Neuroscience and Biobehavioral Reviews 34 (2010) 130-143

Contents lists available at ScienceDirect = Neuroscience

& Biobehavioral

Neuroscience and Biobehavioral Reviews

journal homepage: www.elsevier.com/locate/neubiorev

Review
A critical review of human endotoxin administration as an experimental paradigm
of depression

Nicole DellaGioia, Jonas Hannestad *

Yale Department of Psychiatry, Clinical Neuroscience Research Unit, Yale University School of Medicine, 34 Park Street, New Haven, CT 06519, USA

ARTICLE INFO ABSTRACT
Article history: The syndrome called depression may represent the common final pathway at which different
Received 6 May 2009 aetiopathogenic processes converge. One such aetiopathogenic process is innate immune system

Received in revised form 22 July 2009

activation. Some depressed patients have increased levels of inflammatory cytokines and other
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immunologic abnormalities. It is not known whether immune system activation contributes to the
pathogenesis of depressive symptoms. Supporting this possibility is the observation that in both rodents

Keywords: and humans, exogenous immune stimuli such as endotoxin can produce symptoms that resemble
E:g;sesmn depression. A new approach to depression research would be to use immune stimuli to elicit depressive
Anhedonia symptoms in humans. Here we review each of the symptoms elicited in humans by endotoxin
Cognition administration, and compare this model to two other immune depression paradigms: interferon-alpha
Endotoxin treatment and typhoid vaccine administration, to assess to what degree endotoxin administration
Cytokines represents a valid model of immune depression. We also review corresponding behavioral changes in
Tumor necrosis factor rodents and the potential molecular pathways through which immune system activation produces each
Interleukin symptom.
Inflammation © 2009 Elsevier Ltd. All rights reserved.
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1. Depression and inflammation
1.1. Depression

Major Depressive Disorder (“depression”) is a highly prevalent
and severely debilitating disorder for which current treatments are
inadequate and the pathogenesis of which is poorly understood.
Depression is a syndrome that affects various symptom domains
(Kennedy, 2008), and its diagnosis requires the presence of five or
more of the symptoms listed in Table 1 (APA, 2000). Although its
causes are unknown, the current conceptualization of depression
posits that it occurs as a combination of certain biological
vulnerability factors and exposure to life-stressors such as trauma
or loss (Krishnan and Nestler, 2008). One out of six persons will
experience at least one episode of depression in their life (Kessler
et al., 2005), and in many individuals depression becomes a
chronic, disabling illness (Murray and Lopez, 1997). In addition to
significant disability, depression is associated with excess mor-
tality (Zheng et al., 1997; Cuijpers and Smit, 2002), mostly because
of co-morbidity with cardiovascular disease, diabetes and obesity.
As the pathophysiology of depression has not been fully elucidated,
treatments are based on empirical data, not mechanisms of action.
Current antidepressants, all of which target monoamines (ser-
otonin, norepinephrine, or dopamine), ameliorate symptoms in
about half of patients (Trivedi et al., 2006) and produce remission
in only a third (Rush et al., 2006). It remains unclear how these
drugs actually work, since their ability to increase synaptic
concentrations of monoamines is immediate, while their clinical
effects take 2-4 weeks to become apparent (Taylor et al., 2006).
Although it is plausible that subtle differences in neurotransmitter
profiles could explain differences in efficacy (Millan, 2006),
differences in efficacy, which are very small and detectable only
in large clinical samples, do not correspond to any known
combinations of receptor and reuptake effects (Cipriani et al.,
2009). This highlights our lack of understanding of the pathophy-
siology of depression.

Table 1
Areas of impairment in depression and corresponding diagnostic criteria.

Area of DSM-IV diagnostic criterion

impairment

Mood Depressed mood

Motivation Markedly diminished interest or pleasure

Food Weight loss or gain or decrease or increase in appetite
Sleep Insomnia or hypersomnia

Motor Psychomotor retardation or agitation

Energy Fatigue or loss of energy

Self-esteem Feelings of worthlessness or excessive or inappropriate guilt
Cognition Diminished ability to think or concentrate, or indecisiveness

Hope Recurrent thoughts of death, recurrent suicidal ideation

1.2. Depression and inflammatory cytokines

One area of research that may shed light on the pathogenesis of
depression is brain-immune interactions. Immunologic abnorm-
alities in depression have been described for over two decades
(Irwin and Miller, 2007; Miller et al., 2009), but it is still unclear
whether these abnormalities play a role in depression pathogen-
esis. For readers not familiar with immunology, in Table 2 we
describe the main functions of cytokines discussed in this article.
The most consistent finding is that patients with depression have
elevated levels of inflammatory markers in plasma or serum
(Hamer et al., 2009; Howren et al., 2009). Summarized in Tables 3
and 4 are some of the studies that have found elevated levels of the
inflammatory cytokines tumor necrosis factor alpha (TNF) and
interleukin-6 (IL-6) in medically healthy patients with depression
(Maes et al., 1995; Sluzewska et al., 1995; Zorrilla et al., 2001;
Hestad et al., 2003; Penninx et al, 2003; Tuglu et al., 2003;
Fitzgerald et al., 2006; Bremmer et al., 2007; O’Brien et al., 2007;
Sutcigil et al., 2007; Yang et al., 2007; Himmerich et al., 2008;
Dinan et al., 2009; Dome et al., 2009). Depression in the context of

Table 2
Cytokine functions.

Cytokine Main functions

Interleukin-1 (IL-1) Fever
HPA axis activation
Lymphocyte activation
Macrophage and neutrophil activation
Prostanoid synthesis
Endothelial activation
IL-6 synthesis

Interleukin-4 (IL-4) Inhibits production of TNF and IL-1

Stimulates B cells

Interleukin-6 (IL-6) Fever
Acute phase protein synthesis
T and B cell differentiation and activation

Interleukin-8 (IL-8) Inflammation

Neutrophil chemotaxis

Interleukin-10 (IL-10) Inhibits inflammation

Inhibits production of IL-1, IL-6, TNF and IFN-y

Tumor necrosis factor (TNF) Fever
Endothelial activation
Neutrophil activation
Migration of dendritic cells to lymph nodes

Induction of viral resistance
Natural killer cell activation
Macrophage activation

Interferon-o (IFN-at)

Interferon-y (IFN-vy) Macrophage activation

T cell differentiation
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Table 3
Plasma levels of TNF (pg/ml) in depression.

