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Abstract

The increasing number of individuals with comorbidities poses an urgent need to improve the management of patients with
multiple co-existing diseases. Among these comorbidities, chronic pain and mood disorders, two long-lasting disabling condi-
tions that significantly reduce the quality of life, could be cited first. The recent development of animal models accelerated the
studies focusing on the underlying mechanisms of the chronic pain and depression/anxiety comorbidity. This review provides an
overview of clinical and pre-clinical studies performed over the past two decades addressing the molecular aspects of the
comorbid relationship of chronic pain and depression. We thus focused on the studies that investigated the molecular character-
istics of the comorbid relationship between chronic pain and mood disorders, especially major depressive disorders, from the
genetic and epigenetic point of view to key neuromodulators which have been shown to play an important role in this

comorbidity.
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Introduction

Depressive disorders affect around 16% of the population at
some point over their lifespan (Bromet et al. 2011) and result
in personal suffering and notable economic burden (Simon
2003). They comprise disabling and long-lasting conditions,
which are estimated to become foremost contributors to the
worldwide burden of disease by 2030 (WHO 2008). While
chronic stress is a relevant etiology (Pittenger and Duman
2008), chronic pain is also among the first determinants of
mood disorders (Attal et al. 2011). Indeed, a mean prevalence
rate around 50% for major depressive disorder has been re-
ported in patients with chronic pain (Bair et al. 2003).
Therefore, it is imperative to closely focus on understanding
the causes and effects of the relationship of chronic pain and

Muris Humo and Han Lu contributed equally to this work.

P4 Ipek Yalcin
yalcin@inci-cnrs.unistra. fr

Institut des Neurosciences Cellulaires et Intégratives, Centre National
de la Recherche Scientifique et Université de Strasbourg,
67000 Strasbourg, France

Faculty of Biology and Bernstein Center Freiburg, University of
Freiburg, D-79104 Freiburg, Germany

mood disorder in order to come up with more effective treat-
ment strategies.

A strong asset of pre-clinical studies is the use of animal
models for mimicking various aspects of chronic pain and
mood disorder characteristics. The most utilized animal
models of chronic pain, which will be mentioned throughout
this review, are those imitating common chronic pain pathol-
ogies such as neuropathic pain, which results from lesions or
disease affecting the somatosensory system, or chronic joint
inflammation observed in arthritic pain, but also dysfunc-
tional pain syndromes such as fibromyalgia and irritable
bowel syndrome (IBS) (Leite-Almeida et al. 2015). Models
of neuropathic pain in rodents can be based on peripheral
nerve injuries, central injuries, trigeminal neuralgia, diabetic
neuropathies, chemo-induced neuropathies, postherpetic
neuralgia, and so forth (see reviews of Barrot 2012; Sorkin
and Yaksh 2009). Almost all of the pre-clinical studies on the
anxiodepressive consequences of neuropathic pain were per-
formed on models related to sciatic nerve manipulation,
using either nerve compression or section (see Table 1).
Inflammatory models are based on injection of inflammatory
agents such as formalin, capsaicin, carrageenan, and com-
plete Freund’s adjuvant (CFA) (Duric and McCarson 2006,
2007; Zhao et al. 2007; Li et al. 2009b; Kim et al. 2012). The
most frequently used tests for assessing depression-related
behaviors in rodents involve exposure to stressful situations
and the measure of time spent in active versus passive stress
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Table 1

Traumatic neuropathy models used to induce chronic neuropathic pain and concomitant anxiodepressive-like behaviors

Phenotype onset (post-op)

Model Behavioral test Anxiety-like Depressive- References

like
CCI  EPM, OF, FST, 2-4 weeks 2-6 weeks Caspani et al. 2014; Roeska et al. 2008; Li et al. 2014; Urban et al. 2011;
SPT, TST Gregoire et al. 2012; Hu et al. 2009; Fukuhara et al. 2012; Alba-Delgado et al. 2013;
Zhao et al. 2014a, b; Zeng et al. 2008; Dellarole et al. 2014
PSNL EPM, OF, DLB, 2-4 weeks 4 weeks Narita et al. 2006a, b; Matsuzawa- Yanagida et al. 2007; Roeska et al. 2008;
FST, SPT, TST Sawada et al. 2014; Wallace et al. 2007; Bura et al. 2013; Gai et al. 2014
SNC EPM, OF, DLB, 4-6 weeks 6-9 weeks Benbouzid et al. 2008; Yalcin et al. 2011; Dimitrov et al. 2014
FST, SPT, NSF
SCI OF, SPT, TST No phenotype at 8 weeks Galan-Arriero et al. 2014; Wu et al. 2014
4-7 weeks
SNI EPM, OF, DLB, 34 weeks 1-2 weeks Leite-Almeida et al. 2009, 2012; Urban et al. 2011; Mutso et al. 2012;
FST, SPT Avila-Martin et al. 2015; Gongalves et al. 2008; Norman et al. 2010b;
Goffer et al. 2013; Stratinaki et al. 2013
SNL EPM, OF, DLB, 2-4 weeks 4-8 weeks Suzuki et al. 2007
FST
SNT OF, FST 4 weeks 4 weeks Hu et al. 2010; Hasnie et al. 2007

CCI, chronic constriction injury; PSNL, partial sciatic nerve ligation; SNC, sciatic nerve cuffing; SCI, spinal cord injury; SN, spared nerve injury; SNL,
spinal nerve ligation; SN7, spinal nerve transection; DLB, dark-light box; EPM, elevated plus-maze; F'ST, forced swimming test; NSF, novelty suppressed
feeding; OF, open field; SPT, sucrose preference test; 7.S7, tail suspension test

coping, such as the forced swimming test or the tail suspen-
sion test. Another symptom, frequently examined, is the an-
imal’s interest in pleasurable activities such as the preference
for sucrose solution or engaging in social interactions (see
reviews of Yalcin et al. 2014; Leite-Almeida et al. 2015).
Since the late 1990s, several research groups worked on
modeling the anxiodepressive consequences of chronic pain
in animals. The first studies (Kontinen et al. 1999) and some
recent ones (Kodama et al. 2011; Urban et al. 2011; Pitzer
et al. 2019) failed to show the comorbidity of chronic pain
and depression, while other studies reported anxiety and/or
depressive-like consequences in rodent models (see review
of Yalcin et al. 2014). Temporal parameter (time after the
surgery), species, strains of animals, chronic pain models,
and the time of the day-night cycle when the animals are
tested may all influence the results.

Hence, this review summarizes a portion of clinical
and pre-clinical research performed over the past two
decades pertaining to molecular aspects of the comorbid
relationship of chronic pain and depression. The main
hypothesis is that the close reciprocal relationship of
these two pathologies can be due to common underlying
biological mechanisms linking these pathologies (Liu
and Chen 2014). We thus focused on the studies that
investigated the molecular characteristics of the comorbid
relationship between chronic pain and mood disorders, es-
pecially major depressive disorders, from the genetic and
epigenetic point of view to key neuromodulators which
have been shown to play an important role in this
comorbidity.
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The contribution of genetic and epigenetic
modifications

Genetic modifications

In the past decades, several studies highlighted the individual
differences in response to chronic pain and susceptibility to
mood disorders which suggest that genetic factors play a sig-
nificant role in the comorbidity of pain and depression (Magni
et al. 1987; Reichborn-Kjennerud et al. 2002; Lembo et al.
2007; Mclntosh et al. 2016). A common approach to study
the effect of genetics on physical and mental conditions is by
looking at monozygotic and dizygotic twins, who share 100%
and 50% of their genes, respectively. A study by Lembo et al.
(2007) looked at a total of 986 twin pairs and found that there
is a genetic contribution to chronic pain associated with IBS,
which may be mediated by the hereditability of anxiety and
depression. Indeed, they estimated 22% of genetic variance
for IBS which became non-significant when adjusted for
anxiety and depression, suggesting that mood disorders such
as depression and chronic pain disorders possibly follow a
similar causal genetic pathway. Similarly, Pinheiro et al.
(2018) found that 64% of genetic factors covariate between
chronic low back pain and symptoms of depression and anx-
iety, supporting a potential role of common biological
pathways.

Besides studies suggesting that common genetic factors
might mediate the heritability of chronic pain and depression
(Reyes-Gibby et al. 2013; Burri et al. 2015; Pinheiro et al.
2015; Gasperi et al. 2017), there is also evidence that
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environmental factors such as early shared environment or
sleep quality might also play a substantial role in the vulner-
ability to chronic pain and mood disorders (Pinheiro et al.
2015; Gasperi et al. 2017). Interestingly, McIntosh et al.
(2016) showed that presence of chronic pain and genetic pre-
disposition in a spouse has a significant contribution to their
partner’s risk of developing a comorbidity of chronic pain and
mood disorders. It is also intriguing that patients who suffer
from chronic pain generally have more first-degree relatives
who suffer from depression compared to general population,
even if they personally do not have a history of depression
(Lepine and Briley 2004; Magni et al. 1987).

However, besides heritability studies, which use statistics
to estimates the degree of variation in a phenotypic trait due to
genetics, there are many other which took a more in-depth
approach and looked at single-nucleotide polymorphisms
(SNPs) of specific genes in order to further delineate the co-
morbidity of chronic pain and mood disorders (Lee et al.
2012). Some of the extensively studied polymorphisms are
those of the brain-derived neurotrophic factor (BDNF), which
is the most widespread neurotrophin in the central nervous
system (CNS) (Hofer et al. 1990) and also highly abundant
in non-neuronal cells and tissues such as platelets and blood
vessels (Donovan et al. 2000). In particular, the BDNF
Val66Met SNP seems to be closely related to the pain-
depression comorbidity since it has been shown to moderate
the relationship between life stress and depression (Hosang
et al. 2014), life stress and chronic multi-site musculoskeletal
pain (Generaal et al. 2016), and coronary artery disease and
depression (Bozzini et al. 2009). Other frequent targets of
SNP studies are receptors of various ligands which play a role
in the relationship of pain and depression. For instance,
although inconclusive, Max et al. (2006) showed that the
galanin-2 receptors are potential candidates to mediate the
affective consequences of pain, since two of its allele copies
show a pain-gene interaction and are associated with post-
surgical mood disorder protection. Moreover, Lebe et al.
(2013) found that women, but not men, harboring the promot-
er polymorphisms of serotonin receptor-1A (SHTR1A) and
serotonin receptor-2A (SHTR2A) showed significantly higher
depression scores due to chronic pain. Taken together, these
studies highlight the pivotal role of genetic variations (see
Table 2) in the development of chronic pain and mood disor-
ders and point to the need of further understanding how indi-
vidual genetic characteristics shape the comorbid relationship
of pain and depression.

Epigenetic modifications

Epigenetic mechanisms characterized by structural chromatin
modifications that allow or prevent transcription factors to
access promoter regions on the DNA through several process-
es such as DNA and histone methylation, histone acetylation,

phosphorylation, and ubiquitination (Berger 2007) play a cru-
cial role in this comorbidity. Tran et al. (2013) showed that rats
experiencing stress-induced visceral hypersensitivity had an
increase in DNA methylation at the glucocorticoid receptor
(GR) promoter and a decrease at the corticotropin-releasing
factor (CRF) genes in the amygdala, which resulted in a de-
crease of the GR and an increase in CRF, respectively. This
suggests that methylation related to the HPA-axis might play
an important role in the pain-depression comorbidity. In fact,
based on a recent study, a potential candidate which might
modulate this pattern of methylation might be DNA methyl-
transferase 3a (Dnmt3a). Wang et al. (2017) suggested that
mice vulnerable to mood disorder development after periph-
eral nerve ligation (PNL) had a reduced protein level of
Dnmt3a in the central nucleus of the amygdala. Besides meth-
ylation, histone acetylation also seems to be involved in or-
chestrating the interaction and development of chronic pain
and depression. Among the most obvious evidence for this is
the notion that the use of histone deacetylase (HDAC) inhib-
itors has already been considered as a therapeutic strategy for
treating both chronic pain and depression (Descalzi et al.
2015; Schroeder et al. 2010). Indeed, Descalzi et al. (2017)
showed that HDACS was elevated in the nucleus accumbens
(NAc) and the periaqueductal gray (PAG) of mice experienc-
ing anxiodepressive-like behaviors due to a spared nerve in-
jury (SNI). In addition, they suggest that knocking out
HDACS was sufficient to significantly reduce SNI-induced
depressive-like behaviors. In accordance with this, Tran
et al. (2014) demonstrated that pharmacological deacetylation
of H3KO9 in the central amygdala of rats after elevated corti-
costeroid exposure was sufficient to attenuate the anxiety-like
behavior, as well as the somatic and visceral hypersensitivity.
Indeed, the infusions of histone deacetylase inhibitors into the
central amygdala caused a decrease in GR expression and led
to a disinhibition of CRF. However, increased deacetylation
might be region-specific, since it was found that histone acet-
ylation is increased in the anterior cingulate cortex (ACC), a
brain structure known to process both pain- and depression-
related stimuli, in mice which express neuropathy-induced
depressive-like behaviors (Barthas et al. 2017). Specifically,
there was an increased histone H3 lysine 9/lysine 14
(H3K9/K14) acetylation at the promoter regions of c-Fos
and Mkp-1, a gene coding for a critical phosphatase in the
mitogen-activated protein kinase pathway. These results (see
Table 2) point out the need to further investigate histone mod-
ifications in the comorbid relationship of pain and depression
since they could constitute a promising target for future treat-
ment strategies.

Although it is still debatable whether microRNAs
(miRNAs) should be considered as members of the epigenetic
machinery, it is undeniable that they play a significant role in
regulating gene expression. They serve as negative posttran-
scriptional regulators of their target genes and have also been

@ Springer



24 Cell Tissue Res (2019) 377:21-43
Table 2  Single-nucleotide polymorphisms and epigenetic factors involved in neuropathic pain and concomitant anxiodepressive-like behaviors
Expression  Species Sample Models Pain type Mood Reference
disorder
Single-nucleotide polymorphisms
[3H] Imipramine Decreased Human Platelets Mianserin treatment  Various MDD Magni et al. (1987)
sites
GALR2 SNP Modulatory Human Lymphoblastoid  Discectomy Neuropathic = MDD Max et al. (2006)
cells
SHTR1A/SHTR2A  Modulatory Human Blood Lumbar disk surgery Neuropathic MDD Lebe et al. (2013)
SNPs
BDNF Val66Met Modulatory Human Blood Genotyping, Various MDD Generaal et al. (2016)
SNP interview
Glra3, Gpr88 Increased  Mouse IC Endometrios Visceral D-L Lietal. (2018)
Serpina3n Decreased Mouse IC Endometrios Visceral D-L Lietal. (2018)
Chrnb4, Npas4 Increased  Mouse HPC Endometrios Visceral D-L Lietal. (2018)
Len2 Increased  Mouse AMY Endometrios Visceral D-L Lietal. (2018)
Nptx2 Decreased Mouse AMY Endometrios Visceral D-L Lietal. (2018)
Epigenetics and transcription factors
GR methylation Increased  Rat AMY Water avoidance Visceral A-L Tran et al. (2013)
stress
CRF methylation Decreased Rat AMY Water avoidance Visceral A-L Tran et al. (2013)
stress
H3K9 deacetylation Increased  Rat CeA CORT infusion in Hyperalgesia A-L Tran et al. (2014)
CeA
Dnmt3a Decreased Mouse CeA PNL Neuropathic ~ A-L Wang et al. (2017)
HDAC5 Increased  Mouse NAc and PAG SNI Neuropathic  AD-L Descalzi et al. (2017)
Lmx1b Decreased Mouse Nervous system  Formalin/carrageenan Inflammatory AD-L Zhao et al. (2007)
p-CREB Decreased Mouse Cortex and HPC ~ SNI Neuropathic AD-L Li et al. (2017); Zhao et al.
(2017)
c-Fos Increased  Mouse PFC, ACC, IC, Zymosan-induced Spontaneous  A-L Zhang et al. (2014)
AMY IBS
Increased  Rat LHb CMS, formalin Inflammatory AD-L Li et al. (2016)
injections
Increased  Mouse ACC SNC Neuropathic ~ AD-L Barthas et al. (2017)

SHTRIA, serotonin 1A receptor; SHTR2A, serotonin 2A receptor; ACC, anterior cingulate cortex; AD-L, anxiodepressive-like; A-L, anxiety like; AMY,
amygdala; BDNF, brain-derived neurotrophic factor; CeA, central amygdala; Chrnb4, cholinergic receptor nicotinic beta 4 subunit; CMS, chronic mild
stress; CORT, corticosteroids; CRF, corticotropin-releasing factor; D-L, depressive-like; Dnmt3a, DNA methyltransferase; GALR2, galanin-2 receptor;
Glra3, glycine receptor alpha 3; Gpré8, G protein—coupled receptor 88; GR, glucocorticoid receptor; HDACS, histone deacetylase 5; HPC, hippocam-
pus; IBS, irritable bowel syndrome; /C, insular cortex; /L-6, interleukin 6; Lcn2, lipocalin-2; LHb, lateral habenula; Lmx1b, LIM homeobox transcription
factor 1 beta; MD, maternal deprivation; MDD, major depressive disorder; NAc, nucleus accumbens; Npas4, neuronal PAS domain protein 4; Nptx2,
neuronal pentraxin-2; PAG, periaqueductal gray; p-CREB, phospho-c-AMP-response element binding; PFC, prefrontal cortex; PNL, partial sciatic nerve
ligation; Serpina3n, serpin peptidase inhibitor; SNC, sciatic nerve cuffing; SN/, spared nerve injury; SNP, single-nucleotide polymorphism

shown to target members of the HDAC family in both neuro-
nal and non-neuronal cells (Liu and Liu 2016; Li et al. 2009a).
It is thus valuable to consider the role of miRNAs in the
comorbidity of chronic pain and depression, alongside the
classical epigenetic factors (Descalzi et al. 2015). Masotti
et al. (2017) observed a significant negative correlation of
circulating serum microRNA miR-320b and depressive symp-
toms in fibromyalgia patients, which might point to a func-
tional involvement of this miRNA in pain-depression comor-
bidity. This specific miRNA has been previously associated
with neural development, regeneration, and neurite outgrowth
(White and Giffard 2012), and it was shown that its expression
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is disrupted in the blood of patients suffering from complex
regional pain syndrome, a condition characterized by neuro-
pathic pain (Orlova et al. 2011).

