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The hygiene hypothesis proposes that several chronic
inflammatory disorders (allergies, autoimmunity,
inflammatory bowel disease) are increasing in preva-
lence in developed countries because a changing
microbial environment has perturbed immunoregula-
tory circuits which normally terminate inflammatory
responses. Some stress-related psychiatric disorders,
particularly depression and anxiety, are associated with
markers of ongoing inflammation, even without any
accompanying inflammatory disorder. Moreover, pro-
inflammatory cytokines can induce depression, which
is commonly seen in patients treated with interleukin-2
or interferon-a. Therefore, some psychiatric disorders in
developed countries might be attributable to failure of
immunoregulatory circuits to terminate ongoing inflam-
matory responses. This is discussed in relation to the
effects of the immune system on a specific group of brain
serotonergic neurons involved in the pathophysiology of
mood disorders.

The hygiene hypothesis
The incidences of several chronic inflammatory disorders
have been increasing strikingly in the developed countries.
These include allergic disorders (asthma, hay fever), some
autoimmune diseases (for example, type 1 diabetes and
multiple sclerosis) [1] and inflammatory bowel diseases
(IBD; ulcerative colitis and Crohn’s disease) [2]. The
‘hygiene,’ or ‘old friends’ hypothesis attributes some of
these increases to a failure of immunoregulation [3]. We
know that a failure of immunoregulatory mechanisms can
lead to simultaneous increases in all these diverse types of
pathology, because genetic defects of Foxp3, a transcrip-
tion factor that plays a crucial role in the development and
function of regulatory T cells (Treg), lead to a syndrome
known as X-linked autoimmunity–allergic dysregulation
syndrome (XLAAD) that includes aspects of all of them [4].

In support of this view, there is evidence that allergic
disorders [5] and some autoimmune diseases [6,7] are
accompanied by a failure of the regulatory mechanisms
that should terminate inflammatory responses. The situ-
ation is less clear in IBD but defective regulatory pathways
are the key etiological factor in animal models of IBD [8],
and tolerance to gut contents is broken in human IBD [9].

The old friends hypothesis suggests that the lack of
appropriate levels of immunoregulatory pathways in
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developed countries is a consequence of diminished
exposure to two categories of organism. First, harmless
organisms associated with soil, untreated water and fer-
menting vegetable matter, and second, helminth infections
(parasitic worms) that are still common in developing
countries but almost completely absent from developed
ones [3]. The former need to be tolerated because they
are harmless and were present in food and water through-
out human evolution. The helminth parasites need to
be tolerated because, although not always harmless, once
they are established in the host any effort by the immune
system to eliminate them is likely to cause tissue damage.
For instance, a futile effort to destroy Brugia malayi
microfilariae results in lymphatic blockage and elephan-
tiasis [10].

The mechanism by which these organisms prime immu-
noregulation and mediate protection from allergies, auto-
immunity and IBD is explained in Figure 1. Rather than
provoking aggressive immune responses, these organisms
cause a pattern of maturation of dendritic cells (DC) that
drives Treg rather than T helper cell 1 (Th1) or Th2 effector
cells [11,12]. This in turn leads to two mechanisms that
help to control inappropriate inflammation. First, the con-
stitutive presence of the ‘old friends’ causes continuous
background activation of the regulatory DC (DCreg) and of
Treg specific for the old friends themselves, resulting in
constant background bystander suppression of inflamma-
tory responses. Thus, strikingly raised levels of IL-10 and
TGF-b can be seen in individuals with parasite infections
[13,14], and suppression of allergic manifestations in these
individuals is attributed to the IL-10 [13]. Second, these
DCreg inevitably sample self, gut contents and allergens,
and so induce Treg specific for the illicit target antigens of
the three groups of chronic inflammatory disorder. These
inhibitory mechanisms are aborted when there are legit-
imate ‘danger’ signals [15].

