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Abstract: The family members of the mitogen-activated protein kinases (MAPK) mediate a wide
variety of cellular behaviors in response to extracellular stimuli. p38 MAPKs are key signaling
molecules in cellular responses to external stresses and regulation of pro-inflammatory cytokines.
Some studies have suggested that p38 MAPK in the region of the nucleus accumbens is involved
in abnormal behavioral responses induced by drugs of abuse. In this review, we discuss the role
of the p38 MAPK in the rewarding effects of drugs of abuse. We also summarize the implication
of p38 MAPK in stress, anxiety, and depression. We opine that p38 MAPK activation is more
closely associated to stress-induced aversive responses rather than drug effects per se, in particular
cocaine. p38 MAPK is only involved in cocaine reward, predominantly when promoted by stress.
Downstream substrates of p38 that may contribute to the p38 MAPK associated-behavioral responses
are proposed. Finally, we suggest p38 MAPK inhibitors as possible therapeutic interventions against
stress-related disorders by potentially increasing resilience against stress and addiction relapse
induced by adverse experiences.

Keywords: p38 MAPK; cocaine; conditioned place preference; reward; stress; anxiety; depression;
nucleus accumbens; social interaction; k opioid receptors

1. Introduction

The mitogen-activated protein kinases (MAPK) superfamily is made up of three majorsignaling
pathways: The extracellular signal-regulated protein kinases (ERKs), the c-Jun N-terminal kinases
or stress-activated protein kinases (JNK/SAPK), and the p38 family of kinases. The MAPK is a
serine/threonine kinase that is activated through phosphorylation by a MAPK kinase (MKK), which is
a “dual-specific” kinase that phosphorylates at both serine/threonine and tyrosine residues within a
threonine/any amino acid/tyrosine (Thr X Tyr) motif, in which the middle amino acid is different for each
MAPK [1]. Enzymes in the p38 MAPK module are subject to dual phosphorylation at the Thr-Gly-Tyr
motif situated within the kinase activation loop and are primarily activated by various environmental
stresses, including heat, osmotic and oxidative stresses, as well as inflammatory cytokines [2] (Figure 1).

p38 MAPK is inactive in the non-phosphorylated state. Dual phosphorylation at Thr-180 and
Tyr-182 residues by either MKK3 or MKK6 induces global conformational reorganizations that modify
the alignment of the C- and N-terminal domains of p38 MAPK, consequently permitting the binding of
ATP and the desired substrate [3–5]. However, selective activation by distinct MKKs has been observed
among p38 isoforms, as evidenced by the inability of MKK3 to effectively activate one isoform of p38,
p38β, while MKK6 is a potent activator [5,6]. MKK4 can also activate p38 in vitro or when co-expressed
with p38 in cultured cells, although reported as a non-physiologic activator of p38 [2]. Phosphorylated
p38 MAPK (pp38) can activate a wide range of substrates. These include transcription factors such
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as ATF2, CCAAT/enhancer-binding protein-homologous protein (CHOP), and myocyte enhancer
factor 2C (MEF2C), as well as protein kinases such as the MAPK-activated protein (MAPKAP)-2, and
cytosolic and nuclear proteins such as Cdc25 and Glycogen synthase (GS) [2,5]. Duration of signaling
is controlled by phosphatases, including protein phosphatase 1, protein phosphatase 2A, or MAPK
phosphatases [5]. Phosphorylated substrates go on to elicit varied biological responses that include
inflammation, apoptosis, proliferation, cell-cycle regulation, and differentiation [5,7]. The growing
list of specific downstream targets and various activation modes of the p38 MAPK pathway raise a
possibility of the functional diversity of each p38 MAPK isoform [7]. Four different genes encoding p38
MAPK isoforms (p38α, p38β, p38γ, p38δ) with > 60% overall sequence homology and > 90% identity
within the kinase domains have been described in human tissues [2]. Of these, p38α and p38β are
ubiquitously expressed while p38γ and p38δ are differentially expressed depending on tissue type [6].
Generally, p38α and p38β are highly expressed in the brain with p38α being mainly expressed in
neuronal cells and p38β being highly expressed in both neuronal and glial cells [7]. At the subcellular
level, p38α is distributed in dendrites, in cytoplasmic and nuclear regions of the cell body of neurons,
in contrast to p38β that is preferentially expressed in the nucleus of neurons [7].
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Figure 1. Schematic representation of the p38 mitogen-activated protein kinases (MAPK) signaling 
pathway. A variety of extracellular signals, such as cellular stress and cytokines, can activate the p38 
MAPK pathway. This leads to the initiation of MAPK phosphorylation cascade, in which MAPKKK 
phosphorylate the p38 MAPK-specific MAPKKs MKK3, MKK4, or MKK6. Subsequently, the four 
isoforms of p38 MAPK (α, β, δ, and γ) are phosphorylated, thereby activating various p38 MAPK 
substrates. Substrates can be transcription factors such as ATF2, CHOP, and MEF2C, protein kinases 
such as (MAPKAP)-2 as well as other proteins such as Cdc25 and GS. Phosphorylated substrates go 
on to elicit varied biological responses. The duration of signaling is controlled by phosphatases such 
as protein phosphatase 1; protein phosphatase 2A or MAPK phosphatase. Abbreviations: CHOP, 
CCAAT/enhancer-binding protein-homologous protein; MEF2C, myocyte enhancer factor 2C; 
(MAPKAP)-2, MAPK-activated protein; GS, Glycogen synthase. 
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Figure 1. Schematic representation of the p38 mitogen-activated protein kinases (MAPK) signaling
pathway. A variety of extracellular signals, such as cellular stress and cytokines, can activate the p38
MAPK pathway. This leads to the initiation of MAPK phosphorylation cascade, in which MAPKKK
phosphorylate the p38 MAPK-specific MAPKKs MKK3, MKK4, or MKK6. Subsequently, the four
isoforms of p38 MAPK (α, β, δ, and γ) are phosphorylated, thereby activating various p38 MAPK
substrates. Substrates can be transcription factors such as ATF2, CHOP, and MEF2C, protein kinases
such as (MAPKAP)-2 as well as other proteins such as Cdc25 and GS. Phosphorylated substrates
go on to elicit varied biological responses. The duration of signaling is controlled by phosphatases
such as protein phosphatase 1; protein phosphatase 2A or MAPK phosphatase. Abbreviations:
CHOP, CCAAT/enhancer-binding protein-homologous protein; MEF2C, myocyte enhancer factor 2C;
(MAPKAP)-2, MAPK-activated protein; GS, Glycogen synthase.