Study Subjects Controls Currently depressed Remitted depressed
Dinan et al. (2009) 24 control 12.52+2.11 20.01+2.52 20.96 +4.08
20 depressed
14 remitted
Fitzgerald et al. (2006) 19 control 12.10+£2.56 22.02 +3.62
19 depressed
Hestad et al. (2003) 15 control 10 20
23 depressed
Himmerich et al. (2008) 523 control 12.63+6.71 19.834+9.7 13.87+14.5
62 depressed
35 remitted
O’Brien et al. (2007) 24 control 10.88+1.31 19.64 +2.44 10.77 £2.18
28 depressed
16 remitted
Sutcigil et al. (2007) 25 control 36.04+12.63 77.68 £16.21
26 depressed
Tuglu et al. (2003) 17 control 5.19+1.18 9.08 £3.23
30 depressed
Yang et al. (2007) 23 control 9 13

33 depressed

various “medical” illnesses is also associated with elevated blood
levels of inflammatory markers (Elenkov, 2007; Irwin and Miller,
2007; Miller et al., 2008). Although inflammation is believed to
play a pathogenic role in many medical illnesses, any causal
relationships among medical illness, inflammation and depression
remain undetermined. In summary, it has been clearly established
that both idiopathic depression in medically healthy individuals
and depression that occurs in the context of various medical
illnesses, are associated with elevated blood levels of inflammatory
mediators.

1.3. Antidepressant and anti-inflammatory agents

Although some studies found elevated inflammatory cytokine
levels in remitted depressed patients (O’Brien et al., 2007;
Himmerich et al., 2008), other studies found that inflammatory
cytokine levels decreased with various antidepressant treatments
(Leonard, 2001; Kenis and Maes, 2002; Hestad et al., 2003; Tuglu
et al., 2003; Myint et al., 2005), suggesting that antidepressants
may reduce inflammation. This is consistent with anti-inflamma-
tory effects of antidepressants described in rodents (Yirmiya et al.,

Table 4
Plasma levels of IL-6 (pg/ml) in depression.
Study Subjects Controls Currently Remitted
depressed depressed
Dinan 24 control 1.86+.31 3.97 +.45 5.10+.84
et al. (2009) 20 depressed
14 remitted
Fitzgerald 19 control 73+.11 1.18 +£.12
et al. (2006) 19 depressed
Maes 38 control 2.5+.55 552+1
et al. (1995) 77 depressed
O’Brien 24 control .74 +.08 1.25+.19 .67 +£.07
et al. (2007) 28 depressed
16 remitted
Sluzewska 15 control 124+ .8 428 +1.7
et al. (1995) 49 depressed
Yang 23 control 5 8
et al. (2007) 33 depressed

2001). Conversely, anti-inflammatory drugs can have an anti-
depressant effect. In depressed patients who had not remitted with
the antidepressant reboxetine, augmentation with the cycloox-
ygenase-2 (COX-2) inhibitor celecoxib, which blocks the conver-
sion of arachidonic acid into inflammatory molecules called
prostanoids, was superior to placebo (Muller et al., 2006). In
patients with psoriasis, the TNF-antagonists infliximab and
etanercept reduced depressive symptoms; the latter did so
independently of any improvement in joint pain or other psoriatic
symptoms (Feldman et al., 2005; Tyring et al., 2006; Bassukas et al.,
2008). Such data support the notion that inflammation may in
some way contribute to the genesis of depressive symptoms.

1.4. Can inflammatory cytokines “cause” depressive symptoms?

It is well-established that inflammatory cytokines released
peripherally have profound effects on mood and behavior.
Naturally occurring infectious illnesses produce symptoms that
resemble depression (Bucks et al., 2008). Experimental studies
show that activation of the immune system can cause depressive-
like symptoms. In experimental exposure of humans to rhinovirus
or influenza virus, blood levels of IL-1, TNF and IL-6 predicted
reduced positive affect the following day, independent of objective
signs of illness (Janicki-Deverts et al., 2007), and various mild
immune stimuli, insufficient to cause significant sickness symp-
toms, can elicit depressive symptoms in humans (Hermann et al.,
1998; Reichenberg et al., 2001; Wright et al., 2005; Capuron et al.,
2009; Eisenberger et al., 2009). How does immune activation affect
the brain?

2. Immune-to-brain and brain-to-immune pathways
2.1. Immune-depression models in rodents

The literature on immune-induced depressive-like behaviors in
rodents is vast. Although a comprehensive review of rodent data is
not within the scope of this article, we will briefly outline some
studies to illustrate how peripheral cytokines “talk” to the brain.
For readers interested in this topic, we recommend other reviews
(De La Garza, 2005; Dunn et al., 2005; Anisman, 2009; Pecchi et al.,
2009). The most commonly used immune-depression model in
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CDI14 TLR4

MyD88 dependent pathway

MyD88 independent pathway

Fig. 1. Endotoxin binds to CD14 and Toll-like receptor 4 (TLR4) on the surface of monocytes and endothelial cells. The TLR4 associated Toll-IL-1-receptor domain (TIR) binds to
myeloid differentiation factor 88 (MyD88), which, through various intermediate steps, leads to the activation of nuclear factor kB (NFkB). This transcription factor initiates
the transcription of various inflammatory mediators, including tumor necrosis factor (TNF), interleukin-1 converting enzyme (ICE) which converts pro-IL-1 into bioactive IL-
1, cyclooxygenase-2 (COX-2) which converts arachidonic acid into prostanoids such as prostaglandin E2 (PGE2), and inducible nitric oxide synthase (iNOS) which produces
nitric oxide. The MyD88-dependent pathway can also be activated by IL-1 and TNF signaling through their cognate receptors. The MyD88-independent pathway leads to the

transcription of interferon-f3 (IFN-3).

rodents is intraperitoneal (i.p.) administration of endotoxin, a
component of the wall of Gram-negative bacteria. Activation of the
innate immune system with endotoxin leads to a constellation of
behaviors similar to depression in humans: anhedonia, decreases
in novelty-induced and social behaviors, reduced food intake, and
sleep disturbance (Larson and Dunn, 2001). The production of so-
called sickness behavior in rodents occurs when peripherally
released cytokines induce expression of inflammatory mediators
in brain parenchyma (Pecchi et al., 2009). This has also been
demonstrated in primates: cerebrospinal fluid (CSF) levels of IL-6
increase after i.v. administration of IL-1 in monkeys (Reyes and
Coe, 1996) and after IFN-o treatment in humans (Raison et al.,
2008). It is therefore reasonable to assume that immune-to-brain
pathways are similar in rodents and humans. Depending on the
dose of endotoxin used, depressive-like behaviors in rodents may
continue after the acute sickness behavior ends (Frenois et al.,
2007). Such delayed effects from immune stimuli may occur
because increased brain and peripheral levels of cytokines can last
for several weeks (Qin et al., 2007; Moreau et al., 2008).

