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Cytokines and the Brain: Implications for Clinical Psychiatry Ziad Kronfol, M.D. Daniel G. Remick, M.D. CYTOKINES AND THE BRAIN ZIAD KRONFOL AND DANIEL G. REMICK



Objective: This article reviews recent developments in cytokine biology that are relevant to clinical psychiatry. Method: The authors reviewed Englishlanguage literature of the last 15 years that pertains to the biology of cytokines with emphasis on central nervous system effects in general and psychiatric disorders in particular. Results: Growing evidence sug gests that, in addition to providing communication between immune cells, specific cytokines play a role in signaling the brain to produce neurochemical, neuroendocrine, neuroimmune, and behavioral changes. This signaling may be part of a generalized, comprehensive mechanism to mobilize resources in the face of physical and/or psychological stress and



to maintain homeostasis. The clinical implications of these findings are farreaching and include a possible role for cytokines in the pathophysiology of specific psychiatric disorders such as major depression, schizophrenia, and Alzheimer’s disease. The effects of cytokines in the central nervous system may provide a possible mechanism for the “sickness behavior” of patients with severe infection or cancer, as well as for the neuropsychiatric adverse effects of treatment with interferons and interleukins. Conclusions: A better understanding of the role of cytokines in various brain activities will enhance knowledge of specific psychobiological mechanisms in health and disease and provide opportunities for novel treatment interventions. (Am J Psychiatry 2000; 157:683–694)



N



euroscience and immunology are two of the fastest growing fields of knowledge in the medical sciences. One area where these two fields overlap is the biology of cytokines. Cytokines are generally known as chemical messengers between immune cells. As such, they play a crucial role in mediating inflammatory and immune responses. The discovery a decade or two ago that cytokines signal the brain and serve as mediators between immune and nerve cells is far-reaching in its implications. The brain is now seen as capable of influencing immune processes. Conversely, changes in brain activity can occur in association with an immunologic response. In this context, the immune system is seen as a sensory organ, monitoring not so much the external world, but rather the internal milieu of the organism. Information regarding infection or injury is conveyed to the brain, which in turn sets in motion important metabolic and behavioral pathways directed toward maintenance of homeostasis and restoration of health. Many of these functions are mediated by cytokines, which can often act both as immunomodulators and as neuromodulators. A large body of literature is now emerging that details interactions between brain cells and immune cells and the role of specific cytokines in these complex interactions (1–3). On the clinical level, advances in cytokine research have had a profound effect on our understanding of the pathoAm J Psychiatry 157:5, May 2000



physiology of various medical conditions and on the formulation of new treatments (4). These developments are particularly relevant to immune-related disorders such as infection, allergy, autoimmune diseases, and cancer. Furthermore, clinicians dealing with various clinical entities are incorporating specific cytokines in their patients’ treatment regimens. Clinical psychiatrists can benefit from familiarizing themselves with principles of cytokine physiology, both to better understand the role cytokines may play in the pathophysiology of specific psychiatric disorders and to deal more effectively with the neuropsychiatric adverse effects of treatment with cytokines.



Structure and Function of Cytokines Major Properties of Cytokines The cytokines are a diverse group of proteins that may be regarded as the hormones of the immune system. These small molecules can be secreted by various cells and act as signals between cells to regulate the immune response to injury and infection. They may be considered to be hormones because their properties are similar to those of the classic hormones of the endocrine system. Cytokines are frequently regulated in cascades, where induction of the early cytokines serves to increase the production of later cytokines (e.g., interleukin-1 [IL-1] stimulates
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CYTOKINES AND THE BRAIN TABLE 1. Selected Cytokines and Their Associated Biological Activities



Cytokine



Biological Activity



Interferon-α



Antiviral, antiproliferative, enhanced expression of major histocompatibility complex, pyrogenic, antitumor Antiviral, antiproliferative, enhanced expression of major histoInterferon-β compatibility complex, pyrogenic, antitumor Antiviral, macrophage activation, enhanced expression of major Interferon-γ histocompatibility complex, pyrogenic, antitumor, induction of acute phase proteins Tumor necrosis factor-α Cytotoxic, T cell activation, pyrogenic, antitumor, septic shock Tumor necrosis factor-β Cytotoxic, T cell activation, antitumor, septic shock Erythropoietin Stimulation of erythroid cell growth Granulocyte colony-stimulating factor Stimulation of granulocyte growth Interleukin-1α Activation of T, B, and endothelial cells; pyrogenic, induction of acute phase proteins, hematopoiesis Activation of T, B, and endothelial cells; pyrogenic, induction of Interleukin-1β acute phase proteins, hematopoiesis Interleukin-2 Activation of T, B, and natural killer cells, antitumor Interleukin-3 Growth and differentiation of hematopoietic cells, hematopoiesis Interleukin-4 Activation of T, B, and natural killer cells; immunoglobulin-G and immunoglobulin-E class switching, suppression of monocytes, antitumor Interleukin-5 Eosinophil proliferation and differentiation, immunoglobulin-A production, eosinophilia Interleukin-6 Immunoglobulin-G production, activation of T cells, induction of acute phase proteins, pyrogenic, hematopoiesis Interleukin-8 Neutrophil and T cell chemotaxis, neutrophil recruitment Interleukin-10 Inhibition of cytokine synthesis, proliferation of T cells, inhibition of septic shock Interleukin-12 Stimulation of natural killer cell growth, reduced production of immunoglobulin-E, reduction of parasite load
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a Some cytokine receptors exist in more than one form. Question mark indicates conflicting reports, unknown, or unverified findings. b Examples of studies providing evidence of brain activity including the secretion of the cytokine by brain cells and the presence of a
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receptor in the brain.



