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Abstract

Psychological stress has a pervasive influence on our lives. In many cases adapting to stress 

strengthens organisms, but chronic or severe stress is usually harmful. One surprising outcome of 

psychological stress is activation of an inflammatory response, resembling inflammation caused 

by infection or trauma. Excessive psychological stress and the consequential inflammation in the 

brain can increase susceptibility to psychiatric diseases, such as depression, and impair learning 

and memory, including in some patients with cognitive deficits. An emerging target to control 

detrimental outcomes of stress and inflammation is glycogen synthase kinase-3 (GSK3). GSK3 

promotes inflammation, partly by regulating key transcription factors in the inflammation 

signaling pathway, and GSK3 can impair learning by promoting inflammation and by inhibiting 

long term potentiation (LTP). Drugs inhibiting GSK3 may prove beneficial for controlling mood 

and cognitive impairments caused by excessive stress and the associated neuroinflammation.
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Excessive stress and inflammation are detrimental to health

Stress and inflammation are normal processes that help organisms respond and adapt to 

changes in the environment, to trauma, and to infection (see Glossary). In this article we 

focus on psychological stress and the ensuing inflammation in the brain 

(neuroinflammation). If these are severe or prolonged, they are usually detrimental, often 

leading to a variety of medical problems or worsening of pre-existing health problems. The 

deleterious effects of psychological stress and inflammation can impact many organs and 

diseases, including cardiovascular diseases, cancers, and immunological diseases. However, 

here we focus on how psychological stress and neuroinflammation impact the regulation of 

mood and cognition.
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Along with new revelations of the detrimental effects of psychological stress and 

neuroinflammation on the central nervous system (CNS), there has been a parallel surge in 

studies attempting to counteract such effects. One promising therapeutic target found in 

these studies is glycogen synthase kinase-3 (GSK3), which refers to two homologous serine/

threonine kinases, GSK3α and GSK3β. GSK3 is a fascinating kinase with several 

unconventional characteristics: it is constitutively active, substrate pre-phosphorylation by 

another kinase is required for GSK3 to phosphorylate most of its substrates, and GSK3 is 

inhibited, rather than activated like many kinases, by most signaling pathways impinging on 

GSK3 [6]. Among its actions, GSK3 has pivotal roles in the response to psychological stress 

and in inflammation, and inhibition of GSK3 can control many detrimental outcomes of 

psychological stress and inflammation in the CNS.

Psychological stress and Inflammation

Why are psychological stress and inflammation considered together here? Activation of the 

hypothalamic–pituitary–adrenal (HPA) axis is the most widely recognized response to stress, 

which involves sequentially increased secretion of corticotrophin-releasing factor, 

adrenocorticotrophin and cortisol, a hormone that is thought to mediate some of the adverse 

effects of severe or chronic psychological stress. Another key component of the 

psychological stress response is inflammation, a response that appears to be particularly 

important in the damaging effects of psychological stress on the CNS [1]. It is often 

surprising to learn that inflammation is activated by stress, since inflammation is most often 

thought of as a response to injury or disease. But psychological stress induces many of the 

same inflammatory signals that are induced by injury and disease. This raises many 

questions that are currently receiving much attention by researchers: how and why does 

psychological stress activate inflammation, is it beneficial or detrimental, and if detrimental, 

can it be controlled pharmacologically? Research has yet to fully answer these questions, but 

some tantalizing clues have been uncovered.

Before considering the links among stress, inflammation, GSK3, and CNS functions and 

diseases, it is useful to briefly review key components of the inflammatory response that are 

activated by psychological stress. The biochemical signals involved in inflammation were 

initially identified in studies of the immune system where the regulatory effects of GSK3 

were first identified, and several of the same processes have been shown to be involved in 

psychological stress-induced inflammation as depicted in Figure 1. Responses of the 

immune system have been divided into innate immunity and adaptive immunity. Innate 

immunity provides a rapid response to pathogens, trauma and stress [2]. One role of the 

innate immune system is to stimulate the production and release of cytokines, small proteins, 

such as tumor necrosis factor-α (TNFα), interleukins (IL), interferons, and chemokines, 

which stimulate specific receptors on cells to induce intracellular signaling pathways. One 

mechanism used for this is activation of Toll-like receptors (TLRs). Ten TLRs have 

identified in humans and 12 in mice, and of these TLR4 has been most closely linked to 

inflammation caused by psychological stress. Nuclear factor-κB (NF-κB) is one of the main 

transcription factors activated by TLRs, which mediates the increased production of many 

cytokines. Cytokine production is only one facet of the complex inflammatory response, 

which is described in more detail elsewhere [3]. However, cytokines are the focus of many 
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studies of diseases, in part because loss of control of cytokine production can be lethal, such 

as in sepsis. The cytokine response is mounted in two phases: first the production of 

proinflammatory cytokines (such as TNFα, IL-1, IL-6), and second the production of anti-

inflammatory cytokines (such as IL-10), which functions to counteract inflammation to 

avoid excessive or prolonged inflammation.

Adaptive immune responses are slower than innate immune responses, and include antibody 

production and responses generated by two types of T cells, CD8+ T cells and CD4+ T cells. 

Once activated and differentiated, adaptive immune cells travel to target sites following 

chemokine gradients generated primarily by innate immune cells. Activation of innate and 

adaptive immune responses also turns on suppressive systems as a way to limit these 

responses, such as producing anti-inflammatory IL-10 and regulatory T (Treg) cells to limit 

the magnitude and duration of the inflammatory response to avoid damage to the host.