The pyridinylimidazole compounds, represented by SB203580, were initially seen as inflammatory
cytokine synthesis inhibitors [8,9]. Subsequently, they were found to be selective inhibitors of p38
MAPK [8,9]. SB203580 inhibits the catalytic activity of p38 MAPK by competitive binding at the ATP
binding site of the kinase [8,10]. MAPK inhibitors appear to be a therapeutic strategy in several disease
models, particularly inflammatory disorders, due to their capability to reduce the synthesis and the
signaling of pro-inflammatory cytokines [11]. This review discusses the role of p38 MAPK in the
rewarding effects of drugs of abuse, as well as in stress-related behaviors.
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2. Role of p38 MAPK in the Rewarding Effects of Drugs of Abuse

Environmental stimuli associated with drugs of abuse motivate animals to “prefer” the contexts
associated with drug intake and to spend more time in these contexts. Such an approach, known as
conditioned place preference (CPP), is widely used for evaluating the rewarding effects of drugs [12,13].
During CPP, the animal is “conditioned” in an experimental apparatus consisting of at least two
compartments that have distinct visual and tactile cues. The animal can be injected with the drug in
one compartment and with saline in the other compartment. The neutral environment associated with
the drug acquires secondary motivational properties, such that it can act as a conditioned stimulus
when the animal is subsequently exposed to this environment again [14]. During the test, the animal
can “choose” the compartment in which it prefers to spend more time. If the drug has rewarding
properties, the animal will “prefer” to spend more time in the compartment previously associated with
the drug (Figure 2).
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Figure 2. conditioned place preference (CPP). In the pre-conditioning day or baseline test, animals
(such as mice) are allowed to freely explore the entire apparatus. The time that mice spend in each
compartment is recorded to show the natural preference of animals. During conditioning, mice are
randomly assigned to their drug and saline training compartments for the training sessions. Conditioned
preference is assessed by allowing the mice to roam freely in all the compartments and recording the
time spent in each. When the p38 MAPK inhibitor, SB203580, is injected before DRUG conditioning
(the stimulus), the effects of p38 inhibition on CPP acquisition are investigated. Likewise, when
SB203580 is injected before the CPP test, the effects of p38 inhibition on CPP expression are explored.
After the CPP expression, mice can undergo extinction of CPP, during which they are conditioned
repeatedly to saline in both compartments. By conditioning the animals with saline in their previous
DRUG-associated compartment, mice progressively lose their preference to the compartment associated
to the DRUG. When the animals reach the extinction criteria, which is checked by an extinction test,
they can be tested for reinstatement of CPP. Reinstatement can be induced by an exposure to stress
(stress-induced reinstatement of CPP) or also, by an exposure to a priming injection of the DRUG
(drug-induced reinstatement). Place preference during reinstatement of CPP is again determined by
allowing the mice to freely explore all the compartments of CPP.

The nucleus accumbens (NAc) is a critical element of the mesocorticolimbic system which has
a well-established role in mediating the rewarding effects of drugs of abuse [15]. Gerdjikov et al.
tested the hypothesis that the inhibition of MAPKs would inhibit the acquisition of NAc amphetamine
CPP. They showed that NAc injections of the ERK inhibitor PD98059 or the p38 kinase inhibitor
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SB203580 dose-dependently impaired CPP, but not the JNK inhibitor SP600125 [16]. These results
suggest that ERK and p38, but not JNK, MAPKs may be necessary for the establishment of NAc
amphetamine-produced CPP [16]. Moreover, Zhang et al. showed that repeated morphine treatment
induced the acquisition of CPP and increased the phosphorylation of p38 in the NAc [17]. Consistently,
the microinjection of the p38 inhibitor SB203580 into the NAc prior to the administration of morphine
prevented the acquisition of CPP and inhibited the activation of p38, thereby indicating that the
activation of p38 in the NAc may be necessary for morphine CPP [17]. The same group also found that,
following 5 days of morphine treatment, p38 activation was induced in the NAc microglia but not in
astrocytes or neurons [18]. They reported that the bilateral microinjection of minocycline, a putative
inhibitor of microglia, or SB203580, a selective p38 MAPK inhibitor, into the NAc before each morphine
treatment for five days impaired the acquisition of morphine CPP and suppressed the activation of
p38 signaling in the microglia induced by morphine treatment [18]. Following the acquisition of
morphine CPP, a single minocycline or SB203580 injection failed to block the expression of morphine
CPP [18]. Thus, based on these studies, it appears that p38 signaling in the NAc microglia may play
an important role in the acquisition but not the expression of morphine CPP [18]. Therefore, it has
been proposed that p38 MAPK in the NAc is involved in abnormal behavioral responses induced by
drugs of abuse [17]. Later, another study also showed that intraperitoneal (i.p.) injections of SB203580
dampened the acquisition of morphine-induced CPP in mice and reduced the phosphorylation of p38
MAPK in the NAc of morphine CPP mice [19].

The effect of p38 MAPK inhibition on cocaine-induced behaviors, such as the acquisition and
expression of CPP, was also investigated. The expression of cocaine CPP was specifically blocked
by i.p. SB203580 when injected on the post-conditioning test day [20]. By contrast, morphine CPP
was not affected by i.p. SB203580 [20]. Thus, in line with previous studies, i.p. inhibition of p38
failed to block the expression of CPP to morphine. On the other hand, studies that performed
intracerebroventricular (icv) injections of SB203580 before cocaine training found no effect on cocaine
CPP [21,22]. Consistently, the deletion of p38α in the serotonergic neurons of the dorsal raphe
nucleus (DRN) [23] or the conditional knock-out of p38α MAPK in the dopaminergic neurons of
the ventral tegmental area (VTA) [24] does not affect cocaine CPP, suggesting that the deletion of
p38α does not alter the associative learning required for place preference or the rewarding properties
of cocaine. Interestingly, serotonergic p38α MAPK deletion blocked the reinstatement of cocaine
preference induced by stress, but not by cocaine priming, thereby showing that serotonergic p38α
MAPK deletion selectively alters only the stress-induced modulation of cocaine-seeking behaviors [23].
Table 1 summarizes the studies investigating p38 MAPK blockade on drug reward.

Similarly to drugs of abuse, rats acquire and express CPP for natural reward such as social
interaction [25–31]. In general, social reward CPP is assessed by placing the rats during half the
conditioning sessions into a compartment of the CPP with their assigned social partner, and during the
other half of the sessions alone into the other compartment of the CPP [26–28,32]. We and others [33]
perform social interaction reward CPP by pairing one compartment with a sex- and weight-matched
male conspecific preceded by an i.p. injection of saline for 15 min and the other compartment with
saline only [32]. Animals that spent more time in the social interaction-paired compartment than in
the saline-paired compartment during the CPP test expressed preference for social interaction. When
comparing social interaction CPP to cocaine CPP, almost the same brain regions were activated [31].
However, parts of the insular cortex, namely the granular insular cortex and the dorsal part of the
agranular insular cortex, were more activated after cocaine CPP, whereas the prelimbic cortex and the
core sub-region of the NAc were more activated after social interaction CPP [31]. Given that p38 MAPK
activation was reported to be increased after morphine CPP, we assessed the expression of p38 MAPK
activation in the NAc shell and core sub-regions at different time points after cocaine CPP and compared
it to social interaction CPP [34]. It was expected that cocaine CPP would enhance the activation of
p38 in the NAc as compared to social interaction CPP and to control rats that received saline in both
compartments of the CPP. However, we found that control rats and cocaine CPP expressing rats
showed similarly enhanced p38 activation compared to naïve untreated and social interaction CPP
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rats. Furthermore, 24 h after social interaction CPP, pp38 neuronal levels in the NAc shell decreased to
the level of naïve untreated rats with pp38 expressed mainly in neurons (92%) (Figure 3).

Table 1. Summary of the findings describing the role of p38 MAPK in drug reward.