Transcription factors

However, once the histones unwrap, DNA becomes accessi-
ble to transcription factors which regulate transcription and,
furthermore, gene expression. Therefore, an increasing num-
ber of studies focus on transcription factors involved in the
comorbid relationship of chronic pain and mood disorders. A
commonly studied transcription factor, the cyclic AMP
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response element binding (CREB) protein (Hoeffler and
Habener 1990), has, among others, a modulating role in the
comorbidity of pain and depression. Neuropathic pain—
induced depressive-like behaviors in mice caused by SNI
are associated with a diminished phospo-CREB expression
in both the cortex and hippocampus (Li et al. 2017; Zhao
et al. 2017). Furthermore, antidepressants reverse the
disrupted phospo-CREB expression associated with pain-
induced depressive behaviors (Yasuda et al. 2014), and in-
terestingly, even forced exercise in female mice increases
CREB gene expression in pups, which in turn acts anxiolytic
and antidepressant and increases the tolerability to pain
(Motaghinejad et al. 2017). Consequently, activated CREB
can further induce the expression of c-Fos, a marker of neu-
ronal activation (Dragunow and Faull 1989; Hoffman et al.
1993), which is also upregulated by comorbid pain and de-
pression in brain regions associated with modulating pain
and emotion such as the prefrontal cortex (PFC), ACC, in-
sular cortex, and amygdala (Zhang et al. 2014). For instance,
chronic mild stress paired with formalin-induced pain result-
ed in greater expression of c-Fos-positive cells in the lateral
habenula of rats compared to stress and pain alone (Li et al.
2016). In addition, this upregulation was completely re-
versed by the antidepressant clomipramine. Similarly, c-
Fos was upregulated in the ACC of mice displaying neuro-
pathic pain—induced depressive-like behaviors (Barthas et al.
2017) (see Table 2).

Since serotonin is among the most studied targets in the
research of both pain and mood disorders, the transcription
factors controlling its expression are also of interest for study-
ing the chronic pain—depression comorbidity. One such can-
didate is the transcription factor Lmx 1b, which is crucial in the
differentiation of serotonergic neurons in the nervous system.
Zhao et al. (2007) showed that Lmx 1b knock-out mice display
lowered sensitivity to mechanical stimuli and an enhanced
inflammatory pain response. In addition, the effect of antide-
pressant drugs inhibiting serotonin reuptake was abolished in
these mice. These results indicate that the transcription factor
Lmx1b has a role in modulating both nociception and
depressive-like behaviors (see Table 2).

Another group of transcriptional regulators which were re-
cently demonstrated to play an important role in the comor-
bidity of pain and depression is the nuclear factor-kappaB
(NF-kB) family of transcription factors. They regulate the ex-
pression of the metabotropic glutamate receptor 2/3 (mGlu2)
in the dorsal horn (DH) and dorsal root ganglia (DRG)
(Chiechio et al. 2006). It was shown that treatment with L-
acetylcarnitine, a drug commonly prescribed for neuropathies
associated with diabetes and HIV, activates NF-kB, which in
turn upregulates mGlu2 in the DH and DRG of neuropathic
rats and successfully alleviates both their nociceptive- and
depressive-like symptoms after only 3 days of treatment
(Chiechio et al. 2006; Nasca et al. 2013).

The role of neurotransmitters
Monoamines

Monoamine neurotransmitters including serotonin (5-HT),
dopamine (DA), and norepinephrine (NE) are among the most
studied candidates in both the field of chronic pain and de-
pression (Haase and Brown 2015). Hence, it is imperative to
investigate their role in the molecular mechanisms involved in
the comorbidity of these two conditions. The following sec-
tion will examine some of the present literature concerning the
role of these monoamines in the comorbidity of pain and
mood disorders (see Table 3).

Serotonin

The serotonergic system has been the focus of a substantial
number of pre-clinical and clinical studies on the relation be-
tween pain and depression. One widely used method to rap-
idly induce this comorbidity in rodents relies on the
intraplantar administration of complete Freund’s adjuvant
(CFA) which results in sustained inflammatory pain and leads
to depression-like behaviors. This procedure has been shown
to deplete serotonin levels, as well as those of its precursors
involved in its metabolism in the hippocampus of rats (Zhang
et al. 2016a). Similarly, infusing a cocktail of inflammatory
agents into the dura mater of rats, inducing meningeal
nociception (resembling chronic migraine in humans) and
anxiodepressive-like behaviors, resulted in decreased levels
of 5-HT in the prefrontal cortex in rats (Zhang et al. 2017).
Treatment with the tricyclic antidepressant amitriptyline, com-
monly used to treat mood disorders, neuropathic pain, and
migraine in humans, was able to increase the 5-HT levels
and restore the pain- and depression-related behavioral re-
sponses (Zhang et al. 2017). However, chronic treatment with
the selective-serotonin reuptake inhibitor fluoxetine did not
affect the mechanical allodynia, but did block the
anxiodepressive-like consequences induced by sciatic nerve
injury (Barthas et al. 2017). A single dose of ketamine which
is sufficient to alleviate both the mechanical allodynia and the
associated depression-like behaviors was also shown to in-
crease the serotonin level in the hippocampus of CFA-
administered rats (Zhang et al. 2016a).

As rats primarily rely on their sense of smell to interpret the
stimuli in their surroundings, the olfactory bulbectomy (OB)
is another model that has been commonly used to induce
depressive-like behaviors (van Riezen and Leonard 1990).
Interestingly, it also causes an increased nociceptive sensitiv-
ity displayed by increased response rates in the hot plate (ther-
mal hyperalgesia) and tail-flick tests (Rodriguez-
Gaztelumendi et al. 2014), which makes it suitable for study-
ing the relationship between pain and depression. Moreover,
this model was shown to exhibit a downregulation of the
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Table 3 Monoamines involved in neuropathic pain and concomitant anxiodepressive-like behaviors
Expression Species Region Models Pain type Mood  Reference
disorder
Serotonin
5-HT Decreased Rat PFC Dura mater IS infusion Meningeal AD-L  Zhang et al. (2017)
IDOL1 Increased Rat HPC CFA, Inflammatory D-L Kim et al. (2012)
chronic social stress
Increased Human Plasma Disk herniation, Lumbar/cervical MDD  Kim et al. (2012)
radiculitis
Increased Mouse HPC, spinal CCI Neuropathic D-L Jiang et al. (2018)
cord
SERT density Decreased Rat Spinal cord OB Hyperalgesia AD-L  Rodriguez-Gaztelumendi et al.
(2014)
SHTRIA Decreased Rat Spinal cord OB Hyperalgesia AD-L  Rodriguez-Gaztelumendi et al.
functionality (2014)
5-HT/TRP ratio Decreased Rat HPC CFA injection Inflammatory ~ AD-L  Zhang et al. (2016a)
Norepinephrine
TH-positive cells Increase Rat LC CCI + CMS Neuropathic D-L Bravo et al. (2014)
«2-Adrenoreceptor Increase Rat LC CCI Neuropathic AD-L  Alba-Delgado et al. (2013)
NAT Increase Rat LC CCI Neuropathic AD-L  Alba-Delgado et al. (2013)
NAT and TH+ cells Decreased Rat LC STZ-induced diabetes  Hyperalgesia A-L Alba-Delgado et al. (2016)
Dopamine
Extracellular DA Increase Rat NAc SNI Neuropathic D-L Sagheddu et al. (2015)
D2 receptor Decrease  Rat NAc SNI Neuropathic D-L Sagheddu et al. (2015)
DA level Decrease  Rat PFC Dura mater IS infusion Meningeal AD-L  Zhang et al. (2017)
DA release Increase Rat NAc SNL Neuropathic AD-L  Kato et al. (2016)

5-HT, serotonin; SHTRIA, serotonin 1A receptor; A-L, anxiety-like; AD-L, anxiodepressive-like; CCI, chronic constriction injury; CFA, complete
Freund’s adjuvant; CMS, chronic mild stress; DA, dopamine; D-L, depressive-like; HPC, hippocampus; /DOI, indoleamine 2,3-dioxygenase 1; IS,
inflammatory soup; LC, locus coeruleus; MDD, major depressive disorder; NAc, nucleus accumbens; NA7, noradrenaline transporter; OB, olfactory
bulbectomy; PFC, prefrontal cortex; SERT, serotonin transporter; SN/, spared nerve injury; SNL, spinal nerve ligation; STZ, streptozotocin; 7H, tyrosine

hydroxylase; TRP, tryptophan

serotonin transporter and receptor 1A (5-HT1A) functionality
in DH of the lumbar spinal cord. The group showed that
chronic, but not acute, treatment of OB rats with fluoxetine
progressively normalized both the nociceptive responses and
depressive-like behaviors, and also restored the transporter
density and receptor functionality to normal levels. These
findings highlight the role of serotonin signaling at the periph-
ery in the comorbidity of pain and depression.

Besides looking strictly at the serotonin neurotransmitter
and its receptor, research has recently focused on studying
promising molecular candidates which are involved in its me-
tabolism. It was found that indoleamine 2,3-dioxygenase 1
(IDO1), a rate-limiting enzyme in tryptophan metabolism, is
responsible for a decrease of serotonin content in chronic
pain—induced mood disorders (Kim et al. 2012). Inhibiting
the elevated presence of this precursor of serotonin in the
hippocampus of rats and mice attenuated their depressive-
like behaviors caused by inflammatory pain and social stress
(Kim et al. 2012; Zhang et al. 2016a). A similar increase in the
presence of IDO1 was also found in the plasma of human
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patients who suffered from disk herniation or radiculitis for
more than 3 months, which subsequently led to the develop-
ment of depression (Kim et al. 2012). These results suggest
that neurometabolic changes related to serotonin signaling can
play a modulatory role in the comorbidity of chronic pain and
depression.

Norepinephrine

Alongside serotonin, NE signaling is another prominent target
for both studying and treating the comorbid occurrence of pain
and mood disorders. Its primary source, the locus coeruleus
(LC) nucleus, has been closely associated with nociception
and emotion and might play a key role in this comorbidity.
By combining the models of chronic constriction injury
(CCI) and chronic mild stress (CMYS), it has been found that
chronic pain and chronic stress mutually potentiate each other,
resulting in more pronounced changes in the noradrenergic
transmission compared to the effect of each condition alone
(Bravo et al. 2013, 2014). For instance, comorbid neuropathic
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pain and stress-induced depressive-like behaviors resulted in
an increased expression of tyrosine hydroxylase, the rate-
limiting enzyme of NE synthesis, in LC neurons, which also
showed a decrease in spontaneous electrophysiological activ-
ity. Moreover, prolonged neuropathy induced by CCI also
enhanced the expression and sensitivity of alpha 2
adrenoreceptor and increased the expression of the norepi-
nephrine transporter (NET) in the LC of rats (Alba-Delgado
etal. 2013). Interestingly, this increase in expression was time-
dependent and coincided with the onset of anxiodepressive-
like behaviors (28 days post-CCI). These findings point to
several modifications related to noradrenergic transmission
in the LC in pain and depression comorbidity.

Subsequent research showed that different types of neu-
ropathic pain can employ opposite molecular and
neuroplastic mechanisms to result in the development of
comparable anxiodepressive-like behaviors. Namely, rats
administered with a single systemic injection of
streptozotocin (STZ) displayed aspects of type 1 diabetes
and showed a gradual increase in nociceptive hypersensitiv-
ity. Curiously, although the temporal development of hyper-
sensitivity in these animals was different than in CCl rats, the
onset of anxiety-like and depressive-like behaviors was ob-
served at the same time delay (28 days after neuropathy
induction). However, in contrast to what is observed in
CClI rats, STZ rats showed a decrease in tyrosine hydroxy-
lase and NET levels in the LC, as well as in the overall LC
firing activity (Alba-Delgado et al. 2016). This indicates that
specific neuroplastic mechanisms take place in different
models of pain-depression comorbidity and highlight the im-
portance of studying different models of chronic pain and
mood disorders, since it seems that each type induces specif-
ic molecular and cellular alterations.

The role of NE in the comorbid relationship between
chronic pain and mood disorders has also been demonstrated
through clinical treatment of patients with pharmacological
agents targeting its synaptic presence. Alongside the common-
ly used duloxetine, an efficient agent in treating negative
symptoms of fibromyalgia, milnacipran, a serotonin norepi-
nephrine reuptake inhibitor (SNRI) with greater affinity for
the NE reuptake site (Goldenberg et al. 2010), has been shown
to alleviate discomfort, fatigue, and physical dysfunction,
while continued treatment gradually improves symptoms of
pain and depression. Moreover, besides their antidepressant
effect, acute or chronic treatment with norepinephrine reup-
take inhibitors (NRIs) such as desipramine and reboxetine has
shown robust anti-allodynic and/or anti-hyperalgesic effect in
rodents (Leventhal et al. 2007; Yalcin et al. 2009). Also, other
compounds which have been shown to have a high selectivity
for the NE transporter have provided promising results, such
as the conopeptide Xen2174 which produced a long-lasting
anti-allodynic response in CCI and SNL rats (Nielsen et al.
2005), or WAY-318068 which, alongside depression, showed

efficacy in models of neuropathic, acute, inflammatory, vis-
ceral, diabetic, and cancer pain (Whiteside et al. 2010). Hence,
although SNRIs may produce more pronounced effects on the
pain-depression comorbidity compared to NRIs or SSRIs
alone, it is still important to fully elucidate the individual role
of each monoamine, in order to better optimize current and
new treatment strategies.

Dopamine

Alongside 5-HT and NE, there is compelling evidence that
DA is also implicated in the comorbid relationship of pain
and depression through its spinal and supraspinal activity in-
volving several brain regions such as the periaqueductal gray
(PAG), the thalamus, the basal ganglia, and the limbic system
(Hache et al. 2011).

As seen with 5-HT, an infusion of an inflammatory soup in
the dura mater of rats, causing a migraine-type of pain-related
anxiodepressive-like behaviors, also results in a decrease of
DA levels in the PFC. Again, these molecular and phenotypic
effects were improved by treatment with the tricyclic antide-
pressant amitriptyline (Héuser et al. 2008).