Inflammatory signaling by Toll-like receptor-4 (TLR4)

A prevalent signaling pathway that activates inflammation, including after psychological 

stress, is mediated by TLR4 (Figure 2). Besides being expressed by immune cells, in the 

CNS TLR4 is expressed by microglia, astrocytes and neurons. During infections, TLR4 can 

be activated by lipopolysaccharide (LPS), the major component of the outer membranes of 

Gram-negative bacteria, and uncontrolled activation of TLR4 leads to the potentially fatal 

condition of sepsis. Activated TLR4 induces the production of cytokines by Myd88-

dependent and Myd88-independent pathways, and GSK3 enhances inflammatory signaling 

by both pathways (Figure 2).

Remarkably, psychological stress also causes activation of TLR4 to induce the production of 

cytokines. Research is only now identifying how this occurs, and TLR4 activation is likely 

only one of several means by which stress induces an inflammatory response. The 

mechanism for this appears to be that stress increases the extracellular levels of proteins that 

are called alarmins, or danger-associated molecular patterns (DAMPs). Just like LPS from 

infecting bacteria, a variety of different alarmins can directly activate TLR4, including some 

that are normally stored intracellularly and released by insults (e.g., certain heat shock 

proteins), proteolytic products of the extracellular matrix (e.g., hyaluronic acid), and some 

that are normally secreted by cells (e.g., HMGB1: high-mobility group box-1 protein) [4]. 

Still unclear in many cases is how stress is able to increase the levels of extracellular 

alarmins. One example of stress-induced alarmins are epitopes caused by oxidative stress, a 

condition many believe is associated with CNS disorders, such as depression and 

Alzheimer’s disease. Alarmins also can arise from the atrophy and loss of neurons and glia 

that occur with chronic stress in animals and in brains of patients with neurodegenerative 

diseases. This extensive pool of structurally diverse alarmins can cause the shared outcome 

of TLR4 activation, demonstrating that there are multiple potential sources of alarmins that 

could activate TLRs following stress. Thus, one pathway by which stress induces 

inflammation is by increasing levels of alarmins that activate TLR4, which then induces 

intracellular signaling cascades that increase the production of cytokines. However, this is 

only one mechanism by which stress increases inflammation and others are also being 

identified, such as activation of other TLRs and of inflammasomes (Box 1).
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Chronic increases of cytokines in the CNS can have a variety of different outcomes 

depending in part on the types of cells that produce the cytokines and their localization. 

Although the CNS was previously considered isolated and protected from immune 

responses, it is now apparent that neuroinflammation occurs in the brain and has similar 

features as inflammation in the periphery and that the blood brain barrier (BBB) is not 

impermeable to inflammation. Cytokine levels increase in the brain after peripheral exposure 

or administration of LPS and they can cause sickness behavior in mice, which is 

characterized by the same symptoms as the flu except for the fever, and has been used as a 

model of depression [5]. In neurodegenerative diseases, such as Alzheimer’s disease or 

multiple sclerosis, immune cells damage neurons, which contributes to loss of memory in 

Alzheimer’s disease and loss of locomotor function in multiple sclerosis. Thus, cytokines in 

the CNS exacerbate both psychiatric and neurological diseases, effects that have led to 

studies aimed at finding mechanisms to control neuroinflammation.

Glycogen synthase kinase-3 (GSK3) is activated by stress and promotes 

inflammation

Recent findings indicate that one way to reduce detrimental effects of psychological stress 

and to limit inflammation is by administering drugs that inhibit GSK3. GSK3α and GSK3β 
are primarily regulated by inhibitory phosphorylation on ser-21-GSK3α and ser-9-GSK3β, 

which can be mediated by several kinases, such as Akt (protein kinase B), cyclic AMP-

dependent protein kinase, or others (Figure 3) [6]. This serine-phosphorylation causes the N-

terminal tail of GSK3 to act as a pre-phosphorylated substrate, or pseudosubstrate, that fits 

into the substrate-binding pocket of GSK3, hindering the binding of primed substrates, and 

thus diminishing the ability of GSK3 to phosphorylate substrates. Functions of the inhibitory 

phosphorylation of GSK3 can be studied by using GSK3 knockin mice in which the serines 

are mutated to alanines to prohibit this major mechanism of GSK3 inhibition, leaving GSK3 

constitutively active but not overexpressed [7]. These mice provide a means to test the 

actions of abnormally active GSK3 expressed at normal levels and without associated 

pathology.

In addition to activating the inflammatory response, psychological stress also activates 

GSK3 in the CNS. GSK3 is activated in rodent brains by several stressors that are widely 

used to induce depression-like behaviors in rodents, such as inescapable foot shocks [9], 

social defeat stress [10] restraint stress [11] and social isolation [12]. However, one must 

keep in mind that depression as occurs in the human disease is not thought to occur in 

rodents, which has led to measurements of behaviors (depression-like behaviors) that model 

various components of depression [13]. Psychological stress-induced activation of GSK3 

occurs by reduction of the inhibitory serine-phosphorylation on GSK3, either by activation 

of protein phosphatases or by inhibition of the kinases mediating this modification, such as 

Akt. One mechanism for stress to achieve activation of GSK3 is by stress-induced increases 

in corticosterone (cortisol in humans) [14], although the signaling mechanism for 

corticosterone-induced activation of GSK3 remains unclear. Recently it was found that 

psychological stress-induced activation of GSK3 is intimately linked to inflammation, as 

blocking signaling through TLR4 blocked the activation of GSK3 by stress. Blocking this 
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signaling through TLR4 and GSK3 also decreased stress-induced inflammation, and nearly 

eliminated the development of depressive symptoms in mice [15]. Thus, susceptibility to 

depressive characteristics in rodents, and perhaps depression in humans, is promoted by 

psychological stress-induced signaling through TLR4 that activates GSK3 and 

neuroinflammation.

In 2005 it was discovered that GSK3 is a component of the inflammatory signaling pathway 

[16], and since then it has been found that the anti-inflammatory effects of GSK3 inhibitors 

are particularly remarkable. The inflammatory response was first found to require GSK3 in 

studies of several subtypes of TLRs in human monocytes [16], demonstrating that GSK3 is 

necessary for the stimulated production of many inflammatory cytokines (Figure 1). 

