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Despite the increasing knowledge regarding pain modulation, the understanding of the mechanisms behind a
complex and pathologic chronic pain condition is still insufficient. These knowledge gaps might result in ineffec-
tive therapeutic approaches to relieve painful sensations. As a result, severe untreated chronic pain frequently
triggers the onset of new disorders such as depression and/or anxiety, and therefore, both the diagnosis
and treatment of patients suffering from chronic pain become seriously compromised, prompting a self-
perpetuating cycle of symptomatology. The extracellular signal-regulated kinases 1 and 2 (ERK1/2) aremolecules
strongly implicated in the somatic component of pain at the spinal cord level and have been emerging as medi-
ators of the emotional-affective component as well. Although thesemolecules might represent good biomarkers,
their use as pharmacological targets is still open to discussion as paradoxical information has been obtained. Here
we review the current scientific literature regarding ERK1/2 signaling in the modulation of pain, depression and
anxiety, including the emotional-affective spheres of the pain experience.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

The ability to feel pain when something threatens the organism is a
common defense strategy of the body. Thus, feeling pain, in normal con-
ditions, is beneficial. However, for reasons not completely understood,
this alarm may become permanently activated leading to a persistent
and/or prolonged painful state, without any apparent physiological/bio-
logical value. Consequently, it causes a great disability in patients when
performing normal daily tasks. In Europe, chronic pain affects a great
number of individuals (Azevedo et al., 2012; Breivik et al., 2006), with
the inconvenience that their families and the surrounding social
environment are also affected, representing substantial costs to
health-related governmental services (Reid et al., 2011). Unfortunately,
chronic pain treatment is often refractory to many pharmacological
approaches, and therefore, the search for new effective drug targets to
attenuate pain is urgent. Additionally, when patients go through a wide
range of inefficient treatments, some other unpleasant symptoms associ-
ated to the chronic pain condition may emerge, such as depression,
anxiety and self-perceived stress (Aguera et al., 2010; Aguera-Ortiz
et al., 2011; Blackburn-Munro and Blackburn-Munro, 2001; Breivik
et al., 2006; Díaz Cabezas et al., 2009), aggravating the clinical diagnosis
of the patient (Jain et al., 2011) as well as its treatment. Indeed, the
emotional aspect is also implicated in pain sensation, as recognized in
the definition proposed by the International Association for the Study
of Pain, which states that pain is “an unpleasant sensory and emotional
experience associated with actual or potential tissue damage, or
described in terms of such damage”. Such relation is clear when some
patients that are diagnosed with depression, also display altered pain
perception and low tolerance and thresholds to painful stimulation
(Kundermann et al., 2009). Moreover, the diagnosis of depression and
pain disorders in the same patient is common (Bair et al., 2003). So far,
it is recognized that both conditions share common neurobiological
pathways and neurotransmitters (Delgado, 2004; Robinson et al.,
2009), but it is unclear how they are modulated when co-prevalence of
chronic pain and depression occurs. Interestingly, antidepressants have
been prescribed for attenuation of pain associated with neuropathy
(Davis, 2010; Finnerup et al., 2010; Mico et al., 2006; Woolf and
Mannion, 1999). Thus, it is well-defined that chronic pain involves
much more than a simple mechanism and that all its complexity must
be taken in consideration for effective treatment. Moreover, it is not
completely understood whether a causal relationship between pain
and depression/anxiety exists or rather if there is a higher individual pre-
disposition for developing one condition when the other is diagnosed.
These are important reasons for studying new approaches, common
pharmacological targets and neuroanatomical pathways. In this regard,
the expression of activated extracellular signal-regulated kinases 1 and
2 (ERK1/2) has emerged as a valuable and promising molecular
biomarker and target, particularly in encephalic structures implicated
both in pain and pain-associated mood disorders, such as the noradren-
ergic–locus coeruleus system (NA–LC; Alba-Delgado et al., 2013; Borges
et al., 2014).

2. The ERK1/2 cascade

In the last years, the study of intracellular signaling targets as amea-
sure of the cellular processes occurring following specific experimental

conditions has been intense. In the pain field, one of the most well-
known is the mitogen-activated protein kinase (MAPK) superfamily,
which is evolutionarily conserved across species (Ji et al., 2009). Within
this superfamily, ERK1 and ERK2 were the first kinases to be identified.
They have a high similarity, sharing many physiological/biological
functions and being commonly referred together as ERK1/2. These two
kinases are activated together by phosphorylation produced by
upstream MEK1 and MEK2 (MAP/ERK kinases 1 and 2) in the
Ras–Raf–MEK–ERK cascade, as shown in Fig. 1A (Ji et al., 2009). ERK1/
2 are ubiquitously expressed either in the activated (phosphorylated-
pERK1/2) and/or inactivated states. Once activated, pERK1/2 can be
translocated into the nucleus in order to activate, for instance, a wide
range of transcriptional factors, or simply remain in the cytoplasm, regu-
lating other sub-cellular functions (Fig. 1A). The development of specific
antibodies for the detection of phosphorylated isoforms of ERK1/2
represented a huge step for increasing our knowledge regarding the
implication of these kinases in a wide range of experimental conditions.
The most common way of quantifying pERK1/2 expression is by immu-
nohistochemistry, either by counting positive immunoreactive-cells or
by densitometry, or by western blot, through measuring the signal
given by the pERK1/2 bands relatively to that of total ERK1/2 (tERK1/2,
which consists of the total level of ERK1/2 protein independently of the
phosphorylation state). In general, the immunodetection of pERK1/2 in
basal conditions is rare, being practically absent at the spinal cord
while low levels are detected at the supraspinal level. However, strongly
painful stimuli of short duration are able to trigger ERK1/2 activation, at
least at the spinal cord level (Bobrovskaya et al., 2001; Ji et al., 1999). The
immunoreactivity for pERK1/2 can be observed in multiple organelles
and cellular structures, as is the soma, nucleus, axons and dendrites, hav-
ing the advantage of allowing the study of cell morphology (Fig. 1B;
Flood et al., 1998; Koh et al., 2002). In healthy conditions, after exerting
its physiological function, the normal tracking of the ERK1/2 signaling
cascade is dephosphorylation. Several pathological conditions, including
pain syndromes, cancer and depressive disorders, might deregulate the
normal course of the Ras–Raf–MEK–ERK cascade, causing a persistent ac-
tivation or even inactivation of ERK1/2, and, therefore this cascade is an
interesting target for basic and translational research, including for drug
development for therapeutic purposes (Einat et al., 2003; Ma and
Quirion, 2005; Roberts and Der, 2007).

3. ERK1/2 activation as an important signaling pathway in pain

Several pain conditions were shown to induce phosphorylation of
ERK1/2 (Ji et al., 2009) at different levels of the pain processing
pathways, such as the dorsal root ganglia (DRG), spinal cord and some
supraspinal structures (see Table 1). Such phosphorylation is a sign of
activation of intracellular mechanisms, indicating that noxious stimula-
tion triggered this signaling cascade. Moreover, many pain-related
studies have investigated the effects of ERK1/2 inhibitors (see
Table 2), whose main mechanism of action is to prevent the phosphor-
ylation of the ERK 1 and 2 by the upstream kinases, MEK 1 and 2
(Fig. 1A). The main results obtained so far strongly suggest that ERK1/2
may represent a valid therapeutic target in pain conditions (Ciruela
et al., 2003; Ji et al., 2007; Zhang et al., 2005). Additionally, ERK1/2 has
been associated with the affective/emotional component of pain (see
Table 3). Finally, it has also been proposed that ERK1/2 might be
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