Several studies have shown that the neuropathy-induced
anxiety and depressive-like behaviors are closely linked to
the DA receptor expression, as well as DA release in the rat
NAc (Sagheddu et al. 2015; Kato et al. 2016). Specifically,
during the early phase of neuropathic pain (2 weeks post-
SNI), there is a decrease in DA-2 receptor expression in the
NAc of rats (Sagheddu et al. 2015), which is also seen after
chronic mild stress (Papp et al. 1994). Accordingly, it has
been demonstrated that treatment with commonly used
post-surgical pain relief medications such as clonidine or
gabapentin during 14 days after SNL increased intra-NAc
DA release in rats with neuropathic pain (Xie et al. 2014).
Curiously, the same pattern of early phase DA increase in
the NAc was also observed after pain relief due to
pregabaline treatment or 30% sucrose intake after SNL,
suggesting that pain relief might be triggering a reward-
like mechanism through DA signaling, which has an effect
on the overall mood-related state of the animal (Kato et al.
2016). However, this pattern of DA release after pain relief
or sucrose intake was not persistent, and it faded in a later
phase of neuropathy (4 weeks after SNL) (Stoy et al.
2012). Interestingly, a hypodopaminergic state is also com-
monly reported in patients suffering from Parkinson’s dis-
ease, which is associated with a high incidence of both
depression and chronic pain (Conte et al. 2013). These
results accentuate the role of altered dopaminergic function
in the comorbid development of mood disorders such as
depression, and chronic pain, and emphasize the need for
further studies regarding the role of DA in these
conditions.
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Instead of focusing on the individual role of 5-HT, NE, and
DA in mediating pain and depression, some studies have
looked at the combined action of all three of them in modu-
lating this comorbid relationship. Direct evidence for this
comes from a new class of antidepressants, known as the triple
reuptake inhibitors. As their name suggest, these compounds
simultaneously inhibit the reuptake of 5-HT, NE, and DA,
thereby prolonging their presence and activity at postsynaptic
levels (Guiard et al. 2009). It was recently shown that com-
mercially available triple reuptake inhibitor drugs such as
indatraline, as well as newly synthesized and structurally dif-
ferent ones, such as NS18283, significantly reduce nocicep-
tive hypersensitivity and depressive-like behaviors in a mouse
model of chemotherapy-induced neuropathic pain (Hache
et al. 2015). Hence, all of these studies, whether tackling the
role of monoamines separately or as a group, shed light on the
complex nature of the comorbid development of pain and
depression.

Glutamate and GABA

Glutamate and gamma-aminobutyric acid (GABA) are the
major excitatory and inhibitory neurotransmitters in the
nervous system, respectively. The balance between excita-
tion and inhibition guarantees the well-functioning of the
brain. Excessive plasma glutamate/glutamine and a signif-
icantly lower GABA level were detected in patients with
major depression (Northoff and Sibille 2014). Further stud-
ies found that drugs targeting glutamate transmission, like
the NMDA antagonist ketamine, could alleviate both pain
and depressive symptoms in both animals and humans
(Ettensohn et al. 2018; Wang et al. 2011), and the AMPA
receptor facilitator AMPAkines has similar analgesic and
antidepressant effects by acting on the descending inhibi-
tory circuits such as the PAG-rostral ventromedial medulla
(RVM) and the NAc-RVM axes (Le et al. 2014) (see
Table 4).

Glutamate

A disrupted level of glutamatergic transmission and gluta-
matergic receptors has been demonstrated in animal
models of chronic pain and mood disorder comorbidity
(see review of Benson et al. 2015). For instance, enhanced
presynaptic glutamate neurotransmission in the ACC, the
higher structure for integrating the affective component of
painful sensation and mood disorders, was observed in
both chronic inflammatory pain (Zhao et al. 2006a, b)
and neuropathic pain (Koga et al. 2015). More specifically,
Koga and colleagues showed enhanced presynaptic gluta-
mate release probability (Koga et al. 2015; Zhuo 2016),
since lower paired-pulse ratio (PPR) was observed in the
ACC of mice displaying chronic pain—induced anxiety.
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Furthermore, they reported that blocking the
hyperpolarization-activated cyclic nucleotide—gated
(HCN) channels, which are involved in pre-long-term po-
tentiation (LTP), produced analgesic and anxiolytic effects
(Koga et al. 2015). In vivo electrophysiological recordings
also support the idea that the ACC is hyperactive when
animals display chronic pain and depression comorbidity.
Interestingly, the temporal inhibition of the glutamatergic
neuron of the ACC by optogenetic stimulation blocked the
anxiodepressive-like consequences of neuropathic pain
(Sellmeijer et al. 2018). In contrast, it has been shown that
the decreased activity of pyramidal neurons in the
prelimbic cortex plays an essential role in pain-induced
affective symptoms (Wang et al. 2015; Kelly et al. 2016)
and that an increased GABAergic inhibition is responsible
for the reduction of pyramidal activity (Zhang et al. 2015).

Metabotropic glutamate receptors

Metabotropic glutamate receptors (mGluRs) are members
of the class C family of G protein—coupled receptors, reg-
ulating glutamatergic transmission in the CNS. Currently,
there are three groups and eight subtypes of mGluRs which
have been identified. Group I (mGluR1 and mGluRS5) are
excitatory G protein—coupled and predominantly expressed
post-synaptically, whereas group II (mGluR2/3) and group
III (e.g., mGluR4) are inhibitory G protein—coupled and
mostly pre-synaptically expressed (see Chiechio 2016 for
review). These receptors are involved in many physiolog-
ical process and diseases like chronic pain (Chiechio 2016)
and mood disorders (Zarate et al. 2010). Postmortem stud-
ies in major depressive disorder (MDD) and bipolar disor-
der patients revealed no mGluR (mGluR2/3 and mGIuRS5)
alterations in the ACC (Matosin et al. 2014); however,
mGluR2/3 was elevated in the PFC in MDD (Feyissa
et al. 2010). mGluR4, expressed in both GABAergic and
glutamatergic synapses in the amygdala, modulates
sensory and affective components of pain. Indeed, Zussy
et al. (2016) showed that the activation of mGIuR4, by a
photopharmacological approach, reversibly inhibited
anxiodepressive consequences of inflammatory pain.
Chung et al. (2017) injected [11C] ABP688, an mGIluRS5-
selective radiotracer, via the rat tail vein and used positron-
emission tomography to examine the expression level of
mGluRS5 in different brain regions 1625 days after spared
nerve ligation (SNL). Interestingly, they found bidirection-
al changes of mGluRS5 expression indicating an upregula-
tion in the caudal part of the prelimbic (PrL) cortex and
downregulation in the insular cortex and NAc. However,
pharmacological blockage of mGluR5 in the PrL was suf-
ficient to ameliorate both tactile hypersensitivity and
depressive-like behaviors.
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Table 4 Role of the glutamatergic/GABAergic transmission in neuropathic pain and concomitant anxiodepressive-like behaviors

Expression Species Region Models Pain type Mood  Reference
disorder
Glutamate and GABA
Glutamate release Increased Mouse ACC CFA-injection Inflammatory ~ A-L Zhao et al. 2006a, b; Koga et al. (2015)
mGIuRS Increased Rat PrL SNL Neuropathic D-L Chung et al. (2017)
Decreased Rat IC,NAc SNL Neuropathic D-L Chung et al. (2017)
GluAl Increased Rat NAc SNI Neuropathic D-L Goffer et al. (2013); Su et al. (2015)
Increased Rat NAc CFA injection Inflammatory  D-L Su et al. (2015)
No difference Rat NAc Paw incision Post-incisional D-L Su et al. (2015)
No difference  Mouse AMY Reserpine treatment Hyperalgesia ~ D-L Liu et al. (2014)
GIluN2A No difference  Mouse AMY Reserpine treatment Hyperalgesia ~ D-L Liu et al. (2014)
Increased Rat rACC Formalin injection ~ Inflammatory =~ CPA Li et al. (2009b)
GluN2B Increased Rat rACC Formalin injection  Inflammatory =~ CPA Li et al. (2009b)
Increased Mouse AMY Reserpine treatment Hyperalgesia ~ D-L Liu et al. (2014)
pGluN1 Decreased Rat HPC CCI Neuropathic ~ AD-L  Lietal. (2014)
GIuN1 No difference Rat rACC Formalin injection  Inflammatory ~ CPA Li et al. (2009b)
GABA Decreased Human Mid-ACC Osteoarthritis Joint pain MDD  Reckziegel et al. (2016)

ACC, anterior cingulate cortex; AD-L, anxiodepressive-like; A-L, anxiety-like; AMY, amygdala; CCI, chronic constriction injury; CFA, complete Freund’s
adjuvant; CPA, conditioned place avoidance; D-L, depressive-like; GABA, gamma-aminobutyric acid; GluA 1, AMPA receptor subunit; GluNI, NMDA
receptor subunit zeta-1; GluN2A, NMDA receptor 2A; GluN2B, NMDA receptor 2B; HPC, hippocampus; IC, insular cortex; MDD, major depressive
disorder; mGIluRS5, metabotropic glutamate receptor 5; NAc, nucleus accumbens; pGluN1, phosphorylated GluN1; PrL, prelimbic region; rACC, rostral

anterior cingulate cortex; SN/, spared nerve injury; SNL, spinal nerve ligation

a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors

AMPA, NMDA, and kainate receptors are ionotropic gluta-
mate receptors, exerting faster effects than metabotropic re-
ceptors. a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptors (AMPARSs) are tetramers composed of four
types of subunits: GluA1, GluA2, GluA3, and GluA4. It has
been shown that the expression of AMPA is altered in the
comorbidity of chronic pain and mood disorders. GluA1l
AMPA receptor subunit, for example, was reported increased
in the NAc in the SNI rat model (Goffer et al. 2013). Su et al.
(2015) confirmed the elevated GluAl level in NAc of SNI rat
model, and more specifically, they compared the GluA1 and
GluA2 expression levels in three different models displaying
pain-depression comorbidity conditions: post-incisional pain
with paw incision (PI), persistent but reversible inflammatory
pain (CFA), and chronic neuropathic pain (SNL) models.
Their results showed that the GluA1 level in NAc synapses
was not altered in the PI model, increased 7 days after CFA
injection (but recovered 14 days after), and increased and
remained unchanged in SNL model. Both studies (Su et al.
2015; Goffer et al. 2013) point to a unique adaptive mecha-
nism of GluAl in different types of chronic pain and depres-
sion comorbidity. The overexpression of GluAl subunit ex-
clusively increases the synthesis of the Ca®*-permeable
AMPA receptors which are formed by GluA1l homomers,

whereas blocking these homomers worsens depressive symp-
toms (Su et al. 2015).

N-methyl-p-aspartate receptors

N-methyl-D-aspartate (NMDA) receptors are the most studied
glutamatergic receptors in the context of depression and
chronic pain due to their role in regulating the glutamatergic
system and plasticity changes like postsynaptic LTP.
Ketamine, a noncompetitive NMDA antagonist, exerts fast
antidepressant and analgesic effects (see Zorumski et al.
2016 for review) at a subanesthetic dose. It also blocks the
anxiodepressive-like consequences of neuropathic pain in ro-
dents after an administration of a single subanesthetic dose
(Wang et al. 2011). In a reserpine-induced pain/depression
model, an upregulation of GIuN2B, but not GluN2A or
AMPA receptor GluA1l expression, was observed in the
amygdala of mice (Liu et al. 2014). However, a decreased
phosphorylation of the NMDA receptor type 1 (GluN1) in
the hippocampus was reported in rats showing anxiety and
depressive-like behaviors following CCI (Li et al. 2014). In
addition, GluN2A and GIluN2B, but not GluN1, were upreg-
ulated in the rostral ACC in formalin-injected rats, and selec-
tively blocking these subunits abolished the acquisition of the
induced conditioned place avoidance indicating the critical
role of the NMDA in pain-related aversion (Li et al. 2009b).
Also, it has been recently shown that the neuropathy-induced
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Table 5

Role of the endocannabinoids in neuropathic pain and concomitant anxiodepressive-like behaviors

Endocannabinoids

2-AG Increased Human Plasma Osteoarthritic pain Joint pain MDD  La Porta et al. (2015)
CBI and CB2 mRNA  Increased Human Lymphocytes Osteoarthritic pain Joint pain MDD La Porta et al. (2015)
AEA Decrease  Rat HPC and PFC WKY (stress-prone strain)  Allodynia AD-L  Vinod et al. (2012)
CBI1 coupling Decrease  Rat HPC and PFC WKY (stress-prone strain)  Allodynia AD-L  Vinod et al. (2012)
AEA/2-AG Decrease  Mouse  Brain + GS muscle  CUS + intramuscular NGF ~ Hyperalgesia AD-L  Lomazzo et al. (2015)

2-AG, 2-arachidonoylglycerol; AD-L, anxiodepressive-like; AEA, anandamide; CBI, cannabinoid receptor type 1; CB2, cannabinoid receptor type 2;
CUS, chronic unpredictable stress; GS, glutamine synthetase; HPC, hippocampus; MDD, major depressive disorder; NGF, nerve growth factor; PFC,

prefrontal cortex; WKY, Wistar Kyoto rat

anxiodepressive-like behaviors could be attributed to an
NMDA-contributed hyperactivity of the ACC (Sellmeijer
et al. 2018).

Kainate receptors

In addition to AMPA and NMDA receptors, kainate receptors
form another group of ionotropic glutamatergic receptors. It
has been clearly shown that kainate receptors mediated pre-
LTP, increased glutamate release probability measured by
paired-pulse facilitation, are implicated in the CFA-induced
anxiety-like behaviors (Koga et al. 2015).

GABA

The GABAergic system is studied in both human and pre-
clinical animal models, contributing to the overall understand-
ing of GABA level in different brain regions and different pain
and mood disorder comorbidity cases. For instance, using
proton magnetic resonance spectra optimized for detecting
GABA level in patients with osteoarthritis, it has been shown
that altered GABA level in mid-ACC is only responsible for
pain severity but not affective compound (Reckziegel et al.
2016). In a rat model of chronic inflammatory pain, GABA
expression is elevated in mPFC, and administering a GABA
antagonist could improve mechanical allodynia (Luongo et al.
2013). Another study which focused on the pain-depression
comorbidity showed that intra-basolateral amygdala (BLA)
administration of muscimol, a GABA, agonist, decreased
formalin-induced pain behavior in CMS rats and increased
their sucrose preference, while intra-mPFC administration of
muscimol produced no effect, suggesting different roles of the
BLA and mPFC mediating pain perception in depressive
states and highlighting the brain region—dependent role of
GABAergic system (Qi et al. 2013). Similarly, intraperitoneal
injections of pregabalin, an alkylated analog of GABA, im-
proved nociceptive, anxiety-like, and anhedonic responses in
neuropathic pain induced by PSNL mice model (La Porta
et al. 2016), further strengthening the evidence for the role
of the GABAergic system in the pain-depression comorbidity.
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The endocannabinoid system

There are various accounts from around the world that the
plant Cannabis sativa has been utilized as medicine for thou-
sands of years (Fitzgibbon et al. 2015). Its main psychoactive
compound, delta-9-tetrahydrocannabinol (A9-THC), was
identified in 1964 (Gaoni and Mechoulam 1964). Successive
studies on its activity resulted in the identification of the
endocannabinoid system. This system is comprised of the
cannabinoid receptors (CB1 and CB2) and their endogenous
ligands, with anandamide (AEA) (Devane et al. 1992) and 2-
arachidonylglycerol (2-AG) (Mechoulam et al. 1995) being
the most investigated ones.

While clinical evidence is still scarce when it comes to the
role of the endocannabinoid system in the pain-depression
comorbidity, there are several studies suggesting that it is a
valid target for future research. For instance, La Porta et al.
(2015) found a significant positive correlation between 2-AG
plasma levels in osteoarthritic patients with their levels of pain
and depression. Moreover, they also report a positive
correlation of depression with CB1 mRNA expression in
blood lymphocytes and CB2 with pain scores. However,
probably the highest number of clinical evidence linking the
endocannabinoid system to pain and depression comorbidity
comes from the use of cannabis and its natural and synthetic
counterparts in patient treatment. Woolridge et al. (2005) re-
port that cannabis intake was associated with decreased mus-
cular and neuropathic pain, alongside anxiety and depression
in HIV patients. Similarly, there was a significant pain and
depression reduction in fibromyalgia patients after 4 weeks
of treatment with nabilone (a A9-THC analog), compared to
the placebo group (Skrabek et al. 2008).