The validity of this hypothetical model is supported by
clinical trials and experimental models in which exposure
to microorganisms that were ubiquitous during mamma-
lian evolutionary history, but are currently ‘missing’ from
the environment in rich countries, will treat allergy [16–
18], autoimmunity [19] or intestinal inflammation [20].

We do not understand all of the ways in which DCreg and
Treg block or terminate inflammatory responses. However,
the release of the anti-inflammatory cytokines IL-10 and
TGF-b is often involved [16,17]. In the next sections, we
summarize the evidence that chronic inflammation is able
sevier Ltd. All rights reserved. doi:10.1016/j.it.2008.01.002 Available online 6 March 2008

mailto:g.rook@ucl.ac.uk
http://dx.doi.org/10.1016/j.it.2008.01.002


Figure 1. Environmental organisms, that are part of human evolutionary history (‘old friends’), are recognized as harmless by pattern recognition receptors on DC. The DC

mature into regulatory DC (DCreg) that drive regulatory T cell responses to the antigens of these organisms (Treg). The continuing presence of these antigens (left), either

because they are inhaled into the lungs, present in the gut flora, ingested with food or water or resident as parasites that must be tolerated (such as microfilariae), leads to

high continuous background release of regulatory cytokines, exerting bystander suppression of inflammatory responses and counteracting activation of the innate immune

system. Meanwhile, the increased numbers of DCreg lead to increased processing by such DC of self antigens, gut content antigens and allergens (right). Therefore, the

numbers of Treg specific for these antigens are also increased, downregulating autoimmunity, IBD and allergies, respectively.

Opinion Trends in Immunology Vol.29 No.4
to trigger or exacerbate certain psychiatric disorders, and
that these anti-inflammatory mediators can oppose these
effects.

Cytokines and inflammation in psychiatric disorders
The data showing that depression is associated with
increased circulating levels of pro-inflammatory cytokines
come from a range of direct and indirect sources, many of
which are reviewed elsewhere [21–23], so we give only brief
examples.

First, patients presenting with major depression but no
other obvious disorder often have raised levels of these
cytokines [24]. Similarly, in a community-based study of
3024 well-functioning older persons 70–79 years of age,
depression was found to correlate with higher circulating
levels of IL-6 and tumor necrosis factor (TNF) [25]. Second,
the occurrence of depression in chronic illnesses, such as
cancer or heart failure, is related to serum levels of IL-1,
IL-6 or TNF rather than to physical symptoms [26–28].
Interestingly, obese people are two to three times more
likely to be depressed [29]. Adipose tissue is a potent source
of pro-inflammatory cytokines (IL-1, IL-6, TNF) and che-
mokines such as IL-8, macrophage inflammatory protein
(MIP-1a), eotaxin, CCL2 (also known as MCP-1) and of the
hormone leptin, which is also pro-inflammatory [30].

Because the pro-inflammatory cytokines, particularly
IL-6, drive the acute phase response, there should be
evidence of this and of associated hematological changes
in psychiatric disorders. This has been demonstrated
repeatedly [25,31,32].
There is little direct information on levels of the Th2
cytokines IL-4, IL-5 and IL-13 in psychiatric disorders.
However, the inflammation in human allergic disorders is
mixed, with a Th1 component and relatively high levels of
TNF [33]. Large multisite epidemiological studies in the
USA, France and Puerto Rico indicate that childhood
asthma is associated with both depression and anxiety
disorder [34]. Interestingly, despite considerable comorbid-
ity of depression with anxiety, a history of asthma is more
often associated with the latter [34]. This is in sharp
contrast to the known association between other chronic
illnesses and depression [28], and poses an interesting
dilemma. Is the anxiety a direct consequence of the psycho-
logical effects of the asthma, or is anxiety exacerbated by
the Th2 cytokines or, finally, are both asthma and anxiety
the result of a third, possibly genetic factor? Evidence for a
shared genetic component has emerged from twin studies
[35].