Drug P38 Blockade Results References

Amphetamine SB203580 into the NAc impaired amphetamine conditioned place
preference (CPP) [16]

Morphine SB203580 into the NAc prevented the acquisition but not the
expression of morphine CPP [17,18]

Morphine SB203580 i.p. dampened the acquisition of
morphine-induced CPP [19]

Morphine SB203580 i.p. failed to block the expression of morphine CPP [20]
Cocaine SB203580 i.p. blocked the expression of cocaine CPP [20]
Cocaine SB203580 icv did not affect acquisition to cocaine CPP [21,22]

Cocaine deletion of p38α MAPK in the
serotonergic neurons did not affect cocaine CPP [23]

Cocaine conditional knock-out of p38α
MAPK in the dopaminergic neurons did not affect cocaine CPP [24]

Cocaine serotonergic p38α MAPK deletion blocked the reinstatement of cocaine preference
induced by stress [23]

Cocaine serotonergic p38α MAPK deletion did not affect the reinstatement of cocaine
preference induced by cocaine priming [23]
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Figure 3. pp38 expression in the NAc shell 24 h after the cocaine CPP test [34]. Social interaction CPP
decrease p38 MAPK activation to the levels of naïve untreated rats. Control rats receiving saline in
both compartment of CPP and cocaine CPP expressing rats show similar increased levels of pp38
as compared to naïve untreated and social CPP expressing rats. Statistical test: one-way analysis
of variance followed by Tukey’s post hoc test. * p < 0.05, different from saline control; ++ p < 0.01,
+++ p< 0.001 different from naïve; ## p< 0.01 different from cocaine CPP.

As p38 plays a role in stress and anxiety behaviors that will be detailed in the coming section,
these results suggest that: First, cocaine treatment per se does not induce p38 activation as control rats
and cocaine CPP-expressing rats show the same levels of pp38 in the NAc shell. Second, marginal
stress such as injecting animals with saline and placing them into the CPP apparatus is sufficient to
induce p38 activation in the NAc shell. In fact, compared to naïve untreated animals, control rats
receiving saline injections in both compartments of the CPP, expressed significantly higher levels
of activated p38 in the NAc shell. Finally, social interaction reward has anti-stress effects as social
interaction-expressing CPP rats show levels of pp38 similarly to naïve untreated rats [34]. Indeed,
rats receiving corticotropin-releasing factor (CRF) icv injections before cocaine conditioning showed
an increase in cocaine CPP, whereas those receiving icv injections of the non-selective antagonist
alpha-helical CRF (α CRF) showed a decrease in cocaine CPP [22]. Remarkably, when social interaction
was made available in the alternative compartment, CRF-induced increase of cocaine preference was
reversed completely to the level of rats receiving cocaine paired with α CRF. This reversal of cocaine
preference was also paralleled by a reversal in altered behavioral sequencing of grooming, considered
as a marker of stress [35] and by a CRF-induced increase of p38 MAPK expression in the NAc shell [22]
(Figure 4). These results show that the modulation of the CRF system has a direct impact on p38
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MAPK expression in the NAc shell, as p38 MAPK expression was increased after icv CRF injections
prior to each cocaine conditioning and was decreased after icv injections of α CRF prior to each
cocaine conditioning [22]- Figure 4. Accordingly, p38 is considered to be more closely related to stress
modulation than to cocaine treatment. Indeed, CRF was reported to induce dynorphin-dependent
k opioid receptor (KOR) activation in the NAc [36] with p38 being an important mediator of the
KOR-dependent aversive properties of stress [21,37].Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 7 of 15 
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We propose that the anti-stress effects of social interaction might be mediated by the KOR system 
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Figure 4. Effects of intracerebroventricular (icv) injections of vehicle, corticotropin-releasing factor
(CRF), and alpha-helical CRF (α CRF) on (a) cocaine preference; on (b) associated percentage of incorrect
transitions and on (c) associated p38 expression in the NAc shell [22]. Preference score is the time that
the rat spent in the stimulus-associated compartment during the test-pretest. CRF+ [social] is a group
of rats conditioned with cocaine that received icv injections of CRF prior to cocaine conditioning but
also had the opportunity to social interaction in the alternative compartment of the CPP. The incorrect
transitions of cephalocaudal grooming progression were evaluated during the test session of CPP for
each treatment condition. Statistical test: one-way analysis of variance followed by Tukey’s post hoc
test. α CRF, alpha-helical CRF; VEH, vehicle * p < 0.05, ** p < 0.01, *** p < 0.001 different from VEH;
### p < 0.001, different from CRF.

We propose that the anti-stress effects of social interaction might be mediated by the KOR system
in the ventral NAc shell, which was previously shown to drive aversion via KOR activation [38]
through a decrease in the activation of p38 MAPK [34]. In parallel, we additionally propose that the
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rewarding effects of social interaction might be mediated by the KOR system in the dorsal NAc shell,
which has also previously been shown to drive preference/reward via KOR activation [38] through an
increase in ERK.

3. Role of p38 MAPK in Stress, Anxiety, and Depression

Sustained stressful experience can lead to maladaptive responses, including clinical depression,
anxiety, and an increased risk for drug addiction [39,40]. After stress exposure, p38 MAPK is generally
activated in different brain regions (Table 2). Repeated forced swim stress activated p38 MAPK in the
cortex, the hippocampus, and the NAc [21], which decreased significantly following a pretreatment with
SB203580 before bouts of forced swimming [21]. pp38 levels were also increased in the prefrontal cortex
(PFC) after cold exposure [41], in the hippocampus after enhanced single prolonged stress [42] and in the
DRN after social defeat stress [23]. Additionally, a significant positive correlation was found between
early life stress and the percentage of monocytes staining positive for pp38 [43]. Neuro-inflammation, in
response to bacterial endotoxin lipopolysaccharide (LPS)-induced depressive-like behaviors, has been
reported to be accompanied by increased levels of pp38 in the habenula [44]. Both the p38 inhibitor
SB203580 and the anti-depressant fluoxetine normalized the changes in p38 phosphorylation and
reversed the depressive-like behaviors [44]. Interestingly, the depletion of neuronal p38α in mice
resulted specifically in increased anxiety-related behaviors without affecting learning and memory
processes or motor coordination and muscle function [45].

Table 2. Summary of the findings reporting the activation p38 MAPK after CPP to drugs and exposure
to stress.

Stimuli/Protocol Regions Animals References

morphine CPP NAc
rats [17,18]
mice [19]

repeated forced swim stress cortex, hippocampus, NAc mice [21]
cold exposure PFC rats [41]

enhanced single prolonged stress hippocampus rats [42]
social defeat stress dorsal raphe nucleus (DRN) mice [23]

early life stress monocytes staining for pp38 monkeys [43]
bacterial endotoxin LPS habenula rats [44]

p38 activation appears to be an important mediator of KOR-induced aversive stress effects
through G-protein-coupled receptor kinase 3 (GRK3)/β-arrestin, a KOR-associated protein, dependent
mechanisms [21,37]. Inhibition of p38 MAPK was found to block stress-induced behavioral responses,
including aversive responses to the KOR agonist U50, 488 [21,46]. Importantly, cell-specific deletion of
p38α MAPK in serotonergic neurons blocked stress-induced aversion [23]. These effects seem to be
regulated by KOR as KOR knockout (KO) mice did not develop conditioned place aversion (CPA) to
U50,488; however, re-expression of KOR in the serotonergic neurons of the DRN or in the dopaminergic
neurons of the VTA of KOR KO mice activated p38 and restored place aversion [24,47].