2.2. Immune-to-brain pathways

What are the pathways through which endotoxin, when
administered peripherally, can cause depressive-like behaviors?
Innate immune cells have receptors that recognize endotoxin and
other so-called pathogen-associated molecular patterns. As illu-
strated in Fig. 1., endotoxin binds to CD14 which enables
interaction with Toll-like receptor 4 (TLR4). This ultimately leads
to the activation of the transcription factor NFkB and expression of
various genes, including COX-2, TNF, IL-6, IL-1 converting enzyme
(ICE) which cleaves pro-IL-1 into bioactive IL-1, and inducible
nitric oxide (iNOS) which produces nitric oxide (Gaestel et al.,
2009). The NFkB pathway is also activated when IL-1 or TNF bind
to their respective receptors. In addition to leukocytes, the NFkB
pathway is functional in endothelial cells where it can be activated
by endotoxin binding to TLR4/CD14 as well as through TNF and IL-
1 binding to their receptors (Dauphinee and Karsan, 2006; Magder
et al,, 2006). The endothelium and the blood-brain barrier play an

essential role in mediating inflammatory signals from both the
bloodstream and cerebral ventricles to brain parenchyma: the
myeloid differentiation factor 88 (MyD88) is required in endothe-
lial cells to mediate the effects of peripherally administered IL-1 on
the brain (Gosselin and Rivest, 2008), and when IL-1 is
administered intracerebroventricularly (i.c.v.), the presence of
IL-1 receptors on endothelial cells is necessary for activation of
hypothalamic neurons and the occurrence of sickness behavior
(Ching et al., 2007). In addition to the endothelium and blood-
brain barrier, the brain can also detect peripheral inflammatory
signals through afferent vagal fibers (Kapas et al., 1998; Opp and
Toth, 1998). Thus, when IL-1 was given i.v., activation of
hypothalamic neurons and the occurrence of depressive-like
symptoms required the presence of IL-1 receptors in endothelial
cells, whereas when IL-1 was injected i.p., endothelial IL-1
receptors were not required (Konsman et al., 2000). Recently, an
additional pathway of immune-to-brain communication has been
demonstrated, namely the entry of peripheral monocytes into
brain parenchyma (D’Mello et al., 2009). In mice with hepatic
inflammation, monocytes from the blood enter brain parenchyma,
and this process is dependent on TNF-induced expression of
monocyte chemoattractant protein-1 in microglia (D’'Mello et al.,
2009). In summary, peripheral immune stimuli can affect the brain
through various pathways, including signaling across the blood-
brain barrier, through vagal afferents, and by direct entry of
peripheral leukocytes into brain parenchyma (Fig. 2).

2.3. Brain-to-immune pathways

Not only can the immune system affect the brain, the brain also
exerts some control over the immune system. One of the most
important anti-inflammatory mechanisms is the hypothalamic-
pituitary-adrenal (HPA) axis. Activation of the HPA axis by
peripherally released inflammatory cytokines leads to secretion
of cortisol, which has potent anti-inflammatory effects (Bierhaus
et al., 2003). In addition, the vagus also exerts anti-inflammatory
effects through the release of acetylcholine which acts directly on
nicotinic receptors on immune cells (Pavlov and Tracey, 2005).
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Fig. 2. Pathways through which inflammatory stimuli produce sickness behavior and depressive-like symptoms. Endotoxin administered intraperitoneally (i.p.) or
intravenously (i.v.) is detected by leukocytes, causing the release of inflammatory cytokines, including IL-1 and TNF. When endotoxin is administered i.p., inflammatory
cytokines released in the abdominal cavity signal to the brain via afferent fibers of the vagus nerve. When endotoxin is administered i.v., inflammatory cytokines released in
the blood signal to the brain through receptors on endothelial cells. Endotoxin can also signal directly through endothelial cells when administered i.v. In the brain, peripheral
inflammatory signals lead to local production of inflammatory mediators and sickness behavior. Administration of inflammatory signals to the brain, including endotoxin and
IL-1, also leads to peripheral release of inflammatory mediators, highlighting the complexity of brain-immune interactions.

Although incompletely understood, the brain also has pro-
inflammatory effects: in mice, adenoviral over-expression of
IL-1 in the brain led to increased peripheral production of
inflammatory cytokines (Campbell et al.,, 2007), and injection
of endotoxin into cerebral ventricles caused increased IL-6
production in the periphery (Huang et al., 2007). When endotoxin
or IL-1 is administered directly into the brain, leukocyte adhesion to
postcapillary venules depends on the presence of CD14/TLR4 and IL-
1 receptors in endothelial cells (Zhou et al., 2006; Ching et al., 2007),
demonstrating that the endothelium of the blood-brain barrier is
involved in both immune-to-brain and brain-to-immune commu-
nication. Inrats injected peripherally with endotoxin, prior lidocaine
inactivation of neurons in the anterior hypothalamic area, which
mediates many of the central effects of inflammation, resulted in
reduced peripheral levels of TNF (Yilmaz et al., 2008), demonstrating
that the brain is involved in regulating peripheral production of
inflammatory cytokines even when the inflammatory stimulus is
delivered peripherally. Intriguingly, sickness behavior produced by
administration of IL-1 into the anterior hypothalamus can be
blocked by peripheral neutralization of TNF (Jiang et al., 2008),
suggesting that peripherally released cytokines play a role in
sickness behavior even when the inflammatory stimulus is delivered
directly into brain parenchyma. In summary, the brain exerts some
inhibition on the innate immune system through anti-inflammatory
regulation by the HPA axis and vagus, however, the presence of
inflammatory mediators in brain parenchyma can have pro-
inflammatory effects peripherally.