the release of IL-2, IL-6, and tumor necrosis factor [TNF]). The specificity of the response to cytokines is provided by unique cytokine receptors. Cells that express a functional receptor for a cytokine will respond to the presence of that cytokine. These interactions of cytokines and cytokine receptors are a necessary component of the physiologic response to cytokines. Cytokine receptors can also be found in a soluble form. Usually, a soluble receptor for a specific cytokine can inhibit the biological activity of the cytokine by inhibiting the binding of the cytokine to its membraneanchored receptor (For example, soluble TNF receptors decrease the biological activity of TNF by inhibiting the binding of TNF to its specific surface receptor.) In some instances, the binding of the cytokine to its soluble receptor can form a complex that enhances the biological activity of the cytokine. This rare situation is seen, for example, when IL-6 binds to soluble IL-6 receptors, forming a biologically active complex that adds to the activity of IL-6.



Classification of Cytokines The nomenclature of the cytokines can be confusing, primarily because they are frequently named for their biological activity. The names of some of the early identified cytokines have become so ingrained in the literature that these names will probably not change despite attempts to standardize the nomenclature. Referring to the cytokines by their activity lacks specificity because cytokines are ple-
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otropic and are involved in multiple biological activities. It is possible for two groups of investigators to be working on the same molecule, but to be focusing on different aspects of its functional capacity. Attempts at standardization have therefore included assigning interleukin numbers to cytokines as their genes are sequenced. This method has not been uniformly applied to all newly discovered cytokines, partly because many members of supergene families are often discovered. For example, IL-8 was initially described, and subsequently multiple additional members of this family have been cloned. This group of molecules associated with IL-8 are called chemokines (5). Table 1 provides a partial listing of cytokines that may be relevant to psychiatry and highlights evidence of secretion of cytokines by brain cells (astrocytes and/or microglia) and evidence of cytokine receptors in the brain. A good deal of the work on activity of cytokines in the brain is still in progress. Several cytokines (e.g., TNF, interferon, and IL-1) are available in more than one form, as they are the product of more than one gene. They are given a suffix from the Greek alphabet (α, β, γ) to distinguish them from one another. Although these cytokines have limited structural homology, they usually bind to the same surface receptors and have similar if not identical biological properties. The complete list of cytokines is constantly being updated (24). At the time this article was written, the list extended to IL-18. Am J Psychiatry 157:5, May 2000
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Proinflammatory cytokines. Cytokines such as IL-1, IL-6, and TNF may act in a proinflammatory manner, augmenting the immune response to help speed the elimination of pathogens and the resolution of the inflammatory challenge. There are multiple mechanisms for accomplishing this effect. Individual cells may be activated so that they function more efficiently. Within the host many aspects of physiology such as rate of metabolism and temperature regulation may be altered to achieve a more proinflammatory state. Some of the effects of cytokines are direct, some are indirect, and many are both direct and indirect. For example, recruitment of neutrophils to sites of inflammation is a multistep process that involves the direct action of IL-8 as a chemotactic agent and the indirect actions of TNF and IL-1 to up-regulate adhesion molecules on endothelial cells. Antiinflammatory cytokines. Cytokines may also serve to dampen the immune response. Examples of antiinflammatory cytokines are IL-4, IL-10, and IL-13. Some of these cytokines serve to decrease cell function and synthesis of other cytokines. IL-10 was originally called cytokine synthesis inhibitory factor because one of its major biological activities was to block the production of cytokines by other T cells. The receptors for the cytokines also may serve as major inhibitors of the immune response. Some cytokines may serve both a proinflammatory and an antiinflammatory role, although this combination is rather unusual. In many instances, the inflammatory state or condition dictates how the cytokine will perform. For example, at sites of local inflammation, IL-8 serves to recruit neutrophils. Yet high circulating levels of IL-8 will act to decrease infiltration of neutrophils to inflammatory sites. Cytokine production has also been divided into two broad categories depending on the functional profile of the secreting T helper cells: type 1 T helper responses (TH1) generally mediate cellular immune reactions and include production of the cytokines interferon, TNF, and IL-12; type 2 T helper responses (TH2) enhance antibodymediated immune reactions and include production of the cytokines IL-4 and IL-5 (25). Shifts in the balance of type 1 and type 2 reactions mediated by stress have also been reported (22). Hematopoietic cytokines. One of the principal functions of cytokines is their ability to alter the hematopoietic response. These cytokines may be called hematopoietic cytokines and include interleukins (e.g., IL-3 and IL-5) and the colony-stimulating factors. The colony-stimulating factors are usually named for the type of colonies that are formed when the cytokine is mixed with bone marrow cells.