In spite of a number of studies linking endocannabinoid
modulation with pain and depression alone, there is limited
pre-clinical evidence associating the co-occurrence of chronic
pain and depression to the endocannabinoid system
(Fitzgibbon et al. 2015). Nevertheless, Vinod et al. (2012)
found that Wistar Kyoto rats, a genetically stress-prone strain
displaying increased depressive- and anxiety-like behaviors as
well as exacerbated mechanical allodynia, showed decreased
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Table 6 Role of the BDNF in neuropathic pain and concomitant anxiodepressive-like behaviors

Expression Species Region Models Pain type Mood  Reference
disorder
BDNF Decreased Mouse HPC SCI Neuropathic D-L Lietal. (2017)

Decreased Rat HPC CFA-injection
Decreased Mouse Cortex, HPC PSNL
Decreased Rat ACC, mPFC, HPC SNI
Decreased Mouse ACC SNI
Decreased Rat ACC CCI
Decreased Rat ACC, RVM CCI
Decreased Mouse ACC, BLA, CA1/3,RVM SNL
Decreased Mouse mPFC SNI
Decreased Rat PFC SNI
Decreased Mouse mPFC CMS
Increased Rat rACC SNI
Increased Human Colonic biopsies IBS
Increased Rat Spinal cord SNL
No difference  Mouse PFC PSNL

No difference  Human Serum level

Musculoskeletal pain  Musculoskeletal MDD

Duric and McCarson (2006, 2007)
Briining et al. (2015)

Pan et al. (2018)

Zhao et al. (2017)

Ishikawa et al. (2014)

Yasuda et al. (2014)

Zhu et al. (2017)

Guida et al. (2015)

Xie et al. (2017)

Liu et al. (2018)

Zhang et al. (2016b)

Yu et al. (2011)

Wei et al. (2017)
Gonzalez-Sepulveda et al. (2016)
Generaal et al. (2016)

Inflammatory D-L
Neuropathic D-L
Neuropathic D-L
Neuropathic D-L
Neuropathic D-L
Neuropathic D-L
Neuropathic D-L
Neuropathic D-L
Neuropathic D-L
Hyperalgesia D-L
Neuropathic CPA
Visceral pain MDD
Neuropathic D-L
Neuropathic A-L

ACC, anterior cingulate cortex; A-L, anxiety-like; BDNF, brain-derived neurotrophic factor; BLA, basolateral amygdala; CCI, chronic constriction injury;
CFA, complete Freund’s adjuvant; CMS, chronic mild stress; CPA, conditional place avoidance; D-L, depressive-like; HPC, hippocampus; /BS, irritable
bowel syndrome; MDD, major depressive disorder; mPFC, medial prefrontal cortex; PFC, prefrontal cortex; PSNL, partial sciatic nerve ligation; rACC,
rostral ACC; RVM, rostral ventromedial medulla; SN, spared nerve injury; SNL, spinal nerve ligation

levels of AEA and increased levels of CB1 coupling in the
hippocampus and frontal cortex. Another direct evidence
connecting the pain-depression comorbidity with the
endocannabinoid system comes from Lomazzo et al. (2015)
who utilized the CMS mouse model in combination with in-
tramuscular administration of nerve growth factor to achieve
anxiodepressive-like behaviors and widespread mechanical
hyperalgesia. They showed that pretreatment of these mice
with URB597, an inhibitor of the fatty acid amide hydrolase
(FAAH), which is the primary enzyme responsible for the
metabolism of AEA, was sufficient to attenuate anxiety-like
behaviors in the light-dark test, as well as thermal and
widespread mechanical hyperalgesia. Similarly, Hu et al.
(2009) utilized the CCI model to investigate the interaction
between the CB2 receptor and the comorbid chronic pain and
depressive-like behavior. They showed that a systemic admin-
istration of GW405833, a CB2 agonist, significantly lowered
the CCl-induced depressive-like behaviors and mechanical
hyperalgesia, pointing to its potential as an alternative treat-
ment option.

Together, although limited, current evidence suggests a
promising role of the endocannabinoid system (see Table 5)
in the interactive relationship of chronic pain and depression,
and constitutes a valid target for future studies, which could
aim at delineating whether the effects observed in the comor-
bidity follow the same or separate molecular pathway.

Neurotrophic factors

Changes in neurotrophic factors, particularly BDNF, and
subsequent alterations in synaptic plasticity and synapse
dynamics contribute to the comorbidity of chronic pain
and depression. BDNF is the most widely expressed
neurotrophin in the peripheral and central nervous system
where it regulates neuronal survival and differentiation
and critically participates in activity-dependent synaptic
plasticity mechanisms (see review of Bramham and
Messaoudi 2005). Clinical studies showed increased plas-
ma BDNF levels in patients with fibromyalgia (Haas et al.
2010) and IBS (Yu et al. 2011) displaying severe depres-
sive symptoms. However, pre-clinical studies suggest a
region-dependent manner of BDNF regulation in both
chronic pain and in depression. Indeed, BDNF transcrip-
tion and expression is upregulated immediately (24 h) af-
ter CFA injection in the DH of rats and remains high even
14 days post-injection (Duric and McCarson 2006, 2007).
Consistent with chronic inflammation, the BDNF level in
the spinal cord in neuropathic pain models is significantly
higher than in the sham group in both mice (Almeida
et al. 2015) and rats (M’Dahoma et al. 2015; Zhang
et al. 2016b; Wei et al. 2017; Tateiwa et al. 2018).
Despite the uniform upregulation of BDNF in the spinal
cord, alterations in the hippocampus are time-dependent.
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Table 7  Role of neurogenesis in neuropathic pain and concomitant anxiodepressive-like behaviors
Expression  Species Region Models Pain type Mood disorder  Reference
Neurogenesis
BrdU+ cells Decrease Rat DG CFA, immobilization  Inflammatory ~ A-L Duric and McCarson (2006)
DCX+/BrdU+ cells  Decrease Mouse  HPC SNI Neuropathic A-L Mutso et al. (2012)
DCX+/BrdU+ cells  Decrease Mouse DG Chronic CFA Inflammatory ~ A-L Zheng et al. (2017)
DCX+/BrdU+ cells  Decrease Rat HPC CCI, immobilization =~ Neuropathic A-L Romero-Grimaldi et al. (2015)

A-L, anxiety-like; BrdU, bromodeoxyuridine; CCI, chronic constriction injury; CFA, complete Freund’s adjuvant; DCX, doublecortin; DG, dentate

gyrus; HPC, hippocampus; SN/, spared nerve injury

The hippocampal transcription and expression level of
BDNF decreased right after CFA-injection in rats and re-
mains low (Duric and McCarson 2007). In contrast to the
quick drop in the chronic inflammatory model, the reduc-
tion of hippocampal BDNF level is slower in the neurop-
athy cases. For instance, BDNF expression began to
downregulate at least 7 days after SCI (Li et al. 2017),
SNL (Zhu et al. 2017), PSNL in mice (Briining et al.
2015), and SNL in rats (Tateiwa et al. 2018), when the
depressive-like symptoms emerged. These suggest on the
one hand that neuropathic pain has a different mechanism
than inflammatory pain, and on the other hand that the
opposite regulatory direction of BDNF level in the spinal
dorsal horn and hippocampus is due to their different roles
in the pain chronification. Respectively, fast and slow
regulations also hint at potential interactions between
BDNF derived from different sources such as nociceptor
neurons, peripheral sensory neurons, and microglia-
derived BDNF.

In the forebrain regions like mPFC and ACC, most of the
neuropathy studies reported downregulation of BDNF in the
SNI model of both rats (Xie et al. 2017; Pan et al. 2018) and
mice (Guida et al. 2015; Zhao etal. 2017; Zhu et al. 2017), and
CCI rat model (Ishikawa et al. 2014; Yasuda et al. 2014).
Moreover, BDNF levels in BLA and RVM were also reported
to be downregulated in the SNL mouse model (Zhu et al.
2017) and CCI rat model (Yasuda et al. 2014). There are also
some negative results regarding BDNF level changes in neu-
ropathy cases. For instance, contrary to their results in the
hippocampus, Tateiwa et al. (2018) reported an unchanged
BDNF expression level in other brain regions like the mPFC
and ACC, as well as thalamus, cerebellum, and amygdala,
21 days after nerve injury in the SNL model. Gonzalez-
Sepulveda et al. (2016) also detected no difference in the
PFC BDNF level in a PSNL mice model with comorbid
anxiety-like behavior. Curiously, one of the common features
of'the latter studies is the fact that at the time point at which the
animals were tested, they did not show any depressive-like
behavior; however, according to the Xie et al. (2017), BDNF
level changes occur only when there are comorbid pain and
depressive-like symptoms observed (see Table 6).

@ Springer

Neurogenesis

Adult neurogenesis is commonly assessed by administer-
ing bromodeoxyuridine (BrdU), an analog of thymidine, to
detect cells that are actively replicating their DNA, and
therefore proliferating (Lehner et al. 2011). Another meth-
od involves labeling the microtubule binding protein
doublecortin (DCX) which is transiently expressed in pro-
liferating progenitor cells and newly generated neuroblasts
(Brown et al. 2003). These techniques are very useful in
pre-clinical studies, including those using rodent models to
demonstrate a relationship between chronic pain-—
depression comorbidity and altered neurogenesis in the
adult hippocampus. For instance, Duric and McCarson
(2006) showed that BrdU-positive cells in the dentate gy-
rus of rats were significantly reduced after exposure to
prolonged inflammation (21 days of CFA) or stress (repeat-
ed immobilization for 10 days). Moreover, it was demon-
strated that both SNI and CFA models in mice result in a
reduction of DCX*/BrdU" neuroblasts (Mutso et al. 2012;
Zheng et al. 2017). Interestingly, Romero-Grimaldi et al.
(2015) found that stress (i.e., chronic immobilization
stress) significantly exacerbated the negative effects of
CCI and resulted in even greater reduction of proliferation,
survival, and differentiation of rat newborn hippocampal
cells (see Table 7). Although the research on the relation-
ship of depression and neurogenesis has been recently sub-
jected to serious discrepancies (Hanson et al. 2011), the
amount of information available is still exceedingly high
in comparison to the very limited information that is avail-
able on the potential implications of neurogenesis in chron-
ic pain (Grilli 2017). Therefore, even though the available
data suggest that hippocampal neurogenesis is affected and
implicated in both chronic pain and mood disorders, its full
role is in each of the conditions, and their comorbidity
remains to be determined.

Neuroendocrine alterations

Although still not fully elucidated, the role of the
hypothalamic-pituitary-adrenal (HPA) axis, one of the
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main bodily stress response systems, is likely also playing
a role in the relationship of chronic pain and mood disor-
ders. Intriguingly, in both the CCI model and the sciatic
nerve cuffing model of neuropathic pain—induced
depressive-like behaviors, there was no alteration in the
HPA axis (Bomholt et al. 2005; Ulrich-Lai et al. 2006;
Kilburn-Watt et al. 2010; Yalcin et al. 2011). On the other
hand, it was shown in patients with chronic multi-site
musculoskeletal pain who suffer from major depressive
disorder that pain induces hypoactive HPA axis function
while depression causes a hyperactive function, so it is
possible that these two conditions might blunt the individ-
ual effect of each other (Generaal et al. 2014). Moreover,
Bombholt et al. (2005) observed that in CCI rats, the HPA
axis responded normally to novel stressors which are
known to activate the HPA axis. Similarly, Ulrich-Lai
et al. (20006) reported that the CCI did not affect resting
or restraint stress-related HPA activity. However, these
studies focused on a specific pain model and, more im-
portantly, only on the presence of corticosteroid and cor-
tisol, the dominant glucocorticoids found in rodents and
humans, respectively. Therefore, such approach likely
provides incomplete information about the role, if any,
of the HPA axis in subjects with pain-depression comor-
bidity. Hence, it is important to look further into other
models and candidate hormones involved in the activation
of the HPA axis to determine its participation in the co-
morbid relationship of pain and depression. For instance,
it was shown that female patients who developed depres-
sion due to chronic mandibular pain show no difference in
cortisol levels compared to healthy controls, but have a
decreased dehydroepiandrosterone (DHEA) secretion,
which is another highly abundant hormone in the HPA
axis, associated with pain intensity, stress, and pain-
related depressive states (Jo et al. 2016). Moreover, there
is an increase in serum adrenocorticotropic hormone
(ACTH) and corticosterone levels in mice submitted to
PSNL model, additionally pointing to a role of the HPA
axis activation in the pain-depression comorbidity

(Briining et al. 2015). Also, a study by Ji et al. (2007)
showed that the function of the corticotrophin releasing
hormone receptor CRH1 in the amygdala is implicated
in pain-related anxiety-like behavior. Namely, systemic
and intra-amygdalar administration of the CRHI antago-
nist NBI 27914 was sufficient to reduce the nociceptive
and anxiety-like responses in a rat model of arthritic pain.
This is in accordance with the results obtained by Ulrich-
Lai et al. (2006) which show an increase in the expression
of corticotrophin releasing hormone mRNA in the central
amygdala of rats after CCI model.

On the other hand, Kilburn-Watt et al. (2010) found a de-
crease in thyroid hormones in rats which displayed an altered
social behavior following a sciatic nerve ligation.
Unexpectedly, the decrease was persistent indicating an al-
tered regulation of the hypothalamic-pituitary-thyroid axis.
Similarly, other studies also reported that there was an associ-
ation between thyroid autoimmunity with fibromyalgia and
depression (Pop et al. 1998; Ribeiro and Proietti 2004).
Interestingly, Pamuk and Cakir (2007) observed that thyroid
autoimmunity in fibromyalgia was characteristic of older post-
menopausal female patients, suggesting a possible role of es-
trogen. Indeed, there is cumulative evidence demonstrating
the role of the estrogen receptor in various molecular and
cellular functions associated with depression and pain pro-
cessing (Lu and Herndon 2017). This goes in line with a recent
finding that endometriosis, an estrogen-dependent inflamma-
tory disorder associated with chronic pelvic pain, anxiety, and
depression, triggers differential gene expression in several
brain regions (Li et al. 2018). Specifically, mice with endome-
triosis displayed depressive-like behaviors and nociceptive
hypersensitivity, which were accompanied by disrupted ex-
pressions of several genes such as Gpr88, Glra3, and
Serpina3n in the insula, Chrnb4 and Npas4 in the hippocam-
pus, and Len2 and Nptx2 in the amygdala, which are associ-
ated with anxiety and chronic pain.

Taken together, the results of these studies (see Table &)
point to a multifaceted role of hormones in the comorbidity
of pain and depression and therefore, constitute a justified

Table 8 Role of hormones in neuropathic pain and concomitant anxiodepressive-like behaviors

Expression ~ Species ~ Samples  Models Pain type Mood disorder ~ Reference
Hormones
CRFIR Increased Rat AMY Kaolin/carrageenan Arthritic AD-L Jietal. (2007)
CRF mRNA Increased Rat AMY CCI Neuropathic ~ AD-L Ulrich-Lai et al. (2006)
Cortiso/DHEA Increased Human Saliva TMD + BDI-II Mandibular MDD Jo etal. (2016)
ACTH and CORT  Increased Mouse Serum PSNL Neuropathic ~ AD-L Briining et al. (2015)
Thyroid hormones ~ Decreased Rat Plasma CCI Neuropathic ~ AD-L Kilburn-Watt et al. (2010)

ACTH, adrenocorticotropic hormone; AD-L, anxiodepressive-like; AMY, amygdala; BDI-II, Beck Depression Inventory-1I; CCI, chronic constriction
injury; CORT, corticosteroids; CRF, corticotropin-releasing factor; DHEA, dehydroepiandrosterone; PSNL, partial sciatic nerve ligation; 7MD, tempo-

romandibular disorder
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Table 9 Inflammatory factors and gliosis involved in neuropathic pain and concomitant anxiodepressive-like behaviors
Expression Species Region Models Pain type Mood Reference
disorder
Pro-inflammatory
IL-13  Increased Rat Liver SNI Neuropathic  D-L Zhou et al. (2015)
Increased Mouse Serum, cortex, HPC PSNL Neuropathic  D-L Briining et al. (2015)
Increased Rat DH, HPC, PFC, NAc, AMY SNI Neuropathic  D-L Gui et al. (2016)
Increased Mouse HPC CCI Neuropathic  D-L Kim et al. (2012)
Increased Rat AMY SNI, OB Neuropathic  D-L Burke et al. (2013a)
Increased  Rat HPC, cortex Reserpine treatment ~ Hyperalgesia D-L Arora and Chopra (2013)
Increased Rat HPC SNI, MD Neuropathic  D-L Burke et al. (2013b)
Increased Mouse Brain CFA injection Inflammatory D-L Maciel et al. (2013)
Increased Mouse PFC SNI Neuropathic  D-L Norman et al. (2010a, b)
Increased Mouse PFC PSNL Neuropathic ~ A-L Gonzalez-Septlveda et al.
(2016)
IL-6 Increased Mouse HPC CCI Neuropathic  D-L Jiang et al. (2018)
Increased Rat Plasma, HPC CFA-injection Inflammatory D-L Kim et al. (2012)
Increased Human Plasma Chronic back pain Back pain MDD Kim et al. (2012)
Decreased Rat AMY SNI, OB Neuropathic  D-L Burke et al. (2013a)
Increased Mouse Serum, cortex, HPC PSNL Neuropathic  D-L Briining et al. (2015)
TNF-a Increased Mouse HPC CCI Neuropathic  D-L Jiang et al. (2018)
Increased Mouse Sciatic nerve, PFC, HPC Peripheral nerve Neuropathic  D-L Nascimento et al. (2015)
Increased  Rat HPC, cortex Re(s:gur;}ilne treatment  Hyperalgesia D-L Arora and Chopra (2013)
Increased Rat HPC SNI, MD Neuropathic  D-L Burke et al. (2013b)
Increased  Mouse Frontal cortex Reserpine treatment  Hyperalgesia D-L Xu et al. (2013)
Increased Mouse Serum, cortex, HPC PSNL Neuropathic  D-L Briining et al. (2015)
TNF increased Mouse HPC CCI Neuropathic  D-L Dellarole et al. (2014)
Anti-inflammatory
INF-y Increased Mouse Serum, cortex, HPC PSNL Neuropathic D-L Briining et al. (2015)
IL-10  Decreased Mouse Serum, cortex, HPC PSNL Neuropathic D-L Briining et al. (2015)
Increased Rat AMY SNI, OB Neuropathic D-L Burke et al. (2013a)
Astrocytes
GFAP Increased Rat HPC SNI, MD Neuropathic  D-L Burke et al. (2013b, 2015b)
Increased Mouse PAG SNI Neuropathic D-L Norman et al. (2010b)
Increased Rat AMY SNI, OB Neuropathic  D-L Burke et al. (2013a)
Microglia
CDI11b Increased Rat AMY SNI, OB Neuropathic  D-L Burke et al. (2013a)
Increased Rat HPC SNL, OB Neuropathic  D-L Burke et al. 2015b
Other mechanisms
NF- Increased  Rat HPC, cortex Reserpine treatment ~ Hyperalgesia D-L Arora and Chopra (2013)
KB Increased  Mouse HPC, cortex PSNL Neuropathic D-L Briining et al. (2015)

A-L, anxiety-like; AMY, amygdala; CCI, chronic constriction injury; CFA, complete Freund’s adjuvant; DH, dorsal horn; D-L, depressive-like; GFAP,
glial fibrillary acidic protein; HPC, hippocampus; /L-6, interleukin 6; /L-10, interleukin 10; /L-10, interleukin 1beta; INF-y, interferon gamma; MD,
maternal deprivation; MDD, major depressive disorder; NAc, nucleus accumbens; NF-x (3, nuclear factor-kappa beta; OB, olfactory bulbectomy; PAG,
periaqueductal gray; PFC, prefrontal cortex; PSNL, partial sciatic nerve ligation; SN/, spared nerve injury; SNL, spinal nerve ligation; TNF, tumor
necrosis factor; TNF-a, tumor necrosis factor alpha
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target for further in-depth studies and even potential new ther-
apeutic options.