2.4. Immune-brain-immune pathways and depression
In rodents psychogenic stressors can increase expression of

inflammatory mediators in brain parenchyma (Anisman et al.,
2008), and in humans it has been shown that psychological

stressors can increase peripheral inflammation (Bierhaus et al.,
2003; Dickerson et al., 2004; Gundersen et al., 2006; Pace et al.,
2006). The latter is consistent with the pro-inflammatory brain-
to-immune pathways discussed above. It is therefore possible
that, rather than peripheral cytokines causing depressive
symptoms, the state of depression, a potent psychological
stressor, could be the reason why blood levels of TNF and IL-6
are elevated in depression. Given the existence of such complex
pathways of communication between the immune system and
the brain, it is difficult to establish any causal link between
depression and increased blood levels of inflammatory cytokines.
Some studies suggest the presence of a neuroinflammatory
process in depression, such as increased microglial density
(Steiner et al., 2008), and elevated CSF levels of IL-1 and IL-6 in
depression and suicide attempters (Levine et al., 1999; Lindqvist
et al., 2009). However, in the brains of suicide victims there was
an increase in expression of the anti-inflammatory cytokines IL-4
and IL-13 (Tonelli et al., 2008), and in depression TNF levels in
CSF were normal (Levine et al, 1999). The absence of a
correlation between blood and CSF levels of IL-6 and TNF
(Lindqvist et al.,, 2009), further illustrates the complexity of
immune-brain pathways. In summary, in contrast to the robust
data on peripheral immune abnormalities in depression, the data
on brain-immune abnormalities are inconclusive. This may be
due to a paucity of post-mortem studies of neuroinflammation in
depression. Although the link between depression and immune
system abnormalities is complex, it has been clearly established
that peripherally released cytokines have an effect on emotions,
cognition and behavior. Based on rodent studies, behavioral
effects of peripherally released inflammatory cytokines involve
the immune-to-brain pathways described above and depend on
local expression of inflammatory mediators in the brain (Pecchi
et al., 2009). It is plausible that depressive symptoms, whether
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Table 5
Endotoxin-induced TNF and IL-6 plasma levels.
Study Dose of Subjects Baseline TNF Peak TNF level Baseline IL-6 Peak IL-6
endotoxin (ng/kg) level (pg/ml) (pg/ml) level (pg/ml) level (pg/ml)

Michie et al. (1988) 4 13 35 240+70
Male

Suffredini et al. (1999) 4 4 5+5 2899+970 24405 83+0.8
Male

Moller et al. (2002) 2 7 Male 1.7 928 71 1.901
1 female

Suffredini et al. (1999) 2 4 5+5 908 + 126 24405 7.1+0.2
Male

van der Poll et al. (1997) 2 12 219+42
Male & female

van Eijk et al. (2007) 2 30 Females: 965 + 193
Male & female Males: 411+35

Suffredini et al. (1999) 1 4 5+5 122 +49 24+05 5.4+0.38
Male

Eisenberger et al., 2009 8 39 ~<5+£25% ~150+25%
Male & female

Hannestad unpublished 8 6 2+1.2 51.3+453 0.58 £0.35 243.3+303.1
Male

Reichenberg et al. (2001) 8 20 ~1052 ~100?
Male

Vedder et al. (2007) 4 24 ~90? ~80°
Male & female

Taudorf et al. (2007) 3 10 ~1? ~72 ~0? ~20°
Male

Hojman et al. (2009) 1 26 ~1? ~3° ~12 ~11?
Male

AFigures based on graphs.

they occur in the context of idiopathic depression or as a
consequence of an inflammatory stimulus, may involve over-
lapping neural pathways. Because of this, the study of depressive
symptoms induced by immune stimuli may deepen our under-
standing of this serious disorder. To do this we need validated
human models of immune depression.

3. Human models of immune depression
3.1. The interferon-alpha model

In patients with hepatitis C treated with interferon-alpha (IFN-
o) up to 45% develop depression (Asnis and De La Garza, 2006). The
symptoms that occur after IFN-a treatment resemble idiopathic
depression (Capuron et al., 2009) and respond to treatment with
antidepressants (Musselman et al.,, 2001; Kraus et al., 2007),
lending both face and predictive validity to this model. Of note,
IFN-a-induced depressive symptoms are associated with increases
in blood levels of IL-6 and TNF akin to levels found in depression
(Taylor and Grossberg, 1998; Wichers et al., 2007), suggesting that
the depressogenic effect of IFN-a is mediated by inflammatory
cytokines. Studies using the IFN-o model have greatly expanded
our knowledge of the role of inflammation in depression, and this
model of chronic, low-grade inflammation may mimic the effects
of peripheral inflammation on the brain that occur in idiopathic
depression. One limitation of this model is that, because the
depressogenic effects of IFN-a do not usually occur until 8-12
weeks of treatment (Asnis and De La Garza, 2006), it cannot be used
as an acute laboratory paradigm of immune depression. Further-
more, the IFN-a model is not double-blind and cannot be applied
to healthy volunteers. Therefore it would greatly benefit the field of

depression research to develop complimentary models of immune
depression.

3.2. The typhoid vaccination model

Administration of the typhoid vaccine is a mild immune
stimulus that acutely induces subtle changes in mood (Strike et al.,
2004), and slight increases in IL-6 blood levels see Table 5, without
any effect on TNF (Wright et al., 2005). This model also induces
fatigue and impairs concentration (Harrison et al., 2009a,b).

3.3. The endotoxin model

As described in Section 2.2, endotoxin is a component of the
outer membrane of Gram-negative bacteria that, when adminis-
tered to rodents or humans, leads to activation of the innate
immune system. Endotoxin administration in human subjects is a
generally safe experimental procedure that has been used for
several decades to study the systemic response to innate immune
system activation (Lowry, 2005). In humans, endotoxin doses of 2—
4 ng/kg body weight cause flu-like symptoms (fever, chills,
myalgia, headache, nausea) and increases in blood TNF and IL-6
levels similar to what is seen in sepsis (Michie et al., 1988; van der
Poll et al., 1997; van Eijk et al., 2007), while lower doses (0.4-
0.8 ng/kg) cause mild depressive symptoms and less pronounced
increases in TNF and IL-6 levels (Reichenberg et al., 2001; Vedder
et al., 2007; Eisenberger et al., 2009). The inflammatory cytokine
blood levels achieved at different doses of endotoxin are
summarized in Table 5. Although there is a clear dose-response
relationship between the potency of the endotoxic stimulus and
blood levels of TNF and IL-6, there are large individual differences
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in the immune response, rendering the use of endotoxin to
experimentally induce depressive symptoms challenging. The
purpose of this paper is to review whether endotoxin adminis-
tration can be used as a model of acute immune depression. We
will review the effects of the IFN-a and typhoid vaccination models
in parallel as a side-by-side comparison of the three models. Rather
than approach depression as a categorical construct, we will
review the effect of these immune stimuli on each of the symptoms
that constitute the syndrome called depression. We will also
include select rodent studies that highlight the potential pathways
through which peripherally released cytokines produce the
rodent-equivalent of each of the symptoms discussed.