Importantly, GSK3 inhibitors administered to mice in vivo protected them from otherwise 

lethal sepsis induced by LPS, demonstrating the potential for disrupting inflammation in 

vivo using GSK3 inhibitors [16]. Remarkably, GSK3 also inhibits production of the anti-

inflammatory cytokine IL-10, which is reversed by inhibiting GSK3. Thus, GSK3 inhibitors 

have the powerful ability to shift the balance of the inflammatory response from pro-

inflammatory to anti-inflammatory, demonstrating the potential for therapeutic use of these 

drugs to control inflammation.

Inhibition of GSK3 was subsequently found to reduce inflammation in the CNS as well as in 

the periphery. Using isolated cells in vitro, GSK3 inhibitors were found to inhibit cytokines 

produced by the two main sources in the CNS, microglia and astrocytes. Thus, GSK3 

inhibition effectively reduces inflammation throughout the periphery and in the CNS [17]. 

Several mechanisms were found to contribute to the regulation of cytokine production by 

GSK3 (Figure 3), such as promoting the activation of transcription factors in the 

inflammatory response, including NF-κB and signal transducer and activator of 

transcription-3 (STAT3). Oppositely, GSK3 inhibits production of the anti-inflammatory 

cytokine IL-10 by inhibiting the transcription factors CREB and AP-1. Thus, inhibitors of 

GSK3 act on both arms of the inflammatory response, reducing inflammatory cytokines and 

increasing anti-inflammatory cytokines. These anti-inflammatory actions of GSK3 inhibitors 

have been shown to produce beneficial effects in animal models of multiple inflammatory 

diseases, such as endotoxic shock, arthritis, peritonitis, and colitis [17]. Increasing evidence 

suggests that GSK3 inhibitors also may relieve inflammation in diseases of the CNS, as 

discussed later.

In addition to regulating cytokine production, GSK3 also regulates T cells, affecting their 

proliferation, survival and differentiation [17]. For example, GSK3 promotes the 

differentiation of pro-inflammatory Th1 and Th17 cells, whereas GSK3 blocks the 

suppressive activity of Tregs [18-20]. Promotion of the formation of Th17 cells by GSK3 

may be particularly important because Th17 cells are known to be pathogenic to the CNS 

(Box 2), in part by releasing the inflammatory cytokine IL-17, which can be controlled by 

GSK3 inhibitors. Altogether, GSK3 is a critical regulator of both the innate and adaptive 

immune responses and GSK3 inhibitors provide a means to control these processes when 

they are prolonged or severe and cause damage.
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CNS diseases involving psychological stress, inflammation and GSK3

Psychological stress and inflammation contribute to many psychiatric and neurological 

diseases. The recent revelations that psychological stress increases neuroinflammation, and 

that this is mediated by a pathway involving GSK3, raise the notion that stress-induced 

GSK3 activation and inflammation may contribute to psychiatric and neurological diseases 

and provide targets for developing new therapeutic interventions. Here we discuss these 

connections in relation to mood disorders and Alzheimer’s disease as exemplary psychiatric 

and neurodegenerative diseases.

Stress, inflammation and GSK3 in the regulation of mood: mood disorders

Mood disorders include bipolar disorder (previously called manic-depression) and major 

depressive disorder, commonly called depression, although depression also occurs in other 

conditions. Mood disorders afflict ~17% of people in the United States at some time during 

their lives, and mood disorders are chronic, recurring conditions that are often not 

adequately treated with currently available medications [21]. Thus there is a critical need to 

better understand the causes of mood disorders in order to develop more effective 

treatments.

Psychological stress is the most common precipitating factor of mood disorders [22]. Now 

that it is evident that stress activates GSK3 and causes neuroinflammation, a current goal of 

research is to decipher the interactions among stress, GSK3 activation and inflammation to 

determine if these may provide new avenues for intervening in mood disorders. Increases in 

many cytokines, particularly IL-6 and TNFα, have been found in the serum of patients with 

depression. Inflammation in patients with depression is associated with resistance to 

treatment with classical antidepressant drugs, and there is some evidence that anti-

inflammatory drugs can improve antidepressant actions [23,24]. Administration of LPS, the 

agonist of TLR4, induces symptoms of depression in humans [25], and administration of 

interferon to bolster immunity induces depression in many patients [26]. Most investigators 

feel that aberrant activation of inflammation, in combination with genetic and environmental 

factors, contributes to susceptibility and onset of mood disorders, rather than inflammation 

arising as a consequence of mood disorder episodes [23], and this is supported by evidence 

from studies in animals. In rodents, administration of inflammatory cytokines or LPS causes 

depression-like behaviors that are attenuated by antidepressants [24]. In rodents, aberrant 

innate (microglia) and adaptive (Th17 cells) immune system responses have been associated 

with depression-like behaviors [20,27,28]. Intriguing emerging studies also demonstrate that 

the gut microbiota has a strong influence on inflammation, stress responses, and their effects 

on mood regulation and cognition (Box 3). This and much additional evidence has 

demonstrated that inflammation can precipitate depression and impair therapeutic responses 

[29].

