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Abstract——Comorbid depression and chronic pain
are highly prevalent in individuals suffering from
physical illness. Here, we critically examine the possi-
bility that inflammation is the common mediator of
this comorbidity, and we explore the implications of
this hypothesis. Inflammation signals the brain to in-
duce sickness responses that include increased pain
and negative affect. This is a typical and adaptive re-
sponse to acute inflammation. However, chronic in-
flammation induces a transition from these typical
sickness behaviors into depression and chronic pain.

Several mechanisms can account for the high comor-
bidity of pain and depression that stem from the precip-
itating inflammation in physically ill patients. These
mechanisms include direct effects of cytokines on the
neuronal environment or indirect effects via downreg-
ulation of G protein-coupled receptor kinase 2, acti-
vation of the tryptophan-degrading enzyme indoleamine
2,3-dioxygenase that generates neurotropic kynure-
nine metabolites, increased brain extracellular gluta-
mate, and the switch of GABAergic neurotransmission
from inhibition to excitation. Despite the existence of
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many neuroimmune candidate mechanisms for the co-
occurrence of depression and chronic pain, little work
has been devoted so far to critically assess their medi-
ating role in these comorbid symptoms. Understanding

neuroimmune mechanisms that underlie depression and
pain comorbidity may yield effective pharmaceutical
targets that can treat both conditions simultaneously
beyond traditional antidepressants and analgesics.

I. Introduction: Comorbid Depression and Pain

Physical illness is accompanied by a wide variety of
symptoms, including fatigue, anorexia, lack of motiva-
tion, reduced sex drive, depressed mood, heightened
pain sensitivity, apathy, and low sociability, among
others. Many of these can be classified as typical sick-
ness responses or behaviors, which often dissipate along
with the disease. However, all too often clusters of these
symptoms remain even after recovery from the original
disease or illness. In primary care, the most common phys-
ical symptom is pain, and the most common psychological
symptom is depression (Kroenke et al., 2009). The
onset of each of these symptoms has been closely linked
with inflammation, which may represent a common
mechanism. Depression and chronic pain are two of the
most debilitating disorders in the Western world,
limiting quality of life and employment opportunities
for those who suffer from the disorders as well as those
individuals within their support networks. The lifetime
prevalence of depression has been reported to affect
approximately 17% of the population (Kessler et al.,
2005) and costs an estimated $80 to $100 billion
annually in the United States (Greenberg et al., 2003).
Similarly, a recent report by the Institute of Medicine
of the National Academies (2011) announced that at
least 116 million U.S. adults currently suffer from chronic
pain, with the associated national economic costs ranging
from $560 to $635 billion annually. Thus, the con-
sequences of depression and chronic pain have proven
to be exorbitantly costly to the individual sufferers,
their families, and society as a whole. The clustering of
chronic pain with depression also occurs with alarm-
ingly high prevalence, ranging from 30 to 60% (Arnow
et al., 2006; Bair et al., 2008), and a number of studies
have investigated common treatment strategies that
may alleviate both conditions, suggestive of a common
mechanism. A prime example of this is the use of anti-
depressants to treat chronic pain conditions. Many publi-
cations report that typical antidepressant medications
are successful in treating chronic pain (Finnerup
et al., 2005; Goldstein et al., 2005; Krell et al., 2005;
Dharmshaktu et al., 2012). Although these studies are

compelling, they typically focus on using antidepressants
to treat pain in the context of chronic pain and not in the
context of inflammation. Many reviews have already
dealt with this subject matter, and therefore will not be
the focus of this review. Here, we will focus on chronic
pain and depression which often arise on the background
of physical illness. Thus, we will target the potential
underlying common mechanisms and pathways that
give rise to the clustering of depression and chronic pain.

Comorbid depression and pain occur within clinical
settings with extremely high prevalence, whereby pa-
tients present with chronic levels of inflammation, such
as with rheumatoid arthritis and cancer (Gureje et al.,
1998; Rakoff-Nahoum, 2006; Reyes-Gibby et al., 2006;
Isik et al., 2007; Mao et al., 2007). Such high co-occurrence
of pain and depression in the context of inflammation
is suggestive of a commonality of mechanisms. One pos-
sibility is that the mechanisms that link the immune
system and the central nervous system, the so-called
neuroimmune mechanisms, are involved in the pathogen-
esis of both pain and depression in these individuals.
Recognition of neuroimmune-mediated mechanisms
responsible for the comorbidity of pain and depression
could push the therapeutic options beyond the tradi-
tional antidepressants which have revolved around the
targeting of monoamine deficiencies, such as the use
of selective serotonin reuptake inhibitors (SSRIs) and
the newer selective norepinephrine reuptake inhibitors
and dopamine reuptake inhibitors for depression, as
well as the traditional analgesics deriving from the
opioid family for pain—the efficacy of each yielding suc-
cess rates lower than 50% (Fava and Davidson, 1996;
Kroenke et al., 2009). Furthermore, under conditions of
inflammation, the claimed antalgic effects of antide-
pressants are less convincing in guarding against the
affective component of pain (Boyce-Rustay et al., 2010a),
which is likely to sit at the intersection of pain and
depression. Examination of common neuroimmune-
mediated mechanisms could provide novel targets for
pharmaceutical interventions that relieve both the de-
pression and pain symptoms experienced during illness
as opposed to a range of medications that individually
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target each symptom. Therefore, it is important to
understand depression and pain in the context of
inflammation.

Inflammation gives rise to an intricate network of
immune-to-brain signaling, which governs behavioral
output during sickness. Cytokines themselves are known
to directly interact with the neuronal environment, and
thus modulation of the duration of inflammation can
work to alleviate the depressive and pain symptoms that
result. Inflammatory signals also target downstream
pathways which can disturb neural function such as
the excitation of the N-methyl-p-aspartate (NMDA) re-
ceptor and excessive levels of glutamate or the switch of
GABAergic neurotransmission from inhibitory to excit-
atory. Chronic inflammation can lead to a permanent
restructuring of these neurotransmitter pathways and
to the transition from sickness to depression and from
acute to chronic pain, even after the acute inflammatory
response has dissipated (Fig. 1). Therefore, in this re-
view, we outline the typical immune-brain communica-
tion pathways, the known mediators responsible for the
transition from sickness to depression and from acute to
chronic pain, and finally propose common mechanisms
that may account for such a high degree of co-occurrence
during physical illness.

II. Peripheral Inflammation and Its Propagation
to the Brain

A. Initiation of Inflammation: The Role of Damage-
Associated Molecular Patterns and Pathogen-Associated

Intensity

Chronic inflammation

Depression
Chronic pain

Sickness behavior
Acute pain

Fig. 1. Timing and overlap of sickness and acute pain with depression
and chronic pain. Sickness during acute inflammation represents an
adaptive response to infection or tissue damage. These acute symptoms
include enhanced pain sensitivity, neurovegetative symptoms (e.g.,
fatigue, reduced appetite, sleep disorders), and malaise, among others.
However, intense chronic inflammation can lead to a transition from
these adaptive normal responses to inflammation to chronic conditions of
depression and chronic pain that can remain even after the inflammation
has subsided. During the period of typical sickness behavior, the evidence
suggests that the pain and depressive phenomena are reversible.
However, if the transition to depression and chronic pain has already
taken place, then it may be too late for intervention using drugs that
target merely sickness and acute pain.

Molecular Patterns. Peripheral inflammation has been
well documented to result in both pain and depression
(reviewed in Watkins et al., 1995b and McNally et al.,
2008). In order for the immune signal initiated in the
periphery to regulate nociceptive and depressive output,
this information needs to be transmitted to the central
nervous system (CNS). This involves an exquisite series
of immune-mediated pathways through which the pe-
ripheral immune system and CNS communicate.

Tissue damage can occur by cells being ripped, squashed,
or damaged by heat, chemicals, or oxygen deprivation,
as well as by infectious pathogens—each of which trig-
gers inflammation. Therefore, trauma and infection can
both trigger similar responses and lead to immune acti-
vation, underscoring that the comorbidity of inflammation-
induced depression and neuropathic pain is no coincidence.
The early response to tissue damage or pathogens is
mediated by pathogen-associated molecular patterns
(PAMPs) or damage-associated molecular patterns
(DAMPs) (Fig. 2). PAMPs consist of a range of microbial
molecules with common recognizable biochemical fea-
tures that signal pathogen intrusion (Bianchi, 2007;
Piccinini and Midwood, 2010). These include, among
others, the cytokine inducer lipopolysaccharide (LPS),
carrageenan, and complete Freund’s adjuvant (CFA),
which are commonly used in many of the models of
inflammatory pain and depression to be discussed in
this review. DAMPs are endogenous molecules re-
leased in response to cellular damage contributing to
so-called sterile inflammation. DAMPs include, among
others, ATP, interleukin (IL)-la, uric acid, and high-
mobility group protein 1. DAMPs and PAMPs activate
the immune system primarily by binding to a vast
array of receptors, of which Toll-like receptors (TLRs)
have probably been most extensively studied. TLRs
recognize bacterial and viral PAMPs in the extracellu-
lar environment, leading to activation of nuclear factor
kB (NF-«B) and mitogen-activated protein kinases
(MAPKSs). This results in the activation of the tran-
scription of a wide range of genes, including those for
proinflammatory cytokines. PAMP and DAMP activa-
tion of the inflammasome (the myeloid cell-expressed
oligomer which permits the production of IL-18 and IL-
18) occurs via NOD-like receptors, which engage with
caspase 1 adaptor protein ASC, resulting in caspase 1
activation (Newton and Dixit, 2012). Caspase 1 cleaves
pro—IL-18 for the secretion of its biologically active
form. IL-18 is also produced in a similar fashion; how-
ever, it is the AIM2 protein that engages with ASC for
its secretion. PAMP and DAMP activation of cytokine
production and release can, in turn, activate transcrip-
tion factors for the regulation of further gene transcrip-
tion, further promoting the inflammatory response
(Newton and Dixit, 2012). Thus, the cytokine cascade
has been initiated. This begs the question: how does
this cascade signal the CNS for the regulation of pain
and depression?
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Fig. 2. PAMPs and DAMPs trigger the inflammatory response to infection and tissue damage. Tissue damage can often lead to infection and vice
versa, thus the activation of DAMPs and PAMPs usually co-occur. These in turn activate pattern recognition receptors such as TLRs, which induce the
transcription of proinflammatory cytokines by factors such as NF-xB and MAPKs, which can then promote the further transcription of cytokines. IL-18
is produced in response to PAMPs via NOD-like receptors (NLRs), which ultimately activate caspase-1, resulting in the cleavage of Pro-IL-18 to mature

IL-18.

