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Do Cytokines Really Sing the Blues?

By Charles L. Raison, M.D, and Andrew H. Miller, M.D.

Editor’s Note: The World Health Organization predicts that depression, which already affects
about 10 percent of the population in the United States, will be the world’s leading medical
condition by 2030. Evidence suggests several causes for depression, including traumatic life
events, disease, poison, and nutritional deficiencies. Many of these causes are associated with
elevated levels of inflammatory biomarkers in the blood, which may in turn lead to inflammatory
changes in the brain. Our authors examine what the latest research reveals about link between
inflammation in the brain and depression, and how a better understanding of that link can play a
critical first step in the personalization of care.

Article available online at http://www.dana.org/news/cerebrum/detail.aspx?id=44322
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It is quite the rage these days to say that depression is an inflammatory disorder. This conclusion is
based on hundreds of studies showing that groups of people with depression have elevated levels
of a variety of peripheral inflammatory biomarkers, especially two cytokines—tumor necrosis factor
(TNF) and interleukin (IL)-6—and an acute phase reactant called C-reactive protein (CRP).* To a
large degree, those of us who study the role of inflammation in depression are responsible for
spreading the idea. But with the passage of time and the ongoing accumulation of findings from a
variety of scientific disciplines, it is becoming increasingly apparent that this characterization, while

attractive in the popular press, confuses as much as it clarifies, and is in deep need of refinement.

Suppose a patient comes to see the doctor with a painful, swollen right knee. The doctor suspects
rheumatoid arthritis (RA), a classic inflammatory condition, and sends off an aspirate of synovial
fluid from the offending knee for analysis. Given that concentrations of inflammatory cytokines
such as IL-6 are typically many times higher in the synovial fluid of an affected RA joint than in the
blood of a healthy adult, what would be the doctor’s conclusion if the joint fluid came back with
normal cytokine levels? Almost certainly RA would be ruled out as the cause. No inflammation, no

inflammatory disorder.

Now consider an analogous situation, but this time the patient complains of depression. The doctor
orders a blood test to measure levels of inflammatory biomarkers. The results come back, and the
doctor has a dilemma. The patient is weeping and utterly downcast; shows signs of apathy; can’t
sleep, eat, or concentrate; and has suicidal thoughts. But all the patient’s inflammatory measures
are completely normal. Does the doctor conclude that because depression is an inflammatory

condition, the patient isn’t depressed, no matter how miserable the patient feels? Conversely, if the
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doctor orders a blood test on someone in good spirits, and the test comes back with evidence of
increased inflammation, should the doctor insist that the patient is depressed, no matter how good

the patient feels?

What these clinical vignettes illustrate is that increased inflammation—however measured—is
neither necessary nor sufficient for the diagnosis of depression, and that, therefore, depression
cannot be considered an inflammatory disorder without doing a fair amount of damage to the
notion of what it means to be an inflammatory disorder. So how should we best understand the
association between inflammation and depression? We believe the best available data suggest the
following: depression is not an inflammatory disorder per se; rather, in some patients inflammatory
processes appear to contribute significantly to the development and maintenance of symptoms of
depression. This perspective unifies much of the scientific literature in the field, while
simultaneously suggesting novel diagnostic and treatment approaches for the subgroup of

depressed patients with increased inflammation.

The Unspoken Truth

A headline such as “Depression Is Associated with Increased Inflammation” reflects a failure to
consider that studies generally indicate that the mean value for a given inflammatory biomarker
tends to be higher in depressed groups than in groups of non-depressed individuals. This does not
mean that all subjects with depression have higher inflammatory levels than all non-depressed
comparison subjects, or that the inflammatory levels in depressed patients are abnormal. Indeed,

the mean differences in inflammation between depressed and nondepressed individuals are
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modest, and mean values for inflammatory markers in groups of depressed individuals are typically

IH

in the “normal” range when such norms are established, as is the case with C-reactive protein.