Neuroinflammatory factors

Neuroinflammatory alterations play an important role in the
pathophysiology of depression (Capuron and Miller 2011;
Dantzer et al. 2008) and chronic pain (Clark et al. 2013;
Miller et al. 2009) as demonstrated by pre-clinical studies
showing a sustained imbalance between pro-inflammatory
and anti-inflammatory cytokines and alterations in immune
and non-immune cells. During the last 10 years, an increasing
number of studies focused on the involvement of these factors
in the comorbidity of chronic pain and depression (Burke et al.

c-fos, glutamate, GIUN2B |
GABA, BDNF |

2015a). For instance, clinical studies showed that patients with
chronic back pain (Kim et al. 2012) and chronic prostatitis/
chronic pelvic pain syndrome (CP/CPPS) (Hu et al. 2016)
with comorbid depression had elevated plasma pro-
inflammatory cytokines which initiate, orchestrate, and ampli-
fy the inflammatory response of IL-6, IL-1«x, IL-1f3, and
TNF-«. Moreover, in the cerebrospinal fluid of patients with
complex regional pain syndrome (CRPS), IL-1f3 and IL-6, but
not TNF-«, were also found to be increased (Alexander et al.
2005).

Pre-clinical studies focusing on different chronic pain
models with comorbid anxiety/depression reported upregula-
tion of IL-6 in serum and cerebrospinal fluid in the CP/CPPS
syndrome in the hippocampus and cortex, as well as in

Chrnb4, Npas4, IL-18, IL-6, TNF-a, INF-y |
p-CREB, AEA, BDNF |

c-fos, GABA, IL-1B, TNF-a | gliosis |

5-HT, DA, BDNF |

HDACS, DA, GIuA1 |
mGIuR5 |

Glra3, Gpr88, c-fos |
Serpina3n, mGIuR5 |

H3K9 deactylation |
Dnmt3a |

neurogenesis |

c-fos |

BDNF |

Lcn2, GR methylation, c-fos,
GIuN2B, IL-1B, IL-6, IL-10 |
Nptx2, CRF methylation |

gliosis |

Fig. 1 Summary of molecular alterations involved in pre-clinical rodent
models of comorbid chronic pain and anxiodepressive-like behaviors.
Red up-arrows: increased level; green down-arrows: decreased level. 5-
HT, serotonin; ACC, anterior cingulate cortex; AEA, anandamide; AMY,
amygdala; BDNF, brain-derived neurotrophic factor; CeA, central amyg-
dala; Chrnb4, cholinergic receptor nicotinic beta 4 subunit; CRF,
corticotropin-releasing factor; DA, dopamine; Dnmt3a, DNA methyl-
transferase; GABA, gamma-aminobutyric acid; GALR2, galanin-2 re-
ceptor; Glra3, glycine receptor alpha 3; GluA1, AMPA receptor subunit;
GIuN2B, NMDA receptor 2B; Gpr88, G protein—coupled receptor 88;

GR, glucocorticoid receptor; HDACS, histone deacetylase 5; HPC, hip-
pocampus; IL-6, interleukin 6; IL-10, interleukin 10; IL-1f3, interleukin
1beta; INF-y, interferon gamma; Lcn2, lipocalin-2; LHb, lateral
habenula; Lmx1b, LIM homeobox transcription factor 1 beta; mGIuRS,
metabotropic glutamate receptor 5; NAc, nucleus accumbens; NF-k 3,
nuclear factor-kappa beta; Npas4, neuronal PAS domain protein 4;
Nptx2, neuronal pentraxin-2; PAG, periaqueductal gray; p-CREB,
phospo c-AMP-response element binding; PFC, prefrontal cortex;
Serpina3n, serpin peptidase inhibitor; TNF-«, tumor necrosis factor al-
pha; VTA, ventral tegmental area
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inflammatory and neuropathic pain models (Kim et al. 2012;
Jiang et al. 2018; Briining et al. 2015). In contrast, the level of
IL-6 was downregulated in the amygdala (Burke et al. 2013a).
Using diverse neuropathic pain models in rodents, it has also
been shown that the IL-13 expression was enhanced in the
liver (Zhou et al. 2015), plasma (Briining et al. 2015; Gui et al.
2016), spinal DH (Gui et al. 2016; Apkarian et al. 2006), PFC
(Apkarian et al. 2006; Norman et al. 2010a, b; Arora et al.
2011; Arora and Chopra 2013; Briining et al. 2015; Gonzalez-
Sepulveda et al. 2016; Gui et al. 2016), hippocampus
(Apkarian et al. 2006; Arora et al. 2011; del Rey et al. 2011,
Kim et al. 2012; Arora and Chopra 2013; Burke et al. 2013b;
Briining et al. 2015; Gui et al. 2016), NAc (Gui et al. 2016),
amygdala (Burke et al. 2013b; Gui et al. 2016), and brainstem.
Another major pro-inflammatory cytokine, TNF-«, was also
observed to be increased in the serum (Briining et al. 2015),
the PFC (Nascimento et al. 2015; Briining et al. 2015), and the
hippocampus (Jiang et al. 2018; Nascimento et al. 2015;
Burke et al. 2013b; Briining et al. 2015; Dellarole et al.
2014) in rodent models displaying comorbid neuropathic pain
and anxiety/depression. On the other hand, anti-inflammatory
cytokines’ IL-10 and INF~y levels were altered in the serum,
cortex, hippocampus, and amygdala in neuropathic pain rat
models (Briining et al. 2015; Burke et al. 2013a).

In addition, glial cells like microglia and astrocytes also
contribute to the cross talk between immune system and neu-
ral system. Microglia activation was observed in the amygdala
(Burke et al. 2013a) and hippocampus (Burke et al. 2015b),
while astrogliosis was reported in the hippocampus, amygda-
la, and PAG (Norman et al. 2010b; Burke et al. 2013a, b) of
animals displaying anxiodepressive-like behaviors after neu-
ropathic pain (see Table 9).

Conclusion and future directions

As seen from the studies presented in this review (see Fig. 1),
the past 10 years have yielded a growing number of studies
which tried to understand the molecular mechanisms of the
comorbidity of chronic pain and mood disorders. While clinical
studies provide genetic data, pre-clinical studies were crucial
for divulging cause-effect relations. However, overall, our un-
derstanding of the mechanisms underlying the development of
chronic pain and mood disorders such as depression remains
strikingly limited. Although the recent advances highlight var-
ious aspects of brain anatomy and physiology which seem to
play an important role in the process, detailed cellular and mo-
lecular contributions to the transition to chronic pain—
depression comorbidity are not available. One way to get closer
to this would be to have a more systemic approach while ana-
lyzing animal models, where each model is interpreted as a
condition for itself. In fact, different characteristics of a specific
model such as species (i.e., mouse, rat), strain, age, sex, type,
and duration of pain or stress should all be taken into account

@ Springer

when analyzing the molecular and physiological phenotype. It
is very certain that different combinations of these characteris-
tics might produce very different, if not opposite, results at the
molecular, cellular, and behavioral level. It is thus necessary to
make side-by-side comparison of data ranging from molecular
to behavioral changes obtained from different animal models.
Indeed, a detailed characterization of different models
displaying a comorbidity of pain and mood disorders would
allow clarifying the temporal development of phenotypic
changes at different levels, hence shedding light on the order
in which certain molecular, cellular, and behavioral alterations
manifest in these conditions. Once this is established and clar-
ified, one of the important questions which needs to be further
analyzed is whether the chronic pain and mood/anxiety disor-
ders share similar neural mechanisms or chronic pain modulates
neural mechanisms which increase the vulnerability for mood/
anxiety disorders. As highlighted in this review, the comorbid-
ity can be explained by shared molecular mechanisms observed
in both chronic pain and mood disorders such as polymor-
phisms of 5-HT transporter and imbalance of inhibitory and
excitatory neurotransmission or pro-inflammatory and anti-
inflammatory cytokines. However, further clinical and pre-
clinical studies are still needed to examine the second hypoth-
esis and to search for indicative biomarkers in order to identify
candidates for early diagnosis of developing comorbidity of
chronic pain and mood disorders. Finally, forthcoming efforts
devoted to exposing the underlying molecular mechanisms of
chronic pain and depression should direct to novel therapeutic
advancements for prevention and alleviation of the negative
consequences of these conditions.

Funding information This work was supported by the Centre National
de la Recherche Scientifique (contract UPR3212), the University of
Strasbourg, the Neurex Doctorate fellow, NARSAD Young Investigator
Grant from the Brain & Behavior Research Foundation (24736),
Fondation pour la Recherche Médicale (FRM FDT201805005527),
French National Research Agency (ANR) through the Programme
d’Investissement d’Avenir under the contract ANR-17-EURE-0022.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

References

Alba-Delgado C, Llorca-Torralba M, Horrillo I, Ortega JE, Mico JA,
Sanchez-Blazquez P, Meana JJ, Berrocoso E (2013) Chronic pain
leads to concomitant noradrenergic impairment and mood disorders.
Biol Psychiatry 73:54-62

Alba-Delgado C, Cebada-Aleu A, Mico JA, Berrocoso E (2016)
Comorbid anxiety-like behavior and locus coeruleus impairment in



Cell Tissue Res (2019) 377:21-43

37

diabetic peripheral neuropathy: a comparative study with the chronic
constriction injury model. Prog Neuro-Psychopharmacol Biol
Psychiatry 71:45-56

Alexander GM, Van Rijn MA, Van Hilten JJ, Perreault MJ, Schwartzman
RJ (2005) Changes in cerebrospinal fluid levels of pro-inflammatory
cytokines in CRPS. Pain 116:213-219

Almeida C, DeMaman A, Kusuda R, Cadetti F, Ravanelli MI, Queiroz
AL, Sousa TA, Zanon S, Silveira LR, Lucas G (2015) Exercise
therapy normalizes BDNF upregulation and glial hyperactivity in a
mouse model of neuropathic pain. Pain 156:504-513

Apkarian AV, Lavarello S, Randolf A, Berra HH, Chialvo DR,
Besedovsky HO, del Rey A (2006) Expression of IL-1(3 in
supraspinal brain regions in rats with neuropathic pain. Neurosci
Lett 407:176-181

Arora V, Chopra K (2013) Possible involvement of oxido-nitrosative
stress induced neuro-inflammatory cascade and monoaminergic
pathway: underpinning the correlation between nociceptive and de-
pressive behaviour in a rodent model. J Affect Disord 151:1041—
1052

Arora V, Kuhad A, Tiwari V, Chopra K (2011) Curcumin ameliorates
reserpine-induced pain—depression dyad: behavioural, biochemical,
neurochemical and molecular evidences. Psychoneuroendocrinology
36:1570-1581

Attal N, Lanteri-Minnet M, Laurent B, Fermanian J, Bouhassira D (2011)
The specific disease burden of neuropathic pain: results of a French
nationwide survey. Pain 152:2836-2843

Avila-Martin G, Galan-Arriero I, Ferrer-Donato A, Busquets X, Gomez-
Soriano J, Escriba PV, Taylor J (2015) Oral 2-hydroxyoleic acid
inhibits reflex hypersensitivity and open-field-induced anxiety after
spared nerve injury. Eur J Pain 19:111-122

Bair MJ, Robinson RL, Katon W, Kroenke K (2003) Depression and pain
comorbidity: a literature review. Arch Intern Med 163:2433-2445

Barrot M (2012) Tests and models of nociception and pain in rodent.
Neuroscience 211:39-50

Barthas F, Humo M, Gilsbach R, Waltisperger E, Karatas M, Leman S,
Hein L, Belzung C, Boutillier AL, Barrot M, Yalcin I (2017)
Cingulate overexpression of mitogen-activated protein kinase
phosphatase-1 as a key factor for depression. Biol Psychiatry 82:
370-379

Benbouzid M, Pallage V, Rajalu M, Waltisperger E, Doridot S, Poisbeau
P, Freund-Mercier MJ, Barrot M (2008) Sciatic nerve cuffing in
mice: a model of sustained neuropathic pain. Eur J Pain 12:591-599

Benson C, Mifflin K, Kerr B, Jesudasan SJB, Dursun S, Baker G (2015)
Biogenic amines and the amino acids GABA and glutamate: rela-
tionships with pain and depression. Mod Trends
Pharmacopsychiatry 30:67-79

Berger SL (2007) The complex language of chromatin regulation during
transcription. Nature 447:407—412

Bombholt SF, Mikkelsen JD, Blackburn-Munro G (2005) Normal
hypothalamo-pituitary-adrenal axis function in a rat model of pe-
ripheral neuropathic pain. Brain Res 1044:216-226

Bozzini S, Gambelli P, Boiocchi C, Schirinzi S, Falcone R, Buzzi P, Storti
C, Falcone C (2009) Coronary artery disease and depression: possi-
ble role of brain-derived neurotrophic factor and serotonin transport-
er gene polymorphisms. Int J] Mol Med 24:813-818

Bramham CR, Messaoudi E (2005) BDNF function in adult synaptic
plasticity: the synaptic consolidation hypothesis. Prog Neurobiol
76:99-125

Bravo L, Alba-Delgado C, Torres-Sanchez S, Mico JA, Neto FL,
Berrocoso E (2013) Social stress exacerbates the aversion to painful
experiences in rats exposed to chronic pain: the role of the locus
coeruleus. Pain 154:2014-2023

Bravo L, Torres-Sanchez S, Alba-Delgado C, Mico JA, Berrocoso E
(2014) Pain exacerbates chronic mild stress-induced changes in nor-
adrenergic transmission in rats. Eur Neuropsychopharmacol 24:
996-1003

Bromet E, Andrade LH, Hwang I, Sampson NA, Alonso J, de Girolamo
G, de Graaf R, Demyttenaere K, Hu C, Iwata N, Karam AN, Kaur J,
Kostyuchenko S, Lepine JP, Levinson D, Matschinger H, Mora
MEM, Browne MO, Posada-Villa J, Viana MC, Williams DR,
Kessler R (2011) Cross national epidemiology of DSM-IV major
depressive episode. BMC Med 9:90

Brown JP, Couillard-Després S, Cooper-Kuhn CM, Winkler J, Aigner L,
Kuhn HG (2003) Transient expression of doublecortin during adult
neurogenesis. J Comp Neurol 467:1-10

Briining CA, Martini F, Soares SM, Sampaio TB, Gai BM, Duarte MM,
Nogueira CW (2015) M-Trifluoromethyl-diphenyl diselenide, a
multi-target selenium compound, prevented mechanical allodynia
and depressive-like behavior in a mouse comorbid pain and depres-
sion model. Prog Neuro-Psychopharmacol Biol Psychiatry 63:35-46

Bura AS, Guegan T, Zamanillo D, Vela JM, Maldonado R (2013) Operant
self-administration of a sigma ligand improves nociceptive and emo-
tional manifestations of neuropathic pain. Eur J Pain 17:832-843