One possible mechanism encoding the behavior responses to stress is a change in gene expression
downstream to p38 [21]. One candidate is zif268, whose induction is p38-dependent [21] and has
previously shown to be a direct downstream target of p38 [48]. Indeed, multiple swim stress exposure
has been reported to cause a significant up-regulation of zif268 in the striatum only in wild type but not
in KOR(−/−) mice [21]. SB203580 had an inhibitory effect on zif268 induced by stress, suggesting that
this immediate early gene may be involved in the aversive responses to KOR activation [21]. Another
possible substrate of pp38 that may contribute to the behavioral responses is the serotonin transporter
(SERT). In fact, p38 MAPK activation has been reported to regulate the activity of SERT in vitro [49,50].
Evidence of an in vivo relationship between activation of p38 MAPK signaling pathways and central
serotonin function/metabolism was described by [43]. They found a significant negative correlation
between the percentage of monocytes staining positive for intracellular pp38 and CSF concentrations
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of the serotonin metabolite 5-HIAA in non-human primates [43]. Thus, the activation of the p38
pathway would be expected to decrease synaptic availability of serotonin and to reduce the serotonin
metabolites by increasing SERT expression/activity [43]. Further evidence was provided in mice
demonstrating that SERT activity in nerve terminals of serotonergic neurons is positively modulated
in a p38α dependent manner [23]. Stress-induced p38α MAPK caused translocation of SERT to the
plasma membrane in the brain, thereby increasing the rate of transmitter uptake at serotonergic nerve
terminals and inducing a hypo-serotonergic state that underlies depression-like and drug-seeking
behaviors [23]. In line with these findings, cytokine induction by LPS produced SERT activation and
behavioral despair, both requiring p38 MAPK pathway activation [51]. In mice exhibiting a selective
elimination of p38α MAPK in serotonergic neurons, LPS failed to elevate brain SERT activity despite
normal peripheral stress responses [52]. Moreover, p38α MAPK excision in serotonergic neurons
resulted in behavioral resilience to anxiety and depression-like behaviors [52]. Thus, p38 activation
can stimulate the expression of SERT, which is used as a major pharmacological target for depression
treatment [44]. A third possible candidate could involve the modulation of proteins related to synaptic
plasticity, such as AMPA receptors. p38 MAPK signaling has been shown to be an important mediator
of AMPA receptor surface trafficking during synaptic plasticity in which activation of p38 MAPK may
lead to synaptic removal of surface AMPA receptors [53,54]. Generally, compounds which augment
signaling through AMPA receptors exhibit antidepressant-like behavioral effects in animal models [55].
For example, the antidepressant fluoxetine has been found to alter AMPA receptor phosphorylation in
a manner that is expected to increase AMPA receptor signaling [55]. Therefore, it is possible that a
decrease in the surface expression of AMPA receptors contributes to the behavioral responses associated
to p38 MAPK. One additional target of p38 relevant to depression could involve the glucocorticoid
receptor (GR). It was reported that GR function is reduced in patients with major depression [56].
p38 signaling pathways have been shown to be implicated in the inhibition of GR function. Indeed,
activation of p38 MAPK has been demonstrated to disrupt transactivation of the GR [57], leading
potentially to glucocorticoid resistance or decreased responsiveness to glucocorticoids, a primary
feature of major depression [58]. Therefore, SB203580 through inhibition of p38 MAPK could recover
the normal functioning of GR and alleviate the glucocorticoid resistance underlying depression [44].
Figure 5 summarizes the possible substrates that may contribute to the behavioral responses associated
to p38 MAPK.

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 9 of 15 

 

thereby increasing the rate of transmitter uptake at serotonergic nerve terminals and inducing a 
hypo-serotonergic state that underlies depression-like and drug-seeking behaviors [23]. In line with 
these findings, cytokine induction by LPS produced SERT activation and behavioral despair, both 
requiring p38 MAPK pathway activation [51]. In mice exhibiting a selective elimination of p38α 
MAPK in serotonergic neurons, LPS failed to elevate brain SERT activity despite normal peripheral 
stress responses [52]. Moreover, p38α MAPK excision in serotonergic neurons resulted in behavioral 
resilience to anxiety and depression-like behaviors [52]. Thus, p38 activation can stimulate the 
expression of SERT, which is used as a major pharmacological target for depression treatment [44]. 
A third possible candidate could involve the modulation of proteins related to synaptic plasticity, 
such as AMPA receptors. p38 MAPK signaling has been shown to be an important mediator of AMPA 
receptor surface trafficking during synaptic plasticity in which activation of p38 MAPK may lead to 
synaptic removal of surface AMPA receptors [53,54]. Generally, compounds which augment 
signaling through AMPA receptors exhibit antidepressant-like behavioral effects in animal models 
[55]. For example, the antidepressant fluoxetine has been found to alter AMPA receptor 
phosphorylation in a manner that is expected to increase AMPA receptor signaling [55]. Therefore, it 
is possible that a decrease in the surface expression of AMPA receptors contributes to the behavioral 
responses associated to p38 MAPK. One additional target of p38 relevant to depression could involve 
the glucocorticoid receptor (GR). It was reported that GR function is reduced in patients with major 
depression [56]. p38 signaling pathways have been shown to be implicated in the inhibition of GR 
function. Indeed, activation of p38 MAPK has been demonstrated to disrupt transactivation of the 
GR [57], leading potentially to glucocorticoid resistance or decreased responsiveness to 
glucocorticoids, a primary feature of major depression [58]. Therefore, SB203580 through inhibition 
of p38 MAPK could recover the normal functioning of GR and alleviate the glucocorticoid resistance 
underlying depression [44]. Figure 5 summarizes the possible substrates that may contribute to the 
behavioral responses associated to p38 MAPK.  

 

Figure 5. Arrestin-dependent signaling events result in p38 MAPK activation and subsequent 
dysphoric behavioral responses. Possible substrates encoding the behavior responses to stress 
downstream to p38 comprises changes in gene expression such as zif268, in serotonin transporter 
expression/activity, in glucocorticoid receptor function and modulation of proteins related to synaptic 
plasticity, such as AMPA receptors. 

4. Conclusion 

It is unclear why p38 MAPK is merely involved in the expression of cocaine CPP when the 
inhibitor is administered before the post-conditioning test in a drug-free state [20], i.e., when the 

Figure 5. Arrestin-dependent signaling events result in p38 MAPK activation and subsequent dysphoric
behavioral responses. Possible substrates encoding the behavior responses to stress downstream to
p38 comprises changes in gene expression such as zif268, in serotonin transporter expression/activity,
in glucocorticoid receptor function and modulation of proteins related to synaptic plasticity, such as
AMPA receptors.
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4. Conclusions

It is unclear why p38 MAPK is merely involved in the expression of cocaine CPP when the
inhibitor is administered before the post-conditioning test in a drug-free state [20], i.e., when the
animals encounter drug-associated cues, but not in the learning required for the rewarding properties of
cocaine. It was previously observed that KOR activation before the presentation of cocaine-associated
cues enhances approach behaviors to those cues [59], possibly via activation of p38 signaling pathway.
This potentiation of cocaine CPP by KOR activation does not result from an enhancement of associative
learning mechanisms, as KOR activation only occurred before the final preference test after the
associative learning phases were already complete. Conversely, the inhibition of p38 signaling only
after the post-conditioning test might reduce the rewarding value of cocaine-associated contexts. More
studies are needed to emphasize this possibility, in particular because expression of cocaine CPP did
not increase the levels of pp38 in the regions of NAc core or NAc shell [34]. Yet, the study by [20]
suggested that p38 MAPK-mediated norepinephrine transporter (NET) up-regulation is linked to
cocaine-induced CPP.