There is also substantial evidence that abnormally active GSK3 due to reduced inhibitory 

serine-phosphorylation contributes to susceptibility to mood disorders and is inhibited by 

therapeutic agents, as reviewed [30]. Increased activation of GSK3 was detected in 

postmortem brain regions from patients with major depression [31] and in brains of rodents 

displaying depression-like behaviors, such as learned helplessness [9], social defeat stress 
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[10], and anhedonia [32]. Expression of constitutively active GSK3 in knockin mice 

increases susceptibility to depression-like behaviors [9]. Conversely, mice expressing 

diminished levels of GSK3β [33,34] or treated with GSK3 inhibitors (reviewed in [30]) 

display resistance to all measures of depression-like behavior that have been studied, such as 

learned helplessness, forced swim test, tail suspension test, novelty suppressed feeding, 

anhedonia, and social defeat-induced social avoidance. Many of the neuromodulators that 

may be deficient in depression, such as serotonin, and BDNF (brain-derived growth factor), 

normally stimulate signaling pathways that maintain inhibition of GSK3 [6], suggesting 

deficiencies in these signals in mood disorders leave GSK3 inadequately inhibited and that 

inhibition of GSK3 may be therapeutic for mood disorders, perhaps in part by reducing 

neuroinflammation. The first identified inhibitor of GSK3 is lithium, a mood stabilizing drug 

used to treat bipolar mood disorder, and many new GSK3 inhibitors have been developed 

due to their promising therapeutic potential in several diseases [8]. Besides lithium, other 

therapeutics used for mood disorders also inhibit GSK3, including valproate, classical 

antidepressants, ketamine, and atypical antipsychotics [30]. Treatment with each of these 

drugs alters intracellular signaling pathways that increases the inhibitory serine-

phosphorylation of GSK3. Lithium has the additional property of directly binding to GSK3 

to inhibit its activity as a competitive inhibitor with magnesium, so lithium both indirectly 

and directly inhibits GSK3. Thus, therapeutics that inhibit GSK3 are safe and effective in 

many patients with mood disorders. However, side effects can limit their tolerability in some 

patients and only a few clinical trials have been carried out with direct inhibitors of GSK3, 

other than lithium, so it remains to be seem if these are safe, tolerated, and effective.

Altogether, psychological stress, inflammation, and abnormally active GSK3 due to reduced 

inhibitory serine-phosphorylation all coincide in mood disorders. Substantial evidence 

indicates that a signaling pathway involving psychological stress-induced activation of 

GSK3 that promotes inflammation is a central facet of mood disorders and is a feasible 

target for therapeutic intervention.

Stress, inflammation and GSK3 in the regulation of learning and memory: Alzheimer’s 
disease

Besides impacting mood regulation, psychological stress, GSK3 and inflammation also have 

major influences on learning and memory, and contribute to cognitive impairments in 

neurodegenerative diseases, for which we use Alzheimer’s disease as an example.

First of all, it is important to note that in the absence of induced inflammation, learning and 

memory are surprisingly dependent on molecules such as cytokines that are usually thought 

of as mediators of inflammation. Learning is mediated in part by experience-dependent 

strengthening of synapses that can be measured electrophysiologically as a process called 

long-term potentiation (LTP). There is ample evidence that several cytokines, including 

IL-1, IL-6, and TNFα, among others, produced locally by microglia, astrocytes and neurons 

are supportive of LTP under basal conditions [35]. These are often observational 

measurements and questions remain about the underlying mechanisms, although there are 

some clues. IL-6, which signals through the IL-6 receptor complexed with two gp130 

subunits, triggers activation of members of the Janus kinase (JAK) family of tyrosine kinases 
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that are intracellularly associated with gp130. This leads to phosphorylation-mediated 

activation of signal transducer and activator of transcription-3 (STAT3). JAK2 and STAT3 

are found within postsynaptic densities of hippocampal synapses and inhibition of JAK2 

impairs hippocampal-dependent memory [66]. The induction of LTP at the Schaffer 

collateral to CA1 pyramidal neuron synapse in thr hippocampus increases hippocampal IL-6 

levels, and IL-6 negatively regulates LTP maintenane, which allows new memory formation 

[87]. The JAK2/STAT3 pathway also is essential in hippocampal NMDA receptor-dependent 

long-term depression (LTD) [68], but the role of IL-6 in this process remains to be firmly 

established. Thus, as with many biological molecules, “normal” cytokine levels support 

basic cellular functions, whereas excessive levels can be harmful, so basal levels of 

cytokines are present to support learning, but excessive or prolonged up-regulation of 

cytokines can be detrimental for learning. Thus, cytokines are not inherently “bad”, but 

unregulated increases in cytokines may become pathological.

In contrast to the actions of cytokines without stimulated inflammation, cytokines can impair 

learning and memory after treatments that induce or mimic inflammation. Administration of 

LPS, IL-6, TNFα, IL-1β and other cytokines impair learning and memory. For example, 

treatment with LPS or IL-1β impaired hippocampal-dependent memory consolidation [36]. 

One mechanism for this appears to involve IL-1β-induced impaired neurogenesis mediated 

in part by activation of c-Jun-N-terminal kinase (JNK), although precise signals have yet to 

be determined [69]. However, for many of the reported impairments in learning following 

inflammation it is difficult to attribute to a specific cytokine since multiple cytokines are 

increased during inflammation. Not surprisingly, psychological stress-induced inflammation 

can contribute to cognitive impairments. Additionally, impaired resolution of inflammation 

or persistence of stimulated inflammatory signaling are thought to be important mechanisms 

that maintain inflammation in neurodegenerative diseases and promote the impairments 

associated with the primary disease lesion in many neurodegenerative diseases, such as 

Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis, as well as 

multiple sclerosis, which is generally considered an inflammatory autoimmune disease [37].

Impaired learning and memory are particularly crucial in Alzheimer’s disease, which is 

characterized by neurofibrillary tangles (intraneuronal aggregates of hyperphosphorylated 

tau and other proteins), amyloid plaques (extracellular aggregates of amyloid-β peptides 

[Aβ]), synaptic degeneration, and neuronal loss. Chronic psychological stress promotes 

cognitive impairments in Alzheimer’s disease, both in patients and rodent models [37,38]. 

