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Role of the Prefrontal Cortex in Pain Processing
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Abstract

The prefrontal cortex (PFC) is not only important in executive functions, but also pain processing. The latter is dependent on its
connections to other areas of the cerebral neocortex, hippocampus, periaqueductal gray (PAG), thalamus, amygdala, and basal
nuclei. Changes in neurotransmitters, gene expression, glial cells, and neuroinflammation occur in the PFC during acute and
chronic pain, that result in alterations to its structure, activity, and connectivity. The medial PFC (mPFC) could serve dual,
opposing roles in pain: (1) it mediates antinociceptive effects, due to its connections with other cortical areas, and as the main
source of cortical afferents to the PAG for modulation of pain. This is a ‘loop” where, on one side, a sensory stimulus is
transformed into a perceptual signal through high brain processing activity, and perceptual activity is then utilized to control
the flow of afferent sensory stimuli at their entrance (dorsal horn) to the CNS. (2) It could induce pain chronification via its
corticostriatal projection, possibly depending on the level of dopamine receptor activation (or lack of) in the ventral tegmental
area-nucleus accumbens reward pathway. The PFC is involved in biopsychosocial pain management. This includes repetitive
transcranial magnetic stimulation, transcranial direct current stimulation, antidepressants, acupuncture, cognitive behavioral
therapy, mindfulness, music, exercise, partner support, empathy, meditation, and prayer. Studies demonstrate the role of the
PFC during placebo analgesia, and in establishing links between pain and depression, anxiety, and loss of cognition. In particular,
losses in PFC grey matter are often reversible after successful treatment of chronic pain.
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Introduction

The prefrontal cortex (PFC) is the region of the cerebral cortex
which covers the anterior portion of the frontal lobe. It is
situated rostral to Brodmann area 6, including that on the
orbital surface, and is particularly well-developed in primates,
especially man [1]. The PFC is the key structure that underlies
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executive functions such as planning, problem solving, and
social control. It has the ability to represent information not
currently in the environment, and this representational
knowledge is used to intelligently guide thought, actions,
and emotions, including the inhibition of inappropriate
thoughts, distractions, actions, and feelings [2]. The PFC
can be divided into the medial prefrontal cortex (mPFC), the
orbitofrontal cortex, the ventrolateral PFC, the dorsolateral
PFC (DLPFC), and the caudal PFC. The mPFC is composed
of granular cortical areas (medial areas 9 and 10) and
agranular regions (areas 24, 25, and 32) which encompass
the anterior cingulate cortex (ACC, area 24), infralimbic cor-
tex (area 25), and the prelimbic cortex (area 32). The DLPFC
is composed of the lateral part of area 9 and all of area 46.
The PFC is important for pain processing. Meta-analysis
of studies employing experimental pain stimuli indicates
the following brain areas to be positively associated with
pain: primary and secondary somatosensory cortices, insu-
lar cortex, ACC, PFC, and thalamus [3]. Discrimination of
pain intensity activates a ventrally directed pathway, ex-
tending bilaterally from the insular cortex to the PFC,
while discrimination of the spatial aspects of pain involves
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a dorsally directed pathway from the posterior parietal cor-
tex to the DLPFC. Both of these tasks activate similar
regions of the ACC [4]. Intracranial electroencephalogram
(EEG) has identified activation of the posterior insula,
operculum, mid-cingulate, and amygdala before conscious
activity; activation of the anterior insula, PFC, posterior
parietal cortex during time-frames coinciding with con-
scious voluntary reactions; followed by activation of the
hippocampus, perigenual, and perisplenial cingulate corti-
ces well after conscious perception occurred [5].

The anterior insula is connected to the ventrolateral PFC
and orbitofrontal cortex, while the posterior insula shows
strong connections to the primary somatosensory cortex and
secondary somatosensory cortex [6]. The main brain areas that
are most consistently activated under painful conditions are
the insular cortex and secondary somatosensory cortex, bilat-
erally. Electrical stimulation of these areas, but not in other
candidate brain areas, is able to elicit a painful sensation [7]. In
addition, these areas show abnormal bilateral recruitment in
response to innocuous stimuli during allodynia and neuro-
pathic pain, possibly as a result of reorganization of
thalamocortical inputs, from lateral-posterior to anterior-
medial thalamic nuclei [8]. The expression of synaptic
GluAl subunit of the a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor is enhanced in the
insular cortex after nerve injury, which may contribute to pain
sensitization [9].