4. Depressed mood

Depressed mood is one of two core symptoms of depression
(Kennedy, 2008), and one study showed that acute infection is
associated with reduced “contentment” (Bucks et al., 2008). Two
studies concluded that low-dose endotoxin administration
(0.8 ng/kg) induced depressed mood (Reichenberg et al., 2001;
Eisenberger et al., 2009). In the first study (n = 20, cross-over), the
Depression Adjective Check List (DACL) (Christenfeld et al., 1978)
showed a statistically significant difference in depressed mood at
3 h after endotoxin administration compared to the placebo
condition, and DACL scores correlated with TNF plasma levels
(Reichenberg et al., 2001). The DACL has been shown to correlate
well with the Beck Depression Inventory (BDI) and other more
commonly used depression rating scales (Christenfeld et al.,
1978).

In the second study (n =39, parallel-group) depression was
measured with the Profile of Mood States (POMS), and there was a
statistically significant difference in the POMS Depression-Dejec-
tion subscale (POMS-D) score between the endotoxin and placebo
groups, but no correlation between POMS-D scores and IL-6
plasma levels (Eisenberger et al, 2009). POMS assesses six
identified mood factors: Tension-Anxiety, Depression-Dejection,
Anger-Hostility, Vigor-Activity, Fatigue-Inertia, and Confusion-
Bewilderment, however, only Anger-Hostility, Vigor-Activity, and
Fatigue-Inertia have considerable factorial integrity (Norcross
et al., 1984). Therefore it is not clear that the POMS-D is a reliable
measure of depression or depressed mood. Moreover, since the
maximum score on the POMS-D subscale is 20, the clinical
relevance of a mean score of 0.4 is debatable. Consistent with
(Eisenberger et al., 2009), in eight healthy subjects who received
low-dose endotoxin (0.8 ng/kg) in a placebo-controlled, cross-over
study, the mean POMS-D score after endotoxin was 0.3 compared
to O after placebo (Hannestad unpublished). Moreover, the
“Reported Sadness” item of the Montgomery-Asberg Depression
Rating Scale (MADRS) did not change in any subject, nor did BDI
items 1 (feeling sad) or 2 (discouraged about the future)
(Hannestad unpublished). It has therefore not been clearly
demonstrated that endotoxin administration can cause depressed
mood. In the IFN-a model, “Depressed Mood” on the Hamilton
Depression Rating Scale increased in both IFN-a-related depres-
sion and idiopathic depression (Capuron et al., 2009), while the
typhoid vaccine model has only been evaluated using the POMS
(Strike et al., 2004). Using the typhoid vaccination model during
functional magnetic resonance imaging, it was demonstrated that
inflammation-associated mood deterioration correlated with
enhanced activity in the subgenual anterior cingulate cortex
(Harrison et al., 2009a,b). In summary, more research is needed to
assess whether endotoxin administration in humans can induce
depressed mood. As rodent studies of depressed mood cannot be
performed, we have no data indicating the immune-to-brain
pathways that mediate the effects of peripheral inflammation on
mood.

5. Anhedonia
5.1. Immune-induced anhedonia in humans

Anhedonia, the lack of ability to experience pleasure or reward,
is the other core symptom of depression (Kennedy, 2008).
Although anecdotally one could assume that interest would be
reduced during acute infections, there are no published studies
that have empirically tested this idea. There are also no published
studies assessing the effect of endotoxin on anhedonia in humans.
In our cohort we found no change in the “Inability to feel” item on
the MADRS, however, we did find that when subjects were asked
on a visual-analog scale whether they “Want to be alone” or “Want
to be with other people”, endotoxin administration reduced the
desire for social interactions (Hannestad unpublished). This is
consistent with rodent studies (see below). Although not an official
DSM-IV diagnostic criterion, one very common symptom in
depression is reduced libido (Williams and Reynolds, 2006).
Reduced libido can be construed as a type of anhedonia, however,
there are no data on the effect of endotoxin on libido in humans.
Compared to the endotoxin model, in patients who received IFN-a
treatment, the Hamilton Depression Rating Scale item “Work/
Activities” was similar in IFN-a and idiopathic depression
(Capuron et al., 2009) indicating that the IFN-a model does induce
anhedonia. There are no published data on the effect of typhoid
vaccination on anhedonia. In summary, there is insufficient data to
assess whether endotoxin administration in humans is a useful
model of anhedonia.

5.2. Immune-induced anhedonia in rodents: sucrose preference

The literature on endotoxin-induced anhedonia in rodents is
extensive (Anisman and Matheson, 2005; De La Garza, 2005). One
rodent model of anhedonia is sucrose preference, i.e. increased
preference for palatable foods such as sugared water. Sucrose
preference is inhibited by endotoxin, IL-1 and TNF (Brebner et al.,
2000; De La Garza et al., 2005a,b; Weil et al., 2006), while the data
regarding the effects of IFN-a are inconclusive (Sammut et al., 2001;
De La Garza et al., 2005a,b; Loftis et al., 2006a,b; Fahey et al., 2007).
The inconsistent findings with IFN-a in rodents may be because
earlier studies used human recombinant IFN-a which does not
induce signal transduction in rodent receptors (Loftis et al.,2006a,b).
On the other hand, IFN-y, when over-expressed in the central
nervous system, did reduce sucrose preference (Kwant and Sakic,
2004). Pre-treatment with the antidepressants desipramine and
fluoxetine blunts IL-1- and IFN-a-induced reductions in sucrose
preference (Sammut et al, 2002; Merali et al., 2003), lending
predictive validity to this rodent model of anhedonia. Endotoxin-
induced decreases in sucrose preference are blocked by non-
steroidal anti-inflammatory agents, whereas endotoxin-induced
expression of IL-1 and IL-6 in the hypothalamus is not (De La Garza
etal., 2005a,b). This indicates that, while prostanoids are involved in
mediating the effect of endotoxin on sucrose preference, hypotha-
lamic expression of IL-1 and IL-6 is not. Although sucrose causes
release of dopamine in the nucleus accumbens (de Araujo et al.,
2008), the region mediating reward (Pizzagalli et al., 2009), it is likely
that sucrose preference is a complex behavior that involves not only
brain regions that mediate reward, but also brain regions that
control appetite and energy homeostasis such as the hypothalamus
and brain stem (Ahima and Antwi, 2008).