B. Immune-Brain Interactions. Infection in the CNS
is a relatively rare occurrence. Most infections and
tissue damage take place in the periphery, and thus
inflammation is often initiated here. Therefore, a com-
plex system of immune-brain signaling is required for
appropriate centrally mediated sickness and behavioral
responses (Fig. 3). Infection and tissue damage stimu-
late the production of proinflammatory cytokines, in-
cluding tumor necrosis factor (TNF)-a and IL-18, by
tissue macrophages, liver Kupffer cells, and monocytes.
These cytokines can spill over in the circulation. How-
ever, as cytokines are large molecules that do not readily
cross the blood-brain barrier (BBB), circulating cyto-
kines typically do not reach the brain. Passage into the
brain can take place at the level of circumventricular
organs, where the BBB is relatively leaky. However,
this only occurs when cytokines are produced at very
high levels. Thus, there must be mechanisms in place
that allow cytokine signaling to the brain over the BBB
so that appropriate behavioral responses can occur.
Under conditions of systemic inflammation, BBB per-
meability can be enhanced by specific transport mech-
anisms (Banks and Kastin, 1991; Gutierrez et al., 1993).
Although it was first considered that inflammation led
to enhanced leakiness of the BBB, William Banks’ team
demonstrated that radio-iodinated IL-la can cross the
rodent BBB 43.9 times more efficiently than can be
explained by leakage alone (Banks et al., 1989). Subse-
quent investigations revealed that murine IL-1« is even
more rapidly transported to the brain (Banks et al.,
1991), suggestive of the fact that, under conditions of
systemic inflammation, active transport of cytokines
across the BBB may occur at an even further enhanced
rate, ruling out leakage as the predominant transport
mechanism. Although the demonstration of transport

mechanisms by Banks et al. (1989) represents an ex-
treme case of transportation of the cytokine given that it
was injected intravenously, which does not represent
normal physiological conditions, it nonetheless demon-
strated that the level of cytokine entry to the brain
cannot be accounted for merely by nonspecific mecha-
nisms but must also occur via the use of specific trans-
port mechanisms for direct transport across the BBB.
Banks’ team later demonstrated that IL-18 also crosses
the BBB using either the same or overlapping trans-
porters (Banks et al., 1991). IL-1la and IL-18 appear
to cross the BBB via saturable binding of IL-1 to

Central nervous system

.
.
BBB ——CVOs o
®

°
Blood °

Transport mechanisms

PAMP and DAMP activation of inflammatory
cascade and cytokine production

Tissue

Infection or

tissue damage

Fig. 3. Immune-to-brain signaling pathways. Once PAMPs and DAMPs
trigger the production of the inflammatory response, inflammatory
signals need to reach the brain to induce sickness responses and
behaviors. Cytokines can bypass the BBB via circumventricular organs
(CVOs), or are transported across the BBB by specific transport mech-
anisms. Afferent vagal nerves can send the cytokine signal from pe-
ripheral tissue to the base of the brain. Adapted from Quan (2008) with
permission from Springer Science and Business Media.
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endothelial receptors and internalization by these BBB
endothelial cells, indicative of an endocytotic mecha-
nism (Banks et al., 1991, 1993). Active transport mech-
anisms have since also been identified for TNF-a and
IL-6, among others (Watkins et al., 1995a; Osburg et al.,
2002). It should be noted that not all cytokines are
transported in this way, and transport rates can differ
between cytokines (Banks, 2005). Secondary mediators,
including nitric oxide and prostaglandin Ess, are also
stimulated by peripheral cytokines and readily cross the
BBB to induce central cytokine production (Watkins
et al., 1995a; Dantzer, 2004).

Although immune-brain signaling via the BBB due to
active transport mechanisms is possible under systemic
inflammation, it does not serve as the primary signaling
pathway. This is because, first, circulating cytokine con-
centrations remain relatively low without infection or
supraphysiological inflammation, and even under septic
conditions, cytokine concentrations in the blood do not
accurately reflect those of the affected tissue. This would
make it particularly difficult for BBB-mediated pathways
to use circulating cytokines to accurately signal the con-
ditions of inflammation within the tissue to the brain
(Quan, 2008). Second, cytokine receptors on brain endo-
thelial cells induce leukocyte infiltration to the CNS fol-
lowing central injection of cytokines (Anthony et al.,
1997; Ching et al.,, 2005). This means that cytokine
receptors on endothelial cells play a role in both medi-
ating central inflammation and relaying peripheral to
central immune signaling, which can result in misacti-
vation of CNS inflammation under a range of conditions
(Quan, 2008). Given that BBB-dependent signaling is not
sufficient to adequately transmit subtle changes in in-
flammatory status to the brain, it would seem that ad-
ditional pathways of immune-brain communication for
modulation of behavior by cytokines under physiological
conditions must be in place to supplement the BBB-
dependent system. Indeed, cytokines usually act locally,
and their action on the CNS is relayed by neural affer-
ents. This notion of a neural pathway emerged following
the recognition that heat and pain, which are some of the
hallmarks of inflammation, represent sensory compo-
nents of the peripheral inflammatory response (Kent
et al.,, 1992a). Cytokine signals that are generated in the
peritoneal cavity inform the brain via afferent vagal
nerves. Activated IL-18 receptors, expressed within the
sensory neurons of the hepatic vagus nerve and vagal
paraganglia, stimulate vagal sensory nerves which pro-
ject to the nucleus of the tractus solitarius (NTS) and can
lead to activation of catecholaminergic projections ros-
trally (Goehler et al., 1999).

The first evidence implicating vagal nerves in pro-
jecting immune information to the brain came from
histological studies demonstrating that peripheral LPS
administration in rats results in increased expression
of the early activation gene c-fos in the supraoptic nu-
cleus, arcuate nucleus, and ventrolateral region of the

brain stem, which is absent when LPS is injected
centrally. Vagotomy also prevents such labeling (Wan
et al., 1993). Additional approaches have focused on
functional consequences of nerve sectioning, whereby
subdiaphragmatic vagotomy abrogates peripherally
administered LPS-induced hyperalgesia and reduc-
tions in social exploration (Bluthé et al., 1994; Watkins
et al., 1994). Importantly, elevations in peripheral IL-
18 concentrations in plasma and peritoneal macro-
phages remained unaltered in vagotomized rats (Bluthé
et al., 1994).

Once cytokines or their signals reach the brain, they
are not restricted to their initial point of contact.
Immune-mediated activation of afferent nerves is trans-
mitted to the primary projection area of these nerves, e.g.,
the NTS for vagal afferents, and propagates from there
to secondary projection brain areas such as the para-
ventricular nucleus of the hypothalamus and the cen-
tral nucleus of the amygdala. In addition, cytokines
produced by microglial cells in response to peripheral
cytokines diffuse in the brain but via a process known
as volume transmission. The earliest studies demon-
strating this phenomenon used histological techniques.
Brady at al. (1994) examined brain c-fos staining fol-
lowing intraperitoneal administration of IL-18 in rats.
Staining patterns differed between 1 and 3 hours post-
treatment, with early activation of the area postrema
and NTS reflecting entry to the brain, and later activa-
tion patterns, including external brain margins, dem-
onstrating diffusion of the signal. Further evidence for
volume transmission of IL-1 in the brain came from
studies based on central injections of the cytokine. For
example, Konsman et al. (2000) injected recombinant
rat IL-18 and recombinant human IL-1ra intracere-
broventricularly in rats, and used immunocytochemis-
try to observe transmission of the signal through the
extracellular space in the brain. They observed these
cytokines to rapidly enter the parenchyma and dis-
perse to other regions, such as the hypothalamus and
amygdala.

II1. Peripheral Inflammation Is Associated with
Pain and Depression

A. Depression. The immense overlap in the behav-
ioral and affective states of sickness and depression has
pushed scientists to consider that depression may stem
from immunological roots (Yirmiya, 1996). Certainly
this is plausible if we consider depressive behaviors
following inflammation to be an extension of certain
aspects of the already present sickness behaviors. That
is, after sickness has subsided, certain mood, cognitive,
and behavioral accompaniments of the sickness re-
sponse remain and align with the criteria for diagnos-
able depression. In this way, we can see some patients
with physical illness as having transitioned from sick-
ness to depression.
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Early studies linking the immune system to depres-
sion showed positive correlations between peripheral
inflammatory biomarkers and depression indices in the
absence of physical illness (Maes et al., 1992). However,
major advances in demonstrating a causal relationship
between the cytokine cascade which follows inflamma-
tion and depression have occurred in patients with a pre-
existing medical condition usually undergoing cytokine
therapies. Typically, such studies have focused on the
effect of systemic interferon-a (IFN-a) therapy on pa-
tients with malignant melanoma or hepatitis C viral infec-
tion. IFN-« therapy results in increases in depressive
symptoms (Capuron et al., 2000; Kraus et al., 2002;
Raison et al., 2007) and even clinically diagnosable
major depressive disorder (MDD) with rates as high as
45% in several studies (Musselman et al., 2001; Capuron
et al., 2002). Two major lines of evidence from these
types of studies have been instrumental in validating
this hypothesis of sickness to depression transition.
The first piece of evidence points to the fact that symp-
tom clusters associated with sickness, such as anorexia,
fatigue, and pain, have been reported to commence
within a few days of IFN-a therapy, whereas the onset
of depressive and cognitive changes appears substan-
tially later (Capuron et al., 2002). This is suggestive of
the need for persistent immune activation (common in
these patients) in order for the transition from sickness
to depression to take place. The second piece of evi-
dence points toward the fact that prophylactic antide-
pressant treatments have been somewhat efficacious in
reducing depressive symptoms in these populations.
Musselman et al. (2001) reported that only 11% of pa-
tients with malignant melanoma receiving high-dose
IFN-«a developed MDD under treatment with parox-
etine, whereas this number increased to 35% among
the placebo controls. Capuron et al. (2002) later re-
analyzed these data to show that paroxetine indeed
does nothing to the neurovegetative symptoms of de-
pression (akin to sickness behavior) but only alleviates
the cognitive and affective symptoms of depression.
Kraus et al. (2002) also found reduced depressive
symptoms in hepatitis C patients undergoing IFN-«
therapy when treated with paroxetine, and as many as
78.6% of these patients were able to complete their
cytokine therapy, which is often discontinued due to
psychiatric complications. Even in less-convincing stud-
ies, antidepressants appear to be, in the very least,
beneficial. For instance, although Raison et al. (2007)
could not report that paroxetine resulted in signifi-
cantly reduced rates of MDD in hepatitis C patients
undergoing IFN-a therapy, there was a significantly
lower percentage of patients meeting the criteria for
mild, moderate, or severe depressive symptoms. Nota-
bly, antidepressants have also been reported to reduce
proinflammatory cytokine profiles and inflammatory
markers in patients with depression, in some cases
(Basterzi et al., 2005; O’Brien et al., 2006, 2007). In

fact, a meta-analytic study looking at antidepressant
effects on cytokine concentrations reported consistent
reductions in IL-18 following SSRI medication, but
failed to observe reductions in TNF-a and IL-6 with
any consistency (Hannestad et al., 2011).