By way of illustrating this point, levels of C-reactive protein in people with autoimmune and
inflammatory conditions or acute infection range from 10 to over 100 mg/L,>* versus depression or
no diagnosis, where C-reactive protein ranges from 0 to 10 (with a CRP <3 mg/L generally
considered the upper limit of normal).? Figure 1 (see below) illustrates the other truth about
inflammation and depression that is not always adequately emphasized. Despite differences in
mean levels of C-reactive protein or IL-6 in this case, there is a huge overlap between people with
depression and those without, and in any given study, the highest inflammatory value might be

found in a control subject, while the lowest might be found in the depressed group.®

Figure 1. Plasma Interleukin-6 (IL-6) Concentrations of Healthy Comparison Subjects, Comparison

Subjects With Major Depression, and Cancer Patients With and Without Major Depression
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Reproduced with permission from American Psychiatric Publishing (Musselman et al, Am J Psychiatry, Vol. 158, Issue 8, pages 1252-1257, 2001).
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The first point—that the inflammatory activation observed in people with depression is modest—
might tempt us to dismiss the potential relevance of inflammation to the pathophysiology of
depression. But this would be both a serious mistake and a profound misunderstanding of the huge
effect that small physiological differences can have over time if they are consistently skewed in one
direction. As it turns out, depression is far from being alone as a condition characterized by
reliable—but often only mildly increased—inflammatory activity. Other modern illnesses with
evidence of moderately increased inflammatory signaling include cardiovascular disease, stroke,
cancer, diabetes, and dementia. Conversely, even minor increases in inflammation—such as the
ones observed in depression—are enough to strongly predict the development over time of many

. . . . 7
of these modern disease states, including depression. >

The second point—that there is a high level of overlap of inflammatory biomarker levels between
depressed and nondepressed groups—raises a more complex issue. When we say that groups of
depressed people tend to have elevated levels of inflammatory biomarkers, what we really mean is
that within any depressed group, there are individuals with levels that are significantly higher than
those seen in the vast majority of healthy, nondepressed people, whereas there are many other
depressed people with perfectly normal values. It is a dirty little secret of sorts that the one-third or
so of depressed individuals with elevated inflammation have been pulling all their noninflamed,
depressed colleagues along with them in publication after publication, giving the world a slightly

misguided sense that depression—as a whole—is driven by increased inflammation.

The critical question is whether inflammation is relevant to depression as a whole or only to
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individuals with chronically elevated inflammatory biomarkers. And if depression is relevant only to
those with increased inflammation, how much of an increase needs to exist before it reliably
contributes to depressive pathogenesis? And might it be the case that people with depression and
low levels of inflammation are just more sensitive to the depressogenic effects of inflammatory

activity, so that even low levels disrupt brain functioning in ways that promote the disorder?

What Cytokine Antagonism Has Taught Us

A recent study from our group provides some surprising, tentative answers to these questions.
Determined to see if peripheral inflammatory processes really contribute to depressive
pathogenesis, we decided to put the theory to the test by examining whether blocking the
inflammatory cascade would eradicate depression in patients who were otherwise medically stable.
To test this as rigorously as possible, we elected to use a medication called infliximab, which is not
believed to cross the blood-brain barrier—a tight layer of cells and tissue that separates the brain
from the rest of the body—and has no biological effects other than to potently block the activity of
TNF, the cytokine that along with IL-1beta is most responsible for initiating the inflammatory
response.8 We measured pretreatment levels of peripheral inflammation in 60 patients with
treatment-resistant depression, which has been shown to have a special relationship with increased
inflammation, in part related to the ability of cytokines to sabotage and circumvent the mechanism
of action of antidepressants. Patients were then randomized to receive three infusions of either
infliximab or saline in a blinded manner over a six-week period. We followed depressive symptoms

during this period and for six weeks following the final infusion.
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The results were unequivocal. For the group as a whole, infliximab was no better than placebo—in
fact, it was nearly identical. This strongly suggests that inflammatory processes are not directly
causal for the entire spectrum of pathology that we currently characterize as depression.
Interestingly, however, we found a significant relationship between pretreatment levels of
inflammation and clinical response. Indeed, for people with baseline levels of C-reactive protein
above 5 mg/L, infliximab outperformed placebo to the same degree that standard antidepressants

do.