Burke NN, Geoghegan E, Kerr DM, Moriarty O, Finn DP, Roche M
(2013a) Altered neuropathic pain behaviour in a rat model of de-
pression is associated with changes in inflammatory gene expression
in the amygdala. Genes Brain Behav 12:705-713

Burke NN, Llorente R, Marco EM, Tong K, Finn DP, Viveros MP, Roche
M (2013b) Maternal deprivation is associated with sex-dependent
alterations in nociceptive behavior and neuroinflammatory media-
tors in the rat following peripheral nerve injury. J Pain 14:1173—
1184

Burke NN, Finn DP, Roche M (2015a) Neuroinflammatory mechanisms
linking pain and depression. Mod Trends Pharmacopsychiatry 30:
36-50

Burke NN, Finn DP, Roche M (2015b) Chronic administration of ami-
triptyline differentially alters neuropathic pain-related behaviour in
the presence and absence of a depressive-like phenotype. Behav
Brain Res 278:193-201

Burri A, Ogata S, Livshits G, Williams F (2015) The association between
chronic widespread musculoskeletal pain, depression and fatigue is
genetically mediated. PLoS One 10:¢0140289

Capuron L, Miller AH (2011) Immune system to brain signaling:
neuropsychopharmacological implications. Pharmacol Ther
130(2):226-238

Caspani O, Reitz MC, Ceci A, Kremer A, Treede RD (2014) Tramadol
reduces anxiety-related and depression-associated behaviors presum-
ably induced by pain in the chronic constriction injury model of neu-
ropathic pain in rats. Pharmacol Biochem Behav 124:290-296

Chiechio S (2016) Modulation of chronic pain by metabotropic glutamate
receptors. Adv Pharmacol 75:63—89

Chiechio S, Copani A, De Petris L, Morales ME, Nicoletti F, Gereau RW
4th (2006) Transcriptional regulation of metabotropic glutamate re-
ceptor 2/3 expression by the NF-kappaB pathway in primary dorsal
root ganglia neurons: a possible mechanism for the analgesic effect
of L-acetylcarnitine. Mol Pain 2:20

Chung G, Kim CY, Yun YC, Yoon SH, Kim MH, Kim YK, Kim SJ
(2017) Upregulation of prefrontal metabotropic glutamate receptor
5 mediates neuropathic pain and negative mood symptoms after
spinal nerve injury in rats. Sci Rep 7:9743

Clark AK, Old EA, Malcangio M (2013) Neuropathic pain and cytokines:
current perspectives. J Pain Res 6:803-814

Conte A, Khan N, Defazio G, Rothwell JC, Berardelli A (2013)
Pathophysiology of somatosensory abnormalities in Parkinson dis-
ease. Nat Rev Neurol 9:687-697

Dantzer R, O'Connor JC, Freund GG, Johnson RW, Kelley KW (2008)
From inflammation to sickness and depression: when the immune
system subjugates the brain. Nat Rev Neurosci 9(1):46-56

del Rey A, Yau HJ, Randolf A, Centeno MV, Wildmann J, Martina M,
Besedovsky HO, Apkarian AV (2011) Chronic neuropathic pain-
like behavior correlates with IL-1[3 expression and disrupts cytokine
interactions in the hippocampus. Pain 152:2827-2835

@ Springer



38

Cell Tissue Res (2019) 377:21-43

Dellarole A, Morton P, Brambilla R, Walters W, Summers S, Bernardes
D, Grilli M, Bethea JR (2014) Neuropathic pain-induced depressive-
like behavior and hippocampal neurogenesis and plasticity are de-
pendent on TNFR1 signaling. Brain Behav Immun 41:65-81

Descalzi G, lkegami D, Ushijima T, Nestler EJ, Zachariou V, Narita M
(2015) Epigenetic mechanisms of chronic pain. Trends Neurosci 38:
237-246

Descalzi G, Mitsi V, Purushothaman I, Gaspari S, Avrampou K, Loh YE,
Shen L, Zachariou V (2017) Neuropathic pain promotes adaptive
changes in gene expression in brain networks involved in stress and
depression. Sci Signal 10. https://doi.org/10.1126/scisignal.aaj1549

Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, Griffin G,
Gibson D, Mandelbaum A, Etinger A, Mechoulam R (1992)
Isolation and structure of a brain constituent that binds to the can-
nabinoid receptor. Science 258:1946-1949

Dimitrov EL, Tsuda MC, Cameron HA, Usdin TB (2014) Anxiety- and
depression-like behavior and impaired neurogenesis evoked by pe-
ripheral neuropathy persist following resolution of prolonged tactile
hypersensitivity. ] Neurosci 34:12304-12312

Donovan MJ, Lin MI, Wiegn P, Ringstedt T, Kraemer R, Hahn R, Wang
S, Ibaiiez CF, Rafii S, Hempstead BL (2000) Brain derived neuro-
trophic factor is an endothelial cell survival factor required for
intramyocardial vessel stabilization. Development 127:4531-4540

Dragunow M, Faull R (1989) The use of c-fos as a metabolic marker in
neuronal pathway tracing. J Neurosci Methods 29:261-265

Duric V, McCarson KE (2006) Effects of analgesic or antidepressant
drugs on pain-or stress-evoked hippocampal and spinal
neurokinin-1 receptor and brain-derived neurotrophic factor gene
expression in the rat. J Pharmacol Exp Ther 319:1235-1243

Duric V, McCarson KE (2007) Neurokinin-1 (NK-1) receptor and brain-
derived neurotrophic factor (BDNF) gene expression is differential-
ly modulated in the rat spinal dorsal horn and hippocampus during
inflammatory pain. Mol Pain 3:32

Ettensohn MF, Markey SM, Levine SP (2018) Considering ketamine for
treatment of comorbid pain, depression, and substance use disorders.
Psychiatr Ann 48:180-183

Feyissa AM, Woolverton WL, Miguel-Hidalgo JJ, Wang Z, Kyle PB,
Hasler G, Stockmeier CA, Iyo AH, Karolewicz B (2010) Elevated
level of metabotropic glutamate receptor 2/3 in the prefrontal cortex
in major depression. Prog Neuro-Psychopharmacol Biol Psychiatry
34:279-283

Fitzgibbon M, Finn DP, Roche M (2015) High times for painful blues: the
endocannabinoid system in pain-depression comorbidity. Int J
Neuropsychopharmacol 19:1-20

Fukuhara K, Ishikawa K, Yasuda S, Kishishita Y, Kim HK, Kakeda T,
Yamamoto M, Norii T, Ishikawa T (2012) Intracerebroventricular 4-
methylcatechol (4-MC) ameliorates chronic pain associated with
depression-like behavior via induction of brain-derived neurotrophic
factor (BDNF). Cell Mol Neurobiol 32:971-977

Gai BM, Bortolatto CF, Briining CA, Zborowski VA, Stein AL, Zeni G,
Nogueira CW (2014) Depression-related behavior and mechanical
allodynia are blocked by 3-(4-fluorophenylselenyl)-2,5-
diphenylselenophene in a mouse model of neuropathic pain induced
by partial sciatic nerve ligation. Neuropharmacology 79:580-589

Galan-Arriero I, Avila-Martin G, Ferrer-Donato A, Gomez-Soriano J,
Bravo-Esteban E, Taylor J (2014) Oral administration of the p38al-
pha MAPK inhibitor, UR13870, inhibits affective pain behavior
after spinal cord injury. Pain 155:2188-2198

Gaoni Y, Mechoulam R (1964) Isolation, structure, and partial synthesis
of an active constituent of hashish. ] Am Chem Soc 86:1646

Gasperi M, Herbert M, Schur E, Buchwald D, Afari N (2017) Genetic and
environmental influences on sleep, pain, and depression symptoms
in a community sample of twins. Psychosom Med 79:646-654

Generaal E, Vogelzangs N, Macfarlane GJ, Geenen R, Smit JH, Penninx
BW, Dekker J (2014) Reduced hypothalamic-pituitary-adrenal axis
activity in chronic multi-site musculoskeletal pain: partly masked by

@ Springer

depressive and anxiety disorders. BMC Musculoskelet Disord 15:
227

Generaal E, Milaneschi Y, Jansen R, Elzinga BM, Dekker J, Penninx BW
(2016) The brain-derived neurotrophic factor pathway, life stress,
and chronic multi-site musculoskeletal pain. Mol Pain 4:12

Goffer Y, Xu D, Eberle SE, D’amour J, Lee M, Tukey D, Froemke RC,
Zift EB, Wang J (2013) Calcium-permeable AMPA receptors in the
nucleus accumbens regulate depression-like behaviors in the chronic
neuropathic pain state. J Neurosci 33:19034-19044

Goldenberg DL, Clauw DJ, Palmer RH, Mease P, Chen W, Gendreau RM
(2010) Durability of therapeutic response to milnacipran treatment
for fibromyalgia. Results of a randomized, double-blind, monother-
apy 6-month extension study. Pain Med 11:180-194

Gongalves L, Silva R, Pinto-Ribeiro F, Pégo JM, Bessa JM, Pertovaara A,
Sousa N, Almeida A (2008) Neuropathic pain is associated with
depressive behaviour and induces neuroplasticity in the amygdala
of the rat. Exp Neurol 213:48-56

Gonzalez-Sepulveda M, Pozo OJ, Marcos J, Valverde O (2016) Chronic
pain causes a persistent anxiety state leading to increased ethanol
intake in CD1 mice. J Psychopharmacol 30:188-203

Gregoire S, Michaud V, Chapuy E, Eschalier A, Ardid D (2012) Study of
emotional and cognitive impairments in mononeuropathic rats: ef-
fect of duloxetine and gabapentin. Pain 153:1657-1663

Grilli M (2017) Chronic pain and adult hippocampal neurogenesis: trans-
lational implications from preclinical studies. J Pain Res 10:2281—
2286

Gui WS, Wei X, Mai CL, Murugan M, Wu LJ, Xin WJ, Zhou LJ, Liu XG
(2016) Interleukin-1 overproduction is a common cause for neu-
ropathic pain, memory deficit, and depression following peripheral
nerve injury in rodents. Mol Pain 12. https://doi.org/10.1177/
1744806916646784

Guiard BP, El Mansari M, Blier P (2009) Prospect of a dopamine contri-
bution in the next generation of antidepressant drugs: the triple re-
uptake inhibitors. Curr Drug Targets 10:1069-1084

Guida F, Luongo L, Marmo F, Romano R, lannotta M, Napolitano F,
Belardo C, Marabese I, D’Aniello A, De Gregorio D, Rossi F,
Piscitelli F, Lattanzi R, de Bartolomeis A, Usicllo A, Di Marzo V,
de Novellis V, Maione S (2015) Palmitoylethanolamide reduces
pain-related behaviors and restores glutamatergic synapses homeo-
stasis in the medial prefrontal cortex of neuropathic mice. Mol Pain
8:47

Haas L, Portela LV, Boehmer AE, Oses JP, Lara DR (2010) Increased
plasma levels of brain derived neurotrophic factor (BDNF) in pa-
tients with fibromyalgia. Neurochem Res 35:830-834

Haase J, Brown E (2015) Integrating the monoamine, neurotrophin and
cytokine hypotheses of depression—a central role for the serotonin
transporter? Pharmacol Ther 147:1-11

Hache G, Coudore F, Gardier AM, Guiard BP (2011) Monoaminergic
antidepressants in the relief of pain: potential therapeutic utility of
triple reuptake inhibitors (TRIs). Pharmaceuticals (Basel) 4:285—
342

Hache G, Guiard BP, Nguyen TH, Quesseveur G, Gardier AM, Peters D,
Munro G, Coudoré F (2015) Antinociceptive activity of the new
triple reuptake inhibitor NS18283 in a mouse model of
chemotherapy-induced neuropathic pain. Eur J Pain 19:322-333

Hanson ND, Owens MJ, Nemeroff CB (2011) Depression, antidepres-
sants, and neurogenesis: a critical reappraisal.
Neuropsychopharmacology 36:2589-2602

Hasnie FS, Breuer J, Parker S, Wallace V, Blackbeard J, Lever I,
Kinchington PR, Dickenson AH, Pheby T, Rice AS (2007) Further
characterization of a rat model of varicella zoster virus-associated
pain: relationship between mechanical hypersensitivity and anxiety-
related behavior, and the influence of analgesic drugs. Neuroscience
144:1495-1508

Héuser W, Arnold B, Eich W, Felde E, Fligge C, Henningsen P,
Herrmann M, Kollner V, Kiihn E, Nutzinger D, Offenbécher M,


https://doi.org/10.1126/scisignal.aaj1549
https://doi.org/10.1177/1744806916646784
https://doi.org/10.1177/1744806916646784

Cell Tissue Res (2019) 377:21-43

39

Schiltenwolf M, Sommer C, Thieme K, Kopp I (2008) Management
of fibromyalgia syndrome—an interdisciplinary evidence-based
guideline. Ger Med Sci 6:Doc14

Hoeftler JP, Habener JF (1990) Characterization of a cyclic AMP regu-
latory element DNA-binding protein. Trends Endocrinol Metab 1:
155-158

Hofer M, Pagliusi SR, Hohn A, Leibrock J, Barde YA (1990) Regional
distribution of brain-derived neurotrophic factor mRNA in the adult
mouse brain. EMBO J 9:2459-2464

Hoffman GE, Smith MS, Verbalis JG (1993) C-Fos and related immediate
early gene products as markers of activity in neuroendocrine sys-
tems. Front Neuroendocrinol 14:173-213

Hosang GM, Shiles C, Tansey KE, McGuffin P, Uher R (2014)
Interaction between stress and the BDNF Val66Met polymorphism
in depression: a systematic review and meta-analysis. BMC Med
12:7

Hu B, Doods H, Treede RD, Ceci A (2009) Depression-like behavior in
rats with mononeuropathy is reduced by the CB2-selective agonist
GW405833. Pain 143:206-212

Hu Y, Yang J, Hu Y, Wang Y, Li W (2010) Amitriptyline rather than
lornoxicam ameliorates neuropathic pain-induced deficits in abilities
of spatial learning and memory. Eur J Anaesthesiol 27:162—-116

Hu C, Yang H, Zhao Y, Chen X, Dong Y, Li L, Dong Y, Cui J, Zhu T,
Zheng P, Lin CS, Dai J (2016) The role of inflammatory cytokines
and ERK1/2 signaling in chronic prostatitis/chronic pelvic pain syn-
drome with related mental health disorders. Sci Rep 6:28608

Ishikawa K, Yasuda S, Fukuhara K, Iwanaga Y, Ida Y, Ishikawa J,
Yamagata H, Ono M, Kakeda T, Ishikawa T (2014) 4-
Methylcatechol prevents derangements of brain-derived neurotroph-
ic factor and TrkB-related signaling in anterior cingulate cortex in
chronic pain with depression-like behavior. Neuroreport 25:226—
232

Ji G, Fu'Y, Ruppert KA, Neugebauer V (2007) Pain-related anxiety-like
behavior requires CRF1 receptors in the amygdala. Mol Pain 3:13

Jiang X, Yan Q, Liu F, Jing C, Ding L, Zhang L, Pang C (2018) Chronic
trans-astaxanthin treatment exerts antihyperalgesic effect and cor-
rects co-morbid depressive like behaviors in mice with chronic pain.
Neurosci Lett 662:36-43

Jo KB, Lee Y], Lee IG, Lee SC, Park JY, Ahn RS (2016) Association of
pain intensity, pain-related disability, and depression with
hypothalamus-pituitary-adrenal axis function in female patients with
chronic temporomandibular disorders. Psychoneuroendocrinology
69:106-115

Kato T, Ide S, Minami M (2016) Pain relief induces dopamine release in
the rat nucleus accumbens during the early but not late phase of
neuropathic pain. Neurosci Lett 629:73—78

Kelly CJ, Huang M, Meltzer H, Martina M (2016) Reduced glutamatergic
currents and dendritic branching of layer 5 pyramidal cells contrib-
ute to medial prefrontal cortex deactivation in a rat model of neuro-
pathic pain. Front Cell Neurosci 10:133

Kilburn-Watt E, Banati RB, Keay KA (2010) Altered thyroid hormones
and behavioural change in a sub-population of rats following chron-
ic constriction injury. J Neuroendocrinol 22:960-970

Kim H, Chen L, Lim G, Sung B, Wang S, McCabe MF, Rusanescu G,
Yang L, Tian Y, Mao J (2012) Brain indoleamine 2,3- dioxygenase
contributes to the comorbidity of pain and depression. J Clin Invest
122:2940-2954

Kodama D, Ono H, Tanabe M (2011) Increased hippocampal glycine
uptake and cognitive dys-function after peripheral nerve injury.
Pain 152:809-817

Koga K, Descalzi G, Chen T, Ko HG, Lu J, Li S, Son J, Kim T, Kwak C,
Huganir RL, Zhao MG, Kaang BK, Collingridge GL, Zhuo M
(2015) Coexistence of two forms of LTP in ACC provides a synaptic
mechanism for the interactions between anxiety and chronic pain.
Neuron 85:377-389

