytokines and toxins may further promote inflammation in a positive 

feedback loop. Taking this premise, the question then becomes, what sort of peripheral 

inflammatory response can arise from substance use and withdrawal?

The leaky gut hypothesis has been shown to have merit in several studies wherein pro-

inflammatory gut contents are able to pass into the blood stream (reviewed in van Hemert et 

al. 2014; Anders et al. 2013). The mechanistic underpinning of this lies in effects on the 

epithelial cells either from the pro-inflammatory molecules or, in the case of alcohol, from 

the substance of abuse itself (Asai et al. 2003). Given that bacterial translocation into the 

portal circulation due to a breakdown of intestinal epithelial lining also strongly affects the 

state of the liver in patients with chronic alcohol abuse (Hartmann et al. 2012), it is no 

surprise that alcoholics have been shown to have serum gram negative bacterial endotoxin 

levels (e.g. LPS) that are significantly higher than in people that consume alcohol casually 

(Mutlu et al. 2012). Levels of certain microbial species are known to influence leaky gut, for 

example, Butyricicoccus pullicaecorum has been shown to play an essential role in 

protecting against increased epithelial permeability in inflammatory bowel diseases 

(Eeckhaut et al. 2013), but few gut microbes have yet to be examined in alcohol addiction or 

withdrawal.

7. Neuroinflammation Influences Withdrawal Behavior

The idea that neuroinflammation contributes to the symptoms seen in mental illnesses 

including depression, anxiety, and withdrawal behavior is not new, but direct mechanistic 

evidence that this is actually the case is still under development. Emotional dysregulation is 

a significant aspect of alcohol withdrawal behavior in human patients (Koob 2015). It 

appears likely that one component of relapse is the attempted avoidance of negative 

affective symptoms like depression and anxiety. Such mental states may reflect neural 

function under the influence of inflammation. Not only is there an extensive body of 

literature demonstrating the high correlation between a systemic inflammatory response and 

major depressive disorder (Reviewed in Berk et al. 2013), but there is also evidence to 

suggest that higher levels of certain inflammatory cytokines are a risk factor for the 

development of depression in individuals that were not previously diagnosed with 

depression (Dowlati et al. 2010). Clinical data have also shown that humans receiving 

vaccinations, such as those for S typhi, can induce behavioral changes that track with 

peripheral cytokine levels (Miller et al. 2009). Alternatively, selective serotonin reuptake 

inhibitors (SSRIs), which have been successfully used to treat depression in many 

individuals, have recently been found to have strong anti-inflammatory properties with 
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serious consideration as to what clinical role this added mechanism of action plays in the 

treatment of depression (Reviewed in Walker 2013). In their review, Jones & Thomsen 

suggest three main lines of clinical evidence in support of inflammation being a major 

contributor of depressive symptoms: induction of depression with cytokine therapies, 

increased incidence of depression in patients with autoimmune disorders, and increased 

levels of inflammatory biomarkers in patients with depression (Jones and Thomsen 2013).

There are certain inflammatory molecules that induce behavioral changes when present in 

the brain. The literature implicates both the innate and acquired immune response pathways 

(Mössner et al. 2007), although such results do not point to one neuronal mechanism over 

another. For example, anhedonic stress-induced behavior in mice has been mitigated by 

intracerebroventricular infusion of the IL-1β receptor antagonist IL-1Ra (Goshen et al. 2008; 

Koo and Duman 2009). Both IL-1β and TNFα have been implicated in altering 

glutamatergic signaling due to production of quinolinic acid (an NMDA receptor agonist) 

and downregulation of the glutamate transporter EAAT on astrocytes (Khairova et al. 2009). 

IL-1β and TNFα in the brain can come from the periphery or be induced by the 

inflammatory molecules that infiltrate from the periphery into the CNS. Either way these 

results demonstrate a mechanism by which neuroinflammation could promote some of the 

depressive-like behaviors seen in withdrawal. Other mechanisms include interaction with the 

non-neuronal cell types in the CNS, like microglia and astrocytes (see Figure 2). It is likely 

that any pro-inflammatory pathway within the CNS will involve activation of microglia, the 

brain’s resident immune cells that are of bone-marrow derived monocyte lineage (González 

et al. 2014). This is supported by studies showing increased brain levels of CD11b, a 

monocyte-specific marker, during stress-induced depression (Farooq et al. 2012). The 

evidence taken as a whole suggest that if something were to induce peripheral inflammation, 

then it would indeed be possible for there to be an effect on behavior, especially if certain 

brain regions, such as the amygdala and NTS, were affected more severely than others.