Cytokines and Immunogenetics The study of the genetic basis of disease is a rapidly growing science. Because cytokines play a central role in the pathophysiology of various medical illnesses (Figure 1), genetic polymorphism of specific cytokines and their Am J Psychiatry 157:5, May 2000



FIGURE 1. Cytokine Regulation in Health and Disease a Bacteria, Viruses, Hormones, Drugs, Stress Factors Environmental Factors Infectious Disease
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Genetic Polymorphism of Specific Cytokines (e.g., TNF-α, IL-1, IL-10), Other Genetic Factors a



Cytokine regulation is influenced by genetic factors (e.g., genetic polymorphism) and environmental factors (e.g., microbes, hormones, stress factors). Physiological interactions help keep the organism healthy. Pathological interactions can lead to a variety of medical illnesses, such as infection, allergy, and autoimmune disease (shaded area). TNF-α=tumor necrosis factor-α, IL=interleukin.



association with specific disease entities have been widely investigated. Much of the work has centered on TNF-α, although other cytokines have also been studied (26). Polymorphism in TNF genes has been associated with several illnesses, including multiple sclerosis, asthma, myasthenia gravis, and septic shock (27). No association has yet been reported between cytokine polymorphism and psychiatric illness. The association with septic shock, however, presents interesting theoretical ramifications for psychiatry. Although septic shock is undeniably caused by identifiable bacterial pathogens (environmental factors), genetic polymorphism at the TNF-α locus, and in particular the presence of the TNF-2 allele, increases the host’s risk of developing septic shock and the chance of mortality associated with it (28). This model of gene-environment interaction may be of relevance to psychiatry. Genetic polymorphism at a yet unidentified locus or loci relevant to a specific psychiatric illness may have profound implications for the risk of developing the illness in the face of varying environmental stressors. Polymorphism within the promoter of the serotonin transporter gene, for instance, has been associated with a differential response to specific antidepressant medications (29).



Quantitative Assessment of Cytokines Cytokine measurements may be divided into two broad categories: assays based on the immunological detection of peptides (immunoassays) and assays based on a biological response (bioassays). There are distinct advantages and disadvantages to each (30). Immunoassays. All immunoassays rely on at least one antibody that specifically detects the cytokine that is being measured. The immunoassay may be either in the form of a radioimmunoassay or enzyme-linked immunosorbent assay (ELISA). In practice, most immunoassays that are
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currently being done use an ELISA format. Most immunoassays have exquisite specificity, which is due to the use of monoclonal antibodies. Because the immunoassay is based on an antibody that recognizes only a small portion of the total protein, it is possible that the assay will measure degraded fragments of the protein, not material that is biologically active. In addition, many immunoassays will detect cytokines that are bound to inhibitory substances. In the normal immune response, soluble receptors or receptor antagonists are often produced shortly after the production of the cytokines. These serve to block the biological activity of the cytokines and also to maintain them in circulation for a prolonged period. Bioassays. Bioassays measure the functional activity of cytokines. They require that some measure of biological activity be recorded. In practice, this usually means using cell lines and evaluating either cell proliferation or cell lysis. Depending on the particular method, a bioassay may be more or less sensitive than an immunoassay. One difficulty with bioassays is their lack of specificity. As an example, the thymocyte co-proliferation assay was routinely used in the past to measure IL-1. However, these cells have since been shown to respond to TNF, IL-2, IL-6, and IL-10. Bioassays may also be blocked by potential inhibitors present in the samples. These include soluble receptors, naturally occurring anticytokine antibodies, and antagonist proteins. Many of these products are produced as part of the normal immune response, where they serve to limit the actions of the cytokine in vivo. In addition, cytokines may be proteolytically degraded at sites of active inflammation, and the fragments will not retain biological activity. Use of bioassays as compared to immunoassays allows understanding of the functional participation of the cytokine in the inflammatory response, because bioassay results indicate not only whether the cytokine is present, but whether it is biologically active.



Cytokines and Neuroimmunology The brain has for many years been considered an immunologically privileged site, suggesting reduced or altered immunological responsivity. Evidence in this regard includes the brain’s lack of adequate lymphatic systems to capture antigens, protection from circulating blood by the blood-brain barrier, and failure to exhibit a “classic inflammatory response” characterized by early invasion of macrophages and leukocytes. Recent developments in neuroimmunology however have challenged some of these concepts (31). The brain can certainly exhibit many of the hallmarks of inflammation in response to infection or injury. They include edema, activation of resident phagocytes (microglia), local invasion of circulating immune cells, and production of cytokines. The role of these various cytokines in different brain activities is a topic of intense investigation and debate at the present time.
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Cytokine Localization in the Brain Before we discuss any role for cytokines in brain activity, we need to address the issue of the sources of brain cytokines, because cytokines as such cannot cross the blood-brain barrier, at least under physiologic conditions. How then do cytokines communicate with brain cells? Four mechanisms for brain signaling by cytokines have been postulated (32): 1) passive transport of cytokines into the brain at circumventricular sites lacking a blood-brain barrier; 2) binding of cytokines to cerebral vascular endothelium, thereby inducing the generation of secondary messengers such as prostaglandins and nitric oxide; 3) carrier-mediated transport of cytokines into the brain, across the blood-brain barrier; and 4) activation by cytokines of peripheral afferent nerve terminals at the site where cytokines are released. These mechanisms are not mutually exclusive. They depend in part on the location of the inflammatory stimulus and the disease state of the organism. But cytokines do not always have to reach the brain, either directly or indirectly, from the periphery to be able to play a role in brain activity. As shown in Table 1, most cytokines can be synthesized and released within the central nervous system. Although most cytokines in the brain are secreted by astrocytes and/or microglia, some evidence suggests that under certain conditions, neurons can also produce cytokines (33). Furthermore, although cytokines are usually secreted in response to specific stimuli such as infection or injury, there is evidence that low-level expression of specific cytokines is constitutive in blood vessels within the brain (6). Cytokines in the brain are also regulated in cascades, with evidence of feedback loops, both positive and negative, at different levels. As for the localization of cytokine pathways within the brain, IL-1 has been found in several brain regions, including the hippocampus and specific hypothalamic structures such as the paraventricular nucleus and the arcuate nucleus. IL-1 immunoreactive nerve fibers have also been described in the human brain, particularly in the hypothalamus (12). Widespread TNF and other cytokine immunoreactivity has been detected in the murine brain (8). Cytokine receptors have also been detected in several areas of the brain (Table 1). The precise mapping of various cytokine pathways and their receptors in the brain, however, remains incomplete.