What we were also not expecting was that for depressed individuals with low levels of peripheral
inflammation, placebo far outperformed infliximab, suggesting that blocking inflammation was not
just neutral, but was actually doing something profoundly negative in these individuals. At the least
it was blocking people’s ability to respond to placebo. More worrisome is the possibility that it was
blocking potentially positive effects of inflammation. Perhaps we should not have been as surprised
as we were. Animal work by psychobiologist Raz Yirmiya and others had already suggested that at
lower concentrations, inflammatory molecules such as TNF play important roles in processes
associated with positive brain functioning, including neurogenesis, synaptic scaling, and long-term
potentiation.” More recently, the antidepressant-like effect of deep brain stimulation (DBS) in
rodents has been shown to be associated not with electrode placement or even with the passage of
electric current, but rather with the local brain inflammation induced by needle placement.'®
Consistent with this, the use of anti-inflammatory agents in humans seems to block the efficacy of
DBS in patients with treatment-resistant depression. This negative association between anti-
inflammatory agents and response was also noted with standard antidepressants in the STAR*D

. 11
trial.



Cerebrum, August 2013

Taken together, these results suggest that the relationship between inflammation and depression
may be U shaped, with both very low levels and high levels of activity posing risks, albeit for
different reasons. Nevertheless, the modern world is so replete with depression risk factors that
also promote inflammation—including obesity, sedentary lifestyle, sleep loss, psychosocial stress,
processed foods, air pollution, and perhaps hygienic practices (separating us from exposure to a
range of coevolved microorganisms and parasites with powerful immunomodulatory and anti-
inflammatory effects'?)—that the association between inflammation and depression is hardly
surprising. This is especially true given that relatively mild elevations in peripheral inflammatory
activity—when chronic—seem sufficient to set in motion physiological mechanisms that are
depressogenic, particularly in individuals made vulnerable by early environment and/or genetic

inheritance.’® It is to these mechanisms that we now turn.

How Inflammation Produces Depression

When we started exploring how inflammation produces depression, we were convinced that
depressogenic pathways unique to the immune system would be identified; leading to the
conclusion that depression that occurs in response to stress or comes “out of the blue” is
biologically different from depression induced by immune activation. We couldn’t have been more

wrong.

One of the most surprising, and consistent, findings over the last decade has been that
inflammatory processes induce depression because they are capable of tapping in to every known

risk pathway. In this regard, inflammation functions like psychological stress, which has similar
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wide-ranging, and generally depressogenic, biological effects. In fact, inflammation causes most of
the same changes in the brain and body that have been repeatedly observed in animals and

. . . . 1
humans exposed to stress, especially when the stress is chronic and of a psychosocial nature.

One of the best models for understanding the impact of chronic inflammation on humans has been
treatment with the cytokine interferon (IFN)-alpha for either cancer or hepatitis C virus infection.
IFN-alpha causes full-blown depression in a respectable minority of patients, produces depressive
symptoms in a far higher percentage, and produces an improvement in mood in no one but the
unfortunate few who develop mania in response to the treatment.™ Our understanding of the
central-nervous-system (CNS) effects of peripheral inflammation also have been augmented by
studies of humans who became acutely inflamed as a result of receiving a dose of

lipopolysaccharide or a typhoid vaccine.

Figure 2 (see below) provides a schematic of the neurobiological pathways known to be influenced
by both acute and chronic inflammatory stimuli in humans, ultimately leading to alterations in
neurocircuitry and behavior. Neuroimaging studies reliably indicate that peripheral inflammation
targets brain regions repeatedly implicated in the pathophysiology of depression, especially the
anterior cingulate cortex (ACC) and basal ganglia.” Depending on the nature of the stimulus, the
impact of cytokines on the ACC is seen most strongly in either the subgenual or the dorsal area.*®"’
Cytokine-induced increases in neural activity in these regions have been associated with the
development of mood and anxiety symptoms. On the other hand, peripheral immune activation has
been shown repeatedly to impair basal ganglia functioning in ways that are consistent with the

18,19

known inhibitory effects of cytokines on dopamine signaling in the CNS. Reductions in basal
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ganglia activity have been noted in more posterior regions, where they associate with fatigue, and
in more ventral regions (such as the nucleus accumbens), where they have been associated with the
development of anhedonia, a psychological condition characterized by an inability to experience

. . 1
enjoyment in normally pleasurable acts.'®

Figure 2. Inflammation and Depression: Pathways to Pathology
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Regarding the mechanisms of the effects of cytokines on these and other brain regions, cytokines
have been shown repeatedly to alter neurotransmitter signaling in the CNS in ways that are
relevant to the pathophysiology of depression and its treatment. For example, through activation of
the intracellular signaling pathway mitogen-activated protein kinase, cytokines can increase the
number and function of the reuptake pumps for serotonin, norepinephrine, and dopamine, which in
turn can reduce the availability of these neurotransmitters within the synaptic cleft. This is relevant
to depression and its treatment given that most currently available antidepressants act by blocking

these reuptake pumps to increase neurotransmitter availability in the synapse.