It appears that p38 MAPK activation is more closely associated to stress-induced aversive responses
rather than drug effects per se. Mostly, studies show that p38 MAPK activation is only involved in
cocaine reward, predominantly when promoted by stress. However, it remains open to discussion how
p38 MAPK is implicated in CPP morphine acquisition. The first explanation could be that morphine
might activate KOR as well as µ opioid receptors (MOR). Indeed, it has been reported that morphine
is weakly selective to the MOR and possesses affinity to δ opioid receptors (DOR) and KORs [60,61].
This explanation is further supported by the fact that naloxone, a non-selective opioid antagonist, could
block the acquisition of morphine CPP [62]. However, the rewarding effects of morphine are abolished
in MOR-deficient animals [63], thereby showing that MOR gene product is the molecular target of
morphine in vivo. In addition, the k-opioid antagonist nor-binaltorphimine did not affect morphine
CPP [64]. Remarkably, it appears that DORs, rather than KORs, are implicated in the acquisition of
morphine reward; as the administration of the selective delta-2-opioid receptor antagonist naltriben
prior to morphine was able to block morphine-induced CPP [65], suggesting that this first explanation is
unlikely to occur. The second explanation might be that opioid receptor-mediated p38 phosphorylation
has also been demonstrated for MORs [66]. MOR opioids could to some extent induce activation of
p38 [67,68]. It is therefore plausible that inhibition of p38 signaling during morphine training could
abolish acquisition but not before the post-conditioning test, after that morphine acquisition was
already established.

In conclusion, understanding the molecular and cellular mechanisms that control stress-induced
behaviors could explain the neurobiological mechanisms involved in depression and addiction-like
behaviors and provides insight to potential therapeutic targets. Emerging evidence demonstrates
a role for p38 MAPK in depression, anxiety, and addiction relapse induced by stress. Targeting the
p38 MAPK pathway for therapeutic advantage might appear standard, given the broad range of
pathologies in which this pathway is implicated. However, the pathology-specific functions and targets
of p38 MAPK together with its interaction with other intracellular regulatory pathways initiates many
challenges to exploiting this pathway for therapeutic benefit [5]. Indeed, p38 MAPK inhibitors have
been studied extensively in both preclinical experiments and clinical trials for inflammatory diseases.
Here, we opine that p38 MAPK inhibitors are of growing interest as possible therapeutic interventions
against stress-related disorders by potentially increasing resilience against stress and addiction relapse
induced by adverse experiences.
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Abbreviations

ERK Extracellular signal-regulated protein kinases
JNK c-Jun N-terminal kinases
MAPK Mitogen-activated protein kinases
MKK MAP kinase kinase
NET Norepinephrine transporter
pp38 Phosphorylated p38
CHOP CCAAT/enhancer-binding protein-homologous protein
MAPKAP MAPK-activated protein
MEF2C Myocyte enhancer factor 2C
GS Glycogen synthase
GRK3 G-protein-coupled receptor kinase 3
CPP Conditioned place preference
KO Knock out
NAc Nucleus accumbens
i.p. Intraperitoneal
icv Intracerebroventricular
DRN Dorsal raphe nucleus
VTA Ventral tegmental area
CRF Corticotropin-releasing factor
KOR κ opioid receptor
αCRF Alpha helical CRF
VEH Vehicle
PFC Prefrontal cortex
LPS Lipopolysaccharide
CPA Conditioned place aversion
SERT Serotonin transporter
GR Glucocorticoid receptor
MOR µ opioid receptor
DOR δ opioid receptor

References

1. Cowan, K.J.; Storey, K.B. Mitogen-activated Protein Kinases: New Signaling Pathways Functioning in
Cellular Responses to Environmental Stress. J. Exp. Biol. 2003, 206, 1107–1115. [CrossRef] [PubMed]

2. New, L.; Han, J. The p38 MAP kinase pathway and its biological function. Trends Cardiovasc. Med. 1998, 8,
220–228. [CrossRef]

3. Wang, Z.; Harkins, P.C.; Ulevitch, R.J.; Han, J.; Cobb, M.H.; Goldsmith, E.J. The Structure of Mitogen-Activated
Protein Kinase p38 at 2.1-A Resolution. Proc. Natl. Acad. Sci. USA 1997, 94, 2327–2332. [CrossRef] [PubMed]

4. Corrêa, S.A.; Eales, K.L. The Role of p38 MAPK and Its Substrates in Neuronal Plasticity and
Neurodegenerative Disease. J. Signal Transduct. 2012, 2012, 1–12. [CrossRef] [PubMed]

5. Coulthard, L.R.; White, D.E.; Jones, D.L.; McDermott, M.F.; Burchill, S.A. p38(MAPK): Stress responses from
molecular mechanisms to therapeutics. Trends Mol. Med. 2009, 15, 369–379. [CrossRef]

6. Zarubin, T.; Han, J. Activation and signaling of the p38 MAP kinase pathway. Cell Res. 2005, 15, 11–18.
[CrossRef]

7. Lee, S.H.; Park, J.; Che, Y.; Han, P.L.; Lee, J.K. Constitutive activity and differential localization of p38alpha
and p38beta MAPKs in adult mouse brain. J. Neurosci. Res. 2000, 60, 623–631. [CrossRef]

8. Lee, J.C.; Kumar, S.; Griswold, D.E.; Underwood, D.C.; Votta, B.J.; Adams, J.L. Inhibition of p38 MAP kinase
as a therapeutic strategy. Immunopharmacology 2000, 47, 185–201. [CrossRef]

9. Lee, J.C.; Kassis, S.; Kumar, S.; Badger, A.; Adams, J.L. p38 mitogen-activated protein kinase
inhibitors–mechanisms and therapeutic potentials. Pharmacol. Ther. 1999, 82, 389–397. [CrossRef]

http://dx.doi.org/10.1242/jeb.00220
http://www.ncbi.nlm.nih.gov/pubmed/12604570
http://dx.doi.org/10.1016/S1050-1738(98)00012-7
http://dx.doi.org/10.1073/pnas.94.6.2327
http://www.ncbi.nlm.nih.gov/pubmed/9122194
http://dx.doi.org/10.1155/2012/649079
http://www.ncbi.nlm.nih.gov/pubmed/22792454
http://dx.doi.org/10.1016/j.molmed.2009.06.005
http://dx.doi.org/10.1038/sj.cr.7290257
http://dx.doi.org/10.1002/(SICI)1097-4547(20000601)60:5&lt;623::AID-JNR7&gt;3.0.CO;2-4
http://dx.doi.org/10.1016/S0162-3109(00)00206-X
http://dx.doi.org/10.1016/S0163-7258(99)00008-X


Int. J. Mol. Sci. 2020, 21, 4833 11 of 14

10. Fisk, M.; Gajendragadkar, P.R.; Mäki-Petäjä, K.M.; Wilkinson, I.B.; Cheriyan, J. Therapeutic Potential of p38
MAP Kinase Inhibition in the Management of Cardiovascular Disease. Am. J. Cardiovasc. Drugs 2014, 14,
155–165. [CrossRef]

11. Kaminska, B. MAPK Signalling Pathways as Molecular Targets for Anti-Inflammatory Therapy–From
Molecular Mechanisms to Therapeutic Benefits. Biochim. Biophys. Acta 2005, 1754, 253–262. [CrossRef]
[PubMed]

12. Bardo, M.T.; Bevins, R.A. Conditioned place preference: What does it add to our preclinical understanding
of drug reward? Psychopharmacology 2000, 153, 31–43. [CrossRef]

13. Tzschentke, T.M. Measuring reward with the conditioned place preference (CPP) paradigm: Update of the
last decade. Addict. Biol. 2007, 12, 227–462. [CrossRef] [PubMed]

14. Tzschentke, T.M. Measuring reward with the conditioned place preference paradigm: A comprehensive
review of drug effects, recent progress and new issues. Prog. Neurobiol. 1998, 56, 613–672. [CrossRef]