Significance of small changes in cytokine levels
It is possible then that chronic exposure to either the Th1-
dominant pro-inflammatory cytokine pattern, or to the Th2
or mixed pro-inflammatory pattern seen in allergic dis-
orders, is able to influence psychiatric symptoms. However,
the changes in cytokine levels seen are usually very mod-
est, typically representing a doubling of control back-
ground levels [36]. Are such small increases biologically
relevant? In fact, there is good evidence that very modest
changes in levels of pro-inflammatory cytokines have bio-
logical effects. For instance, small diurnal variations in
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levels of TNF and IL-1 in blood and cerebrospinal fluid
(CSF) play a role in the regulation of the spontaneous
sleep–wake cycle [37]. Direct experimental studies also
support this view. When very low doses of endotoxin
(LPS; 0.2 ng/kg) were administered to healthy volunteers,
there was a doubling of circulating levels of cytokines and
soluble cytokine receptors, and significantly increased
deep NREM (slow-wave) sleep, despite the fact that this
dose of LPS was too low to alter rectal temperature, heart
rate or cortisol levels [38]. Similarly, negative changes in
mood following injection of a vaccine (Salmonella typhi)
that caused no subjective symptoms in normal volunteers
correlated significantly with a doubling in serum IL-6 [39].

The causality dilemma
The next major issue is whether the elevated cytokines
increase the vulnerability to depression (or anxiety), or vice
versa. It is well established that exposure to psychological
stress can lead to increased production of pro-inflamma-
tory cytokines [40].Moreover, it has been reported that this
ability of stress to drive inflammatory responses is exag-
gerated in depressed individuals [41]. Insofar as depres-
sion is thought to be a form of psychological stress, or at
least associated with enhanced stress reactivity, these
points seem to suggest that the depression might drive
the cytokine release [42]. However, many other obser-
vations outlined below lead to the reverse conclusion.

Genetics
Links between polymorphisms of genes encoding inflam-
matory cytokines (IL-1 and TNF) and depression imply
direct involvement rather than a bystander role [43,44].
For example, a single-nucleotide polymorphism of the gene
encoding TNF (the TNF2 allele) that leads to higher pro-
duction of TNF was previously linked to autoimmune and
inflammatory diseases [45], but it is also significantly
associated with major depression in a Korean population
[43].
Figure 2. In populations adequately exposed to old friends, the levels of priming of regu

large balance). When the priming of Treg is too low, the population is at risk of a variety o

responses. Some individuals have a genetic background and immunological history th

and these people are at risk of Th1-mediated conditions (type 1 diabetes, multiple sclero

lack of control, resulting in allergic disorders. A further category of individuals suffering f

susceptible to CNS effects of chronic cytokine exposure. The symptoms tend toward anx

It is relatively common, however, for the patients to have both the inflammatory disor
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Induction of depression by clinically administered
cytokines
The behavioral changes caused by direct or indirect effects
of pro-inflammatory mediators in the brain are collectively
known as ‘sickness behavior’ and overlap with the symp-
toms of depression [46]. Direct proof that cytokines can
modulate the emotional state is provided by the occurrence
of anxiety and depressive symptoms in patients treated
with interleukin-2 (IL-2) or interferon-a (IFN-a), cytokines
that are used to treat some forms of hepatitis and cancer
[23]. Anorexia, fatigue, altered sleep and pain developed
within 2 weeks of IFN-a therapy in a large proportion of
patients. Later during the treatment with IFN-a there was
depressed mood, anxiety and cognitive dysfunction in the
patients who developed major depression. There were also
differences in the timing and nature of symptoms that
depended on whether IL-2 or IFN-a or both were used
[47]. Cytokine-treated patients also show secondary rises
in other cytokines such as IL-6 and the anti-inflammatory
cytokines IL-10 and IL-1 receptor antagonist (IL-1Ra) [48].
This implies that different patterns of poorly regulated
cytokine release (for instance, Th1- or Th2-dominated)
might lead to different effects on the emotional state
(Figure 2).