Cytokines and Associated Brain Activities Once in the brain, cytokines have been associated with various brain activities. These include immunologic, neurochemical, neuroendocrine, and behavioral activities. Here again, the bulk of the experimental evidence centers on IL-1 (13). Figure 2 illustrates selected effects of IL-1 in the brain, as well as elsewhere in the body. For a more complete presentation of IL-1 effects, several reviews are available (13, 34). Am J Psychiatry 157:5, May 2000
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Neurochemical effects. A number of studies suggest that specific neurochemical changes occur in the brain of animals in response to an immunological challenge (38, 39). The same effects could also be obtained with systemic injection of cytokines. Dunn and Wang (40) have shown that intraperitoneal injections of IL-1β to mice were accompanied an hour later by increases in brain concentrations of 3-methoxy;4-hydroxyphenylethyleneglycol (MHPG) (mostly in the hypothalamus), 5-hydroxyindoleacetic acid (5-HIAA) (in different parts of the brain), and much smaller increases in 3,4-dihydroxyphenylacetic acid (DOPAC). Similar results have been reported for IL-2 and to some extent IL-6. TNF and interferon, however, do not seem to produce such effects. Neuroendocrine effects. Although it has been known for many years that infection is often accompanied by an increase in hypothalamic-pituitary-adrenal (HPA) activity, the exact mechanism has only been elucidated in the last 15 years. Besedovsky and colleagues (41) first reported that the immune response to an injection of sheep red blood cells into rats was accompanied by increases in plasma levels of corticosterone. Several investigators later reported that administration of IL-1 was associated with increases in corticotropin-releasing hormone, ACTH, and corticosteroids (42, 43). There is also evidence that IL-6, TNF, and interferon are capable of stimulating the HPA axis both in rodents and in man (44). The results are equivocal for IL-2. Regardless of the mechanism involved, HPA activation and the resultant hypercortisolemia frequently act as a negative feedback mechanism to suppress an otherwise exaggerated immune/inflammatory response initiated by the chain of cytokines (Figure 1). This delicate balance seems to be part of a homeostatic mechanism, the failure of which could result in serious disorders such as infection, cancer, or autoimmune disease. Because the brain plays a central role in this feedback loop, factors such as emotions and/or psychosocial stressors can tilt the balance one way or the other. There is also evidence that cytokines can modulate the hypothalamic-pituitarythyroid axis (45) and the hypothalamic-pituitary-gonadal axis (46). Behavioral effects. Although part of the response of the organism to an infection or injury is local and occurs at the Am J Psychiatry 157:5, May 2000



FIGURE 2. Interleukin-1 and the Stress Responsea Psychological Stress
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Immunologic effects. Consistent with its activities in other organs, IL-1 in the brain stimulates the production of other cytokines by specialized cells, in this case astrocytes and microglia. Human astroglial cell lines stimulated by IL-1 have been shown to produce colony-stimulating factor, TNF-α, additional IL-1, and IL-6 (9, 11). There is also evidence that intracerebroventricular injections of IL1β in rats are associated with a decrease in natural killer (NK) cell activity of circulating lymphocytes (35) and the release of IL-6 into the blood stream (36). IL-1 directly injected into the brain can also stimulate astrogliosis and produce neovascularization (37).
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Both psychological stress (e.g., academic stress, depression) and physical stress (e.g., infection, trauma) can activate interleukin-1 (IL1). IL-1 activation is associated with various phenomena, both peripherally (e.g., cascade activation of other cytokines, induction of acute phase proteins) and centrally (e.g., various immunologic, neurochemical, neuroendocrine, and behavioral effects). Feedback mechanisms occur at several levels and include negative feedback exerted by cortisol. Only selected effects are shown as an example. IL=interleukin, TNF-α=tumor necrosis factor-α, CRH=corticotropinreleasing hormone, GnRH=gonadotropin-releasing hormone, NE= norepinephrine, 5-HT=serotonin, DA=dopamine, NK=natural killer.