Inflammation-induced changes in mood have also
been observed in physically healthy individuals given
low-dose inflammatory stimuli. These studies often ad-
minister infra-septic doses of LPS or typhoid vaccination
to healthy volunteers and observe transient changes in
mood and cognition. Typhoid vaccination abrogates the
normally occurring circadian improvement in mood as
the day progresses (Strike et al., 2004), induces nega-
tive mood postvaccination (Wright et al., 2005), in-
creases brain activity in depression-related regions such
as the subgenual cingulate cortex, and decreases its
connectivity to the amygdala, medial prefrontal cortex,
and nucleus accumbens (Harrison et al., 2009). Low-
dose LPS similarly induces transient increases in anx-
iety and depressed mood (Reichenberg et al., 2001).
Each of these effects has been associated with the
cytokine response to these stimuli, with mood and
cognitive reductions being correlated with increases in
circulating TNF-«, IL-6, IL-lra, and soluble TNF
receptor (Reichenberg et al., 2001; Strike et al., 2004;
Wright et al., 2005; Harrison et al., 2009). It is im-
portant to note that these changes in mood status occur
in the absence of sickness (Reichenberg et al., 2001;
Strike et al., 2004).

Finally, the relationship between inflammation and
depression has been confirmed in preclinical studies.
These studies use as end points behavioral responses
that are sensitive to antidepressant actions, such as
failure to escape electric shocks after prior exposure to
inescapable electric shocks (learned helplessness), in-
creased immobility (the so-called “despair” response) in
rodents placed in a container filled with water [the
forced swim test (FST)] or suspended by their tails (the
tail suspension test), or a decreased preference for a
sweet taste solution, a test of “anhedonia.” Systemic
injections of LPS and cytokines result in increased
depressive-like behaviors in rodents, such as anhedo-
nia, learned helplessness, and reduced social explora-
tion (Kent et al., 1992¢; Yirmiya 1996; O’Connor et al.,
2009a,b,c). Moreover, these behaviors can be rescued by
pretreatment with antidepressant medications (Yirmiya,
1996), reflective of the human studies described earlier.

Such preclinical work has also been instrumental in
confirming the notion of symptom transitioning from
sickness to depressive-like behavior. This approach
stems directly from clinical observations of the early
commencement of symptoms, which typify sickness in
patients receiving immune therapies and the subse-
quent emergence of depression symptoms (Capuron
et al., 2002). Animal studies often allow for the mea-
surement of depressive-like behavior after sickness
behaviors have terminated. For example, peripheral



86

administration of nonseptic doses of LPS induces acute
sickness responses and behaviors such as body weight
loss and reduced locomotor activity. By 24 hours
postinjection, these sickness behaviors have largely
dissipated, allowing for a window of opportunity to
examine depressive-like behaviors, such as reduced
sucrose preference and increased immobility in the
forced swim and tail suspension tests (Frenois et al.,
2007; Henry et al., 2008; O’Connor et al., 2009a,b,c;
Walker et al., 2013). Similar studies using chronic
infection models of Bacille Calmette-Guerin have re-
ported findings in kind, whereby sickness behaviors
return to normal by a few days after inoculation but
depressive-like behaviors persist (O’Connor et al.,
2009a,b). These time-course effects have allowed for
inflammation-induced depressive-like behavior to be
examined in the absence of sickness, which is often
difficult to do in the clinic, and have confirmed in
controlled settings the notion that depressive-like
behavior following inflammation represents a transi-
tion from sickness to depression.

B. Pain. One of the major components of the sick-
ness response is pain. This includes muscle and joint
ache and a heightened sensitivity to nociceptive stimuli.
Acute pain represents a protective response to infection
or tissue damage. In this way, pain can be seen as
an adaptive mechanism allowing for the detection of
noxious stimuli and, in turn, promoting appropriate
behavioral responses to enhance survival. However,
when this acute pain response transitions to chronic
pain or is no longer related to the tissue damage because
healing has occurred, then this response becomes prob-
lematic just as depressive symptoms are considered
pathological once sickness has abated. What we are
specifically interested in here is the immune system’s
involvement in the transition from acute to chronic pain
and whether this can be linked to the transition from
sickness to depression. Examination of the role of the
immune system in pain has typically focused on models
of inflammatory pain. Injection of carrageenan or CFA
into the plantar surface of the hind foot of rats or mice
results in inflammation of the hind paw and increased
sensitivity to thermal and mechanical stimuli. This
represents transient hyperalgesia with increased noci-
ception lasting days to weeks. When injected into the
hind paw, formalin causes a very acute biphasic pain
response that usually resolves within a day or two but is
associated with hyperalgesia at sites remote to the
injection site for several weeks (Fu et al., 2000). These
inflammatory pain models are described in greater
detail in Boyce-Rustay et al. (2010b).

In contrast to inflammatory pain, neuropathic pain
originates from damage to nerves and is therefore mod-
eled by inducing injury to peripheral nerves, although
the location and form of injury may vary (Wang and
Wang, 2003). These models include nerve ligation, dia-
betic neuropathy, and chemotherapy-induced neuropathic
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pain. A commonly used model of peripheral nerve in-
jury is the chronic constriction injury (CCI) model intro-
duced by Bennett and Xie (1988). The sciatic nerve is
loosely tied, which causes local nerve inflammation
and ischemic damage to the distal processes. This in-
duces pronounced mechanical allodynia lasting up to 2
months. Thermal hyperalgesia has also been reported
but with far less intensity than mechanical allodynia or
than is seen under inflammatory model conditions.
Similar models of ligation of peripheral nerves work in
much the same manner but differ depending on the
location of the ligation. The common site is the L5 and
Lg spinal nerves, which causes the same effects at the
sciatic nerve site and induces chronic mechanical
hyperalgesia and allodynia. This model has been de-
veloped and characterized by Kim and Chung (1992).
In addition to ligation, other models use injury—one of
the most commonly used in recent years being the
spared nerve injury model developed by Decosterd and
Woolf (2000). Two of the three branches of the sciatic
nerve (usually the peroneal and tibial) are either crushed
or cut, producing mechanical and thermal hyperalgesia
lasting around 2 months.

The efficacy of these models in enhancing nociceptive
responses to stimuli can be measured using various ap-
proaches, the most common of which are the Von Frey
filament and Hargreaves test. The Von Frey filament
test measures mechanical allodynia. A small filament or
hair fiber is presented to the plantar surface of the paw
in consecutive forces, and paw withdrawal thresholds
are calculated. Thus, the reduction in threshold for
evoking a response is measured to quantify the response
to nerve damage or inflammation. The Hargreaves assay
measures the sensitivity to noxious heat. Paw with-
drawal latency is assessed by the time taken to remove
the paw from thermal stimulation produced by a light
beam shone onto the paw. This test is similar to the hot
plate test in which an animal is placed onto a thermal
plate of predetermined temperature, and the time taken
to withdraw the hind paw or lick the paw is measured.

A great deal of research has identified several spinal
inflammatory mechanisms implicated in the sensitiza-
tion of nociceptors, of which proinflammatory and some
anti-inflammatory cytokines appear to play a vital role.
Cytokine sensitization of nociceptors following periph-
eral injury can occur via several pathways in the spinal
cord. DAMP activation of TLRs which bind to patho-
gens or molecules released from damaged cells leads to
the activation of NF-«B, in turn, initiating the release
of cytokines, chemokines, and other molecules crucial
for tissue homeostasis (Guo and Schluesener, 2007).
TLR4 knockout mice exhibit reduced mechanical and
thermal hypersensitivity, lower expression of microglial
activation markers, and reduced proinflammatory cyto-
kines following Ls spinal nerve injury compared with
wild-type controls (Tanga et al., 2005). This suggests
that TLRs are key regulators of nociception. Similarly,
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immune cells, such as mast cells residing near nocicep-
tors, degranulate to secrete histamine and bradykinin,
causing vasodilation and recruitment of other immune
cells such as macrophages to the site of injury and the
further release of proinflammatory cytokines such as IL-
18 and IL-6. Additionally, bradykinin directly stimu-
lates nociceptors, leading to increased excitability and/
or decreased nociceptive thresholds. Cytokines also
work to recruit further macrophages to the nociceptor
environment, leading to a positive cycle of inflamma-
tion, which sensitizes nociceptors. For instance, rats
exhibit significant increases in macrophages, NK cells,
T lymphocytes, IL-6, and TNF-a in the sciatic nerve
following nerve injury, which corresponds to the onset of
mechanical allodynia (Cui et al., 2000). A few studies
have more directly tested the impact of cytokines on
nociception. Reeve and colleagues (2000) reported in-
trathecal IL-18, but not TNF-«, to result in mechanical
allodynia. However, in other studies, intraneural TNF-«
was found to induce thermal hyperalgesia and mechan-
ical allodynia in rats (Zelenka et al., 2005). Indeed,
numerous studies have indicated that a range of cyto-
kines can directly stimulate nociceptors (Opree and
Kress, 2000; Obreja et al., 2002; Parada et al., 2003).
The cell bodies of nociceptors in the dorsal root
ganglion (DRG) meet with further inflammatory medi-
ators, which also sensitize neuronal signaling and ele-
vate nociceptive responses. Satellite glial cells surrounding
the neuron reduce K+ buffering following injury, which
increases excitation (Ren and Dubner, 2010). In turn,
this activation also results in neuronal release of calci-
tonin gene—related peptide (CGRP), which can elevate
IL-1B concentrations, leading to increased prostaglan-
din E; activity and further CGRP expression, creating
yet another positive feedback loop of cytokine recruit-
ment. Furthermore, these factors alone have direct
sensitizing effects on neurons. Injection of CGRP in rat
models of temporomandibular joint disorder results in
increased neuronal and glial markers of the p38 MAPK
and extracellular signal-regulated kinases, which have
been highly implicated in the development of neuro-
pathic pain (Cady et al., 2011). The inflammatory
signal is sent to the central nervous system via neuro-
transmission and afferent cytokine signaling of the
vagus nerves. Several growth and differentiation fac-
tors also sensitize nociceptors directly, as well as in-
directly by allowing neurons to signal microglia and
regulate cytokine release and chemotaxis of surrounding
cells. These include neuregulin-1, nerve growth factor,
brain-derived neurotrophic factor, and neurotrophin-3
(Polazzi and Contestabile, 2002; Calvo et al., 2010,
2011). In response to nerve damage, the brain also stim-
ulates the central cytokine cascade, activating further
spinal microglia in pain-related areas and causing a
positive cycle of cytokine release. Milligan et al. (2003)
reported that sciatic inflammatory neuropathy induced
by unilateral localized inflammation to one of the branches

of the sciatic nerve in rats, measured using the Von
Frey test, was reversed by intrathecal administration
of fluorocitrate (a glial and astrocyte metabolic inhib-
itor), as well as by intrathecal IL-18, TNF-«, and IL-6
antagonists.