Cytokine-induced depression can be treated by parox-
etine, a serotonin reuptake inhibitor antidepressant
(SSRI), suggesting that by this criterion at least it
resembles spontaneously occurring depression [49]. The
same is true in animals with respect to depressive-like
behavioral responses evoked by LPS or cytokine adminis-
tration [50,51].

One important observation is that patients who had
raised background levels of inflammatory cytokines before
the cytokine treatment was initiated were more likely to
develop depression during treatment with IFN-a or IL-2
[52]. This implies that unexplained background inflam-
mation was a predisposing factor, rather than a con-
sequence of depression.
latory cells (Treg) are sufficient to suppress inappropriate inflammation (right side of

f syndromes attributable to inadequate termination of inappropriate inflammatory

at make their Th1 mechanisms more likely to become pathologically uncontrolled,

sis, Crohn’s disease). In other individuals it is the Th2 response that is most liable to

rom failure to terminate inflammation does not develop any gross pathology, but is

iety when these are Th2, and toward depression when these are Th1, IL-1 and TNF.

der and the psychiatric disturbance.



Box 1. Effects of antidepressant drugs on cytokine release

In vitro

Human whole blood diluted in culture medium was incubated in

vitro with the mitogens PHA (phytohemagglutinin), ConA (conca-

navalin A), LPS or mixtures of these, in the presence or absence of:

� tricyclic antidepressants (TCA; imipramine [57], clomipramine

[99], trimipramine [101], desipramine [101])

� noradrenalin reuptake inhibitors (NARI; reboxetine [101])

� selective serotonin reuptake inhibitors (SSRI; citalopram [101],

fluoxetine [57,101], sertraline [99])

� trazodone [99]

� lithium [108].

These antidepressants either significantly reduced secretion of

IFN-g or increased secretion of IL-10, or both [57,99–101,108]. It has

therefore been suggested that all these antidepressants reduce the

IFN-g:IL-10 ratio, and so exert an overall anti-inflammatory effect

[57].

In vivo

When depressed patients were treated with the TCA amitriptyline

[109]:

� there was a fall in plasma C-reactive protein levels;

� there was a fall in spontaneous release of TNF into supernatants

of cultures of whole blood.

In animal models, prolonged treatment of C57BL/6 mice with the

TCA desipramine and subjection to the chronic mild stress model of

depression demonstrated increased production of IL-10 by their T

cells when subsequently stimulated in vitro [110].
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Treating depression with anti-inflammatory drugs
If chronic release of cytokines plays a role in driving the
depression that accompanies chronic inflammation, then
neutralizing these cytokines in vivo should relieve the
depression. At least two examples of this are known. First,
administration of neutralizing anti-TNF antibody to
patients with Crohn’s disease alleviated depressive symp-
toms in a way that could not be secondary to improvements
in comfort and lifestyle [53]. Treatment with anti-TNFwas
also said to relieve symptoms of depression in patients with
psoriasis [54]. Similarly, the cyclooxygenase-2 (COX2)
inhibitor celecoxib has therapeutic effects in major depres-
sion [55]. Anti-inflammatory drugs of this class can both
inhibit inflammation-induced increases in pro-inflamma-
tory cytokines and oppose their effects in the central
nervous system (CNS) (reviewed in Ref. [55]).

Glucocorticoid resistance
Depression is commonly associatedwith hypercortisolemia
and glucocorticoid resistance [56]. This might imply that
the raised levels of inflammatory cytokines seen in depres-
sion are secondary to a failure of glucocorticoid-mediated
feedback leading to elevated cortisol, subsequent glucocor-
ticoid resistance and a decrease in glucocorticoid-mediated
immunosuppression. However, recent analysis revealed
that the raised cytokines cause the glucocorticoid resist-
ance by impairing the function of glucocorticoid receptors
[56]. Thus, glucocorticoid resistance might constitute
further evidence that failure of immunoregulation is a
primary factor.