cellular and molecular levels, another part is more general, occurs at the level of the entire organism, and involves specific adaptive behaviors. These effects can also be seen as part of the overall mechanism to maintain homeostasis. We know now that several of the behaviors associated with infection, such as increased sleep, decreased appetite, and decreased sexual drive, which are often referred to as “sickness behavior,” may be at least partly attributed to the specific effects of cytokines. These behaviors can be “adaptive” during the course of an acute infection or trauma, allowing the organism to mobilize all necessary resources to the task of healing itself. Although it is well recognized that infection is commonly associated with somnolence and fatigue, the mechanism of such behaviors has only been investigated within the last 10 years. It is now believed, for instance, that muramyl peptide, a common microbial product, and endotoxin stimulate the release of IL-1 and that IL-1 interacts with specific neurohormones and neurotransmitters in the brain to produce somnogenic activity (47). Additional evidence suggests that plasma levels of IL-1 peak at the
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onset of slow-wave sleep in healthy human volunteers (48) and levels of IL-1 in cerebrospinal fluid increase during sleep (49). Specific cytokines therefore seem to play a role in sleep regulation, particularly during an infection. Although most research in this area has focused on IL-1, there is growing evidence that TNF-α and interferon may also have somnogenic activities, while IL-2, IL-6 and TNFβ probably do not (50). Sleep regulation is a complex phenomenon and involves interactions between neuropeptides, biogenic amines, and other neurotransmitters. The exact role played by specific cytokines remains to be determined. Another commonly observed behavior during infection and cancer is diminished appetite or anorexia. Plata-Salaman and colleagues (51) studied the effects of chronic intracerebroventricular microinfusion of various cytokines on feeding and drinking behaviors in rats. They found that IL-1β decreased nighttime feeding in these animals in a dose-dependent manner. This effect was abolished if IL1β was heat-inactivated or was given along with IL-1 receptor antagonist. Water intake was not affected in this paradigm. TNF-α and IL-8 were less effective than IL-1β in producing these changes. IL-2, IL-4, and IL-10 had no such effects. In human studies, treatment with cytokines is often accompanied by nausea and anorexia as common adverse effects. Furthermore, there is evidence that patients with anorexia nervosa, despite a decreased capacity to produce IL-2, have in their sera one or more factors that stimulate the production of cytokines (52).



Stress and Cytokine Secretion The physical stress of infection or trauma has long been known to stimulate cytokine production, and the effects of psychological stress on cytokine secretion have also been investigated. Weiss and colleagues (35), using an animal (rat) model of stress (intermittent tail shock), found that in vitro IL-2 and interferon production were significantly reduced in lymphocytes from stressed animals compared to nonstressed control animals. These effects were largely independent of the effects of glucocorticoids, as they could be reproduced in animals after their adrenals had been removed. The authors also noted that the effects of stress were not uniformly immunosuppressive and that enhancement of cytokine production was observed when certain specific conditions were met: Le May and coinvestigators (18) used exposure of rats to an open field as the psychological stressor in a series of experiments. They found that plasma IL-6 activity increased within 30 minutes of exposure to the stressor. Unlike the stress from tail shock, the open-field stress was purely “psychological” and involved no physical contact with the animal. In a different line of experiments, Persoons and colleagues (53) found that isolated alveolar macrophages from rats exposed to stress showed a marked rise in IL-1β and TNF-α secretion, but no changes in the production of IL-6. In ad-
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dressing discrepancies between results, it is important to note that 1) the effects of stress are not uniform and vary with such factors as nature of the stressor, its intensity and duration, and control over the stressor; 2) the effects vary depending on the organ/tissue or cells being investigated; and 3) different cytokines may be affected differently by the same stress paradigm. The effects of stress on cytokine regulation in humans have also been investigated. Many studies have measured the circulating levels of various cytokines in relation to one or more specific stressors. However, the measurement of plasma levels is not very reliable. Values are often undetectable or highly variable and therefore difficult to interpret. In vitro cytokine secretion by a subject’s stimulated peripheral blood lymphocytes (or whole blood) usually provides more useful information regarding the quantity and/or activity of a particular cytokine. We have therefore limited our review of the literature on human stress and cytokines to studies that have measured in vitro production of cytokines (Table 2). As shown in Table 2, a common paradigm has been the evaluation of examination stress in medical students and comparison of patterns of cytokine secretion in the same subjects before and after the examination (54–56, 61, 63). Other strategies have included comparisons of cytokine secretion between chronically stressed individuals (e.g., caregivers for patients with Alzheimer’s disease) and age-matched comparison subjects (58), as well as the use of various other natural (60, 64) and/or experimental (57, 59, 62) stressors. Research methods have also differed, ranging from the direct measurement of one or more cytokines (54, 56, 57) to measurement of the cytokine receptor and its mRNA (55) and including indirect assessments such as the speed of wound healing and the quantification of related cytokines (58, 64). Results have varied. Although no definite pattern has emerged, several investigators have interpreted their results as consistent with the hypothesis that stress induces a shift in the balance of type 1 and type 2 T helper responses in favor of type 2 (59, 60, 63). However, this pattern has not always been confirmed (61). The relationship between stress, hormones, and cytokine secretion is complex and not fully understood. More research is needed to clarify some of the unresolved issues.