In addition to the proinflammatory cytokine-mediated
effects described earlier, anti-inflammatory cytokines
have also been implicated in the pathogenesis of pain,
with IL-10 having been most extensively studied.
Typically, low levels of IL-10 have been reported in
patients suffering from chronic pain disorders (Shoskes
et al., 2002; Uceyler et al., 2006). Acute intrathecal
injection of rat IL-10 protein or an adenoviral vector
encoding human IL-10 to rats has been demonstrated
to transiently reverse CCI-induced mechanical and
thermal allodynia (Milligan et al., 2005), and intrathe-
cal administration of plasmid DNA encoding IL-10 re-
verses CCI-induced mechanical allodynia acutely with
increasing duration following each successive injection
(Milligan et al., 2006). Chronic reversal of mechanical
allodynia was achievable depending on the treatment
regimen. Despite these promising findings implicating
low levels of spinal IL-10 with increased pain, clinical
findings are not always so clear. One study reported
a positive correlation between seminal plasma IL-10
and both pain severity and life interference in patients
with chronic prostatitis—chronic pelvic pain syndrome
(Miller et al., 2002). However, increased concentrations
of proinflammatory cytokines IL-2 and IFNy were
similarly correlated, suggesting that the IL-10 relation-
ship with pain severity may be spurious and represent
only an attempt to alleviate the increase in the proin-
flammatory cytokines in these patients.

Microglia support not only pain-enhancing but also
pain-decreasing mechanisms. A key molecule is G
protein—coupled receptor kinase 2 (GRK2). GRK2 is
ubiquitously expressed in all cell types and regulates
desensitization of numerous G protein—coupled recep-
tors (GPCRs). It normally protects cells from overstim-
ulation by uncoupling GPCR from its G protein, and by
promoting internalization of agonist-occupied receptors
(Aragay et al., 1998). Importantly, GRK2 is involved in
regulating the duration of microglial activation in the
spinal cord in this manner, which in turn limits micro-
glial cytokine release, and thus the extent of nocicep-
tive sensitization. However, GRK2 can also regulate
the duration of microglial activation independently of
its role in regulating GPCR signaling by inhibiting the
p38 MAPK (Eijkelkamp et al., 2010a). The GRK2 reg-
ulatory mechanism will be discussed in greater detail
later in this review, and we will posit the notion that
a breakdown in the optimal function of GRK2 is re-
sponsible for the transmission from acute to chronic
inflammatory pain.

The previous evidence represents the majority of
research thus far undertaken to understand the in-
flammatory mechanisms involved in pain sensitization.
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This evidence is focused around spinal inflammatory
mechanisms and enhanced reflexive pain. The problem
we face here, however, is that we are interested in
potential common mechanisms of inflammation that
may be responsible for the clustering of both chronic
pain and depression. Hence, for a common immune-
mediated mechanism to exist between them, it must
reside not in the spinal cord but in the brain. Supra-
spinal inflammation and pain sensitization have been
far less thoroughly investigated. Later, we discuss the
available evidence that supraspinal inflammation is
responsible for the transition from sickness to de-
pression and acute to chronic pain.

IV. Brain Inflammation Is Associated with Pain
and Depression

A. Depression. So far we have primarily discussed
studies that have demonstrated the relationship be-
tween peripheral inflammation and the transition from
sickness to depression. However, in order for these
behavioral, cognitive, and mood changes to take place,
immune signaling in the brain is required. Although it
is now apparent that inflammatory mediators are crit-
ical in signaling the brain to produce the behavioral se-
quelae typical of sickness in response to inflammation
such as fatigue, motivational loss, negative affect, re-
duced reward and anhedonia, lack of hunger, isolation,
pain sensitivity, and so on, this was not always the case.
Prior to the cloning of recombinant cytokines in the
early 1980s, the brain was considered immune privi-
leged, and thus, inflammatory mediators were consid-
ered unable to act in the brain to regulate mood and
behavior. This view was held despite the already well
known effects of endogenous pyrogens on brain thermo-
regulation areas (Blatteis et al., 2000). However, in
1989, Dantzer and Kelley (1989) proposed that the
development of sickness behaviors during infection is a
direct result of cytokines acting in the brain to regulate
behavioral responses to infection. It was later confirmed
that the administration of cytokines directly to the brain
alone can induce sickness behaviors in rodents, in-
cluding reduced locomotor activity, increased sleep, de-
creased social exploration, and reduced food and water
consumption, with particular involvement of IL-13
and TNF-« (Kent et al., 1992a,b,c; Bluthé et al., 2000;
Palin et al., 2009). Similarly, intracerebroventricular
injections of LPS or proinflammatory cytokines such as
TNF-a and IL-18 are sufficient to produce depressive-
like behaviors (Connor et al., 1998; Palin et al., 2008;
O’Connor et al., 2009a,b,c; Fu et al., 2010), and intra-
cerebroventricular administration of cytokine antago-
nists (Kent et al., 1992a,b,c; Bluthé et al., 2000) is able
to abrogate sickness and depressive-like behaviors that
typically follow systemic inflammation.

B. Pain. There is also evidence that inflammation
in the brain may contribute to pain sensitization and

chronification. In regards to neuropathic pain, human
studies investigating cytokine profiles in the cerebrospi-
nal fluid (CSF) have indicated that it may be the balance
between proinflammatory and anti-inflammatory cyto-
kine profiles here that is important. Backonja et al.
(2008) found that CSF soluble tumor necrosis factor
receptor and IL-18 were positively correlated with pain
intensity in patients with distal painful nondiabetic
polyneuropathy or post-traumatic neuralgia, whereas
IL-10 was inversely correlated with pain severity. Other
studies have reported the severity of neuropathic pain in
patients with noninflammatory polyneuropathy and
complex regional pain syndrome to be positively corre-
lated with serum and CSF concentrations of proinflam-
matory cytokines (Alexander et al., 2005; Ludwig et al.,
2008).

These findings are in line with animal studies that
have also yielded data demonstrating activation of brain
cytokine signaling pathways and enhanced pain sensi-
tivity in models of neuropathic pain. For instance,
elevated IL-18 and activation of caspase 1, caspase 2,
and caspase 8 in the brainstem, thalamus/striatum, and
orbitofrontal and prefrontal cortex following spinal nerve
injury (SNI) have been reported (Apkarian et al., 2006;
Fuccio et al., 2009; Norman et al., 2010a). Further-
more, supraspinal IL-10 has likewise been implicated
in preclinical models of neuropathic pain. Spinal nerve
injury to rats increases mechanical allodynia and
thermal hyperalgesia with concomitant increases in
brain NF-«B, IL-18, and TNF-a—all of which were
attenuated in the presence of the anti-inflammatory
glucocorticoid betamethasone (Xie et al., 2006). Inter-
estingly, betamethasone not only reduced these proin-
flammatory cytokines but also induced the expression
of brain IL-10.

Numerous studies have also connected brain cyto-
kine concentrations with models of inflammatory pain.
As intrathecal injections can spill over into the DRG,
these in vivo approaches rely on the injection of cyto-
kines or other inflammatory agents directly into the
brain. The results of these studies unequivocally show
a role of brain IL-18 and TNF-a in nociception. For
instance, intracerebroventricular injection of recombi-
nant human IL-18 and recombinant bovine TNF-« in
rats mimicked the elevated and delayed abdominal
response to rectal distension seen in response to sys-
temic LPS (Coelho et al., 2000). Moreover, intracere-
broventricular injection of IL-18 and TNF-« antagonists
attenuated this systemic LPS-induced inflammatory
response, suggesting that it is the central action of
these proinflammatory cytokines that is critical for
inflammatory pain processing. An elegant study re-
cently demonstrated that stereotaxically injected TNF-«
nanoplasmidexes restricted to the CAl region of the
hippocampus was sufficient to increase thermal hyper-
sensitivity in rats for up to 3 weeks, and increase mech-
anical allodynia between day 12 and day 21 postinjection
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(Martuscello et al., 2012). Other studies have similarly
implicated central TNF-a to be instrumental in ar-
thritic pain sensation (Hess et al., 2011).

These studies are certainly convincing, but they still
use outcome measures of reflexive pain, much of which
is governed in the spinal cord. This issue complicates
our current agenda, which is to examine the intersection
between pain and depression. One way to avoid this
issue is to focus on affective pain rather than reflexive
pain. So far, we have focused on the sensory component
of pain. However, pain also comprises an aversive, moti-
vational, or emotional component that relies on atten-
tion, expectation, and appraisal of the sensory element
within a given context. It is the affective component of
pain that is likely to be monitored in the clinic, where
patients are asked to rate the intensity of their pain,
which is discrepant to preclinical models of reflexive
pain that focus on targeting changes in response thresh-
olds. Affective pain must be governed by supraspinal
mechanisms given that it involves an emotional re-
sponse and cognitive actions of attention, expectation,
and appraisal. It is here that the behavioral, mood, and
cognitive symptoms of depression and pain begin to
merge, and we can begin to unmask the potential com-
monalities in the pathogenesis of these conditions. A
handful of studies have investigated the activation of
inflammatory signaling pathways in brain regions re-
sponsible for the affective component of pain. In regards
to neuropathic pain, Knerlich-Lukoschus and colleagues
(2011) observed increased cannabinoid receptor type-1
coexpression with chemokines CCL2, CCL3, and CCR2
in the hippocampus; coexpression of cannabinoid re-
ceptor type-1 with CCR1 and CCR2 in the thalamus;
and elevated CCL3 in the periaqueductal gray—areas
associated with affective pain—in response to spinal
cord injury in rats. Notably, chemokine upregulation
was observed only in the late-phase response and not
the acute-phase response, suggestive of the involvement
of chemokines in pain chronification.

An emerging methodology to measure affective pain
in rodents is to use their motivational drive to escape
pain. To do this, researchers have used operant condi-
tioning such as conditioned place avoidance, where a
rodent will avoid a chamber or environment that it has
previously paired with the experience of pain, or con-
ditioned place preference, where a rodent will seek out
a chamber or environment that it has paired with the
relief of pain (reviewed in Navratilova et al., 2013).
Although using this paradigm to study affective pain
is, for the most part, relatively new, some studies have
investigated inflammatory pain and found an enhanced
conditioned place preference for morphine and low-dose
NMDA receptor antagonist MK-801 in rats injected
with CFA in their hind paws (Sufka, 1994). A similar
study, however, observed that morphine-, cocaine-, and
methamphetamine-induced place preference place pref-
erence was attenuated in the presence of inflammatory
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nociception by administration of formalin and carra-
geenan to the hind paw (Suzuki et al., 1996). The place
preference and drug administration timelines differed
slightly between these experiments, highlighting the
importance of the distance, timing, and saliency of the
conditioning stimuli. A more recent study has directly
measured supraspinal proinflammatory cytokine ex-
pression in response to pain-related conditioned place
avoidance. Lu et al. (2011) found elevated IL-18 and
TNF-a mRNA and protein in the anterior cingulate
cortex, an area considered necessary for the affective
component of pain (Johansen et al., 2001), in mice
exhibiting formalin-induced conditioned place avoid-
ance compared with controls.