Effects of drugs used to treat depression
More tenuous evidence that the increased serum cytokines
might be contributing to vulnerability to depression,
rather than merely a consequence of depression, comes
from the observation that antidepressant drugs modulate
cytokine production in vitro (Box 1). It has been suggested
that all antidepressants reduce the IFN-g:IL-10 ratio, and
so exert an overall anti-inflammatory effect [57]. There-
fore, there might be relevant peripheral as well as CNS
targets of these drugs, and some that could be relevant in
this context (serotonin transporter [SERT] and indolea-
mine- [IDO] and tryptophan-2,3-dioxygenase [TDO]) are
discussed in Box S1 online.

Regulatory cytokines (IL-10, TGF-b)
If we are to apply the hygiene hypothesis to depression and
anxiety, we need to show that circulating levels of regu-
latory cytokines, such as IL-10 and TGF-b, are associated
with alleviation of symptoms.

Levels of IL-10 are frequently raised in patients with
depression [58]. However, this can be seen as secondary to
the increases in pro-inflammatory cytokines such as IFN-g,
IL-1, IL-6 and TNF. Hence, the crucial factor might be the
ratio of IL-10 to the pro-inflammatory mediators. In
patients with chronic heart failure, those who were depres-
sed had higher levels of TNF but lower levels of IL-10 than
those who were not depressed [59]. Moreover, the TNF:IL-
10 ratio correlated significantly with the severity of
depressive symptoms [59]. As outlined earlier (Box 1),
antidepressants reduce secretion of IFN-g but increase
secretion of IL-10 [57], and we also know that IL-10
opposes several of the CNS effects of inflammatory agents
(see Box S2 online).

The second major regulatory cytokine, TGF-b, has
received little attention in this context. Less mRNA encod-
ing TGF-b is found in the prefrontal cortex of patients with
bipolar disorder compared to tissue from matched controls
[60]. Studies in Korea and The Netherlands have looked at
TGF-b in the periphery and shown that depression is
accompanied by a low ratio of TGF-b to pro-inflammatory
cytokines (IL-12 or IFN-g), and that TGF-b levels showed a
significant negative correlationwith depression [61].More-
over, TGF-b levels rose significantly after treatment
[61,62].

The hygiene hypothesis and psychiatric disorders
There is then considerable evidence that levels of pro-
inflammatory cytokines tend to be high in patients with
depression and anxiety disorders, and there is some evi-
dence that absolute or relative levels of anti-inflammatory
cytokines tend to be low. Moreover, the latter can block
sickness behavior or depression-like behavior. This
suggests that the hygiene hypothesis might be relevant
to certain types of anxiety disorder and depression. The
global distribution of depression and anxiety is consistent
with this view. Although fraught with problems in
interpretation, estimates of the incidence of depression
in rich industrialized nations are consistently higher than
in poor rural nations. Indeed, in young adults (15–29 year
olds), the incidence of depression in men in the United
States and Canada is estimated to be twice, while that in
women is estimated to be three times, that seen in Africa
[63], and within Europe depression tends to be more
prevalent in urban than in rural communities [64]. Recent
studies of a saprophytic environmental mycobacterium,
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Mycobacterium vaccae, have provided direct experimental
links between the hygiene hypothesis and events in the
CNS. M. vaccae induces Treg that downregulate chronic
inflammatory states [16]. It has undergone clinical trials
for allergic disorders, psoriatic arthritis and some cancers.
In several studies, patients who had received intradermal
injections of a heat-killed preparation of this organism
showed unexpected improvements in quality-of-life scores
[65–67]. This led to investigation of the properties of M.
vaccae in a mouse model, and to the discovery that intra-
tracheal or subcutaneous administration of heat-killed M.
vaccae activated a specific subset of serotonergic neurons
in the interfascicular part of the dorsal raphe nucleus
(DRI) of mice [68]. M. vaccae-induced activation of DRI
serotonergic neurons was associated with increases in
serotonin (5-hydroxytryptamine; 5-HT) levels and metab-
olismwithin themedial prefrontal cortex (mPFC), a known
target of neurons within the DRI [69]. These effects were
temporally associated with reductions in immobility in the
forced swim test, which is a standard test for antidepress-
ant activity [68].