15. Carlezon, W.A.; Thomas, M.J. Biological Substrates of Reward and Aversion: A Nucleus Accumbens Activity
Hypothesis. Neuropharmacology 2009, 56 (Suppl. 1), 122–132. [CrossRef]

16. Gerdjikov, T.V.; Ross, G.M.; Beninger, R.J. Place preference induced by nucleus accumbens amphetamine is
impaired by antagonists of ERK or p38 MAP kinases in rats. Behav. Neurosci. 2004, 118, 740–750. [CrossRef]

17. Zhang, X.; Cui, Y.; Jing, J.; Cui, Y.; Xin, W.; Liu, X. Involvement of p38/NF-κB signaling pathway in the nucleus
accumbens in the rewarding effects of morphine in rats. Behav. Brain Res. 2011, 218, 184–189. [CrossRef]

18. Zhang, X.-Q.; Cui, Y.; Cui, Y.; Chen, Y.; Na, X.-D.; Chen, F.-Y.; Wei, X.-H.; Li, Y.-Y.; Liu, X.-G.; Xin, W.-J.
Activation of p38 signaling in the microglia in the nucleus accumbens contributes to the acquisition and
maintenance of morphine-induced conditioned place preference. Brain. Behav. Immun. 2012, 26, 318–325.
[CrossRef]

19. Hong, S.-I.; Nguyen, T.-L.; Ma, S.-X.; Kim, H.-C.; Lee, S.-Y.; Jang, C.-G. TRPV1 modulates morphine-induced
conditioned place preference via p38 MAPK in the nucleus accumbens. Behav. Brain Res. 2017, 334, 26–33.
[CrossRef]

20. Mannangatti, P.; NarasimhaNaidu, K.; Damaj, M.I.; Ramamoorthy, S.; Jayanthi, L.D. A Role for p38
Mitogen-activated Protein Kinase-mediated Threonine 30-dependent Norepinephrine Transporter Regulation
in Cocaine Sensitization and Conditioned Place Preference. J. Biol. Chem. 2015, 290, 10814–10827. [CrossRef]

21. Bruchas, M.R.; Land, B.B.; Aita, M.; Xu, M.; Barot, S.K.; Li, S.; Chavkin, C. Stress-Induced p38
Mitogen-Activated Protein Kinase Activation Mediates -Opioid-Dependent Dysphoria. J. Neurosci. 2007, 27,
11614–11623. [CrossRef] [PubMed]

22. Lemos, C.; Salti, A.; Amaral, I.M.; Fontebasso, V.; Singewald, N.; Dechant, G.; Hofer, A.; El Rawas, R. Social
interaction reward in rats has anti-stress effects. Addict. Biol. 2020, e12878. [CrossRef] [PubMed]

23. Bruchas, M.R.; Schindler, A.G.; Shankar, H.; Messinger, D.I.; Miyatake, M.; Land, B.B.; Lemos, J.C.; Hagan, C.E.;
Neumaier, J.F.; Quintana, A.; et al. Selective p38α MAPK deletion in serotonergic neurons produces stress
resilience in models of depression and addiction. Neuron 2011, 71, 498–511. [CrossRef]

24. Ehrich, J.M.; Messinger, D.I.; Knakal, C.R.; Kuhar, J.R.; Schattauer, S.S.; Bruchas, M.R.; Zweifel, L.; Kieffer, B.L.;
Phillips, P.E.M.; Chavkin, C. Kappa Opioid Receptor-Induced Aversion Requires p38 MAPK Activation in
VTA Dopamine Neurons. J. Neurosci. 2015, 35, 12917–12931. [CrossRef]

25. Calcagnetti, D.J.; Schechter, M.D. Place conditioning reveals the rewarding aspect of social interaction in
juvenile rats. Physiol. Behav. 1992, 51, 667–672. [CrossRef]

26. Douglas, L.A.; Varlinskaya, E.I.; Spear, L.P. Rewarding properties of social interactions in adolescent and
adult male and female rats: Impact of social versus isolate housing of subjects and partners. Dev. Psychobiol.
2004, 45, 153–162. [CrossRef]

27. Thiel, K.J.; Okun, A.C.; Neisewander, J.L. Social reward-conditioned place preference: A model revealing
an interaction between cocaine and social context rewards in rats. Drug Alcohol Depend. 2008, 96, 202–212.
[CrossRef]

28. Trezza, V.; Damsteegt, R.; Vanderschuren, L.J.M.J. Conditioned place preference induced by social play
behavior: Parametrics, extinction, reinstatement and disruption by methylphenidate. Eur. Neuropsychopharmacol.
2009, 19, 659–669. [CrossRef] [PubMed]

29. Fritz, M.; El Rawas, R.; Salti, A.; Klement, S.; Bardo, M.T.; Kemmler, G.; Dechant, G.; Saria, A.; Zernig, G.
Reversal of cocaine-conditioned place preference and mesocorticolimbic Zif268 expression by social
interaction in rats. Addict. Biol. 2011, 16, 273–284. [CrossRef]

http://dx.doi.org/10.1007/s40256-014-0063-6
http://dx.doi.org/10.1016/j.bbapap.2005.08.017
http://www.ncbi.nlm.nih.gov/pubmed/16198162
http://dx.doi.org/10.1007/s002130000569
http://dx.doi.org/10.1111/j.1369-1600.2007.00070.x
http://www.ncbi.nlm.nih.gov/pubmed/17678505
http://dx.doi.org/10.1016/S0301-0082(98)00060-4
http://dx.doi.org/10.1016/j.neuropharm.2008.06.075
http://dx.doi.org/10.1037/0735-7044.118.4.740
http://dx.doi.org/10.1016/j.bbr.2010.11.049
http://dx.doi.org/10.1016/j.bbi.2011.09.017
http://dx.doi.org/10.1016/j.bbr.2017.07.017
http://dx.doi.org/10.1074/jbc.M114.612192
http://dx.doi.org/10.1523/JNEUROSCI.3769-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17959804
http://dx.doi.org/10.1111/adb.12878
http://www.ncbi.nlm.nih.gov/pubmed/31984611
http://dx.doi.org/10.1016/j.neuron.2011.06.011
http://dx.doi.org/10.1523/JNEUROSCI.2444-15.2015
http://dx.doi.org/10.1016/0031-9384(92)90101-7
http://dx.doi.org/10.1002/dev.20025
http://dx.doi.org/10.1016/j.drugalcdep.2008.02.013
http://dx.doi.org/10.1016/j.euroneuro.2009.03.006
http://www.ncbi.nlm.nih.gov/pubmed/19427175
http://dx.doi.org/10.1111/j.1369-1600.2010.00285.x


Int. J. Mol. Sci. 2020, 21, 4833 12 of 14

30. Kummer, K.; Klement, S.; Eggart, V.; Mayr, M.J.; Saria, A.; Zernig, G. Conditioned place preference for social
interaction in rats: Contribution of sensory components. Front. Behav. Neurosci. 2011, 5, 80. [CrossRef]

31. El Rawas, R.; Klement, S.; Kummer, K.K.; Fritz, M.; Dechant, G.; Saria, A.; Zernig, G. Brain regions associated
with the acquisition of conditioned place preference for cocaine vs. social interaction. Front. Behav. Neurosci.
2012, 6, 6. [CrossRef] [PubMed]

32. El Rawas, R.; Saria, A. The Two Faces of Social Interaction Reward in Animal Models of Drug Dependence.
Neurochem. Res. 2016, 41, 492–499. [CrossRef] [PubMed]