Kontinen VK, Kauppila T, Paananen S, Pertovaara A, Kalso E (1999)
Behavioural measures of depression and anxiety in rats with spinal
nerve ligation-induced neuropathy. Pain 80:341-346

La Porta C, Bura AS, Llorente-Onaindia J, Pastor A, Navarrete F, Garcia-
Gutierrez MS, De la Torre R, Manzanares J, Monfort J, Maldonado
R (2015) Role of the endocannabinoid system in the emotional
manifestations of osteoarthritis pain. Pain 156(10):2001-2012

La Porta C, Lara-Mayorga IM, Negrete R, Maldonado R (2016) Effects of
pregabalin on the nociceptive, emotional and cognitive manifesta-
tions of neuropathic pain in mice. Eur J Pain 20:1454-1466

Le AM, Lee M, Su C, Zou A, Wang J (2014) AMPAkines have novel
analgesic properties in rat models of persistent neuropathic and in-
flammatory pain. Anesthesiology 121:1080-1090

Lebe M, Hasenbring MI, Schmieder K, Jetschke K, Harders A, Epplen
JT, Hoffjan S, Kétting J (2013) Association of serotonin-1A and -2A
receptor promoter polymorphisms with depressive symptoms, func-
tional recovery, and pain in patients 6 months after lumbar disc
surgery. Pain 154:377-438

Lee YH, Choi SJ, Ji JD, Song GG (2012) Candidate gene studies of
fibromyalgia: a systematic review and meta-analysis. Rheumatol
Int 32:417-426

Lehner B, Sandner B, Marschallinger J, Lehner C, Furtner T, Couillard-
Despres S, Rivera FJ, Brockhoff G, Bauer HC, Weidner N, Aigner L
(2011) The dark side of BrdU in neural stem cell biology: detrimen-
tal effects on cell cycle, differentiation and survival. Cell Tissue Res
345:313-328

Leite-Almeida H, Almeida-Torres L, Mesquita AR, Pertovaara A, Sousa
N, Cerqueira JJ, Almeida A (2009) The impact of age on emotional
and cognitive behaviours triggered by experimental neuropathy in
rats. Pain 144:57-65

Leite-Almeida H, Cerqueira JJ, Wei H, Ribeiro-Costa N, Anjos-Martins
H, Sousa N, Pertovaara A, Almeida A (2012) Differential effects of
left/right neuropathy on rats’ anxiety and cognitive behavior. Pain
153:2218-2225

Leite-Almeida H, Pinto-Ribeiro F, Almeida A (2015) Animal models for
the study of comorbid pain and psychiatric disorders. Mod Trends
Pharmacopsychiatry 30:1-21

Lembo A, Zaman M, Jones M, Talley NJ (2007) Influence of genetics on
irritable bowel syndrome, gastro-oesophageal reflux and dyspepsia:
a twin study. Aliment Pharmacol Ther 25:1343—-1350

Lepine JP, Briley M (2004) The epidemiology of pain in depression. Hum
Psychopharmacol 19(Suppl 1):S3-S7

Leventhal L, Smith V, Hornby G, Andree TH, Brandt MR, Rogers KE
(2007) Differential and synergistic effects of selective norepineph-
rine and serotonin reuptake inhibitors in rodent models of pain. J
Pharmacol Exp Ther 320:1178-1185

LiH, Xie H, Liu W, Hu R, Huang B, Tan YF, Xu K, Sheng ZF, Zhou HD,
Wu XP, Luo XH (2009a) A novel microRNA targeting HDACS
regulates osteoblast differentiation in mice and contributes to prima-
ry osteoporosis in humans. J Clin Invest 119:3666-3677

Li TT, Ren WH, Xiao X, Nan J, Cheng LZ, Zhang XH, Zhao ZQ, Zhang
YQ (2009b) NMDA NR2A and NR2B receptors in the rostral an-
terior cingulate cortex contribute to pain-related aversion in male
rats. Pain 146:183-193

LiQ, Yue N, Liu SB, Wang ZF, Mi WL, Jiang JW, Wu GC, Yu J, Wang
YQ (2014) Effects of chronic electroacupuncture on depression-and
anxiety-like behaviors in rats with chronic neuropathic pain. Evid
Based Complement Alternat Med 2014:158987

LiJ, Li Y, Zhang B, Shen X, Zhao H (2016) Why depression and pain
often coexist and mutually reinforce: role of the lateral habenula.
Exp Neurol 284:106-113

Li XM, Meng J, Li LT, Guo T, Yang LK, Shi QX, Li XB, Chen Y, Yang
Q, Zhao JN (2017) Effect of ZBD-2 on chronic pain, depressive-like
behaviors, and recovery of motor function following spinal cord
injury in mice. Behav Brain Res 322:92-99

@ Springer



40

Cell Tissue Res (2019) 377:21-43

Li T, Mamillapalli R, Ding S, Chang H, Liu ZW, Gao XB, Taylor HS
(2018) Endometriosis alters brain electro-physiology, gene expres-
sion and increased pain sensitization, anxiety, and depression in
female mice. Biol Reprod 99:349-359

Liu MG, Chen J (2014) Preclinical research on pain comorbidity with
affective disorders and cognitive deficits: challenges and perspec-
tives. Prog Neurobiol 116:13-32

Liu PK, Liu CH (2016) Epigenetics of amphetamine-induced sensitiza-
tion: HDACS expression and microRNA in neural remodeling. J
Biomed Sci 23:90

Liu SB, Zhao R, Li XS, Guo HJ, Tian Z, Zhang N, Gao GD, Zhao MG
(2014) Attenuation of reserpine-induced pain/depression dyad by
gentiopicroside through downregulation of GIuN2B receptors in
the amygdala of mice. NeuroMolecular Med 16:350-359

Liu D, Tang QQ, Yin C, Song Y, Liu Y, Yang JX, Liu H, Zhang YM, Wu
SY, Song Y, Juarez B, Ding HL, Han MH, Zhang H, Cao JL (2018)
Brain-derived neurotrophic factor-mediated projection-specific reg-
ulation of depressive-like and nociceptive behaviors in the
mesolimbic reward circuitry. Pain 159:175

Lomazzo E, Bindila L, Remmers F, Lerner R, Schwitter C, Hoheisel U,
Lutz B (2015) Therapeutic potential of inhibitors of
endocannabinoid degradation for the treatment of stress-related
hyperalgesia in an animal model of chronic pain.
Neuropsychopharmacol 40:488-501

Lu CL, Herndon C (2017) New roles for neuronal estrogen receptors.
Neurogastroenterol Motil 29. https://doi.org/10.1111/nmo.13121

Luongo L, de Novellis V, Gatta L, Palazzo E, Vita D, Guida F, Giordano
C, Siniscalco D, Marabese I, De Chiaro M, Boccella S, Rossi F,
Maione S (2013) Role of metabotropic glutamate receptor 1 in the
basolateral amygdala-driven prefrontal cortical deactivation in in-
flammatory pain in the rat. Neuropharmacology 66:317-329

M’Dahoma S, Barthélemy S, Tromilin C, Jeanson T, Viguier F, Michot B,
Pezet S, Hamon M, Bourgoin S (2015) Respective pharmacological
features of neuropathic-like pain evoked by intrathecal BDNF ver-
sus sciatic nerve ligation in rats. Eur Neuropsychopharmacol 25:
2118-2130

Maciel IS, Silva RB, Morrone FB, Calixto JB, Campos MM (2013)
Synergistic effects of celecoxib and bupropion in a model of chronic
inflammation-related depression in mice. PLoS One 8:¢77227

Magni G, Andreoli F, Arduino C, Arsie D, Ceccherelli F, Ambrosio F,
Dodi G, Eandi M (1987) Modifications of [3H]imipramine binding
sites in platelets of chronic pain patients treated with mianserin. Pain
30:311-320

Masotti A, Baldassarre A, Guzzo MP, Iannuccelli C, Barbato C, Di
Franco M (2017) Circulating microRNA profiles as liquid biopsies
for the characterization and diagnosis of fibromyalgia syndrome.
Mol Neurobiol 54:7129-7136

Matosin N, Fernandez-Enright F, Frank E, Deng C, Wong J, Huang XF,
Newell KA (2014) Metabotropic glutamate receptor mGluR2/3 and
mGluRS5 binding in the anterior cingulate cortex in psychotic and
nonpsychotic depression, bipolar disorder and schizophrenia: impli-
cations for novel mGluR-based therapeutics. J Psychiatry Neurosci
39:407

Matsuzawa-Yanagida K, Narita M, Nakajima M, Kuzumaki N, Niikura
K, Nozaki H, Takagi T, Tamai E, Hareyama N, Terada M, Yamazaki
M, Suzuki T (2007) Usefulness of antidepressants for improving the
neuropathic pain-like state and pain-induced anxiety through actions
at different brain sites. Neuropsychopharmacology 33:1952-1965

Max MB, Wu T, Atlas SJ, Edwards RR, Haythornthwaite JA, Bollettino
AF, Hipp HS, McKnight CD, Osman IA, Crawford EN, Pao M,
Nejim J, Kingman A, Aisen DC, Scully MA, Keller RB, Goldman
D, Belfer I (2006) A clinical genetic method to identify mechanisms
by which pain causes depression and anxiety. Mol Pain 2:14

Mclntosh AM, Hall LS, Zeng Y, Adams MJ, Gibson J, Wigmore E,
Hagenaars SP, Davies G, Fernandez-Pujals AM, Campbell Al,
Clarke TK, Hayward C, Haley CS, Porteous DJ, Deary 1J, Smith

@ Springer

DJ, Nicholl BI, Hinds DA, Jones AV, Scollen S, Meng W, Smith
BH, Hocking LJ (2016) Genetic and environmental risk for chronic
pain and the contribution of risk variants for major depressive dis-
order: a family-based mixed-model analysis. PLoS Med 13:
¢1002090

Mechoulam R, Ben-Shabat S, Hanus L, Ligumsky M, Kaminski NE,
Schatz AR, Gopher A, Almog S, Martin BR, Compton DR et al
(1995) Identification of an endogenous 2-monoglyceride, present
in canine gut, that binds to cannabinoid receptors. Biochem
Pharmacol 50:83-90

Miller AH, Maletic V, Raison CL (2009) Inflammation and its discon-
tents: the role of cytokines in the pathophysiology of major depres-
sion. Biol Psychiatry 65:732-741

Motaghinejad O, Motaghinejad M, Motevalian M, Rahimi-Sharbaf F,
Beiranvand T (2017) The effect of maternal forced exercise on off-
spring pain perception, motor activity and anxiety disorder: the role
of 5-HT2 and D2 receptors and CREB gene expression. J Exerc
Rehabil 13:514-525

Mutso AA, Radzicki D, Baliki MN, Huang L, Banisadr G, Centeno MV,
Radulovic J, Martina M, Miller RJ, Apkarian AV (2012)
Abnormalities in hippocampal functioning with persistent pain. J
Neurosci 32:5747-5756

Narita M, Kaneko C, Miyoshi K, Nagumo Y, Kuzumaki N, Nakajima M,
Nanjo K, Matsuzawa K, Yamazaki M, Suzuki T (2006a) Chronic
pain induces anxiety with concomitant changes in opioidergic func-
tion in the amygdala. Neuropsychopharmacology 31:739-750

Narita M, Kuzumaki N, Narita M, Kaneko C, Hareyama N, Miyatake M,
Shindo K, Miyoshi K, Nakajima M, Nagumo Y, Sato F, Wachi H,
Seyama Y, Suzuki T (2006b) Chronic pain-induced emotional dys-
function is associated with astrogliosis due to cortical delta-opioid
receptor dysfunction. J Neurochem 97:1369-1378

Nasca C, Xenos D, Barone Y, Caruso A, Scaccianoce S, Matrisciano F,
Battaglia G, Mathé AA, Pittaluga A, Lionetto L, Simmaco M,
Nicoletti F (2013) L-acetylcarnitine causes rapid antidepressant ef-
fects through the epigenetic induction of mGlu2 receptors. Proc Natl
Acad Sci U S A 110:4804-4809

Nascimento FP, Macedo-Junior SJ, Borges FR, Cremonese RP, da Silva
MD, Luiz-Cerutti M, Martins DF, Rodrigues AL, Santos AR (2015)
Thalidomide reduces mechanical hyperalgesia and depressive-like
behavior induced by peripheral nerve crush in mice. Neuroscience
303:51-58

Nielsen CK, Lewis RJ, Alewood D, Drinkwater R, Palant E, Patterson M,
Yaksh TL, McCumber D, Smith MT (2005) Anti-allodynic efficacy
of'the chi-conopeptide, Xen2174, in rats with neuropathic pain. Pain
118:112-124

Norman GJ, Karelina K, Morris JS, Zhang N, Cochran M, DeVries AC
(2010a) Social interaction prevents the development of depressive-
like behavior post nerve injury in mice: a potential role for oxytocin.
Psychosom Med 72:519-526

Norman GJ, Karelina K, Zhang N, Walton JC, Morris JS, Devries AC
(2010b) Stress and IL-13 contribute to the development of
depressive-like behavior following peripheral nerve injury. Mol
Psychiatry 15:404

Northoff G, Sibille E (2014) Why are cortical GABA neurons relevant to
internal focus in depression? A cross-level model linking cellular,
biochemical and neural network findings. Mol Psychiatry 19:966

OrlovaIA, Alexander GM, Qureshi RA, Sacan A, Graziano A, Barrett JE,
Schwartzman RJ, Ajit SK (2011) MicroRNA modulation in com-
plex regional pain syndrome. J Transl Med 9:195

Pamuk ON, Cakir N (2007) The frequency of thyroid antibodies in fibro-
myalgia patients and their relationship with symptoms. Clin
Rheumatol 26:55-59

Pan W, Zhang GF, Li HH, Ji MH, Zhou ZQ, Li KY, Yang JJ (2018)
Ketamine differentially restores diverse alterations of neuroligins
in brain regions in a rat model of neuropathic pain-induced depres-
sion. Neuroreport 29:863


https://doi.org/10.1111/nmo.13121

Cell Tissue Res (2019) 377:21-43

41

Papp M, Klimek V, Willner P (1994) Parallel changes in dopamine D2
receptor binding in limbic forebrain associated with chronic mild
stress-induced anhedonia and its reversal by imipramine.
Psychopharmacology 115:441-446

Pinheiro MB, Ferreira ML, Refshauge K, Colodro-Conde L, Carrillo E,
Hopper JL, Ordonana JR, Ferreira PH (2015) Genetics and the en-
vironment affect the relationship between depression and low back
pain: a co-twin control study of Spanish twins. Pain 156:496-503

Pinheiro MB, Morosoli JJ, Colodro-Conde L, Ferreira PH, Ordofiana JR
(2018) Genetic and environmental influences to low back pain and
symptoms of depression and anxiety: a population-based twin study.
J Psychosom Res 105:92-98

Pittenger C, Duman RS (2008) Stress, depression, and neuroplasticity: a
convergence of mechanisms. Neuropsychopharmacology 33:88—
109

Pitzer C, La Porta C, Treede RD, Tappe-Theodor A (2019) Inflammatory
and neuropathic pain conditions do not primarily evoke anxiety-like
behaviours in C57BL/6 mice. Eur J Pain 23:285-306

Pop VI, Maartens LH, Leusink G, van Son MJ, Knottnerus AA, Ward
AM, Metcalfe R, Weetman AP (1998) Are autoimmune thyroid
dysfunction and depression related? J Clin Endocrinol Metab §3:
3194-3197

Qi WJ, Wang W, Wang N, Wang JY, Luo F (2013) Depressive-like his-
tory alters persistent pain behavior in rats: opposite contribution of
frontal cortex and amygdala implied. Psych J 2:133-145

Reckziegel D, Raschke F, Cottam WJ, Auer DP (2016) Cingulate GABA
levels inversely correlate with the intensity of ongoing chronic knee
osteoarthritis pain. Mol Pain 12. https://doi.org/10.1177/
1744806916650690

Reichborn-Kjennerud T, Stoltenberg C, Tambs K, Roysamb E, Kringlen
E, Torgersen S, Harris JR (2002) Back-neck pain and symptoms of
anxiety and depression: a population-based twin study. Psychol Med
32:1009-1020

Reyes-Gibby CC, Swartz MD, Yu X, Wu X, Yennurajalingam S,
Anderson KO, Spitz MR, Shete S (2013) Symptom clusters of pain,
depressed mood, and fatigue in lung cancer: assessing the role of
cytokine genes. Support Care Cancer 21:3117-3125

Ribeiro LS, Proietti FA (2004) Interrelations between fibromyalgia, thy-
roid autoantibodies, and depression. J Rheumatol 31:2036-2040