For example, several epidemiological studies have reported relationships between chronic 

stress and increased risk for developing cognitive impairments and Alzheimer’s disease 

[39-41]. Stress also accelerates the disease pathologies in rodent Alzheimer’s disease 

models, including increased Aβ production, increased tau phosphorylation, and impaired 

cognition [37,38]. Although the psychological stress response is multifaceted, there is 

substantial evidence that inflammation promotes deleterious consequences in patients with 

Alzheimer’s disease [42]. Many cytokines are elevated in Alzheimer’s disease patients and 

in transgenic mouse models of Alzheimer’s disease, such as IL-1β, IL-6, and TNFα, and 

chemokines [37]. Like stress, inflammatory cytokines promote Aβ production, tau 

phosphorylation and cognitive impairments in rodents, suggesting that inflammation 

contributes to the deleterious effects of stress. Plaques and tangles, and likely other causes, 
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promote continued inflammation by activation of inflammatory microglia and astrocytes in 

the brain. These inflammatory microglia and astrocytes, often found in the vicinity of 

plaques and tangles, continue to produce more cytokines and other inflammatory molecules. 

Perhaps particularly pernicious in this regard is the capacity of Aβ itself to directly activate 

TLR4 and receptor for advanced glycation end-products (RAGE) to further activate 

microglia and promote inflammation [43].

GSK3 is well-established to promote tau phosphorylation and Aβ production in Alzheimer’s 

disease, and since it promotes inflammation it also likely contributes to the elevated 

cytokines that occur in Alzheimer’s disease. GSK3β is also activated after overexpression of 

IL-1β in a mouse model of Alzheimer’s disease, which was proposed to contribute to 

exacerbation of tangles [44]. Furthermore, GSK3 inhibits LTP [45], likely contributing to the 

cognitive deficits in Alzheimer’s disease. Altogether, it is thought that any insult that 

activates GSK3, such as psychological stress and certain cytokines, will increase the 

pathological characteristics of Alzheimer’s disease [46]. It may be that a vicious cycle is 

established as the initial formation of plaques and tangles associated with early Alzheimer’s 

disease in turn induces local inflammation that is augmented by psychological stress and by 

active GSK3, which further amplify plaque and tangle formation [37,38]. A challenge for 

future research is to identify the extent to which psychological stress-induced inflammation, 

as opposed to other components of the stress response, contributes to the progression of 

Alzheimer’s disease and cognitive deficits in general. Although we focus here on 

inflammation, it is important to note that stress-induced glucocorticoids also display level-

dependent regulatory effects on cognition. Thus, it is evident that psychological stress, 

GSK3, and inflammatory cytokines are capable of promoting many facets of Alzheimer’s 

disease, including cognitive impairments, suggesting that controlling inflammation and/or 

GSK3 may provide a beneficial effect, but this would likely be limited to slowing 

progression of the disease rather than reversing existing pathology.

Altogether, it is evident that stress, inflammation, and GSK3 each can impair learning and 

memory. These mechanisms may act in concert to amplify degenerative changes in 

Alzheimer’s disease.

Conclusions

In summary, psychological stress induces inflammation in part through a pathway 

encompassing TLR4 and GSK3. The stress-induced inflammation appears to contribute to 

some of the medically detrimental effects of severe or prolonged stress, such as mood 

dysregulation and cognitive problems, as well as amplifying pathological processes in 

depression and Alzheimer’s disease. Research in the near future should further define the 

contributions of inflammation caused by stress to these and other disorders, and test if 

interfering with stress-induced inflammation and activation of TLR4 and of GSK3 provide 

means for developing new therapeutics (see Outstanding Questions).
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Glossary

Amyloid plaques
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Extracellular aggregates of misfolded proteins, one of the defining characteristics of 

Alzheimer’s disease with the plaques primarily containing amyloid beta (Aβ) peptides 

derived from cleavage of the amyloid precursor protein.

AP-1
A transcription factor composed of heterodimers of Fos and Jun family proteins that is 

rapidly activated by many stimuli, such as stress, injury, and infection, that regulates gene 

expression influencing proliferation, differentiation, apoptosis, and other cell processes.

Astrocyte
Glia cell in the CNS characterized by star-like projections that interacts with neurons, and is 

involved in responses to trauma and stress, including production of inflammatory molecules.

BBB
Blood-brain-barrier. A barrier formed by endothelial cells, connected via tight adhesive 

junctions, which provides highly selective permeability for molecules passing from the 

blood to the extracellular space in the brain.

CD4
Cluster of differentiation 4. CD4 is a glycoprotein present on the surface of immune cells, 

such as T helper cells, that serves as a co-receptor for the T cell receptor.

CD8
Cluster of differentiation 8. CD8 is a transmembrane glycoprotein serving as a co-receptor 

for the T cell receptor and is expressed by cytotoxic T cells.

Chemokine
A family of a subtype of cytokines that are most well-known to serve as guides for migrating 

cells, including in immunology chemotaxis of competent cells.

CREB
cyclic AMP response element-binding protein, a transcription factor that, among its 

functions, regulates learning and memory, and may be deficient in Alzheimer’s disease and 

Major Depressive Disorder.

Cytokine
A class of small signaling proteins secreted by cells that generally act through cell surface 

receptors and are particularly important in the immune response.

DAMP
Damage-associated molecular patterns, or danger-associated molecular patterns, also called 

alarmins, are proteins in the host that act on receptors on immune cells, which can initiate a 

noninfectious, or sterile, inflammatory response.

Depressive-like behavior
Rodent models of depression in which they exhibit behavior with characteristics similar to 

some of the symptoms of major depression in humans. Used as an experimental method to 

identify regulators of components of depression, such as despair, and social isolation.
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GSK3
Glycogen synthase kinase-3, refers to two homologous paralogs, GSK3α and GSK3β, 

ubiquitous serine/threonine protein kinases with over 100 known substrates that have been 

implicated in many prevalent disorders, including psychiatric and neurological diseases, 

inflammatory diseases, cancer, cardiovascular diseases, diabetes and others.