Compared with non-nociceptive stimuli, nociceptive stim-
uli produce an enhancement of gamma-band oscillations, and
these oscillations are a feature of nociceptive signaling in the
insula [10] and the mPFC [11]. It has been suggested that
increased gamma and theta power in the mPFC, but decreased
beta oscillations in the sensorimotor cortex, could be used as
biomarkers for pain [12]. The experience of pain can be mod-
ified by emotions and expectations [13]. Activation of the
mPFC and ACC is related to increased activity of the
periaqueductal gray (PAG) [7]. The mPFC is also involved
in modulation of pain catastrophizing [14], reduction of
pain-induced sympathetic activity [15], and decrease in facial
expressions of pain [16] (Fig. 1).

Neuroanatomy of the PFC Related to Pain

Connections of the PFC-PAG

The PAG is the primary control center for descending pain
modulation and pain relief. It is located around the cerebral
aqueduct in the midbrain, and projects to serotoninergic neu-
rons in the nucleus raphe magnus in the rostroventral medulla,
which in turn send descending inputs to the spinal trigeminal
nucleus in the brainstem or the dorsal horn of the spinal cord for
modulation of pain [17]. The cortical projections to the PAG
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originate principally from the PFC. In particular, this input orig-
inates from the mPFC (areas 25, 32), the dorsomedial convexity
of the medial wall (area 9) extending into the ACC (area 24),
and the posterior orbitofrontal/anterior insular cortex (areas 13,
12) [18]. Microinjections of the neuronal tract tracer, horserad-
ish peroxidase to the PAG, coupled with cortical HRP gel place-
ments in monkeys, provide retrograde and orthograde evidence
that the rostral dorsal convexity and rostral mPFC are the prin-
cipal sources of cortical-PAG projections [19]. Similarly, HRP
peroxidase microinjections into different parts of the rostral and
caudal PAG in cats provide retrograde evidence that the so-
matosensory cortex, frontal cortex, insular cortex, and cingulate
cortex are significant sources of cortical-PAG projections [20].
In contrast to the mPFC, the lateral part of the frontal lobe (areas
8 and 6) makes a relatively minor contribution, whereas the
medial anterior part of the orbitofrontal cortex (areas 11, 13)
does not project to the PAG [21]. The DLPFC is, however,
connected to the mPFC by short association fibers [22], and it
is possible that some of the effects of DLPFC stimulation may
be mediated by its connections with the mPFC.

Functional magnetic resonance imaging (fMRI) studies
reveal that the ventrolateral-PAG is functionally connected
to brain regions associated with descending pain modula-
tion including the ACC, upper pons/medulla, whereas the
lateral and dorsolateral subregions of the PAG are connect-
ed with brain regions implicated in executive functions,
such as the PFC, striatum, and hippocampus [23]. In vivo
tracing of neuronal connections using probabilistic
tractography seeded in the right DLPFC and left rostral
ACC shows that that stronger placebo analgesic responses
are associated with increased mean fractional anisotropy
values in white matter tracts connecting the PFC with the
PAG [24]. In addition, studies using diffusion tensor imaging
show that tract paths could be defined between the PFC,
amygdala, thalamus, hypothalamus and rostroventral medial
medulla bilaterally, and the PAG [25]. The PFC-amygdala-
dorsal PAG pathway may mediate fear-conditioned analgesia,
i.e., a reduction in pain response upon re-exposure to a con-
text, previously paired with an aversive stimulus [26]. The
mPFC-PAG projection also plays a role in modulation of au-
tonomic responses to pain [27] (Fig. 1).

Connections of the PFC-Thalamic Nuclei

Under physiological conditions, activation of the medial thal-
amus and increasing the functional connectivity between the
thalamus and medial prefrontal cortex has an effect on im-
proving working memory. This could be a mechanism, for
example, to convert a painful stimulus into a briefly maintain-
able construct to guide human behavior and avoid dangerous
situations [28]. Under pathological conditions, however, in-
creased thalamocortical input not only to the somatosensory
cortex or insula but also the PFC might be a contributing
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factor in chronic pain. A study using magnetic resonance
spectroscopy shows that thalamic inhibitory neurotransmitter
y-aminobutyric acid (GABA) content is significantly reduced
in patients with chronic neuropathic pain. This correlates with
the degree of functional connectivity between the thalamus
and the cerebral cortex, including not only the primary
somatosensory cortex, but interestingly, also the secondary
somatosensory cortex and anterior insula [29]. These re-
sults suggest that increased thalamocortical activity could
result in increased activity of the insula and the constant
perception of pain.