The DRI, mPFC and depression
Do other compounds with similar antidepressant-like
behavioral effects enhance serotonergic activity in these
areas? In fact, there is much evidence that antidepressant
drugs with diverse pharmacological properties increase
serotonergic neurotransmission in themPFC; importantly,
antidepressant drugs do not increase 5-HT release indis-
criminately in the cortex (see Box S3 online for further
details). Why then do SSRIs, other antidepressants andM.
vaccae increase 5-HT release in some brain regions but not
others? One possibility is that these compounds increase
the neuronal activity of subpopulations of serotonergic
neurons including DRI serotonergic neurons. Serotonergic
neurons with unique electrophysiological properties and
behavioral correlates have been identified in the DRI, and
have been referred to as type II serotonergic neurons [70]
(Box 2).

The DRI gives rise to a majority of the median raphe
forebrain bundle tract, traveling within the ventromedial
part of the medial forebrain bundle to the dorsomedial
prefrontal cortex, dorsolateral prefrontal cortex, anterior
cingulate cortex, orbitofrontal cortex, mediodorsal
thalamus and hippocampus, suggesting that activation
Box 2. Type II serotonergic neurons

The firing rates of classic or type I serotonergic neurons are tightly

correlated with behavioral state (high neuronal firing rates during

active waking and decreasing neuronal firing rates during quiet

waking and sleep states).

By contrast, type II serotonergic neurons:

� fire at relatively constant rates regardless of behavioral state;

� respond differently to phasic auditory and visual stimuli com-

pared to type I serotonergic neurons;

� have only been identified within the DRI.

Using visualized whole-cell recordings in living rat brain slices,

the intrinsic properties of DRI serotonergic neurons are indistin-

guishable from those of other serotonergic neurons (C.A.L.,

unpublished observations), supporting the contention that the

unique properties of type II serotonergic neurons in vivo are a

result of unique afferent control mechanisms.
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of DRI serotonergic neurons is likely to modulate circuits
well beyond the mPFC [69,71]. We concentrate on the
mPFC because this is the area where the acute effects of
antidepressant drugs have been most thoroughly docu-
mented (see Box S3 online). However, it is important to
note that these additional circuits have been implicated in
the pathophysiology of depression [69,72–74], and the
median raphe forebrain bundle tract has been proposed
previously to play an important role in adaptation, toler-
ance or coping with stressful events [75].

Consequences of activation of the raphe-mPFC circuit
Given the evidence for activation of the raphe-mPFC
circuit by multiple agents with antidepressant-like
behavioral effects, it is instructive to consider the poten-
tial consequences. Although the effects of 5-HT in the
mPFC are complex, at the cellular level, 5-HT within the
mPFC increases the gain for excitation of layer V pyr-
amidal output neurons [76]. This effect was mimicked to
some extent by noradrenalin and therefore could be
relevant to the antidepressant-like properties of SSRIs,
NRIs (noradrenalin reuptake inhibitors) and SNRIs (ser-
otonin/noradrenalin reuptake inhibitors). Several
important consequences of activation of these layer V
pyramidal neurons (see Box S4 online for further
details), consistent with adaptation, tolerance or coping
with stressful events, have been identified (brown arrows
in Figure 3).

Figure 3 also illustrates the point that there might be at
least two different stress- or anxiety-related serotonergic
systems: (i) a raphe-amygdala circuit that facilitates
anxiety- and fear-related responses (yellow in Figure 3)
and (ii) a raphe-mPFC circuit that suppresses them (green
in Figure 3).