V. Possible Molecular Mechanisms

We have explained that chronic pain and depression
co-occur with high prevalence in the clinic, and we have
presented evidence showing peripheral and central
inflammation to be associated with both conditions. In
this final section, we will discuss a number of putative
candidate mechanisms that may serve as common
pathways to both depression and chronic pain. We will
discuss only those pertaining to the context of inflam-
mation in an attempt to propose a model(s) to account
for the clustering of depression and chronic pain in
somatic illness. The majority of the mechanisms de-
scribed here, with exception to GRK2, which plays a role
in regulating the intensity and duration of the inflam-
matory response, occur downstream of inflammation.
Thus, inflammation can be seen as the overarching mech-
anism that triggers the molecular pathways that follow
and have been linked to pain and depression. Table 1
summarizes the known implications of each of these
mechanisms for pain and depression.

A. Modulation of Cytokine Signaling Pathways by G
Protein—Coupled Receptor Kinase 2

GRKs represent an important homeostatic regulator
of GPCRs, bringing about appropriate desensitization to
GPCR agonists, and thus acting as a defense mecha-
nism against acute and chronic hyperstimulation (Vroon
et al., 2006). In addition to their direct effects on GPCR
signaling, GRKs can also control signal transduction
by regulating the activity of signaling proteins such
as extracellular signal-regulated kinase 1/2 and p38
MAPK. Of interest in our discussion of the mechanisms
underlying depression and chronic pain symptom clus-
tering is the ubiquitously expressed GRK2. GRKs reg-
ulate GPCR activity via phosphorylation, and in this
manner, GRK2 plays a particularly influential role in
the response to inflammatory stimuli.

Research investigating the role of GRK2 in depression
is scanty. The majority of studies have focused on the
change in GRK2 levels following SSRIs and selective
norepinephrine reuptake inhibitors in patient populations
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of major depressive disorder. Unfortunately, the data
remain inconclusive. An early study reported GRK2
protein in the prefrontal cortex of suicidal and non-
suicidal patients with depression to be significantly
higher in the absence of antidepressant treatment
(Grange-Midroit et al., 2003). The same study showed
that those patients who were medicated at the time of
death exhibited normalized GRK2 protein levels, sug-
gesting that high GRK2 levels may contribute to the
pathogenesis of depression. Conversely, other studies
have suggested that low GRK2 may be responsible for
the onset and maintenance of depression. For instance,
protein and mRNA levels of GRK2 in the mononuclear
leukocytes of untreated MDD patients were significantly
lower than those of healthy controls. Antidepressant
treatment reversed this effect and increased GRK2
levels (Matuzany-Ruban et al., 2010). This effect was
similarly reported for platelet GRK2 protein levels
(Garcia-Sevilla et al., 2010). Notably, this study also
found that nonresponders to antidepressant therapies
had significantly lower GRK2 levels compared with re-
sponders. Such contradictory findings provide more
questions than answers. First, we do not know the exact
nature in which GRK2 may contribute to depression,
meaning more research is required. Second, peripheral
GRK2 may not be reflective of central GRK2 function
and cannot be used as a litmus marker for GRK2 in the
brain or depression susceptibility. Finally, to our knowl-
edge, no studies have examined GRK2 expression in the
context of inflammation-induced depression, which may
work independently, to our understanding of the sys-
tem, in patients with MDD alone. It is likely that GRK2
plays a role in inflammation-induced depression given
that GRK2 has been shown to be a potent regulator of
the intensity and duration of the inflammatory response,
especially in regards to chemokine activity (Vroon et al.,
2006). Thus, one would expect that GRK2 activity that
regulates inflammation should impact both the depres-
sive and pain-related symptoms of inflammation.

The case is quite different when it comes to pain, how-
ever. In recent years, GRK2 has yielded much interest
in regards to the pathogenesis of chronic pain. This began
with observations that spinal nerve transection decreases
spinal GRK2 expression and chronic carageenan-induced
hyperalgesia reduces GRK2 levels in the DRG (Kleibeuker
et al., 2008; Eijkelkamp et al., 2010b). A number of
preclinical studies have demonstrated that low levels
of GRK2 prolong mechanical and thermal hyperalgesia
in response to a range of stimuli, including epinephrine,
and a number of inflammatory mediators, including
carageenan, 11.-18, and prostaglandin E, (Eijkelkamp
et al., 2010a,b; Willemen at al., 2010; Wang et al., 2011).
Whereas the duration of pain sensitivity is increased
under conditions of low GRK2, the acute peak of pain
sensitivity does not differ between mice with low or
normal levels of GRK2, indicating that GRK2 plays
a unique role precisely in the transition from acute to

chronic pain. In fact, a 50% knockdown of GRK2 is
sufficient (and the effect is equal to that of full deletion)
to prolong hyperalgesia up to 21 days in models of
inflammatory pain in which wild-type mice appear to
recover within 3—4 days (Willemen et al., 2010; Wang
et al., 2011).

It also appears that a deletion of GRK2 in specific cells
is responsible for prolonged hyperalgesia. For instance,
GRK2 depletion in astrocytes does not yield any changes
in the severity or duration of the hyperalgesic response to
inflammatory or other mediators measured by thermal
or mechanical stimulation (Willemen et al., 2010; Wang
et al., 2011). GRK2 reduction in nociceptors appears to be
able to prolong or increase the hyperalgesic response,
depending on the stimulant (Eijkelkamp et al., 2010a,b;
Wang et al., 2011). However, it seems that low GRK2 in
lysM-positive myeloid cells is necessary to be able to pro-
duce the maximal extension of pain duration (Wang et al.,
2011). This has been demonstrated in studies in which
knockdown of GRK2 in activated microglia/macrophages
extends thermal and mechanical hyperalgesia in re-
sponse to epinephrine and carrageenan (Eijkelkamp
et al., 2010a; Wang et al., 2011). Furthermore, this effect
is rescued in the presence of the microglial/macrophage
inhibitor minocycline (Eijkelkamp et al., 2010a). Fi-
nally, this effect cannot be accounted for simply via
genotype-specific differences in the peripheral inflam-
matory response, as GRK2 knockdown mice exhibited
carageenan-induced elevations in paw thickness, paw
IL-18, and CCL3 in equal measure to wild-type mice.

Of particular relevance to the clinic is the evidence
showing that chronic inflammation in patients coin-
cides with reduced GRK2 levels in peripheral blood
mononuclear cells (PBMCs) and increased pain. Lom-
bardi et al. (1999) found reduced GRK activity and
reduced GRK2 protein in the leukocytes of rheumatoid
arthritis patients compared with healthy controls. Sim-
ilarly, Vroon and colleagues (2005) investigated patients
with relapsing-remitting multiple sclerosis suffering
from acute exacerbation of the disease. These patients
exhibited approximately 40% lower GRK2 in PBMCs
compared with healthy age-matched controls. Further-
more, in a murine model of multiple sclerosis (exper-
imental autoimmune encephalomyelitis), these authors
observed advanced onset of the disease and greater
relapse rates in GRK2 knockdown mice compared with
wild-type controls (Vroon et al., 2005). These data indi-
cate that chronic inflammation may result in reduced
PBMC GRK2 levels. In turn, this reduction in GRK2
can impair the regulation of inflammation by GRK2
and potentially lead to the transition from acute to
chronic pain in patients.

The precise mechanistic pathway through which
inflammation gives rise to low levels of GRK2 and thus
the inability to efficiently switch off the pain response
is still being elucidated. However, it is understood that
IL-18 is necessary for the downstream reduction of
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TABLE 1

The neuroimmune mechanisms of depression and pain

The potential mediators discussed in this review for the transition from sickness to depression and acute to chronic pain moving from upstream to downstream of the
inflammatory cascade. A summary of the evidence associated with these mediators in relation to depression and pain is provided along with key references for each section.
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Depression

Pain

Key References

GRK2

Proinflammatory
cytokines

Anti-inflammatory
cytokines

IDO

Glutamate

GABA

Modulates intensity and duration
of inflammation.

The majority of the few clinical studies
on MDD have associated low GRK2
with treatment-resistant depression.

Role of GRK2 in inflammation-induced
depression is yet to be confirmed.

Increased levels of IL-18, TNF-«, IL-6,
and IFN-« associated with depression.

Activates downstream pathways
known to induce inflammation-induced
depression such as IDO.

May reduce KCC2 cotransporter activity.

May lead to reduced depressive
symptoms likely due to the reduction
in inflammation and thus reduced
downstream activation of depression-
inducing pathways such as IDO.

Favors NMDA receptor-mediated
glutamatergic neurotransmission
via quinolinic acid production in
microglia and macrophages under
conditions of inflammation.

Associated with inflammation-induced
depression.

Excessive levels associated with
increased depression.

AMPA receptor-mediated transmission
shown to have antidepressant effects.

NMDA-mediated transmission shown

to have depression-inducing effects.
NMDA antagonism reduces depression.

Associated with anxiety and depression.

Enhancement of GABAergic
neurotransmissions by benzodiazepines
reduces anxiety and depression.

Role of GABA in inflammation-induced
depression still to be elucidated.

Cation chloride transporters NKCC1
and KCC2 can switch to immature
state and excitation of GABA
neurons during pathology.

The role of NKCC1 and KCC2 in
inflammation-induced depression
requires confirmation.

Modulates intensity and duration of
inflammation and thus the sensitization of
nociceptors by downstream mediators.

Chronic inflammation in patients and mice
associated with reduced GRK2 in PBMCs.

Low GRK2 has been associated with the
chronification of nociception.

Increased proinflammatory cytokines
directly and indirectly promote sensitization
of nociceptors and elevate pain sensitivity.
Most evidence for IL-18 and TNF-a.
IL-1B necessary for downstream production
of GRK2.

Reduce inflammation and thus the
sensitization of nociceptors.

Increasing IL-10 shown to have beneficial
effects for nociceptive pain.

Role of IDO in increasing nociception
during inflammation has been supported
in one paper but needs confirmation.

Could lead to increased NMDA receptor
neurotransmission during inflammation,
which has been associated with nociception.

Excessive levels associated with pain.

NMDA, AMPA, and kainite-mediated
transmission shown to be associated
with pain.

Upregulation of glutamate transporter
shown to be associated with
chronification of pain.

Spinal GABAergic disinhibition associated
with increased pain.

Intrathecal administration of
benzodiazepines can reverse
inflammation-induced and neuropathic
nociception in rodent models.

Chloride cation cotransport of GABA
neurons by NKCC1 and KCC2
associated with inflammatory and
neuropathic pain.

Evidence to indicate a reduction of
KCC2 expression and increase in
NKCC1 expression.