Rodriguez-Gaztelumendi A, Rojo ML, Pazos A, Diaz A (2014) An al-
tered spinal serotonergic system contributes to increase thermal
nociception in an animal model of depression. Exp Brain Res 232:
1793-1803

Roeska K, Doods H, Arndt K, Treede RD, Ceci A (2008) Anxiety-like
behaviour in rats with mononeuropathy is reduced by the analgesic
drugs morphine and gabapentin. Pain 139:349-357

Romero-Grimaldi C, Berrocoso E, Alba-Delgado C, Madrigal JL, Perez-
Nievas BG, Leza JC, Mico JA (2015) Stress increases the negative
effects of chronic pain on hippocampal neurogenesis. Anesth Analg
121:1078-1088

Sagheddu C, Aroni S, De Felice M, Lecca S, Luchicchi A, Melis M,
Muntoni AL, Romano R, Palazzo E, Guida F, Maione S, Pistis M
(2015) Enhanced serotonin and mesolimbic dopamine transmissions
in a rat model of neuropathic pain. Neuropharmacology 97:383-393

Sawada A, Niiyama Y, Ataka K, Nagaishi K, Yamakage M, Fujimiya M
(2014) Suppression of bone marrow-derived microglia in the amyg-
dala improves anxiety-like behavior induced by chronic partial sci-
atic nerve ligation in mice. Pain 155:1762-1772

Schroeder M, Krebs MO, Bleich S, Frieling H (2010) Epigenetics and
depression: current challenges and new therapeutic options. Curr
Opin Psychiatry 23:588-592

Sellmeijer J, Mathis V, Hugel S, Li XH, Song Q, Chen QY, Barthas F,
Lutz PE, Karatas M, Luthi A, Veinante P, Aertsen A, Barrot M, Zhuo
M, Yalcin I (2018) Hyperactivity of anterior cingulate cortex areas
24a/24b drives chronic pain-induced anxiodepressive-like conse-
quences. J Neurosci 38:3102-3115

Simon GE (2003) Social and economic burden of mood disorders. Biol
Psychiatry 54:208-215

Skrabek RQ, Galimova L, Ethans K, Perry D (2008) Nabilone for the
treatment of pain in fibromyalgia. J Pain 9:164—173

Sorkin LS, Yaksh TL (2009) Behavioral models of pain states evoked by
physical injury to the peripheral nerve. Neurotherapeutics 6:609—
619

Stoy M, Schlagenhauf F, Sterzer P, Bermpohl F, Hégele C, Suchotzki K,
Schmack K, Wrase J, Ricken R, Knutson B, Adli M, Bauer M,
Heinz A, Stréhle A (2012) Hyporeactivity of ventral striatum to-
wards incentive stimuli in unmedicated depressed patients normal-
izes after treatment with escitalopram. J Psychopharmacol 26:677—
688

Stratinaki M, Varidaki A, Mitsi V, Ghose S, Magida J, Dias C, Russo SJ,
Vialou V, Caldarone BJ, Tamminga CA, Nestler EJ, Zachariou V
(2013) Regulator of G protein signaling is a crucial modulator of
antidepressant drug action in depression and neuropathic pain
models. Proc Natl Acad Sci U S A 110:8254-8259

Su C, D’amour J, Lee M, Lin HY, Manders T, Xu D, Eberle SE, Goffer Y,
Zou AH, Rahman M, Ziff E, Froemke RC, Huang D, Wang J (2015)
Persistent pain alters AMPA receptor subunit levels in the nucleus
accumbens. Mol Brain 8:46

Suzuki T, Amata M, Sakaue G, Nishimura S, Inoue T, Shibata M,
Mashimo T (2007) Experimental neuropathy in mice is associated
with delayed behavioral changes related to anxiety and depression.
Anesth Analg 104:1570-1577

Tateiwa H, Kawano T, Nishigaki A, Yamanaka D, Aoyama B,
Shigematsu-Locatelli M, Eguchi S, Locatelli FM, Yokoyama M
(2018) The role of hippocampal brain-derived neurotrophic factor
in age-related differences in neuropathic pain behavior in rats. Life
Sci 197:56-66

Tran L, Chaloner A, Sawalha AH, Greenwood-Van Meerveld B (2013)
Importance of epigenetic mechanisms in visceral pain induced by
chronic water avoidance stress. Psychoneuroendocrinology 38:898—
906

Tran L, Schulkin J, Ligon CO, Greenwood-Van Meerveld B (2014)
Epigenetic modulation of chronic anxiety and pain by histone
deacetylation. Mol Psychiatry 20:1219-1231

Ulrich-Lai YM, Xie W, Meij JT, Dolgas CM, Yu L, Herman JP (2006)
Limbic and HPA axis function in an animal model of chronic neu-
ropathic pain. Physiol Behav 88:67-76

Urban R, Scherrer G, Goulding EH, Tecott LH, Basbaum A (2011)
Behavioral indices of ongoing pain are largely unchanged in male
mice with tissue or nerve injury-induced mechanical hypersensitiv-
ity. Pain 152:990-1000

van Riezen H, Leonard BE (1990) Effects of psychotropic drugs on the
behavior and neurochemistry of olfactory bulbectomized rats.
Pharmacol Ther 47:21-34

Vinod KY, Xie S, Psychoyos D, Hungund BL, Cooper TB, TejaniButt
SM (2012) Dysfunction in fatty acid amide hydrolase is associated
with depressive-like behavior in Wistar Kyoto rats. PLoS One 7:
€36743

Wallace VC, Blackbeard J, Pheby T, Segerdahl AR, Davies M, Hasnie F,
Hall S, McMahon SB, Rice AS (2007) Pharmacological, behaviour-
al and mechanistic analysis of HIV-1 gp120 induced painful neurop-
athy. Pain 133:47-63

Wang J, Goffer Y, Xu D, Tukey DS, Shamir DB, Eberle SE, Zou AH,
Blanck TJJ, Ziff EB (2011) A single sub-anesthetic dose of ketamine
relieves depression-like behaviors induced by neuropathic pain in
rats. Anesthesiology 115:812-821

Wang GQ, Cen C, Li C, Cao S, Wang N, Zhou Z, Liu XM, Xu Y, Tian
NX, Zhang Y, Wang J, Wang LP, Wang Y (2015) Deactivation of
excitatory neurons in the prelimbic cortex via Cdk5 promotes pain
sensation and anxiety. Nat Commun 6:7660

@ Springer


https://doi.org/10.1177/1744806916650690
https://doi.org/10.1177/1744806916650690

42

Cell Tissue Res (2019) 377:21-43

Wang W, Li C, Cai Y, Pan ZZ (2017) Pain vulnerability and DNA meth-
yltransferase 3a involved in the affective dimension of chronic pain.
Mol Pain 13:1-12

Wei X, Sun Y, Luo F (2017) Impaired spinal glucocorticoid receptor
signaling contributes to the attenuating effect of depression on me-
chanical allodynia and thermal hyperalgesia in rats with neuropathic
pain. Front Cell Neurosci 11:145

White RE, Giffard RG (2012) MicroRNA-320 induces neurite outgrowth
by targeting ARPP-19. Neuroreport 23:590-595

Whiteside GT, Dwyer JM, Harrison JE, Beyer CE, Cummons T, Manzino
L, Mark L, Johnston GH, Strassle BW, Adedoyin A, Lu P, Piesla
MJ, Pulicicchio CM, Erve JC, Platt BJ, Hughes ZA, Rogers KE,
Deecher DC, Trybulski EJ, Kennedy JD, Zhang P, Leventhal L
(2010) WAY-318068: a novel, potent and selective noradrenaline
re-uptake inhibitor with activity in rodent models of pain and de-
pression. Br J Pharmacol 160:1105-1118

Woolridge E, Barton S, Samuel J, Osorio J, Dougherty A, Holdcroft A
(2005) Cannabis use in HIV for pain and other medical symptoms. J
Pain Symptom Manag 29:358-367

World Health Organization (2008) The global burden of disease: 2004
update World Health Organization, Geneva

Wu J, Zhao Z, Sabirzhanov B, Stoica BA, Kumar A, Luo T, Skovira J,
Faden Al (2014) Spinal cord injury causes brain inflammation as-
sociated with cognitive and affective changes: role of cell cycle
pathways. J Neurosci 34:10989-11006

Xie JY, Qu C, Patwardhan A, Ossipov MH, Navratilova E, Becerra L,
Borsook D, Porreca F (2014) Activation of mesocorticolimbic re-
ward circuits for assessment of relief of ongoing pain: a potential
biomarker of efficacy. Pain 155:1659-1666

Xie ZM, Wang XM, Xu N, Wang J, Pan W, Tang XH, Zhou ZQ,
Hashimoto K, Yang JJ (2017) Alterations in the inflammatory cyto-
kines and brain-derived neurotrophic factor contribute to
depression-like phenotype after spared nerve injury: improvement
by ketamine. Sci Rep 7:3124

Xu'Y, Zhang L, Shao T, Ruan L, Wang L, Sun J, Li J, Zhu X, O’Donnell
JM, Pan J (2013) Ferulic acid increases pain threshold and amelio-
rates depression-like behaviors in reserpine-treated mice: behavioral
and neurobiological analyses. Metab Brain Dis 28:571-583

Yalcin I, Tessier LH, Petit-Demouliere N, Doridot S, Hein L, Freund-
Mercier MJ, Barrot M (2009) Beta2-adrenoceptors are essential
for desipramine, venlafaxine or reboxetine action in neuropathic
pain. Neurobiol Dis 33:386-394

Yalcin I, Bohren Y, Waltisperger E, Sage-Ciocca D, Yin JC, Freund-
Mercier MJ, Barrot M (2011) A time-dependent history of mood
disorders in a murine model of neuropathic pain. Biol Psychiatry 70:
946-953

Yalcin I, Barthas F, Barrot M (2014) Emotional consequences of neuro-
pathic pain: insight from preclinical studies. Neurosci Biobehav Rev
47:154-164

Yasuda S, Yoshida M, Yamagata H, Iwanaga Y, Suenaga H, Ishikawa K,
Nakano M, Okuyama S, Furukawa Y, Furukawa S, Ishikawa T
(2014) Imipramine ameliorates pain-related negative emotion via
induction of brain-derived neurotrophic factor. Cell Mol Neurobiol
34:1199-1208

Yu YB, Zuo XL, Zhao QJ, Chen FX, Yang J, Dong YY, Wang P, Li YQ
(2011) Brain-derived neurotrophic factor contributes to abdominal
pain in irritable bowel syndrome. Gut 61:685-694

Zarate C, Machado-Vieira R, Henter I, Ibrahim L, Diazgranados
N, Salvadore G (2010) Glutamatergic modulators: the future
of treating mood disorders? Harv Rev Psychiatry 18:293—
303

@ Springer

Zeng Q, Wang S, Lim G, Yang L, Mao J, Sung B, Chang Y, Lim JA, Guo
G, Mao J (2008) Exacerbated mechanical allodynia in rats with
depression-like behavior. Brain Res 1200:27-38

Zhang MM, Liu SB, Chen T, Koga K, Zhang T, Li YQ, Zhuo M (2014)
Effects of NBOO1 and gabapentin on irritable bowel syndrome-
induced behavioral anxiety and spontaneous pain. Mol Brain 7:47

Zhang Z, Gadotti VM, Chen L, Souza IA, Stemkowski PL, Zamponi GW
(2015) Role of prelimbic GABAergic circuits in sensory and emo-
tional aspects of neuropathic pain. Cell Rep 12:752-759

Zhang GF, Wang J, Han JF, Guo J, Xie ZM, Pan W, Yang JJ, Sun KJ
(2016a) Acute single dose of ketamine relieves mechanical
allodynia and consequent depression-like behaviors in a rat model.
Neurosci Lett 631:7-12

Zhang L, Wang G, Ma J, Liu C, Liu X, Zhan Y, Zhang M (2016b) Brain-
derived neurotrophic factor (BDNF) in the rostral anterior cingulate
cortex (rACC) contributes to neuropathic spontaneous pain-related
aversion via NR2B receptors. Brain Res Bull 127:56-65

Zhang M, Liu Y, Zhao M, Tang W, Wang X, Dong Z, Yu S (2017)
Depression and anxiety behaviour in a rat model of chronic mi-
graine. ] Headache Pain 18:27

Zhao J, Seereeram A, Nassar MA, Levato A, Pezet S, Hathaway G,
Morenilla-Palao C, Stirling C, Fitzgerald M, McMahon SB, Rios
M, Wood JN (2006a) Nociceptor-derived brain-derived neurotroph-
ic factor regulates acute and inflammatory but not neuropathic pain.
Mol Cell Neurosci 31:539-548

Zhao MG, Ko SW, Wu LJ, Toyoda H, Xu H, Quan J, LiJ, Jia Y, Ren M,
Xu ZC, Zhuo M (2006b) Enhanced presynaptic neurotransmitter
release in the anterior cingulate cortex of mice with chronic pain. J
Neurosci 26:8923-8930

Zhao ZQ, Chiechio S, Sun YG, Zhang KH, Zhao CS, Scott M, Johnson
RL, Deneris ES, Renner KJ, Gereau RW 4th, Chen ZF (2007) Mice
lacking central serotonergic neurons show enhanced inflammatory
pain and an impaired analgesic response to antidepressant drugs. J
Neurosci 27:6045-6053

Zhao X, Wang C, Zhang JF, Liu L, Liu AM, Ma Q, Zhou WH, Xu Y
(2014a) Chronic curcumin treatment normalizes depression-like be-
haviors in mice with mononeuropathy: involvement of supraspinal
serotonergic system and GABAA receptor. Psychopharmacology
231:2171-2187

Zhao X, Yu C, Wang C, Zhang JF, Zhou WH, Cui WG, Ye F, Xu Y
(2014b) Chronic resveratrol treatment exerts antihyperalgesic effect
and corrects co-morbid depressive like behaviors in mice with
mononeuropathy: involvement of serotonergic system.
Neuropharmacology 85:131-141

Zhao J, Luo D, Liang Z, Lao L, Rong J (2017) Plant natural product
puerarin ameliorates depressive behaviors and chronic pain in mice
with spared nerve injury (SNI). Mol Neurobiol 54:2801-2812

Zheng J, Jiang YY, Xu LC, Ma LY, Liu FY, Cui S, Cai J, Liao FF, Wan Y,
Yi M (2017) Adult hippocampal neurogenesis along the dorsoven-
tral axis contributes differentially to environmental enrichment com-
bined with voluntary exercise in alleviating chronic inflammatory
pain in mice. J Neurosci 37:4145-4157

Zhao J, Luo D, Liang Z, Lao L, Rong J (2017) Plant Natural Product
Puerarin Ameliorates Depressive Behaviors and Chronic Pain in
Mice with Spared Nerve Injury (SNI). Mol Neurobiol 54:2801—
2812

Zhou W, Dantzer R, Budac DP, Walker AK, Mao-Ying QL, Lee AW,
Heijnen CJ, Kavelaars A (2015) Peripheral indoleamine 2, 3-
dioxygenase 1 is required for comorbid depression-like behavior
but does not contribute to neuropathic pain in mice. Brain Behav
Immun 46:147-153



Cell Tissue Res (2019) 377:21-43 43

Zhu C, Xu Q, Wang C, Mao Z, Lin N (2017) Evidence that CA3 is under- Zussy C, Gomez-Santacana X, Rovira X, De Bundel D, Ferrazzo S,

ling the comorbidity between pain and depression and the co-curation Bosch D, Asede D, Malhaire F, Acher F, Giraldo J, Valjent E,

by Wu-Tou decoction in neuropathic pain. Sci Rep 7:11935 Ehrlich 1, Ferraguti F, Pin JP, Llebaria A, Goudet C (2016)
Zhuo M (2016) Neural mechanisms underlying anxiety—chronic pain Dynamic modulation of inflammatory pain-related affective and

interactions. Trends Neurosci 39:136-145 sensory symptoms by optical control of amygdala metabotropic glu-
Zorumski CF, Izumi Y, Mennerick S (2016) Ketamine: NMDA receptors tamate receptor 4. Mol Psychiatry 23:509-520

and beyond. J Neurosci 36:11158-11164

@ Springer



	The molecular neurobiology of chronic pain–induced depression
	Abstract
	Introduction
	The contribution of genetic and epigenetic modifications
	Genetic modifications
	Epigenetic modifications
	Transcription factors

	The role of neurotransmitters
	Monoamines
	Serotonin
	Norepinephrine
	Dopamine
	Glutamate and GABA
	Glutamate
	Metabotropic glutamate receptors
	α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
	N-methyl-d-aspartate receptors
	Kainate receptors
	GABA
	The endocannabinoid system
	Neurotrophic factors
	Neurogenesis
	Neuroendocrine alterations
	Neuroinflammatory factors
	Conclusion and future directions


	References