In animals, pharmacogenetic inhibition of the paraventricular
thalamic nucleus attenuates visceral pain induced by pancreati-
tis. Neurons in the paraventricular nucleus project to cortical
layers of the mPFC and synapse with GABAergic inhibitory
neurons. Activation of GABAergic neurons occurs during pain,
and by contrast, activation of glutamatergic principal neurons in
the mPFC reverses visceral nociception [30]. Chronic pain has
also been found to induce higher coherence of mediodorsal
nucleus of the thalamus—mPFC field potential activities [31].
Results suggest a pronociceptive effect of paraventricular or
mediodorsal thalamic inputs, that might occur via activation
of GABAergic neurons, and feedforward inhibition of principal
neurons in the mPFC that project to the PAG for the sup-
pression of pain. A reduction in thalamocortical input
might be relevant in the analgesic effects of gabapentin, a
GABA analogue. The latter has been found in animal stud-
ies to have an analgesic effect by reversing spared nerve
injury (SNI)-induced increases in connectivity between the
thalamus and the cortex [32] (Fig. 1).

Connections of the PFC-Amygdala

The amygdala is involved in fear and fear conditioning, and is
reciprocally connected to the PFC [27]. Increased functional
connectivity between the left amygdala and multiple cortical,
subcortical, and cerebellar regions are found in pain patients,
whereas decreased hyperconnectivity between the left amyg-
dala to the motor cortex, parietal lobe, and cingulate cortex is
observed after pain rehabilitation treatment [33]. Animal stud-
ies show that the basolateral amygdala evokes excitatory and
inhibitory responses in cortico-PAG neurons in layer V of both
the prelimbic and infralimbic cortices [34]. High-frequency
stimulation induces long-lasting suppression of specific high
threshold responses of nociceptive neurons in the PFC, and
microinjection of NMDA receptor antagonists or metabotro-
pic glutamate receptor (mGluR) antagonists prevent the in-
duction of long-lasting suppression [35]. A selective
mGluR1 antagonist also reverses pain-related decrease of
background and evoked activity of mPFC neurons in an ar-
thritis pain model [36]. No change in direct excitatory trans-
mission from the amygdala, but an increase in inhibitory trans-
mission is found in the mPFC, in a rat model for arthritic pain
[37]. This likely occurs via mGluR1-mediated endogenous
activation of GABAA receptors, and could not only result in
abnormally enhanced inhibition of principal cells in the
mPFC, resulting in reduced output from the mPFC to the
PAG and reduced antinociception; but also reduced inhibition
of the amygdala itself, possibly contributing to uncontrolled
amygdala pain mechanisms [38]. The infralimbic mPFC
evokes strong synaptic inhibition of neurons in the latero-
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capsular division of the central nucleus of the amygdala, and
this inhibition is impaired in an arthritis pain model [39] (Fig.
D).

Connections of the PFC-Basal Nuclei

The cerebral cortex is connected to the basal ganglia/nuclei
and thalamus by several cortico-basal nuclei-thalamo-cortical
loops [17]. A longitudinal brain imaging study of patients with
chronic back pain shows that increased functional connectiv-
ity of the PFC to the nucleus accumbens (part of the striatum,
and input part of the limbic loop through the basal ganglia) is
predictive of pain persistence [40]. In addition, the strength of
synchrony or functional connectivity between the mPFC and
nucleus accumbens is predictive of individuals who subse-
quently transit to chronicity 1 year later [41]. Furthermore, it
was shown that greater functional connections between the
dorsal mPFC-amygdala-accumbens circuit contribute to risk
of chronic pain in subacute back pain patients [42].