Eijkelkamp et al., 2010a,b;
Garcia-Sevilla et al., 2010;
Kleibeuker et al., 2008;
Matuzany-Ruban et al., 2010;
Vroon et al., 2005;

Wang et al., 2011;
Willemen at al., 2010

Cui et al., 2000;

Harrison et al., 2009.;
Kleibeuker et al., 2008;
Milligan et al., 2003;
Opree and Kress, 2000;
Reichenberg et al., 2001;
Strike et al., 2004
Backonja et al., 2008;
Miller et al., 2002;
Milligan et al., 2005, 2006;
Shoskes et al., 2002;
Uceyler et al., 2006
Capuron et al., 2002, 2003;
Kim et al., 2012;

Maes et al., 1991a,b, 1993;
O’Connor et al., 2009a,b,c;
Raison et al., 2010;
Walker et al., 2013

Autry et al., 2011;

Garcia et al., 2008, 2009;
Mitani et al., 2006;

Nie and Weng 2009;
Niesters et al., 2013;
Walker et al., 2013;
Zarate et al., 2006

Huang et al., 2012;

Kabhle et al., 2008;

Knabl et al., 2008;

Li et al., 2010;

Lin et al., 1994,

Malan et al., 2002;
Matrisciano et al., 2010;
Oraifo and Omogbai, 2012;
Polgér et al., 2003;

Rees et al., 1995;

Sluka and Westlund, 1993;
Sluka et al., 1993

GRK2 and development of mechanical allodynia in a
model of L5 spinal nerve transection given that genetic
deletion of the biologically active IL-1 receptor abro-
gates the development of mechanical allodynia and does
not alter GRK2 expression (Kleibeuker et al., 2008).
These findings indicate early cytokine signaling to be
a requirement for the cascade of effects that lead to low
GRK2 and prolonged pain in response to nerve injury.
It is also known that mitogen-activated kinase kinase
contributes to the prolonged response given that inhib-
ition of mitogen-activated kinase kinase abrogates the
prolonged hyperalgesic effects observed in GRK2 knock-
down mice, and protein kinase Ce (activated by Epac)
inhibition attenuates the duration of hyperalgesia in

these mice as well (Eijkelkamp et al., 2010b). Thus,
GRK2 appears to be a potent responder to as well as a
regulator of inflammation, representing a probable medi-
ator in the transition from acute to chronic pain and a
possible contributor to inflammation-induced depres-
sion. Figure 4 shows the proposed transition from acute
to chronic pain observed in GRK2-deficient mice in
models of inflammatory pain.

B. Cytokines and Cytokine Signaling Pathways

In this section, it is important to focus on some of the
fundamental issues involved in the inflammation and
cytokine hypothesis. We have already demonstrated in
detail the evidence linking proinflammatory and even
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anti-inflammatory cytokines to depression and to pain
in our discussion on peripheral and central inflamma-
tion for both conditions. Here, it may be more prudent to
evaluate the assumptions we are making to be able to
propose a common mechanism stemming from elevated
cytokine release. Namely, we must consider that, if in-
flammation is the source of both depression and chronic
pain, the location of cytokine action that leads to these
conditions must be the same. That is, even if the source
of inflammation is peripheral, propagation of the cyto-
kine signal to the brain is required for a common mech-
anism to be responsible for the transition from sickness
to depression and to chronic pain. This is in line with
the argument that the affective component of pain is
most troublesome for patients. However, an alternative
explanation could be that spinal inflammation is respon-
sible for pain, whereas supraspinal inflammation is re-
sponsible for depression. The assumption we are making
in this review is that the action of the cytokines that
leads to, or in the very least contributes to, both depres-
sion and pain occurs supraspinally. Few studies have
directly attempted to link cytokine profiles to both pain
and depression together. One such example is a study by
Ballok and Sakic (2008) who investigated anxiety-like
and depressive-like behaviors, which are governed by
the brain, in lupus-prone mice. These mice exhibited in-
creased neophobia in the novel object test and anhedonia
in the sucrose preference test, which were abrogated in
the presence of the P2 receptor antagonist suramin. P2X
receptors are involved in nociceptor activation, providing
the link between depression and pain. Serum concentra-
tions of IL-18 and TNF-« did not differ among groups,
but the authors failed to measure central cytokine levels,
nor did they investigate any supraspinal effects of suramin
despite observed changes in depressive-like behavior.
An interesting study by Norman et al. (2010b) looked
at induction of a depressive-like state in a mouse model
of neuropathic pain (SNI-induced mechanical allody-
nia). Social isolation both significantly increased im-
mobility time in the FST and reduced the reflexive
threshold in the Von Frey test in mice exposed to SNI.
These mice also had significantly greater IL-18 mRNA
expression in the prefrontal cortex. These depressive-
like effects of SNI were reversed by a daily regimen of
oxytocin only in mice that underwent both SNI and
social isolation. This combined effect of social isolation
and SNI suggests a common cytokine-driven pathway
for depression and pain in which one condition feeds
the other.

C. Indoleamine 2,3-Dioxygenase, Glutamate,
and GABA

1. Indoleamine 2,3-Dioxygenase. Tryptophan, the bio-
chemical precursor and rate-limiting substrate for the
synthesis of serotonin, is used for general protein
synthesis, serotonin synthesis, or catabolized via the
kynurenine pathway to produce biologically active

metabolites by the liver enzyme tryptophan 2,3,-dioxy-
genase (TDO). However, tryptophan and other indole-
amines are also catabolized by an immune-activated
enzyme that is ubiquitously distributed in the body, in-
cluding the brain. This enzyme is known as indoleamine
2,3-dioxygenase (IDO). Its main inducers are IFNy and
TNF-a. Reductions in circulating tryptophan in depressed
patients have been published for a long time (Cowen
et al., 1989; Maes et al., 1991a,b, 1993; Quintana, 1992),
with the hypothesis that they are associated with con-
comitant decreases in serotonin. Thus, many have argued
that reduced tryptophan availability simply results in
reduced synthesis of serotonin and, in turn, depression
(Moore et al., 2000; Van der Does, 2001). However,
evidence indicates that, during inflammation, it is the
metabolism of tryptophan down other metabolic path-
ways of the kynurenine system that results in the
generation of neurotoxic metabolites that trigger the
onset of depressive symptoms. Tryptophan metabolism
involves several enzymes, including 1) tyrosine hy-
droxylase, which drives the synthesis of serotonin; 2)
IDO; and 3) TDO, which result in the synthesis of
kynurenine. It is the latter two enzymes that are be-
lieved to play an important cell-specific role in the path-
ogenesis of inflammation-induced depression. IDO and
TDO metabolize tryptophan into kynurenine, which can
be further metabolized into biologically active metab-
olites. Kynurenine aminotransferases can metabolize
kynurenine into the neuroprotective NMDA antagonist
kyunurenic acid, which occurs primarily in astrocytes,
brain endothelial cells, and neurons (Guillemin et al.,
2005; Kwidzinski and Bechmann, 2007). In microglia
and macrophages, however, there is a bias for metab-
olized kynurenine to be shunted down the pathways,
which results in the formation of the neurotoxic NMDA
receptor agonist quinolinic acid (Heyes et al., 1996;
Guillemin et al., 2005). A diagrammatic representation
of the kynurenine pathway in response to inflamma-
tion is provided in Fig. 5.

Clinical studies support the association between depres-
sive symptoms in patients with somatic illness and IDO
activation. In many of these studies, the trigger of IDO
activation is represented by administration of IFN-« to
cancer and hepatitis C patients. IDO activity is mea-
sured indirectly by the ratio of kynurenine over trypto-
phan. Consistently, plasma kynurenine-to-tryptophan
ratios are increased in IFN-a—treated patients, which
correlate with inflammatory markers and are predic-
tive of depression severity (Capuron et al., 2002, 2003;
Wichers et al., 2005; Raison et al., 2010). Although IDO
activation is usually measured at the periphery, it can
be observed when tryptophan, kynurenine, and kynur-
enine metabolites are measured in the CSF (Raison
et al., 2010). These findings indicate some degree of
overlap between IDO activity in the brain and IDO
activity in the periphery, although their relationship
has not been studied specifically.
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Fig. 4. The transition from acute to chronic pain in GRK2-deficient mice. Acute inflammation in mice with normal GRK2 levels results in the typical
response and duration of microglial activation, with the ability to readily and quickly attenuate the inflammatory response. Thus, these mice
experience hyperalgesia transiently. In mice with low microglial/macrophage GRK2 levels, the response and duration of microglial activation is
extended, decreasing the expediency of attenuating the inflammatory response. Thus, these mice experience longer durations of hyperalgesia. Note
that low GRK2 mice have not yet been tested in models of neuropathic pain. However, it is known that GRK2 is reduced in microglia in models of

neuropathic pain.

This hypothesis that activation of IDO increases the
risk of transition from sickness to depression has been
confirmed with preclinical models. Acute immune stim-
ulation by LPS or chronic immune stimulation by inoc-
ulation of an attenuated form of Mycobacterium bovis,
Bacillus Calmette-Guerin, increases peripheral and brain
IDO activity, reduces tryptophan concentrations, and
increases the formation of kynurenine and kynurenine
metabolites, which results in depressive-like behavior
(O’Connor et al., 2009b). Moreover pharmacological
or genetic deletion of IDO prevents the development
of depressive-like behaviors without altering sickness
(O’Connor et al., 2009b). The importance of the cytokine
cascade in activating microglial IDO has been under-
scored by the fact that genetic deletion of IFNyR or phar-
maceutical blockade of TNF-« attenuates the depressive-
like behavioral response in these models (O’Connor et al.,
2009a). Finally, it is unlikely that these effects are a
result of reduced tryptophan and thus lower serotonin
turnover, as these mice display increased central
kynurenine levels without central loss of tryptophan,
and serotonin turnover actually increases (O’Connor
et al., 2009¢; Walker et al., 2013).

It is likely that TDO also plays a similar role;
however, few studies have examined its involvement in
depression. One study has indicated that TDO activity
may actually produce behavioral outcomes more akin
to anxiety than depression (Funakoshi et al., 2011).
Regardless, the data are quite clear that, within the
context of inflammation, tryptophan metabolism ap-
pears to be shunted down the kynurenine pathway,
resulting in the formation of neurotoxic kynurenine

metabolites that induce depressive behaviors by ago-
nizing NMDA receptors.