Inflammation
A coordinated biological response to infection, trauma or stress that involves the production 

of signaling molecules, including but not limited to cytokines.

LTP
Long-term potentiation, is a long-lasting increase in the amplitude of excitatory post-

synaptic potentials measured electrophysiologically in response to high frequency 

stimulation. LTP is a critical phenomenon underlying synaptic plasticity and is a necessary 

cellular process leading to learning and memory.

Microglia
Act as resident macrophages of the CNS that can produce inflammatory molecules, and are 

mobilized to present antigens and become phagocytes during infection or injury.

Neurofibrillary tangles
Abnormal intracellular aggregates made up of paired, helical filaments primarily composed 

of the microtubule binding protein, Tau, which can accumulate in neuronal cell bodies, 

dendrites, and axons, disrupting normal neuronal function, and are present in Alzheimer’s 

disease and other tauopathies.

NF-κB
Nuclear factor kappa-light-chain-enhancer of activated B cells, a transcription factor that 

controls the expression of many cytokines and other cellular responses.

PAMP
Pathogen-associated molecular patterns. PAMPs are molecules associated with pathogens 

that are recognized by the innate immune system.

RAGE
Receptor for advanced glycation end-products. RAGE is a pattern recognition receptor 

involved in pro-inflammatory gene activation.

Sepsis
A potentially lethal condition characterized by high risk of damage to tissues and organs 

resulting from an overreaction of the immune system’s response to infection.

STAT3
Signal transducer and activator of transcription 3, a transcription factor that is 

phosphorylated and activated by receptor-associated Janus kinases (JAK) in response to 

cytokines and growth factors.

Stress
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There are many types of stress, however this review focuses on psychological stress, which 

involves exposure to, or perception of, threats or challenges that are especially difficult to 

cope with, that may or may not involve physical stressors.

TLR
Toll-like receptors are receptors found in sentinel cells of the immune system, and in 

microglia, astrocytes and neurons in the CNS, that induce intracellular signaling pathways 

after activation, often leading to inflammation.

Abbreviations

AP-1 Activator Protein-1

BBB Blood Brain Barrier

BCR B Cell Receptor

C/EBP CAAT/Enhancer Binding Protein

CCL20 Chemokine (C-C motif) ligand 20

CD14 Cluster of differentiation 14

CD28 Cluster of differentiation 28

CD4 Cluster of differentiation 4

CD8 Cluster of differentiation 8

CNS Central Nervous System

CREB cAMP Response Element Binding

CXCL chemokine (C-X-C motif) ligand

DAMP Damage-associated molecular patterns

EAE experimental autoimmune encephalomyelitis

G-CSF Granulocyte-Colony Stimulating Factor

GSK3 Glycogen Synthase Kinase-3

HMGB1 High Mobility Group Box 1 protein

HPA Hypothalamic–Pituitary–Adrenal axis

IFN Interferon

IKK IKB kinase

IL-1β Interleukin-1β

IL-6 Interleukin-6
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IL-10 Interleukin-10

IL-13 Interleukin-13

IL-17 Interleukin-17

IL-17R Interleukin-17 Receptor

IRAK interleukin-1 receptor-associated kinase-1

IRF3 Interferon Regulatory Factor 3

JNK C-Jun N terminal Kinase

LPS Lipopolysaccharide

LTP long-term potentiation

MHC Major Histocompatibility Complex

MS Multiple Sclerosis

Myd88 Myeloid differentiation primary response gene 88

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells

NLRP3 NLR Family, Pyrin Domain Containing 3)

PAMP Pathogen-associated molecular patterns

STAT3 signal transducer and activator of transcription-3

RAGE Receptor for advanced glycation end-products

TAK1 TGFβ Activated Kinase-1

TBK1 TANK Binding Kinase-1

TCR T Cell Receptor

Th17 T helper 17

TIRAP Toll-Interleukin 1 Receptor Domain Containing Adaptor Protein

TGFβ Transforming Growth Factor β

TLR4 Toll-like Receptor-4

TNF Tumor Necrosis Factor

TRAF6 TNF Receptor Associated Factor-6

TRAM TRIF-Related Adaptor Molecule

TRIF TIR domain-containing adaptor-inducing Interferon β
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Box 1

Stress, GSK3, and the NLRP3 inflammasome

Inflammasomes are part of the innate immune response that contribute to inflammation. 

After exposure to microbes or stress, inflammasomes are activated to induce 

inflammation, which includes activation of caspase-1. In the brain, the cytosolic 

inflammasome complex containing NLRP3 has particularly received attention because it 

is activated in microglia, macrophages and astrocytes in response to psychological stress. 

Activation of NLRP3 after psychological stress has been associated with depression-like 

behaviors [15,47-49]. For example, NLRP3 in the brain was increased by treatments that 

can increase depression-like behaviors, including inescapable tail shocks [50] and by 

chronic unpredictable mild stress, which was blocked by treatment with the 

antidepressant fluoxetine [51]. NLRP3 activation leads to the cleavage of pro-caspase-1 

into active capase-1, which is responsible for activation of the inflammatory cytokine 

IL-1β. Caspase-1 deficiency decreased chronic restraint stress-induced depression-like 

behaviors [52]. GSK3β activates the NLRP3/IL-1β pathway in lupus nephritis [53]. 