Cytokines have other effects known to impact neurotransmitter availability. Indeed, by activating
enzyme indoleamine 2, 3-dioxygenase, cytokines can shunt tryptophan away from the production
of serotonin and into the production of kynurenine. Kynurenine is transported to the brain and can
be converted by activated microglia (innate cells in the brain) to the neurotoxic metabolite
quinolinic acid. The clinical relevance of this process has been shown by the association between
cerebrospinal fluid levels of kynurenine and quinolinic acid, and the development of depression
during treatment with IFN—aIpha.1 Moreover, increased quinolinic acid has been found in activated
microglia in the ACC of suicide victims who were depressed. Quinolinic acid can impact glutamate
signaling in ways relevant to depression, including the stimulation of extrasynaptic N-methyl-D-
aspartate (NMDA) receptors, which lead to the downregulation of the production of brain-derived
neurotrophic factor (BDNF), a potent inducer of neurogenesis. Consistent with this and other
activities of inflammatory cytokines, animal and human studies have demonstrated that increased
inflammatory cytokines can reduce central levels of BDNF and neurogenesis, leading to depressive-

like behavior.”
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Depression is not just a brain disease. Indeed, many of the depression-related physiological
abnormalities identified at the dawn of biological psychiatry involved the body’s stress system and
especially the hypothalamic-pituitary-adrenal (HPA) axis. As a group, depressed individuals have
been repeatedly reported to demonstrate increased circulating cortisol and concomitant
glucocorticoid resistance (e.g. decreased sensitivity to the inhibitory effects of glucocorticoids on
HPA axis regulation and inflammation).”! Depressed patients also show a flatter diurnal pattern of
cortisol secretion than do healthy control subjects. Strikingly, inflammatory cytokines have been
shown to be capable of producing all these abnormalities, including glucocorticoid resistance, and
in the context of treatment with IFN-alpha, flattening of the cortisol slope strongly predicts the

development of depression.”

Do Stress and Inflammation Always Cause Depression?

Further suggesting a link between inflammation and depression is the fact that psychosocial
stress—which is a primary risk factor for depression development—reliably activates peripheral
inflammatory pathways in humans. This activation is measured either as increases in plasma
concentrations of inflammatory cytokines such as IL-1beta and IL-6 or as increased activation of the

intracellular inflammatory transcription element nuclear factor-kappa beta (NFkB).!

Although not established in humans, psychological stressors in laboratory animals have been shown
repeatedly to increase levels of proinflammatory cytokines in the CNS, especially in areas, such as
the hippocampus, that are integrally involved in the mammalian stress response and repeatedly

implicated in depression. Importantly, in these animal models, the behavioral and biological effects

12
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of stress (such as reductions in BDNF) can be made more tolerable by blocking the stress-induced
increases in CNS inflammatory signaling.” In animal models, stress has been shown to activate CNS
microglial cells, which take on an inflammatory phenotype when activated.? Of relevance to
depression, several postmortem studies point to evidence of microglial activation in individuals who
died by suicide.** Also linking inflammation to depression is the fact that individuals at high risk for
depression—such as those exposed to early-life adversity—respond to laboratory psychosocial
stressors with more robust inflammatory responses than do others.”® Inflammatory responses to

these types of stressors have, in turn, been shown to predict the future development of depression.

The Implications for Care

The science is clear: While depression is not an inflammatory condition, inflammation can cause
depression, and inflammatory cytokines are clearly a factor. Although it is simple, this idea has
profound implications. It suggests that inflammatory processes will be highly relevant to some
individuals with depression, irrelevant to others, and perhaps even of benefit to a minority of
depressed individuals. Recent data suggest that something as simple as the widely available blood
test for C-reactive protein may identify individuals with greater or lesser likelihood of responding to
anti-inflammatory therapeutic strategies and, by extension, individuals for whom inflammation is
more or less of a causative factor. Such identification of patients with depression and increased
inflammation represents a critical first step to the personalization of care, allowing specific
treatments to be directed to specific pathologies that can then be monitored as a function of
response. Such a development represents a game changer in psychiatry and truly emphasizes that

when it comes to treatment for depression, one size does not fit all.

13
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