8. Proposed Mechanism for Gut-Derived Neuroinflammatory Withdrawal 

Response

The literature reviewed here suggests a mechanism by which the gut microbial balance, 

when perturbed by SUDs such as alcoholism, contributes to neuroinflammatory effects on 

emotion. Starting with the gut, alcohol addiction or withdrawal may lead to a decrease in the 

protective colonies or an increase in the pathogenic colonies, both of which can drive 

changes in inflammatory signaling and cytokine release. Such alterations may prime the 

vagus nerve to withdraw or alter its neuroprotective afferent signals or promote vagal signals 

that are in some way harmful. With the brain primed by vagal afferent alterations, it may be 

more susceptible to influence from the peripheral inflammatory response that occurs in 

response to substance use and/or withdrawal. Neuroinflammation in regions like the CeA 

and others can contribute to emotional dysregulation seen in withdrawal, summarized in 

Figure 3. We acknowledge that feedback from the brain (e.g. CeA) to the gut that 

participates in the mechanisms outlined here, but our present focus is on the routes of 

influence from gut to brain.
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From this mechanistic perspective, it is possible to formulate several predictions that can be 

tested to clarify and validate the ideas presented here. It would be expected that withdrawal 

behavior could be mitigated through manipulation of the gut microbiome. This could be in 

the form of pre-, pro-, or post-biotics administered both with and without addiction 

therapeutics or even through fecal transplant. It would also be interesting to see what occurs 

when a fecal transplant is performed from an animal in withdrawal to a naïve animal. While 

the effects may not recapitulate full blown withdrawal behavior, it would be expected that 

some symptoms would arise from this treatment, further validating the mechanistic 

predictions here. While it would be less specific, an examination of vagal stimulation 

treatment for alcohol withdrawal symptoms would also have the potential to show a 

mitigating effect. Part of the mechanism discussed here is the withdrawal of protective vagal 

signals that permit a neuroinflammatory response. It is possible that by stimulating the vagal 

afferents from the gut that some of this signaling may be restored. Perhaps more simply, we 

would suspect that treatment with anti-inflammatory agents or certain oral antibiotics would 

have an effect on withdrawal symptoms through alterations of the neuroinflammation and 

gut microbial balance. The bacterial constituents that are driving dysbiosis in this context are 

not all characterized, so it is difficult to know which, if any, oral antibiotics that stay within 

the gut would be harmful or beneficial. Given the complex network of interacting factors, 

we believe that a systems approach needs to be taken in order to disentangle the mechanisms 

that are driving the changes found in the gut, the periphery, and in the brain.

9. Implications

In spite of many medical and nonmedical interventions, alcoholism and other SUDs are still 

a vexing problem. Patients have widely heterogeneous responses to pharmaceutical therapies 

that help to break addictions and similarly heterogeneous responses to support groups and 

other approaches. This suggests that there is more to the addiction mechanism that has yet to 

be addressed by any current interventions. Demonstration of the effects of gut dysbiosis in 

withdrawal in human patients is accessible with the collection of blood and fecal samples 

both being relatively noninvasive and can be done in conjunction with addiction therapy. 

This research may lead to low-cost, ready-made treatments with real benefits to the patients 

battling alcoholism or other SUDs. While gut dysbiosis is not likely the one silver bullet, it 

may turn out to be the one additional component that can tip the balance in favor of recovery 

from addiction in those suffering from withdrawal symptoms. This is enticing because of the 

ease with which intervention can occur in human patients. Manipulation of the gut 

microbiome through antibiotics, probiotics, and even fecal transplant are all techniques that 

generally have excellent safety profiles and are well-established. At this point, we lack 

mechanistic understanding of precisely how gut dysbiosis may affect the brain in alcohol 

addiction and withdrawal and therefore the ability to design interventions to address it. We 

have, however, outlined several lines of causal reasoning that demand further inquiry into 

this effect that would further elucidate these mechanisms, providing insight into effective 

treatment.
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Figure 1. 
Signaling pathways that permit the state of the gut to influence primary vagal afferent 

neurons through direct interactions and EE cells.

Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Neuroscience 

(Mayer 2011)
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Figure 2. 
Signaling responses in the brain to peripheral inflammation demonstrating negative 

interacting effects on multiple cell types.

Reprinted with permission from (Miller et al. 2009)
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Figure 3. 
Summary of routes by which dysbiotic gut from alcohol addiction and withdrawal drives 

neuroinflammation in the central nucleus of the amygdala (CeA) via vagal afferent signaling 

acting on neurons in the nucleus of the solitary tract (NTS) as well as via humoral factors in 

the circulatory system.
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