Although there is converging evidence for a role of
IDO activation in the development of inflammation-
induced depression, the involvement of this mecha-
nism in the transition from acute to chronic pain has
received much less attention. Only one published study
to our knowledge has attempted a thorough investiga-
tion into the kynurenine pathway in relation to pain.
Importantly, this study also reported comorbidity of
pain with depression. Kim et al. (2012) injected CFA into
the tibiotarsal joint cavity of rodents to induce inflam-
matory arthritis, which was associated with mechanical
and thermal allodynia as well as depressive-like behav-
iors in the FST and open field test. These behavioral
outcomes were associated with elevated bilateral hippo-
campal IDO mRNA and protein, as well as elevated
kynurenine/tryptophan ratios and IL-6 concentrations.
These findings were supported by clinical studies in
which individuals with comorbid depression and pain also
demonstrated increased plasma kynurenine/tryptophan
ratios. Pharmacological blockade and genetic deletion
of IDO were claimed to significantly attenuate both
nociceptive and depressive-like behaviors. Although
these findings are promising in regards to implicating
IDO in both depression and pain, great caution must be
taken in the interpretation of these findings, which are
therefore in dire need of confirmation. The clinical
data, for instance, only compare healthy controls with
patients suffering from pain and depression clustering,
whereas there are no controls for each disorder indi-
vidually, making any conclusion about the relative role



94

of kynurenine in depression or pain or both virtually
impossible. There are also a number of peculiar findings
and methodologies, such as the support of enzymatic
activity with protein changes and colocalization of IDO
in hippocampal astrocytes, microglia, and neurons,
which are not fully supported by the published data set.
Hence, although it is promising for a common pathway
for pain and depression to arise via IDO metabolism of
tryptophan, more research is required to confirm this.
2. Glutamate. Inflammation-induced increases in
metabolism of tryptophan by IDO ultimately result in
the NMDA receptor agonist quinolinic acid. Glutamate
and its receptor subtypes, NMDA and a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA), have been
clearly implicated in the pathogenesis of both depres-
sion and chronic pain. In regards to depression, a great
deal of work in recent years has demonstrated that
excessive glutamatergic activity can lead to increased
depressive symptoms. Mitani and colleagues (2006)
observed a positive correlation of plasma glutamate,
glutamine, glycine, and taurine with Hamilton Depres-
sive Rating Scale (HDRS) scores in depressed patients,
as have others (Kim et al., 1982). Preclinical transgenic
mouse models have supported these findings by showing
that deletion of the AMPA receptor subunit (GluAl)
resulted in increased learned helplessness in a shuttle
box paradigm and associated decreases in serotonin.
These changes were associated with altered glutama-
tergic function and increased NMDA receptor expression
(Chourbaji et al., 2008). There is even evidence to
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suggest that traditional antidepressant drugs can also
lead to reduced glutamatergic outflow and, via this mech-
anism, decrease depressive symptomatology (Michael-Titus
et al., 2000). This work has led to recent investigations
into the efficacy of drugs that more directly target
glutamatergic neurotransmission as a potential treat-
ment of depression. Clinical trials with ketamine, an
NMDA receptor antagonist used commonly as a disso-
ciative anesthesia-inducing agent, have yielded prom-
ising results. Subanesthetic doses of ketamine produce
rapid, prolonged antidepressant responses in patients.
An early study by Berman and colleagues (2000) used
a placebo-controlled, double-blind design looking at the
effects of a single intravenous infusion of 0.5 mg/kg
ketamine hydrochloride in patients presenting with clin-
ical depression. Scores on the 21-item HDRS indicated
alleviation of depressive symptoms within 72 hours of
ketamine administration, but not for placebo control
patients. A follow-up study conducted by Zarate et al.
(2006) examined the effects of the same dose of ketamine
administered on two days, a week apart, on treatment-
resistant patients with diagnosed major depression.
Acute acting and prolonged antidepressant effects were
observed for ketamine-treated patients on the HDRS,
Beck Depression Inventory, and on visual analog scale
depression scores.

Animal models have also demonstrated antidepressant-
like effects following ketamine administration. Admin-
istration of subanesthetic doses of ketamine to naive
rats and mice induces antidepressant-like effects such
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Fig. 5. Kynurenine pathway of tryptophan metabolism in response to inflammation. Tryptophan is metabolized intracellularly by IDO and TDO to
produce kynurenine. In response to inflammation, there is an increase in the metabolism of kynurenine down the kynurenine monooxygenase (KMO)
pathways, which results in increased production of quinolinic acid, which agonizes NMDA receptors (NMDA-R). 3-HK, 3-hydroxy kynurenine; KATs,

kynurenine aminotransferases.
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as reduced immobility in the FST without any apparent
changes in locomotor activity (LMA), as examined in
novel cages and open field apparatuses (Garcia et al.,
2008; Autry et al., 2011; Reus et al., 2011). Reduction of
depressive-like behaviors following ketamine adminis-
tration has also been reported in animal models of
stress-induced depressive-like behavior. Autry et al.
(2011) demonstrated that C57BL/6 mice treated with
ketamine exhibit reduced immobility in the FST, in-
creased sucrose preference, and reduced latency to feed
compared with controls following 28 days of chronic
mild stress. Similarly, Wistar rats exposed to 40 days of
chronic mild stress do not exhibit the expected reduction
in sweet food consumption when treated with ketamine
(Garcia et al., 2009). Pertinent to this discussion, we
have recently published data demonstrating that ket-
amine treatment can abrogate the onset of LPS-induced
depressive-like behaviors in the FST and sucrose pref-
erence tests. This effect was specific to ketamine’s NMDA
antagonist properties, as it did not alter cytokine and
sickness responses and could be reversed by treatment
with the AMPA receptor antagonist 3-dihydroxy-6-nitro-
7-sulfamoyl-benzo(f)quinoxaline-2,3-dione (NBQX) (Walker
et al., 2013). Thus, the role of NMDA agonism and
glutamatergic activity in depression is becoming in-
creasingly apparent.

Glutamate is also a key player in pain sensation. It is
the major neurotransmitter of primary nociceptive affer-
ents activating AMPA and NMDA receptors on second-
ary pain transmission neurons in the spinal cord response
to noxious stimuli. Multiple pain models have demon-
strated that glutamate is a necessary contributor to pain
hypersensitivity and chronic pain. NMDA and AMPA
receptor activation in the peripheral nervous system has
been strongly implicated in nociception. For example,
activation of NMDA, AMPA, and kainate receptors in the
hindpaw of rats has been shown to produce mechanical
allodynia and hyperalgesia, which were attenuated fol-
lowing administration of their appropriate antagonists
(Zhou et al., 1996). Numerous studies have reported sim-
ilar effects, such as intraplantar injection of glutamate
resulting in decreased mechanical paw withdrawal thresh-
olds in rats via activation of peripheral NMDA,
kainate, and AMPA receptors (Jackson et al., 1995).
Notably, temporomandibular joint injury models in
rats have demonstrated that local administration of
glutamate, NMDA, and AMPA activates jaw muscles
evidenced by increased -electromyographic activity
(Cairns et al., 1998). Furthermore, these effects were
attenuated under NMDA antagonism. Appropriate to
the topic of inflammation, this group also demon-
strated almost identical findings with the administra-
tion of the inflammatory irritant mustard oil to the
temporomandibular joint, which was attenuated in the
presence of the NMDA receptor antagonist MK-801.

Brain glutamate is also an important contributor
to pain sensitivity. NMDA receptor activation in the

dorsal horn is connected to most types of pathological
inflammation-induced pain (Ren and Dubner, 2007).
Pharmacological blockade of glutamate transporters
in the dorsal horn increases extracellular glutamate
in the spine and results in mechanical and thermal
hyperalgesia (Liaw et al., 2005). Similarly, glutamate
transporter blockade increases the number and dura-
tion of NMDA receptors activated by stimuli to the
primary nociceptive afferents (Nie and Weng, 2009),
and ligation of spinal nerves Ls—Lg in rats results in
70-90% reductions in glutamate uptake in the ipsilat-
eral deep dorsal and ventral horns (Binns et al., 2005).
Glutamatergic activity in the CNS as opposed to only
in the peripheral nervous system is required to study
pain and depression comorbidity, as the brain is the
primary regulator of depressive behavior, and thus
common mechanisms to account for pain and de-
pression should be localized here.

Finally, it appears that several components of the
glutamatergic system are important for pain sensitiv-
ity and chronification. Sung and colleagues (2003)
found that CCI in rats results in an initial upregula-
tion of the glutamate transporter following surgery,
followed by a prolonged downregulation several days
thereafter, which may indicate a role for glutamate
in producing a transition from acute to chronic pain.
Moreover, if the initial upregulation of glutamate trans-
porters was pharmacologically blocked, then the rats
displayed exacerbated thermal and mechanical allody-
nia. This could again be blocked by MK-801 after re-
covery from the treatment used to inhibit glutamate
transporter upregulation.

That glutamate or NMDA receptor activation plays
a role in depression and pain perception is clear. One
particular study has suggested that it alters both dis-
ease states within the one model, whereby ketamine has
been shown to reduce pain in a model of neuropathic
pain. Blockade of the NMDA receptor by ketamine in a
model of spared nerve injury in rats abrogates depressive-
like behaviors associated with neuropathic pain, as mea-
sured in the FST and sucrose preference test (Wang
et al., 2011). Indeed, multiple studies have implicated
NMDA receptor blockade by ketamine in attenuating
pain. A meta-analysis investigating the analgesic effects
of ketamine in studies that tested outcome measures
at 1 and 4 weeks post-treatment indicated mean effect
sizes for improvement by ketamine of 1.22 and 0.39,
respectively, although retreatment with ketamine was
indicated to be required from 4 weeks onward (Sigter-
mans et al., 2009). Ketamine has also been shown to
potentiate the efficacy of morphine (Bell et al., 2012).
Other studies have yielded less convincing data, how-
ever. For example, Niesters et al. (2013) recently reported
that low-dose ketamine was able to produce condi-
tioned pain modulation responses in neuropathic pain
subjects, but the magnitude of the response did not
differ from placebo controls.
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3. Loss of GABAergic Inhibition. We have discussed
the role of glutamatergic signaling following inflam-
mation and how this can arise via IDO metabolism
of tryptophan and generation of potentially neurotoxic
kynurenine metabolites, thus increasing the propen-
sity for depression and pain development. However,
another mechanism through which glutamatergic activ-
ity can be promoted is in the breakdown of efficient in-
hibition of the actions of glutamate by GABA. GABAergic
transmission is initially excitatory early in fetal devel-
opment before switching to inhibition later in gesta-
tion. This is due primarily to the Na-K-Cl transporters
NKCC1 and KCC2. In an immature state, the cotrans-
porter NKCC1 is predominant and increases the inter-
nal chloride concentration. This in turn promotes a
net efflux of chloride ions from the cell, resulting in
depolarization. However, during development, KCC2
becomes the more predominant cotransporter, which
removes chloride ions from the cell and promotes the
driving force of chloride ions into the cell, resulting
in hyperpolarization and inhibiting neuronal activity.
Under conditions of pathology, NKCC1 and KCC2 ratios
can revert back toward their immature state, thus in-
creasing excitation of GABAergic transmission and
reducing its inhibitory influence. This has been impli-
cated in a range of neurological disorders, particularly
seizures (Kahle et al., 2008; Huang et al., 2012),
schizophrenia (Kalkman, 2011), and anxiety (Krystal
et al., 2012). Notably, inflammation has been suggested
to also enhance the reversion of these cotransporters to
an immature state (Li et al., 2010).