Cytokines and Psychiatric Disorders Because cytokines are closely associated with central neurotransmitters and because cytokine regulation is affected by stress, a number of studies have investigated a possible role for cytokines in major psychiatric disorders. These studies have been described in an emerging literature on cytokine regulation in major depression, schizophrenia, Alzheimer’s disease, and other psychiatric disorders. Am J Psychiatry 157:5, May 2000



ZIAD KRONFOL AND DANIEL G. REMICK TABLE 2. Results of Selected Studies of Human Stress and Cytokine Production a Year



Subjects



Glaser et al. (54)



1986



Medical students



Examination



Interferon-γ



Glaser et al. (55)



1990



Medical students



Examination



IL-2, IL-2 receptor, IL-2 receptor mRNA



Dobbin et al. (56)



1991



Medical students



Examination



Interferon-γ, IL-1β



Mittwoch-Jaffe et al. (57)



1995



Healthy volunteers



Experimental positive and negative mood induction



IL-1β, IL-2, IL-3, IL-6, TNF-α



Kiecolt-Glaser et al. (58)



1995



Alzheimer’s disease caregiving



IL-1 mRNA



Decker et al. (59)



1996



Nakano et al. (60)



1998



Chronically stressed individuals and matched control subjects undergoing experimental surgical wound Surgical patients undergoing cholecystectomy Taxi drivers in Japan



Conventional ver- IL-4, interferon-γ sus laparoscopic cholecystectomy Economic IL-2, IL-4 depression



Maes et al. (61)



1998



Medical students



Examination



Ackerman et al. (62)



1998



Marshall et al. (63)



1998



Multiple sclerosis Experimental stress patients and control subjects Medical students Examination



Glaser et al. (64)



1999



Healthy volunteers undergoing experimental surgical wound



Stressor



Cytokineb



Author



Interferon-γ, TNF-α, IL-4, IL-6, IL-10



Interferon-γ, TNF-α, IL-1β, IL-4 Interferon-γ, IL-10



Perceived level of IL-1α, IL-8 prodaily stressors duction in wound



Resultsb



Authors’ Conclusions



Decreased interferon-γ



Stress induces immune suppression Stress-induced immune Increased IL-2, desuppression can be creased IL-2 receptor seen at level of gene and IL-2 receptor expression mRNA Decreased interferon-γ, Stress decreases lymphoincreased IL-1β cyte secretion and increases monocyte secretion Negative emotions: in- Mechanism of immunomodulation is specific to creased TNF-α, denature of emotion creased IL-2 and IL-3; positive emotions: decreased TNF-α, increased IL-2 and IL-3 Decreased IL-1 mRNA, Delay in wound healing is probably related to slowing of wound decreased cytokine healing secretion



Increased IL-4, decreased interferon-γ



Surgical stress induces a shift in the type 1/type 2 T helper balance in favor of type 2 Decreased IL-2, Decreased daily earnings increased IL-4 produce a shift in type 1/ type 2 T helper balance in favor of type 2 Increased interferon-γ, Stress affects proinflammatory as well as negative TNF-α, IL-6, and IL-10; immunoregulatory cyfor anxious students: tokines; stress-induced increased interanxiety is related to type feron-γ, decreased 1 T helper-like response IL-4 and IL-10 Increased interferon-γ, Psychological stress enTNF-α, and IL-1β hances cellular immune response Decreased interferon-γ, Stress induces a shift in increased IL-10 type 1/type 2 T helper balance in favor of type 2 Decreased IL-1α; deStress affects proinflammatory cytokine production creased IL-8 in in local wound environwomen reporting ment higher perceived stress



a



Studies are limited to those where in vitro cytokine secretion was measured. Comparisons are made either within subjects, before and after a given stressor (e.g., examination stress), or between subjects (e.g., stressed subjects versus unstressed control subjects). b IL=interleukin, TNF-α=tumor necrosis factor-α.



Major Depression Research on cytokine regulation in major depression has been surprisingly limited. Maes and colleagues reported an increase in the plasma concentration and in vitro production of IL-1 (65) and IL-6 (66) in patients with major depression. They also reported increases in plasma concentrations of soluble IL-2 receptors, soluble IL-6 receptors, and acute phase proteins (66). These authors concluded that there is an increase in proinflammatory cytokines in patients with major depression that seems to correlate with severity of the illness and measures of HPA hyperactivity. Unfortunately, these observations have not Am J Psychiatry 157:5, May 2000



been consistently replicated. Weizman and associates (67) found a reduction in the secretion of IL-1β and IL-2 and in IL-3-like activity in depressed patients compared to control subjects. Most investigators, however, have seemed to confirm an increase in the plasma levels of acute phase proteins, notably haptoglobin (68). This finding, along with reports of mild leukocytosis, neutrophilia, and elevated C-reactive protein and complement components (69), suggests a mild inflammatory response in depression, possibly initiated by cytokines. Any possible role for cytokines in the pathophysiology of mood disorder however remains highly speculative (70).
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CYTOKINES AND THE BRAIN TABLE 3. Cytokines and Anticytokines Used Therapeutically and Their Psychiatric Adverse Effects Cytokine or Anticytokine Cytokine Erythropoietin Granulocyte colonystimulating factor Interferon-α



Interferon-β



Interferon-γ



Tumor necrosis factor-α Interleukin-1 Interleukin-2, lymphokine-activated killer cells Anticytokine Interleukin-1 receptor antagonist



Anti-tumor-necrosisfactor antibodies Tumor necrosis factor receptors



Clinical Condition Treated Anemia Granulocytopenia



Psychiatric Adverse Effect Negligible Negligible



Hepatitis C, chronic Fatigue, depression, cognitive impairmyelogenous leument, psychosis, kemia, renal cell suicidal ideation carcinoma, metastatic melanoma, other malignancies Multiple sclerosis Fatigue, depression, cognitive impairment, psychosis, suicidal ideation Chronic granuloma- Fatigue, depression, cognitive impairtous disease, Kament, psychosis, posi’s sarcoma suicidal ideation (AIDS) Advanced cancer Anorexia, fatigue Metastatic cancer Metastatic cancer, AIDS