33. Yates, J.R.; Beckmann, J.S.; Meyer, A.C.; Bardo, M.T. Concurrent choice for social interaction and amphetamine
using conditioned place preference in rats: Effects of age and housing condition. Drug Alcohol Depend. 2013,
129, 240–246. [CrossRef] [PubMed]

34. Salti, A.; Kummer, K.K.; Sadangi, C.; Dechant, G.; Saria, A.; El Rawas, R. Social interaction reward decreases
p38 activation in the nucleus accumbens shell of rats. Neuropharmacology 2015, 99, 510–516. [CrossRef]
[PubMed]

35. Kalueff, A.V.; Tuohimaa, P. The grooming analysis algorithm discriminates between different levels of
anxiety in rats: Potential utility for neurobehavioural stress research. J. Neurosci. Methods 2005, 143, 169–177.
[CrossRef]

36. Land, B.B.; Bruchas, M.R.; Lemos, J.C.; Xu, M.; Melief, E.J.; Chavkin, C. The dysphoric component of stress is
encoded by activation of the dynorphin kappa-opioid system. J. Neurosci. 2008, 28, 407–414. [CrossRef]

37. Bruchas, M.R.; Macey, T.A.; Lowe, J.D.; Chavkin, C. Kappa Opioid Receptor Activation of p38 MAPK Is
GRK3- and Arrestin-dependent in Neurons and Astrocytes. J. Biol. Chem. 2006, 281, 18081–18089. [CrossRef]

38. Al-Hasani, R.; McCall, J.G.; Shin, G.; Gomez, A.M.; Schmitz, G.P.; Bernardi, J.M.; Pyo, C.-O.; Park, S.;
Marcinkiewcz, C.M.; Crowley, N.A.; et al. Distinct Subpopulations of Nucleus Accumbens Dynorphin
Neurons Drive Aversion and Reward. Neuron 2015, 87, 1063–1077. [CrossRef]

39. Sinha, R. Chronic stress, drug use, and vulnerability to addiction. Ann. N. Y. Acad. Sci. 2008, 1141, 105–130.
[CrossRef]

40. Sousa, N. The Dynamics of the Stress Neuromatrix. Mol. Psychiatry 2016, 21, 302–312. [CrossRef]
41. Zheng, G.; Chen, Y.; Zhang, X.; Cai, T.; Liu, M.; Zhao, F.; Luo, W.; Chen, J. Acute cold exposure and rewarming

enhanced spatial memory and activated the MAPK cascades in the rat brain. Brain Res. 2008, 1239, 171–180.
[CrossRef] [PubMed]

42. Peng, Z.; Wang, H.; Zhang, R.; Chen, Y.; Xue, F.; Nie, H.; Wu, D.; Wang, Y.; Tan, Q. Gastrodin ameliorates
anxiety-like behaviors and inhibits IL-1beta level and p38 MAPK phosphorylation of hippocampus in the rat
model of posttraumatic stress disorder. Physiol. Res. 2013, 62, 537–545.

43. Sanchez, M.M.; Alagbe, O.; Felger, J.C.; Zhang, J.; Graff, A.E.; Grand, A.P.; Maestripieri, D.; Miller, A.H.
Activated p38 MAPK is associated with decreased CSF 5-HIAA and increased maternal rejection during
infancy in rhesus monkeys. Mol. Psychiatry 2007, 12, 895–897. [CrossRef]

44. Zhao, Y.-W.; Pan, Y.-Q.; Tang, M.-M.; Lin, W.-J. Blocking p38 Signaling Reduces the Activation of
Pro-inflammatory Cytokines and the Phosphorylation of p38 in the Habenula and Reverses Depressive-Like
Behaviors Induced by Neuroinflammation. Front. Pharmacol. 2018, 9, 511. [CrossRef]

45. Stefanoska, K.; Bertz, J.; Volkerling, A.M.; Van der Hoven, J.; Ittner, L.M.; Ittner, A. Neuronal MAP kinase
p38α inhibits c-Jun N-terminal kinase to modulate anxiety-related behaviour. Sci. Rep. 2018, 8, 14296.
[CrossRef]

46. Zan, G.-Y.; Wang, Q.; Wang, Y.-J.; Chen, J.-C.; Wu, X.; Yang, C.-H.; Chai, J.-R.; Li, M.; Liu, Y.; Hu, X.-W.; et al.
p38 Mitogen-Activated Protein Kinase Activation in Amygdala Mediates κ Opioid Receptor Agonist
U50,488H-induced Conditioned Place Aversion. Neuroscience 2016, 320, 122–128. [CrossRef]

47. Land, B.B.; Bruchas, M.R.; Schattauer, S.; Giardino, W.J.; Aita, M.; Messinger, D.; Hnasko, T.S.; Palmiter, R.D.;
Chavkin, C. Activation of the kappa opioid receptor in the dorsal raphe nucleus mediates the aversive effects
of stress and reinstates drug seeking. Proc. Natl. Acad. Sci. USA 2009, 106, 19168–19173. [CrossRef]

48. Rolli, M.; Kotlyarov, A.; Sakamoto, K.M.; Gaestel, M.; Neininger, A. Stress-induced Stimulation of Early
Growth Response gene-1 by p38/stress-activated Protein Kinase 2 Is Mediated by a cAMP-responsive
Promoter Element in a MAPKAP Kinase 2-independent Manner. J. Biol. Chem. 1999, 274, 19559–19564.
[CrossRef]

http://dx.doi.org/10.3389/fnbeh.2011.00080
http://dx.doi.org/10.3389/fnbeh.2012.00063
http://www.ncbi.nlm.nih.gov/pubmed/23015784
http://dx.doi.org/10.1007/s11064-015-1637-7
http://www.ncbi.nlm.nih.gov/pubmed/26088685
http://dx.doi.org/10.1016/j.drugalcdep.2013.02.024
http://www.ncbi.nlm.nih.gov/pubmed/23540449
http://dx.doi.org/10.1016/j.neuropharm.2015.08.029
http://www.ncbi.nlm.nih.gov/pubmed/26300300
http://dx.doi.org/10.1016/j.jneumeth.2004.10.001
http://dx.doi.org/10.1523/JNEUROSCI.4458-07.2008
http://dx.doi.org/10.1074/jbc.M513640200
http://dx.doi.org/10.1016/j.neuron.2015.08.019
http://dx.doi.org/10.1196/annals.1441.030
http://dx.doi.org/10.1038/mp.2015.196
http://dx.doi.org/10.1016/j.brainres.2008.08.057
http://www.ncbi.nlm.nih.gov/pubmed/18789908
http://dx.doi.org/10.1038/sj.mp.4002025
http://dx.doi.org/10.3389/fphar.2018.00511
http://dx.doi.org/10.1038/s41598-018-32592-y
http://dx.doi.org/10.1016/j.neuroscience.2016.01.052
http://dx.doi.org/10.1073/pnas.0910705106
http://dx.doi.org/10.1074/jbc.274.28.19559


Int. J. Mol. Sci. 2020, 21, 4833 13 of 14

49. Zhu, C.-B.; Carneiro, A.M.; Dostmann, W.R.; Hewlett, W.A.; Blakely, R.D. p38 MAPK activation elevates
serotonin transport activity via a trafficking-independent, protein phosphatase 2A-dependent process.
J. Biol. Chem. 2005, 280, 15649–15658. [CrossRef]

50. Samuvel, D.J.; Jayanthi, L.D.; Bhat, N.R.; Ramamoorthy, S. A role for p38 mitogen-activated protein kinase in
the regulation of the serotonin transporter: Evidence for distinct cellular mechanisms involved in transporter
surface expression. J. Neurosci. 2005, 25, 29–41. [CrossRef]