Serotonergic circuits and the hygiene hypothesis
Pro-inflammatory cytokines and stress activate the

raphe-mPFC circuit

Injection of mice with endotoxin selectively increases
immediate-early gene expression within DRI serotoner-
gic neurons [77]. Similarly, treatment of rodents with
endotoxin or pro-inflammatory cytokines such as IL-1
induces prolonged increases in extracellular 5-HT con-
centrations in the mPFC and hippocampus [78–80]. If
activation of DRI serotonergic neurons and 5-HT release
in the mPFC is a biomarker of compounds with anti-
depressant-like behavioral effects, then we would predict
that endotoxin would have antidepressant-like beha-
vioral effects. Indeed, endotoxin has been shown to have
antidepressant-like behavioral effects when tested at a
time that corresponds to the activation of DRI serotoner-
gic neurons [77,81], although the opposite effect can be
seen at other time points.

As discussed above, stress (whether physical or
psychological) also increases plasma concentrations of
pro-inflammatory cytokines, and many studies have
shown that stress activates the raphe-mPFC circuit
[82,83]. The evidence highlighted above suggests that
this might be part of a mechanism designed to promote
adaptation, tolerance or coping with stressors (see also
Figure 3).



Figure 3. Hypothetical model illustrating a role for a DRI-medial prefrontal cortex (mPFC) pathway in coping mechanisms. Serotonergic neurons in the dorsal part of the

caudal dorsal raphe nucleus (DRD; yellow arrow) and in the dorsolateral part of the dorsal raphe nucleus (DRVL; red arrow) are involved in facilitation of anxiety-related

responses [102,103] and passive coping behaviors, respectively [104,105]. However, immune stimulation activates a small group of serotonergic neurons in the

interfascicular part of the dorsal raphe nucleus (DRI; blue arrow). These neurons project via the median raphe forebrain bundle tract (green arrows) to the cingulate cortex,

medial septum, hippocampus and medial prefrontal cortex (mPFC) [69,71]. Output neurons from the mPFC (brown arrows) project to the amygdala, where they participate

in fear extinction (fear-related coping responses) and to the dorsal raphe nucleus, where they inhibit the anxiety-related serotonergic systems (anxiety-related coping

responses) [106]. Neurons in the prefrontal cortex (particularly those in the orbito-insular prefrontal cortex, but also those in the mPFC) and cingulate cortex also have direct

projections to the ventrolateral part of the DRVL and ventrolateral periaqueductal gray region [107], and thereby can influence emotional coping strategies in a ‘top down’

manner by switching from passive to active emotional coping. Thus, via effects in the prefrontal and cingulate cortices, activation of DRI serotonergic neurons by

inflammatory responses might influence fear-related coping responses, anxiety-related coping responses and active versus passive emotional coping responses. In adults,

prolonged, unabated inflammatory responses, leading to dysregulation of DRI signaling in the prefrontal and cingulate cortices, medial septum and hippocampus, can

disrupt these coping mechanisms. Activation of immune regulatory mechanisms by M. vaccae or other compounds might prevent this cascade in vulnerable individuals.

HPA, hypothalamic-pituitary-adrenal.

Box 3. Dysregulated midbrain serotonergic systems in

depression

Changed expression of tryptophan hydroxylase 2 (tph2), the rate-

limiting enzyme in the biosynthesis of brain 5-HT in depression:

� widespread increases in neuronal tph2 mRNA [84] and protein [85–

87] expression throughout the DR in human depressed suicides;

� selective increases in tph2 expression in the dorsal subdivision of

the DR [87], part of a raphe-amygdala circuit that is believed to be

involved in facilitating anxiety states (reviewed in Ref. [102]).