5.3. Immune-induced anhedonia in rodents: intracranial self-
stimulation

Intracranial self-stimulation (ICSS), a reinforcing electrical
stimulation of the forebrain bundle at the level of the posterior
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lateral hypothalamus, does not involve appetite regulation and is
therefore considered a “purer” rodent model of anhedonia
(Liebman, 1983). Endotoxin reduces ICSS and this is associated
with increased dopamine efflux and reduced expression of the
exocytotic protein syntaxin in the nucleus accumbens (Borowski
et al, 1998; Barr et al., 2003). This indicates that peripheral
activation of the innate immune system inhibits reward or
pleasure. Studies have failed to show an effect of IL-1 and IL-6
on ICSS-anhedonia, although both cause sickness behavior (Anis-
man et al.,, 1998) and IL-1 reduces sucrose preference (Brebner
et al,, 2000), suggesting that (1) the effects of endotoxin on ICSS
may involve other cytokines and (2) that ICSS-anhedonia and
sucrose preference are mediated by different brain regions. Of
note, stimulation of the ventral tegmental area, which supplies
dopamine to the nucleus accumbens, counteracted endotoxin-
induced sickness behavior (Kentner et al., 2008), further support-
ing the notion that endotoxin causes anhedonia.

5.4. Immune-induced anhedonia in rodents: exploratory and social
behaviors

In rodents, both endotoxin and IL-1 decrease exploration of
novel environments and engagement in social behaviors (Larson
and Dunn, 2001), lending face validity to the notion that immune
stimuli cause anhedonia in rodents. Mice pre-treated with
endotoxin had lower neuronal activity in brain regions involved
in reward when presented with a new environment (Stone et al.,
2006). With regards to sexual behaviors, endotoxin and IL-1
disrupt sexual behaviors only in female rodents with no
discernable effects in males (Yirmiya et al., 1995; Larson and
Dunn, 2001). In summary, endotoxin administration in rodents
produces anhedonia as assessed by sucrose preference, ICSS, and
exploratory and social behaviors. The specific cytokines involved
have yet to be determined. In humans, there are not enough data to
determine whether endotoxin administration is good model of
anhedonia. Although this symptom is difficult to measure in a
laboratory setting, further studies should be conducted.

6. Food intake
6.1. Immune-induced suppression of food intake in humans

Lack of appetite, reduced food intake, and weight loss occur
frequently in depression, although some patients experience
increased appetite (APA, 2000). Similarly, during acute infectious
illness appetite is reduced (Langhans, 2007). In humans, low-dose
endotoxin reduced food intake in the first 4 h without causing
nausea (Reichenberg et al., 2001), and reductions in food intake
correlated with plasma levels of TNF and IL-6 (Reichenberg et al.,
2002). Treatment with I[FN-a also reduces appetite as assessed by
the Hamilton Depression Rating Scale, however, this was seen both
in patients who developed depressive symptoms and those who
did not (Capuron et al., 2009), indicating that IFN-o« may reduce
appetite independent of other depressive symptoms. There are no
published data on the effect of typhoid vaccination on food intake.

6.2. Immune-induced suppression of food intake in rodents

The arcuate nucleus, lateral hypothalamus, dorsal vagal
complex, and raphe nuclei are the main regions regulating food
intake (Dhillo, 2007; Ahima and Antwi, 2008). In rodents,
endotoxin and IL-1 induce anorexia (Larson and Dunn, 2001)
which involves signaling through the endothelium and the MyD88
pathway (Wisse et al., 2007; Gosselin and Rivest, 2008). Although
both endotoxin and IL-1 cause COX-2 expression and prostanoid
synthesis in brain endothelium (Dunn et al., 2006; Gosselin and

Rivest, 2008), prostanoid synthesis is only required for IL-1-
induced anorexia (Elander et al., 2007; Pecchi et al., 2009),
indicating that other mediators are involved with endotoxin.
When administered i.c.v., IL-1 only produces anorexia if co-
administered with IL-6 (Harden et al., 2008), suggesting that IL-6
signaling in the brain may be required to produce anorexia. Both
serotonin and orexin have been implicated in the anorexic effects
of endotoxin (Asarian et al., 2007; Langhans, 2007). Although the
role of TNF in mediating immune-induced anorexia has been
controversial (Larson and Dunn, 2001), TNF deficiency attenuated
anorexia induced by staphylococcal enterotoxin A, which in a
similar manner to endotoxin induces release of inflammatory
cytokines (Rossi-George et al., 2005), indicating that TNF can also
produce anorexia. This is consistent with anorexia produced by
i.c.v. administration of TNF in pigs (Warren et al.,, 1997). One
potential pathway through which TNF could reduce food intake is
by modulating glutamate release in vagal afferents to the solitary
tract nucleus and disrupting autonomic control of the gut
(Hermann and Rogers, 2007). Supporting the proposed effect of
TNF on glutamate receptors are data showing that endotoxin-
induced anorexia is inhibited by metabotropic glutamate receptor
antagonism (Weiland et al, 2006). In summary, endotoxin
administration suppresses food intake in both humans and rodents
and may be an adequate experimental paradigm to mimic the loss
of appetite and reduced food intake that occurs in idiopathic
depression. As we have described above, one caveat is that reduced
food intake in depression may involve both brain regions that
mediate reward and brain regions involved in food intake and
energy regulation.

7. Sleep
7.1. Immune-induced sleep disturbances in humans

Sleep is almost ubiquitously disturbed in depression. Three out
of four patients with depression suffer from insomnia, and among
young depressed patients almost half have hypersomnia (Nutt
et al., 2008). Sleep is also altered during infections (Imeri and Opp,
2009). Sleep is divided into rapid eye movement (REM) and non-
REM sleep. Non-REM is further classified into stages 1 through 4
according to electroencephalographic characteristics, with stages 3
and 4 defined as slow-wave sleep. Upon falling asleep, non-REM
sleep is initiated by gamma aminobutyric acid neurons in the
ventrolateral preoptic nucleus of the hypothalamus, which inhibit
monoaminergic arousal systems located in the locus caeruleus and
raphe nuclei. The switch to REM sleep, which occurs after non-REM
sleep has initiated, is mediated by cholinergic neurons in the
tegmentum of the pons. The sleep abnormalities found in
idiopathic depression include disturbances in sleep continuity,
reduced slow-wave sleep, shortened REM latency, and increased
REM density (Riemann, 2007). In humans endotoxin can disrupt
sleep continuity at higher doses (Mullington et al., 2000), however
slow-wave sleep is not affected by endotoxin (Trachsel et al.,
1994), REM latency is increased rather than shortened (Korth et al.,
1996; Hermann et al., 1998), and REM is suppressed (Trachsel et al.,
1994). In other words, the effects of endotoxin on sleep are in many
regards opposite of what is seen in idiopathic depression
(Riemann, 2007). Consistent with this, the direct administration
of IL-6 in humans causes decreased REM sleep (Spath-Schwalbe
et al., 1998), again opposite of what is seen in idiopathic
depression. In patients receiving IFN-a treatment, depression
was not associated with significant changes in subjective sleep
(Capuron et al., 2009), however there are no published studies of
EEG recordings in IFN-a-treated patients. There are no data on the
effect of typhoid vaccination on sleep. Interestingly, administra-
tion of the TNF antagonist etanercept in abstinent alcoholics
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decreased the amount of REM sleep (Irwin et al.,, 2009). As
etanercept does not cross the blood-brain barrier (Griffin, 2008),
this suggests that reducing peripheral TNF activity can inhibit REM
sleep. This is consistent with rodent studies showing that blocking
IL-1 and TNF also interferes with sleep in the absence of infection
or immune system activation, pointing to a physiologic role of
these cytokines in sleep regulation (Imeri and Opp, 2009). In
summary, the effects of endotoxin on sleep do not resemble sleep
disturbances found in idiopathic depression.