Psychological stress-induced activation of GSK3β leads to activation of the NLRP3/

IL-1β pathway [15,54]. Thus, NLRP3 inflammasome activation is another mechanism, in 

addition to TLR-mediated signaling, that is stimulated by psychological stress, utilizes 

activated GSK3, and increases inflammatory cytokines in the brain.
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Box 2

Interleukin-17 (IL-17) production and actions

IL-17 is produced mainly by Th17 cells, but also by other cell types. GSK3 is regulatory 

in both the genesis of cells that produce IL-17 and the signaling induced by IL-17. \GSK3 

is required for the differentiation of Th17 cells, as CD4+ T cells deficient in GSK3β are 

unable to differentiate towards Th17 cells. Blocking Th17 cell production by inhibition or 

depletion of GSK3 confers resistance to the mouse model of multiple sclerosis, 

experimental autoimmune encephalomyelitis (EAE) [19,20]. Also, IL-13 blocks the 

production of IL-17A by inhibiting GSK3β [55]. There is also evidence that GSK3β is 

itself regulated as part of the Th17 differentiation program: GSK3β expression, usually 

relatively stable in most cells, increased 10-fold during the differentiation of Th17 cells 

[19].

GSK3 is also a component of the IL-17-induced signaling pathway. IL-17 activates 

mainly non-haematopoeitic cells and it is considered to be an inflammatory cytokine. In 

neutrophils, IL-17 induces the genes encoding G-CSF, IL-6 and CXC chemokines 

(CXCL1, CXCL2 and CXCL5), which promote neutrophil chemotaxis. IL-17 also 

induces the expression of antimicrobial peptides, such as β-defensins and lipocalin 2. The 

signaling pathway induced by IL-17 has unique properties. The receptor for IL-17, 

IL-17R, lacks similarity with other known receptor families. There are 5 homologous 

subunits of IL-17R (IL-17RA-E), and 5 ligands (IL-17A, IL-17B, IL-17C, IL-17E, 

IL-17F), which all bind IL-17RA except for IL-17B. IL-17-induced signaling activates 

NF-κB and C/EBPδ and β, and both transcription factors are regulated by GSK3β and 

other mechanisms. GSK3β negatively regulates IL-17 signaling by phosphorylating both 

the downstream effector C/EBPβ (thereby decreasing downstream gene expression) 

[56-58] and the IL-17RA receptor, which triggers its degradation [59]. Altogether, 

GSK3β is central in the regulation of IL-17 by controlling both its production and its 

effectors. This has tremendous consequences for diseases with an inflammatory 

component, such as multiple sclerosis, as inhibiting GSK3 even after the first episode is 

sufficient to reduce the relapse and the severity of EAE in mice [19,20]. Although 

controlling Th17 and IL-17 signaling may be one of the mechanisms whereby GSK3 

promotes EAE, other actions of GSK3 may be involved in disease progression, such as 

promoting infiltration of inflammatory cells through the weakened BBB [14,32,47] and 

the production of cytokines [16], and decreasing PD-1 expression [60]. Altogether, 

inhibiting GSK3 may provide therapeutic benefits for multiple sclerosis and other 

inflammatory diseases.
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Box 3

The microbiome modulates functions of the CNS

One of the most intriguing concepts that is currently receiving widespread attention is 

that microbes in the gut (i.e., gut microbiota) substantially influence human behavior and 

health. The composition of the gut microbiota can influence both the development and 

the exacerbation of mental disorders. The human microbiome is composed of ~100 

trillion bacteria that are crucial for health, which process complex polysaccharides from 

the diet and are required for a healthy immune system. The composition of the gut 

microbiota varies among individuals, but it is estimated to consist of ~1000 species and 

>7000 strains. Besides being modified by diet, drugs (e.g., antibiotics) and other 

environmental factors, the composition of the gut microbiota can be altered by exposure 

to stress (e.g., sleep disruption) and mice displaying depression-like behaviors have 

different gut microbiota than non-depressed mice [61]. Conversely, the gut microbiota 

modulates the immune system [62], including the inflammatory response to stress [63]. 

The composition of the gut microbiota also affects many facets of behavior and cognition 

[64]. For example, modification of the microbiome using treatment with either antibiotics 

or probiotics alters depressive-like behaviors in rodents [61]. Of particular interest for the 

topics of this review, the inhibitory serine-phosphorylation of GSK3 in rodent brains is 

increased after treatments with several antibiotics (e.g., salinomycin, minocycline), 

indicating that changes of the microbiota also influences the activity of GSK3, which 

may impact the influence of GSK3 on mood regulation, including depression, and 

learning and memory, including Alzheimer’s disease [65]. Thus, the gut microbiota is an 

important modulator of CNS functions that affects behavior, mood regulation, 

inflammation, and cognition.
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Outstanding Questions

What are the mechanisms by which stress is able to increase the levels of extracellular 

alarmins that lead to inflammation?

To what extent does inflammation contribute to the susceptibility, severity, and treatment 

response of mood disorders?

To what extents do stress-induced activation of GSK3 and stress-induced inflammation 

contribute to mood disorders and the inflammation associated with mood disorders, and 

are interventions that disrupt these responses to stress therapeutic?

To what extent do stress-induced activation of GSK3 and inflammation contribute to 

cognitive deficits and the progression of Alzheimer’s disease?

Are drugs that inhibit GSK3 therapeutic for treating inflammatory disorders, mood 

disorders, and Alzheimer’s disease, or would it be more efficacious to target signaling 

molecules that regulate GSK3 or downstream substrates of GSK3?

Would diminishing peripheral inflammation, controlling peripheral immune cells (such as 

Th17 cells) or altering the gut microbiota be sufficient to provide therapeutic effects in 

mood disorders or Alzheimer’s disease, or is it be necessary to directly regulate 

inflammation in the CNS?

Which inflammatory molecules, types of cytokines, or types of cells (e.g., subtype of T 

cells) are the major causes of impaired mood regulation and impaired learning and 

memory, and contribute to depression and Alzheimer’s disease?

What are the mechanisms underlying individual differences in the ability to cope with 

stress and control inflammation that determine resilience or susceptibility to mood 

dysregulation and cognitive impairments?

Are there potential detrimental consequences of pharmacologically regulating the stress 

and inflammatory responses, such as impairing the healthy actions of these responses in 

mood regulation and learning and memory?