Changes in markers of 5-HT function in the dorsolateral prefrontal

cortex (a target of DRI 5-HT neurons):

� changes in 5-HT receptor and 5-HT transporter binding sites in

specific regions of the prefrontal and cingulate cortices [88–94];

� findings consistent with a dysregulation of a raphe-prefrontocor-

tical serotonergic circuit (median raphe forebrain bundle tract

innervating the prefrontal and cingulate cortices, hippocampus

and medial septum [69,71]).
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Chronic overstimulation of the raphe-mPFC circuit,
and dysregulated midbrain serotonergic systems
An important question then is, what happens when this
system is chronically overstimulated, as will occur during
clinically apparent chronic inflammatory disorders, or in
individuals with chronic unexplained inflammatory
responses discussed earlier? Chronic overproduction of
pro-inflammatory cytokines, although adaptive at first,
might lead to downregulation or desensitization of the
raphe-mPFC circuit, rendering the individual incapable
of mounting appropriate coping responses to stress or
continued immune activation. This would be expected to
lead to altered postsynaptic 5-HT signaling mechanisms in
the prefrontal cortex and disruption of coping mechanisms
(Figure 3). Interestingly, there is strong evidence for dys-
regulated midbrain serotonergic systems in depression
(Box 3) [84–94].

M. vaccae

The studies with heat-killedM. vaccae cast further light on
this area. A single injection of this material into pre-
immunized animals will cause delayed cytokine release
via the Th1 response, and therefore activate the DRI
serotonergic neurons and the raphe-mPFC circuit in the
same way as LPS, although after a longer delay (6–12 h
required for the Th1 response to develop), concurrent with
reduced immobility in the forced swim test in the animal
model [68]. However, at later time points and after
repeated injections, there will be a buildup of Treg cells
that tend to terminate ongoing inflammatory responses
[16,18]. We suggest that it is this long-term effect
that accounts for the unexpected improvements in
quality-of-life scores seen in patients with cancer or chronic
inflammatory disorders who were treated with monthly
injections of this material [65–67]. Reducing chronically
raised levels of pro-inflammatory cytokines will allow
recovery of the physiological role of the raphe-mPFC circuit
in facilitating coping functions (brown arrows in Figure 3).

Conclusions: inflammatory responses as a
vulnerability factor for psychiatric disorders
Three primary factors have been implicated in determin-
ing vulnerability to depression. These include genetic
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influences, adverse early life experiences and major
stressful life events [95,96]. Interactions among these
vulnerability factors appear to be particularly important
[97]. In the hypothesis outlined here, we do not propose
that chronic inflammatory conditions play a singular cau-
sative role in the etiology of anxiety and affective dis-
orders, but accumulating evidence suggests that they
should be considered as an additional vulnerability factor.
In addition, we provide a hypothetical framework through
which a failure of immunoregulatory mechanisms to ter-
minate inflammatory responses might increase vulner-
ability to stress-related psychiatric disorders, and we
specifically implicate cytokine-mediated effects on the
DRI-mPFC axis, although this in no way rules out invol-
vement of other neurotransmitter systems including nor-
adrenergic or even dopaminergic pathways [98]. We
suggest that in developed countries, the immunoregula-
tory failure that leads to persistently high pro-inflamma-
tory cytokine levelsmight be the deficit inTreg activity that
has already been implicated in the increased incidences of
chronic inflammatory disorders such as allergies and
autoimmunity (hygiene hypothesis). Treatments that
induce regulatory immune responses, such as M. vaccae,
could have therapeutic value in patients with anxiety or
depression associated with chronic pro-inflammatory
states, whether accompanied by a clinically apparent
inflammatory disorder (allergic disease, autoimmunity,
IBD) or not. Indeed, as others have suggested, an anti-
inflammatory effect might be an integral part of the
activity of several currently used antidepressants
[57,99–101].

Note added in proof
Since our review was written, Amaral et al. (Proc. Natl.
Acad. Sci. U. S. A. [2008] 105, 2193–2197) have shown that
the balance of pro-inflammatory cytokines to IL-10 also
affects nociception.
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