51. Zhu, C.-B.; Lindler, K.M.; Owens, A.W.; Daws, L.C.; Blakely, R.D.; Hewlett, W.A. Interleukin-1 Receptor
Activation by Systemic Lipopolysaccharide Induces Behavioral Despair Linked to MAPK Regulation of CNS
Serotonin Transporters. Neuropsychopharmacology 2010, 35, 2510–2520. [CrossRef] [PubMed]

52. Baganz, N.L.; Lindler, K.M.; Zhu, C.B.; Smith, J.T.; Robson, M.J.; Iwamoto, H.; Deneris, E.S.; Hewlett, W.A.;
Blakely, R.D. A requirement of serotonergic p38α mitogen-activated protein kinase for peripheral immune
system activation of CNS serotonin uptake and serotonin-linked behaviors. Transl. Psychiatry 2015, 5, e671.
[CrossRef] [PubMed]

53. Huang, C.-C.; You, J.-L.; Wu, M.-Y.; Hsu, K.-S. Rap1-induced p38 mitogen-activated protein kinase
activation facilitates AMPA receptor trafficking via the GDI.Rab5 complex. Potential role in (S)-3,5-
dihydroxyphenylglycene-induced long term depression. J. Biol. Chem. 2004, 279, 12286–12292. [CrossRef]
[PubMed]

54. Liang, Y.-C.; Huang, C.-C.; Hsu, K.-S. A Role of p38 Mitogen-Activated Protein Kinase in Adenosine A1

Receptor-Mediated Synaptic Depotentiation in Area CA1 of the Rat Hippocampus. Mol. Brain 2008, 1, 13.
[CrossRef]

55. Bleakman, D.; Alt, A.; Witkin, J.M. AMPA Receptors in the Therapeutic Management of Depression.
CNS Neurol. Disord. Drug Targets 2007, 6, 117–126. [CrossRef] [PubMed]

56. Pariante, C.M.; Miller, A.H. Glucocorticoid receptors in major depression: Relevance to pathophysiology
and treatment. Biol. Psychiatry 2001, 49, 391–404. [CrossRef]

57. Wang, X.; Wu, H.; Miller, A.H. Interleukin 1alpha (IL-1alpha) Induced Activation of p38 Mitogen-Activated
Protein Kinase Inhibits Glucocorticoid Receptor Function. Mol. Psychiatry 2004, 9, 65–75. [CrossRef]

58. Pace, T.W.W.; Hu, F.; Miller, A.H. Cytokine-effects on glucocorticoid receptor function: Relevance to
glucocorticoid resistance and the pathophysiology and treatment of major depression. Brain. Behav. Immun.
2007, 21, 9–19. [CrossRef]

59. Schindler, A.G.; Li, S.; Chavkin, C. Behavioral stress may increase the rewarding valence of cocaine-associated
cues through a dynorphin/kappa-opioid receptor-mediated mechanism without affecting associative learning
or memory retrieval mechanisms. Neuropsychopharmacology 2010, 35, 1932–1942. [CrossRef]

60. Yamada, H.; Shimoyama, N.; Sora, I.; Uhl, G.R.; Fukuda, Y.; Moriya, H.; Shimoyama, M. Morphine can
produce analgesia via spinal kappa opioid receptors in the absence of mu opioid receptors. Brain Res. 2006,
1083, 61–69. [CrossRef]

61. Pan, Z.Z.; Tershner, S.A.; Fields, H.L. Cellular mechanism for anti-analgesic action of agonists of the
kappa-opioid receptor. Nature 1997, 389, 382–385. [CrossRef]

62. Neisewander, J.L.; Pierce, R.C.; Bardo, M.T. Naloxone enhances the expression of morphine-induced
conditioned place preference. Psychopharmacology 1990, 100, 201–205. [CrossRef] [PubMed]

63. Matthes, H.W.; Maldonado, R.; Simonin, F.; Valverde, O.; Slowe, S.; Kitchen, I.; Befort, K.; Dierich, A.;
Le Meur, M.; Dollé, P.; et al. Loss of morphine-induced analgesia, reward effect and withdrawal symptoms
in mice lacking the mu-opioid-receptor gene. Nature 1996, 383, 819–823. [CrossRef]

64. Wu, G.; Huang, W.; Zhang, H.; Li, Q.; Zhou, J.; Shu, H. Inhibitory Effects of Processed Aconiti Tuber on
Morphine-Induced Conditioned Place Preference in Rats. J. Ethnopharmacol. 2011, 136, 254–259. [CrossRef]

65. Billa, S.K.; Xia, Y.; Morón, J.A. Disruption of morphine-conditioned place preference by a delta2-opioid
receptor antagonist: Study of mu-opioid and delta-opioid receptor expression at the synapse. Eur. J. Neurosci.
2010, 32, 625–631. [CrossRef]

66. Al-Hasani, R.; Bruchas, M.R. Molecular mechanisms of opioid receptor-dependent signaling and behavior.
Anesthesiology 2011, 115, 1363–1381. [CrossRef]

http://dx.doi.org/10.1074/jbc.M410858200
http://dx.doi.org/10.1523/JNEUROSCI.3754-04.2005
http://dx.doi.org/10.1038/npp.2010.116
http://www.ncbi.nlm.nih.gov/pubmed/20827273
http://dx.doi.org/10.1038/tp.2015.168
http://www.ncbi.nlm.nih.gov/pubmed/26529424
http://dx.doi.org/10.1074/jbc.M312868200
http://www.ncbi.nlm.nih.gov/pubmed/14709549
http://dx.doi.org/10.1186/1756-6606-1-13
http://dx.doi.org/10.2174/187152707780363258
http://www.ncbi.nlm.nih.gov/pubmed/17430149
http://dx.doi.org/10.1016/S0006-3223(00)01088-X
http://dx.doi.org/10.1038/sj.mp.4001339
http://dx.doi.org/10.1016/j.bbi.2006.08.009
http://dx.doi.org/10.1038/npp.2010.67
http://dx.doi.org/10.1016/j.brainres.2006.01.095
http://dx.doi.org/10.1038/38730
http://dx.doi.org/10.1007/BF02244406
http://www.ncbi.nlm.nih.gov/pubmed/2305008
http://dx.doi.org/10.1038/383819a0
http://dx.doi.org/10.1016/j.jep.2011.04.041
http://dx.doi.org/10.1111/j.1460-9568.2010.07314.x
http://dx.doi.org/10.1097/ALN.0b013e318238bba6


Int. J. Mol. Sci. 2020, 21, 4833 14 of 14

67. Li, Z.-H.; Chu, N.; Shan, L.-D.; Gong, S.; Yin, Q.-Z.; Jiang, X. Inducible Expression of Functional Mu Opioid
Receptors in Murine Dendritic Cells. J. Neuroimmune Pharmacol. 2009, 4, 359–367. [CrossRef]

68. Rozenfeld-Granot, G.; Toren, A.; Amariglio, N.; Nagler, A.; Rosenthal, E.; Biniaminov, M.; Brok-Simoni, F.;
Rechavi, G. MAP kinase activation by mu opioid receptor in cord blood CD34+CD38- cells. Exp. Hematol.
2002, 30, 473–480. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s11481-009-9145-7
http://dx.doi.org/10.1016/S0301-472X(02)00786-5
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Role of p38 MAPK in the Rewarding Effects of Drugs of Abuse 
	Role of p38 MAPK in Stress, Anxiety, and Depression 
	Conclusions 
	References