In regards to inflammation-induced depression, there
has been no research to our knowledge that has spe-
cifically tackled this area of interest. There is evidence
that the loop diuretics furosemide and bumetanide,
which antagonize the cation chloride cotransporter in
GABA neurons, significantly reduce anxiety-related freez-
ing of Long-Evans rats in contextual fear-conditioning
paradigms and fear-potentiated startle (Krystal et al.,
2012). However, these drugs had no impact on uncon-
ditioned anxiety-related behaviors on the elevated plus
maze and open field. In regards to depression, furose-
mide and bumetanide drastically and significantly en-
hance the antidepressant effects of sertraline in rodents
both acutely and chronically, as indicated by delayed
onset and reduced duration of immobility in the FST
(Oraifo and Omogbai, 2012). Finally, Matrisciano and
colleagues (2010) investigated ataxic responses to di-
azepam in Flinders Sensitive Line rats considered to be
a genetic model of unipolar depression. Their findings
revealed these rats to be far more sensitive to the ataxic
effects of low-dose diazepam compared with controls.
Moreover, Flinders Sensitive Line rats exhibited elevated
KCC2 expression in the brain, highlighting the relation-
ship of these cotransporters with GABAergic function
and behavioral output. These findings clearly implicate
Na-K-Cl transport of GABA neurons in the pathogenesis

of depression. It is likely that they also play an important
role in the pathogenesis of inflammation-induced depres-
sion given the literature indicating that inflammation can
disrupt the normal NKCC1-to-KCC2 ratio. This literature
has primarily come from the area of inflammatory pain.

GABA has been suggested to play a major role in
pain and its chronification. Much of this work has indi-
cated that enhanced pain sensitivity may result from
a loss of spinal GABAergic tone, especially in the dorsal
horn. Intrathecal injection of GABA, and GABAg an-
tagonists in rats results in mechanical allodynia and
thermal hyperalgesia, whereas GABA, and GABAg
agonists reverse spinal nerve ligation—induced me-
chanical allodynia and thermal hyperalgesia (Malan
et al., 2002). Similarly, Knabl et al. (2008) investigated
GABA, point-mutated knockin mice, in which GABA,
receptor subtypes could be selectively desensitized to
benzodiazepine-site ligands. It was found that, in both
a model of inflammatory pain by subcutaneous in-
jection of zymosan A into the hind paw and in a model
of neuropathic pain using CCI, significant analgesia
and reduced nociceptive signaling to the brain could be
achieved by activation of GABA,4 receptors containing
a2 and/or a3 subunits. Despite research demonstrating
that abrogation of GABAergic inhibition may be suf-
ficient to enhance pain sensitivity, there are studies
that indicate that it may not be necessary. One such
study was conducted by Polgar and colleagues (2003).
They were unable to observe any differences in GABA
or glycine immunoreactivity of laminae I-III between
the ipsilateral and contralateral sides of the dorsal
horn in rats that had undergone CCI.

GABAergic transmission plays a particularly impor-
tant role in regulating peripheral inflammation-induced
pain via dorsal root reflexes. Experimentally induced
arthritis by the injection of carrageenan to the knee
joint of rats results in a measurable increase in dorsal
root reflexes in the medial articular nerve, which can be
inhibited by administration of GABA4 and non-NMDA
receptor antagonists directly to the superficial dorsal
horn. However, GABAg and NMDA receptor antago-
nists have no effect (Rees et al., 1995). Furthermore,
blockade of non-NMDA excitatory amino acid and GABAA
receptors also reduces peripheral inflammation (Sluka
and Westlund, 1993; Sluka et al., 1993). It has been
proposed that the increased antidromic excitation seen
in this model of carrageenan-induced arthritis requires
activation of dorsal horn GABA interneurons, which
occurs via the action of excitatory amino acids on non-
NMDA receptors (Rees et al., 1995; Willis, 1999).
Curiously, GABAergic transmission in the dorsal horn
is also important for periaqueductal gray descending
inhibition of neuronal activity in the dorsal horn, as
this too can be blocked by antagonism of GABA, re-
ceptors and glycine but is likely to produce this effect
through interaction with serotoninergic and noradren-
ergic systems (Lin et al., 1994; Peng et al., 1996).
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A great deal of work has also implicated chloride
cation cotransport of GABA neurons in the pathogenesis
of neuropathic and inflammatory pain. For instance,
LPS administration to the tooth pulp of C57BL/6 mice
results in more unilateral tongue protrusions toward
the treated side compared with the control side of the
mouth (Li et al.,, 2010). This indication of elevated
sensitivity coincides with significantly reduced KCC2
mRNA and significantly increased NKCC1 mRNA in
the ipsilateral side of the trigeminal subnucleus caudalis
compared with the contralateral side. Similarly,
formalin-induced orofacial pain in C57BL/6 mice has
been linked to reductions in KCC2 mRNA in the
ipsilateral, but not contralateral, side of the medullary
dorsal horn. NKCC1 levels remain stable, however (Wu
et al., 2009). Despite the lack of changes in NKCC1, it
should be noted that the relative ratio of NKCC1 to
KCC2 will have increased compared with the control
tissue, thus affecting appropriate GABAergic inhibi-
tion. The downregulation of KCC2 takes place rapidly
and is likely to be due to calpain-mediated cleavage of
the protein (Puskarjov et al., 2012). Electrophysiolog-
ical recordings demonstrate almost a complete loss of
KCC2-mediated CI efflux, and suggest changes at the
level of transcription found by others (Rivera et al.,
2002) are responsible for long-lasting changes in KCC2
function. Thus, it is conceivable that acutely observed
responses to inflammatory pain are driven transla-
tionally, whereas transcriptional influences drive the
transition from acute to chronic pain. In addition to
these proposed mechanisms of change in these cotrans-
porters producing alterations in GABAergic inhibition
of glutamate, NKCC1 may upregulate TRPV1, which
plays a vital role in heat sensitivity.

Antagonism of NKCC1 or KCC2 has yielded findings
supportive of their role in pain development. Injection of
NKCC1 inhibitors such as bumetanide and furosemide
reduces rapid eye movement sleep deprivation—induced
mechanical sensitivity (Wei et al., 2010), decreases
formalin-induced paw flinching in Wistar rats in both
phases of the response (Granados-Soto et al., 2005), and
increases withdrawal latency on the tail-flick and hot-
plate tests in C57BL/6 mice under otherwise baseline
conditions (Austin and Delpire, 2011). Importantly, intra-
thecal administration of a recently developed KCC2
antagonist, D4, decreases withdrawal latency of C57BL/
6 mice on tail-flick and hot-plate tests. These pharma-
cological studies have implicated the relative activity of
these cotransporters in the development of pain. How-
ever, an interesting anomaly comes from a recent trans-
genic model. Tornberg and colleagues (2005) behaviorally
phenotyped KCC2 knockdown mice. Their analysis on
the pain responsiveness of these mice revealed them
to actually require greater force in the Von Frey test,
which is contrary to expectations based on the phar-
macological studies. Clearly the role of GABA and its
cation cotransporters is in its infancy for both pain and

depression. However, they represent an intriguing
mechanism, which fits nicely with the already known
glutamatergic mechanisms involved in both disease
states.

VI. Conclusion

Depression is the most common psychological symp-
tom and pain is the most common physical symptom
reported in clinical settings. Often these symptoms co-
occur and thus represent a common example of symp-
tom clustering. Here we have focused on the notion that
such a high degree of clustering between depression and
chronic pain in individuals suffering from physical
illness is no coincidence. We propose that there are com-
mon underlying mechanisms that may be responsible
for such clustering. Inflammation is clearly the common
denominator to both pain and depression, initiating the
activation of several pathways that can trigger the
transition from sickness to depression and from acute to
chronic pain. Thus, the majority of potential mediators
must occur downstream of inflammation. Although
there are numerous known pathways through which
inflammation can drive the onset of depression and pain,
here we have chosen to propose a handful of relatively
novel mechanisms we believe may contribute. The
evidence thus far would suggest that inflammation-
induced depression is primarily dependent on IDO
activation, which is biased to metabolize tryptophan
down the kynurenine pathway, resulting in excessive
production of the NMDA receptor agonist quinolinic
acid. This enhances glutamatergic neurotransmission
through NMDA receptors. Currently, there are not
enough data on the potential involvement of IDO in
chronic pain to definitively conclude this as a mecha-
nism for comorbid pain and depression. In the case of
GRK2, the situation is just the opposite. There is ex-
tensive evidence to indicate that GRK2, which regu-
lates the intensity and duration of inflammation, is
a primary regulator of the transition to chronic pain.
Given that GRK2 modulates inflammation, one would
expect that the downstream consequences for the tran-
sition of inflammation-induced sickness to depression
and acute to chronic pain should occur equally. How-
ever, once again the evidence currently stands for pain
but requires greater investigation for depression. An
additional mechanism proposed to contribute to the
clustering of depression and chronic pain in clinical
settings is decreased GABAergic inhibitory tone due to
a return of NKCC1 and KCC2 cotransporter ratios to
their immature state. Several papers have demon-
strated this mechanism to contribute to chronic pain;
however, only preliminary evidence and conjecture points
toward this mechanism being promising for depression
at this stage. We also mentioned the role of anti-
inflammatory cytokines downstream of inflammation.
There is clear evidence that IL-10 downregulates
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nociception and sickness, with some data also impli-
cating its involvement in inflammation-induced depres-
sion. Clearly some of the proposed mechanisms outlined
in this review are worth investigating further. It is for
this reason that we believe this review should serve as
both a summary of research in this particular field as
well as a primer for the instigation of new research
avenues—of which there is little research specifically
looking at the potential common mechanisms regarding
the comorbid relationship between inflammation-induced
depression and chronic pain.

As an important final note, we have focused pri-
marily on the convergence of inflammation-induced de-
pression and pain in this review, as the vast majority
of research into the comorbidity model of pain and
depression has done an impressive job at showing the
overlap between the conditions. However, if we are to
fully elucidate the nature of the overlap of depression
and pain and provide new and effective pharmaceutical
targets to treat them, we also need to test the limits
of the comorbidity model. That is, where exactly do
inflammation-induced pain and depression diverge in
their molecular and neuroanatomical etiologies? So far,
this has been inadequately tested. As we have men-
tioned, many of the potential comorbid mechanisms
described here show stronger evidence in support of
their role in either depression or pain, but not both at
this stage. This is exactly why we have focused on these
mechanisms. These mechanisms represent likely, but
not definite, examples of convergence between depres-
sion and pain. By understanding them more fully, and
by testing their limits, we can more accurately under-
stand their role in both the convergence of pain and de-
pression as well as their divergence. This will ultimately
reveal the specific intersection between pain and depres-
sion and inform appropriate development of new phar-
maceutical tools.
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