Rather than interventions causing global inhibition of inflammation or of GSK3, are there 

specific cell types that can be targeted to minimize side effects while still being 

therapeutic?
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Trends Box

Psychological stress and inflammation can generate healthy responses, but if they are 

chronic or excessive, produce deleterious consequences on mood regulation and learning 

and memory.

Inflammation is induced by psychological stress by many of the same signaling pathways 

that activate inflammation after infection or trauma, including activating TLRs and 

GSK3.

A signaling pathway involving stress-induced activation of GSK3 that promotes 

inflammation may be a central facet of mood disorders and a potential therapeutic target.

Stress-induced activation of GSK3 and inflammation impair LTP and some facets of 

learning and memory.

A vicious cycle may be established in Alzheimer’s disease as the initial formation of 

plaques and tangles associated with early Alzheimer’s disease induces local inflammation 

that is augmented by stress and by active GSK3, which further amplify plaque and tangle 

formation.
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Figure 1. 
The innate and adaptive immune systems and the involvement of GSK3.

Upon stress, trauma, or infection by microbes, the innate immune system is activated. This 

occurs in part through the activation of TLR4, either directly by bacteria, by pathogen-

associated molecular patterns (PAMPs), or by damage-associated molecular patterns 

(DAMPs, also called alarmins) that are generated from either the microbes or insults to the 

tissue. Activated TLR4 leads to the production of cytokines by macrophages and microglia, 

such as TNFα, IFNγ, and IL-6, and their expression is promoted by GSK3. Activated TLR4 

induces immature dendritic cell (DC) development towards mature antigen presenting cells 

(APCs), which is facilitated by GSK3. Mature APCs present the antigen at the cell surface to 

activate the adaptive immune system, such as CD8+ T cells via presentation through major 

histocompatibility complex (MHC) class I or CD4+ T cells via MHC class II. Once 

activated, CD8+ T cells become cytotoxic CD8+ T cells and they produce granzymes and 

perforins to eliminate infected cells. GSK3 promotes the expression of PD-1 at the surface 

of CD8+ cells, which promotes exhaustion of the CD8+ cells and thereby reduces their 

cytotoxic function. Activated CD4+ T cells differentiate towards T helper cells. GSK3 

promotes the differentiation of CD4+ T cells towards Th1 and Th17 subtypes. T helper cells 

also activate B cells to become plasma cells, which produce the immunoglobulin (antibody) 

specific to the encountered insult. CD8+, CD4+ and B cells all have the capacity to form a 

pool of memory cells, which are reduced by GSK3, which can be reactivated upon 
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experiencing the same antigen. Once activated, the cells migrate to the site of the insult to 

resolve the inflammation, as indicated by the large orange arrows.

Put GSK3 inside macrophages and DCs

Delete NK cells

change “Stress or trauma” to “Stress, trauma, or infection” and lead an arrow from that to 

DAMP and PAMP
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Figure 2. 
The involvement of GSK3 in TLR4 signaling pathways.

Activation of TLR4 by LPS or alarmins (called ligand in the figure) involves dimers of 

TLR4 binding to CD14 and MD-2. This induces Myd88 (myeloid differentiation factor 88)-

dependent signaling to two serine-threonine kinases, IRAK4 (IL-1-receptor associated 

kinase 4) and IRAK1, which in turn bind to the E3 ubiquitin ligase TRAF6 (TNF receptor-

associated factor 6) leading to activation of the serine-threonine kinase TAK1 (transforming 

growth factor beta-activated kinase 1), which is a site of regulation by GSK3. TAK1 

phosphorylates the IκB kinase complex (IKK), which activates IKK. IKK in turn 

phosphorylates IκB, which releases active NF-κB. NF-κB, activation of which is promoted 

by GSK3, then migrates to the nucleus and activates the transcription of proinflammatory 
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cytokines. TAK1 also activates the kinases p38 and JNK, which activate other transcription 

factors, such as AP-1 (activator protein 1), and CREB (cyclic AMP response element 

binding protein) that are involved in the production of anti-inflammatory cytokines and are 

inhibited by GSK3. Activated TLR4 also signals through a Myd88-independent pathway via 

TRAM (TRIF-related adaptor molecule) and TRIF (TIR domain-containing adaptor-

inducing IFN-β) to activate TRAF3 (TNF receptor-associated factor 3), which in turn 

activates the serine/threonine kinase, TBK1 (TANK Binding kinase 1), which is regulated by 

GSK3. TBK1 promotes activation of the transcription factor IRF3 (interferon regulatory 

factor-3), which translocates to the nucleus where it induces the production of type I 

interferons.
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Figure 3. 
GSK3 is a central kinase in the inflammatory response.

Intracellular signaling induced by IFNβ and TGFβ promotes the inhibitory serine-

phosphorylation of GSK3 on serine-9 of GSB3β and serine-21 on GSK3α, allowing the 

induction of IL-10 production by blocking the inhibitory effect of GSK3 on the CREB and 

AP-1 transcription factors that induce IL-10 expression. In contrast, signaling induced by 

LPS activates GSK3, which promotes NF-κB activation and translocation to the nucleus 

where it activates the expression of proinflammatory cytokines. Activated GSK3 also 

inhibits CREB and AP-1 transcriptional activities in response to LPS, diminishing 

production of the anti-inflammatory cytokine, IL-10. TNFα promotes the LPS-induced 

activation of GSK3. Several cytokines stimulate intracellular signaling pathways that 

regulate GSK3. For example, IL-17A stimulates signaling that activates GSK3, which causes 

inhibition of C/EBPβ transcriptional activity. GSK3 is also activated by IFNγ-stimulated 

signaling, and in response to IFNγ active GSK3 promotes STAT3 phosphorylation and 

activation, leading to its translocation to the nucleus where dimerized STAT3 induces the 

expression of proinflammatory cytokines.
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