7.2. Immune-induced sleep disturbances in rodents

The effects of endotoxin on sleep are mediated by cytokines
(Imeri et al.,, 2006). Consistent with human studies discussed
above, in rodents administration of endotoxin, IL-1, TNF, or IFN-y
suppresses REM sleep and enhances the duration of slow-wave
sleep (Krueger et al., 1986; Shoham et al., 1987; Krueger and
Majde, 1995). Inhibition of ICE abolished enhancement of non-
REM sleep by endotoxin (Imeri et al., 2006), and in IL-6 deficient
mice endotoxin-induced increases in non-REM sleep were blunted
(Morrow and Opp, 2005), demonstrating that both IL-1 and IL-6 are
involved in mediating the effects of endotoxin on sleep. TNF
receptor antagonism did not abolish the effects of endotoxin on
sleep (Lancel et al., 1997), whereas TNF administered i.c.v. in pigs
led to hypersomnia (Warren et al, 1997). The effects of
peripherally administered endotoxin and IL-1 on sleep are
mediated by the vagus (Kapas et al., 1998; Opp and Toth, 1998),
and may involve the hypothalamic suppression of genes that
regulate circadian rhythm and activity level (Cavadini et al., 2007).
Interestingly, chronic infusion of endotoxin into the lateral
hypothalamus of rats for 30 days caused increases in wakefulness
after 6 days which returned to baseline after endotoxin admin-
istration was discontinued (Gerashchenko and Shiromani, 2004).
This highlights that the effects of endotoxin on sleep depend on
whether administration is acute or chronic. In summary, immune
system activation has profound effects on sleep architecture,
causing increased non-REM sleep, interruption of REM sleep and
increased REM latency, however, these effects on sleep are in many
respects the opposite of those seen in depression. Therefore
immune system activation with endotoxin is not an adequate
model of sleep disturbances seen in depression. Chronic activation
of the immune system may be a better model (Gerashchenko and
Shiromani, 2004), and the effects of [IFN-a on sleep would therefore
merit further study.

8. Fatigue and psychomotor slowing
8.1. Immune-induced fatigue in humans

Fatigue is a prominent symptom in depression (Kennedy, 2008),
one that often does not improve with current treatments
(Papakostas et al., 2006). Fatigue occurs commonly during
infections and in medical conditions associated with inflammation
(Meyers et al., 2005; Huffman et al., 2006; Bower, 2007; Davis et al.,
2008). Fatigue can also be elicited in humans by administration of
endotoxin (Bahador and Cross, 2007). In our subjects, MADRS Item
7 (Lassitude) changed in most subjects, as did the Vigor-Activity
and Fatigue-Inertia clusters of the POMS. In cancer, fatigue has
been associated with blood levels of IL-1 (Greenberg et al., 1993),
IL-6, and TNF (Meyers et al., 2005), although there have been
several negative studies as reviewed in (Miller et al., 2008). A
quantitative review of cancer studies found a correlation between
fatigue and blood levels of IL-6, but not TNF or IL-1 (Schubert et al.,
2007). Fatigue and psychomotor slowing occur frequently during
IFN-a treatment (Asnis and De La Garza, 2006; Capuron et al.,
2009) which leads to increased IL-6 levels both peripherally and

centrally (Loftis et al., 2007; Raison et al., 2008). In humans, fatigue
can be elicited directly by administration of IL-6 (Spath-Schwalbe
et al., 1998). Taken together, these data suggest that IL-6 mediates
the effects of illness, endotoxin, and IFN-a on fatigue. Recent
imaging studies of immune-induced fatigue implicate the nigros-
triatal pathway, a dopamine pathway that facilitates movement
and drives motivational behavior (Cools, 2008). In IFN-a-induced
fatigue there was increased activity in the left nucleus accumbens
and putamen (Capuron et al., 2007), and in subjects who received a
typhoid vaccine, psychomotor slowing correlated with activity in
the substantia nigra and IL-6 levels (Brydon et al., 2008). Although
most data indicate a role for IL-6, in patients receiving docetaxel, a
chemotherapeutic agent for which fatigue is the dose-limiting
side-effect, blocking TNF with etanercept decreased docetaxel-
induced fatigue (Monk et al., 2006). Fatigue is also common in
autoinflammatory disorders which are characterized by excessive
IL-1 activity (Dinarello, 2009).

8.2. Immune-induced fatigue in rodents

Fatigue in humans is the feeling that it takes an effort, physical
and mental, to engage in activities. This is difficult to model in
rodents, however, a reasonable proxy is to measure how long it takes
arodent to tire from physical activity. In rodents endotoxin-induced
reductions in wheel-running are blunted by the administration of
antibodies against IL-6 (Harden et al., 2006), consistent with the
human data on IL-6 discussed above. When administered i.c.v., IL-1,
IL-6, and TNF all reduced wheel-running (Netea et al., 2007; Harden
et al., 2008), and TNF deficiency or antagonism increases running
time (Netea et al.,, 2007), suggesting that in the brain multiple
inflammatory cytokines can induce fatigue. In summary, endotoxin
administration reliably induces fatigue in humans and is therefore a
good experimental model of this symptom. Antagonists of IL-6, IL-1,
or TNF may prove useful therapies for fatigue in depression and
other conditions, and novel compounds could be tested using
endotoxin-induced fatigue paradigms.