Somnolence, confusion, delusions Confusion, delirium, depression, psychosis



Negligible Rheumatoid arthrior undetermined tis, systemic lupus erythematosus, inflammatory bowel disease Rheumatoid arthritis Negligible or undetermined Transplant rejection Negligible or undetermined



Schizophrenia The idea that some forms of schizophrenia may be associated with an autoimmune response is not new. This topic has been the subject of excellent reviews (71). One reason for skepticism in this area, however, is the inconsistent replication of laboratory findings, particularly when dealing with antibodies directed toward specific brain antigens. With advances in cytokine research, a number of studies have examined specific cytokine abnormalities in patients with schizophrenia. The results have been more encouraging. Several studies have found a decrease in mitogen-stimulated IL-2 production in patients with schizophrenia (72, 73). Furthermore, Ganguli and colleagues (73) have shown that diminished IL-2 production was associated with a younger age at onset and a preponderance of negative symptoms. Other frequently replicated immune abnormalities in schizophrenia include an increase in circulating soluble IL-2 receptors (74) and an increase in serum IL-6 concentrations (75). Results regarding levels and/or production of IL-1 and TNF have been inconclusive. A great deal of the discrepancy among results may be related to clinical factors such as subjects’ duration of illness, medication status, and clinical subtype of the disorder. Whether cytokines are involved in the pathophysiol-
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ogy of certain forms of schizophrenia, possibly in relation to a viral and/or neurodevelopmental insult, remains to be determined.



Alzheimer’s Disease and Other Psychiatric Disorders It has frequently been suggested that inflammatory and immune mechanisms play an important role in the pathophysiology of Alzheimer’s disease (76). Acute phase proteins such as α-1-antichymotrypsin are frequently elevated in the serum and cerebrospinal fluid of patients with Alzheimer’s disease (77) and may become part of the amyloid deposit of senile plaques, the histopathological hallmark of this illness (78). Acute phase proteins are mediated by cytokines, particularly IL-1, IL-6, and TNF. Studies have shown that the levels of IL-1, IL-6, and TNF are elevated both in the serum and brain extracts in patients with Alzheimer’s disease (79, 80). Both IL-1 and IL-6 have been shown to increase the synthesis of amyloid precursor proteins by specialized cells (81). The pathophysiology of Alzheimer’s disease is complex and involves both genetic and environmental factors. Although cytokine dysregulation is evident during different phases of the disease, whether this process represents a reaction to or a major reason for tissue destruction remains controversial (76). The literature includes reports of cytokine dysregulation in other psychiatric disorders, such as panic disorder (82), obsessive-compulsive disorder (83), and autism (84).



Cytokines and Consultation-Liaison Psychiatry Use of Cytokines in Selected Medical Conditions Cytokines have a number of potential therapeutic applications (Table 3). In treating many inflammatory states, physicians wish to alter the immune response to improve the outcome of their patients. Because cytokines are a prominent component of the immune response, they represent a natural target for modulation. Exogenous cytokines may be given in some situations (e.g., certain infections, cancer) where it is desirable to have increased levels of cytokines, or they may be blocked in other situations (e.g., autoimmune diseases and transplant rejection) where it is believed that the cytokine levels are too high. Administration of exogenous cytokines. T h e m o s t frequent clinical use of exogenous cytokines is the administration of hematopoietic growth factors to patients who are deficient in one or more of the components of the bone marrow, i.e., patients with anemia, leukopenia, or thrombocytopenia. A good example of such treatment is administration of granulocyte colony-stimulating factor to patients with neutropenia. Other frequent uses include treatment of chronic infection, e.g., hepatitis C, where interferon-α has been used (85), and several cancerous conditions such as malignant melanoma and metastatic Am J Psychiatry 157:5, May 2000
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breast cancer, where TNF-α, IL-1, and IL-2 have been used (86, 87). Inhibition of cytokines. Several specific disease states, including autoimmune diseases and certain infections and their sequelae, are associated with an exaggerated release of cytokines. Cytokines may be inhibited by using several different methods, including administration of monoclonal antibodies against the cytokine, as well as administration of antireceptor antibodies, soluble receptors that inhibit the activity of their cytokines, and receptor antagonists such as the naturally occurring IL-1 receptor antagonist that binds to the IL-1 receptor but fails to transduce a signal (34).