9. Cognition
9.1. Immune-induced cognitive impairment in humans

Cognitive impairment, including difficulty with memory and
concentration, is common in depression (Simons et al., 2009).
During acute respiratory tract infection, speed of accessing stored
memories is reduced (Bucks et al., 2008). It is well-known that
sepsis can cause delirium (Pisani et al., 2007), and in patients with
myelogenous leukemia or myelodysplastic syndrome blood levels
of IL-6 were associated with poorer executive function (Meyers
et al, 2005). In humans low-dose endotoxin administration
impaired both immediate and delayed recall, but did not affect
attention or executive functions (Reichenberg et al., 2001), while
administration of IL-6 impaired concentration (Spath-Schwalbe
et al.,, 1998). Interestingly, during IFN-a treatment no cognitive
impairment has been demonstrated (Fontana et al., 2007), while
typhoid vaccination does impair concentration (Harrison et al.,
2009a,b). It thus appears that endotoxin may be a useful paradigm
to experimentally induce mild cognitive deficits.

9.2. Immune-induced cognitive impairment in rodents

In rodents, endotoxin disrupts acquisition of learning, but does
not impair performance if task has already been learned (Aubert
et al.,, 1995). Mice deficient in IL-6 are refractory to endotoxin-
induced working memory impairment. In these mice increases in
plasma IL-1 and TNF levels were the same as in wild-type mice, but
IL-1 and TNF levels in hippocampus were attenuated by IL-6
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Table 6

Immune-induced depressive symptoms.
Symptom Endotoxin Interferon-a Typhoid vaccine
Depressed mood +— ++ +
Markedly diminished interest or pleasure +/— + ?
Weight loss or decrease in appetite + +9 ?
Insomnia - - ?
Psychomotor retardation + ++ +
Fatigue or loss of energy +++ ++ +
Feelings of worthlessness or excessive or inappropriate guilt - - ?
Diminished ability to think or concentrate, or indecisiveness ++ - +
Recurrent thoughts of death, recurrent suicidal ideation - - ?

#Independent of the presence of other depressive symptoms.

deficiency (Sparkman et al., 2006), indicating that IL-6 is involved
in immune-to-brain signaling during endotoxin-induced hippo-
campal dysfunction. Endotoxin-induced memory deficits were
associated with loss of neurons in hippocampus and prefrontal
cortex (Semmler et al., 2007), and in rats with endotoxin-induced
delirium, gene expression of inflammatory mediators was most
pronounced in the hippocampus (Wolff et al., 2009). These data are
consistent with the memory functions of this brain region.
Endotoxin administered i.c.v. for 28 days impaired spatial memory
and caused increases in IL-1 and TNF expression in the basal
forebrain and hippocampus (Hauss-Wegrzyniak et al., 1998),
indicating that the effect of endotoxin on memory may involve TNF
and IL-1 produced locally in the hippocampus, consistent with the
ability of endotoxin to induce expression of IL-1 and IL-6 in
hippocampal slices (Hellstrom et al., 2005). In neonatal rats, the
effect of endotoxin on memory was attenuated by ICE blockade
(Bilbo et al., 2005), indicating that IL-1 mediates this. The
inhibitory effects of endotoxin on neurogenesis was blunted by
indomethacin (Monje et al, 2003), and the COX-2 inhibitor
rofecoxib reduces the effects of endotoxin on cognition (Jain et al.,
2002), demonstrating a role for prostanoids. For readers interested
in further information about the physiologic role of cytokines in
cognition we recommend a recent review (McAfoose and Baune,
2009). In summary, in rodents peripheral inflammatory stimuli
have profound effects on cognitive function, and in humans the
effect of endotoxin administration on cognition may be an
adequate paradigm of depression-like cognitive deficits, while
this may not be the case for the IFN-o model. Because
neuropsychological measures of various domains of cognition
are more “objective” than measures of subjective psychiatric
symptoms, endotoxin-induced mild cognitive deficits may be a
useful experimental paradigm to test the effect of new medications
on cognition.

10. Self-worth, hopelessness, and other symptoms of
depression

In our experience with endotoxin administration, subjects do
not experience feelings of worthlessness, hopelessness, guilt, or
suicidal idation. In the recent study by Eisenberger et al. there was
a change in the POMS-D cluster which does include questions
about worthlessness and hopelessness, however, as discussed
above, the change on this cluster was very small and possibly not
clinically significant. The absence of an effect of endotoxin on these
symptoms is consistent with the recent study on IFN-a-induced
depression, in which the score on the HDRS items on guilt and
suicide were not different between IFN-« treated depressed and
non-depressed patients, although those items were different in
idiopathic depression (Capuron et al., 2009). Therefore, endotoxin
administration does not seem an adequate paradigm to mimic
depressive symptoms that have to do with negative views of self,
past, present and future. Since such symptoms are obviously

impossible to model in rodents we do not know whether immune
system activation can induce similar mental states in rodents.
Symptoms of anxiety are frequently co-morbid with depression,
although not considered a diagnostic criterion according to DSM-
IV. In human subjects one study found that endotoxin adminis-
tration induced anxiety as measured by the State Anxiety
Inventory (Reichenberg et al., 2001). In rodents, administration
of endotoxin or inflammatory cytokines have been shown to
decrease open field activity (Larson and Dunn, 2001) and induce
other anxiety-like behaviors (Lacosta et al.,, 1999), while other
studies found inconclusive effects of endotoxin on anxiety-like
behaviors (Swiergiel and Dunn, 2007).

11. Summary and conclusions

Endotoxin administration in human subjects is a relatively safe
procedure that induces specific dose-dependent symptoms: at
higher doses (>1 ng/kg), flu-like symptoms such as fever, chills,
myalgias, headache, and nausea predominate, while at lower doses
(<1 ng/kg), symptoms such as fatigue, reduced appetite, and
cognitive impairment occur (see Table 6 for a comparison with the
IFN-o model). These symptoms are similar to symptoms seen in
idiopathic depression. The effects of endotoxin on sleep do not
resemble sleep disturbances seen in depression, and endotoxin
does not produce other depressive symptoms such as worthless-
ness, hopelessness, and suicidal ideation. Whether endotoxin
administration produces depressed mood or anhedonia, the two
core symptoms of depression, needs to be explored further. A
validated model of acute immune-depression would be extremely
helpful as it could be used for proof-of-concept studies that could
lead to the discovery of new antidepressant targets (Gelenberg
et al., 2008), to screen orally available medications that target
kinases of the intracellular pathways involved in cytokine signal
transduction (Gaestel et al., 2009), and for molecular and
functional imaging studies aimed at identifying the brain regions
involved in producing each specific symptom induced by innate
immune system activation.
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