Psychiatric Adverse Effects of Treatment With Cytokines As treatment with cytokines and/or cytokine inhibitors is gaining ground, psychiatrists, particularly those in consultation-liaison services, may need to become more familiar with the principles of cytokine therapy. Increased attention to these principles is especially needed because the medical conditions that require cytokine treatment, such as cancer and autoimmune diseases, have high psychiatric comorbidity and because these treatments commonly have psychiatric adverse effects (Table 3). Interferon. Interferon therapy is now an integral part of various clinical protocols. Because of their antiviral as well as antiproliferative and immunomodulatory properties, interferons have been used in the treatment of various medical conditions such as malignant melanoma, multiple sclerosis, and hepatitis C. The most common side effects appear early in treatment and include flu-like symptoms such as fever, tachycardia, headache, malaise, arthralgia, and myalgia (85). These side effects tend to decrease in severity as treatment continues. Neuropsychiatric side effects typically appear later in treatment (88–90). Fatigue is one of the most frequently encountered adverse effects; it is usually dose-related and tends to remit when treatment is discontinued. Other neuropsychiatric side effects include mood changes (depression, anxiety, irritability, manic symptoms, and even suicidal behavior), cognitive changes (decreased concentration, confusion, delirium), and, rarely, psychosis. The exact mechanism by which these side effects develop is poorly understood, but it may involve neurotransmitter changes produced by the cytokines (40). Attempts have been made to treat and even prevent some of these side effects by using appropriate psychopharmacological agents (91). The goal of such treatment is not only to reduce psychiatric symptoms, but also to allow completion of the course of medical treatment, as neuropsychiatric side effects are the most commonly reported causes for dose limitation or treatment discontinuation (85). IL-2 and lymphokine-activated killer cells. IL-2 and lymphokine-activated killer cells have also been used to Am J Psychiatry 157:5, May 2000



treat patients with metastatic malignancies. In a longitudinal survey of consecutive patients who received this treatment, 50% of the patients experienced severe cognitive and/or behavioral impairment (92). In 34% of the patients, the behavioral changes necessitated acute intervention. The neuropsychiatric side effects usually were dose-related and tended to appear at the end of the treatment phase. They seemed, however, to be completely reversible. Other cytokines. Treatment with TNF-α is often accompanied by anorexia, nausea, headache, and fatigue (86). Side effects of treatment with colony-stimulating factor are infrequent and are usually mild (93). Anticytokine therapy. Use of cytokine inhibitors is a very new treatment approach. Preliminary data have suggested that this treatment is safe and effective for specific medical conditions, such as rheumatoid arthritis (94) and inflammatory bowel disease (95). The psychiatric adverse effects, if any, seem to be mild or undetermined.



Effects of Psychiatric Treatment on Cytokine Production Any somatic treatment in psychiatry is likely to be associated with changes in specific neurotransmitter regulation in the brain. Because changes in neurotransmitter function can lead to alterations in cytokine production in the central nervous system (96), it is not surprising that the effects of psychopharmacologic agents on cytokine production should be examined. What is surprising is the very limited number of studies addressing this issue. Furthermore, most of the studies that have been conducted have involved psychiatric patients who are receiving treatment, so it is often difficult to determine whether any changes in the levels of cytokines are a result of a pharmacological property of the medication or of changes in the clinical status of the patient receiving the treatment. In any event, a few studies have reported changes in the levels of specific cytokines in conjunction with one or more psychopharmacologic agents. In vitro studies have shown that chlorpromazine and other neuroleptics have an inhibitory effect on the production of IL-2, TNF, and interferon by human lymphocytes (97). Animal studies seem to confirm these observations (98). In humans, neuroleptic treatment has been associated with an increase in the serum levels of soluble IL-2 receptor and a decrease in the levels of soluble IL-6 receptor (99). Clozapine-induced agranulocytosis has also been associated with the inhibitory effects of cytokines (100). The effects of antidepressant medications have rarely been investigated. Animal studies have suggested an inhibitory influence by selective serotonin reuptake inhibitors on the production of acute phase proteins and cytokines (101). In depressed patients, treatment with clomipramine has been associated with an increase in IL-1β and in IL-3-like activity by stimulated lymphocytes (67). Plasma levels of IL-6, soluble IL-6 receptor, and soluble IL-2 receptor, however, were not af-
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fected by antidepressant medications (66). In a different line of studies, we have shown that ECT was associated with a significant increase in plasma levels of IL-6 (102). However, associations between changes in the levels of cytokines and the therapeutic response have not been firmly established.



Conclusions The last decade has witnessed a rapid expansion of research in cytokine biology. In addition to their role as messengers among inflammatory and immune cells, these proteins seem to interact with different tissues and organs and assume new roles outside their traditionally known functions. One such role involves the central nervous system. Cytokines seem capable of acting as neuromodulators within the brain. As such, they affect important brain activities such as sleep, appetite, and neuroendocrine regulation. Discoveries about these processes have led to speculations about a possible link between cytokines and psychopathology. We should, however, emphasize that our knowledge of the role of cytokines in human brain activity is still in its infancy. Most of our information comes from animal studies. Human studies remain scarce and frequently suffer from methodological flaws that make comparisons between the results difficult to achieve. We therefore feel that more hypothesis-driven research protocols involving human subjects are needed to assess the role of specific cytokines in neuropsychiatric symptom production as well as their role in the pathophysiology of specific psychiatric disorders. Once a defect has been identified, novel treatment strategies involving cytokines and/or cytokine inhibitors should be tested clinically. This work may lead to a whole new approach in the way we understand and treat psychiatric illness. Received June 15, 1999, revision received Dec. 1, 1999, accepted Dec. 3, 1999. From the Departments of Psychiatry and Pathology, University of Michigan Health System, Ann Arbor. Address reprint requests to Dr. Kronfol, Department of Psychiatry, University of Michigan Health System, Riverview Building, 900 Wall St., Ann Arbor, MI 48109-0722; [email protected] (e-mail). Supported in part by the National Alliance for Research on Schizophrenia and Depression. Dr. Kronfol is a Van Ameringen Investigator.
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