The functional significance of the PFC—basal nuclei con-
nection in chronic pain is supported by experimental animal
studies. For example, a longitudinal awake rat fMRI study
indicates that the PFC and nucleus accumbens display abnor-
mal activity to normally innocuous stimuli at 28 days after
peripheral nerve injury, coincident with the development of
tactile allodynia [43] (Fig. 1).

Neurochemistry of the PFC Related to Pain

Interactions of Neurotransmitters in the PFC that
Mediate Antinociceptive Effects

A series of studies have been conducted on the ventrolateral
orbital cortex (VLO) of rats, that could yield insights into the
interplay between different ‘classical’ neurotransmitters in the
PFC that are important for antinociception. A projection from
the VLO to the PAG is involved in antinociception in rats, and
many studies indicate that the projection neuron could be
inhibited by a GABAergic neuron, which in turn is inhibited
by opioids or dopamine. Unilateral microinjection of gluta-
mate into the VLO depresses the nociceptive, tail flick reflex.
Bilateral microinjections of GABA into the ventrolateral re-
gion of the PAG eliminates this ventrolateral PFC-evoked in-
hibition of the tail flick reflex, indicating that the VLO plays
an important role in modulation of nociception, and that this
role is mediated by the PAG [44]. In addition, microinjection
of morphine into the VLO produces antinociception, and this
effect is attenuated by administration of the GABA agonist
muscimol. Results suggest that morphine could act on opioid
receptors to produce inhibition of GABAergic inhibitory in-
terneurons in the PFC, leading to a disinhibitory effect on the
VLO output to the PAG [45].
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As with opioid receptors, dopamine D2-like receptor acti-
vation could attenuate the inhibitory action of GABAergic
interneurons on neurons projecting to the PAG [46, 47].
Microinjection of a non-selective dopamine receptor agonist,
apomorphine, or the dopamine D2 receptor (D2R) agonist,
quinpirole, into the VLO attenuates mechanical allodynia in
SNI rats. This effect is blocked by a D2R antagonist but en-
hanced by a D1R antagonist. Results suggest that the dopami-
nergic system is involved in mediating ventrolateral PFC-
induced antinociception via activation of D2R in the PFC
[48]. Endogenous release of dopamine in the rat PFC, induced
by high-frequency stimulation of dopaminergic neurons in the
ventral tegmental area (VTA), was found to significantly sup-
press nociceptive responses. Local microinjection of a selec-
tive D2R agonist to the PFC induces long-lasting suppression
of mechanical nociceptive responses, while a D2R but not
DIR antagonist impairs suppression [49].

Microinjection of a selective adrenoceptor agonist,
methoxamine, into the VLO increases mechanical paw with-
drawal threshold in a dose-dependent manner. This is antago-
nized by pre-microinjection of the selective «1 adrenoceptor
antagonist benoxathian into the same site. Results suggest that
activation of «1 adrenoceptors facilitates glutamate release
and increases the activation of ventrolateral PFC output neu-
rons that are projecting to the PAG, leading to descending
antinociception [50].

Glutamate

Increased neuronal excitation due to ionotropic glutamate re-
ceptor activation in the mPFC has generally been shown to
result in antinociception. Administration of ionotropic gluta-
mate agonists to the PFC has the effect of reducing pain in SNI
rats, and infusions of D-cycloserine, a partial agonist of the
NMDA receptor directly into the mPFC induces
antinociception in these animals [51]. In addition, administra-
tion of drinking water containing D-Asp, a precursor of endog-
enous NMDA and a putative agonist at NMDA receptors,
reduces mechanical allodynia, improves cognition and motor
coordination, and increases social interaction in mice with
neuropathic pain [52]. Direct injection of AMPAkines, which
enhance glutamate signaling via oc-amino-3-hydroxy-5-meth-
yl-4-isoxazolepropionic acid (AMPA) receptors into the PFC,
results in analgesia and potentiates morphine analgesia [53].
Unilateral microinjection of glutamate into the ventrolateral
PFC of rats depresses the nociceptive tail flick reflex, whereas
bilateral microinjections of GABA into the ventrolateral re-
gions of the PAG eliminates this effect [54]. Likewise, local
anesthesia of the infralimbic cortex or the adjacent prelimbic
cortex increases nociception, suggesting that these areas are
tonically active in anti-nociception [55].

Neuropathic pain induced by experimental SNI results in
enhancement of glutamate release and increased synaptic



Mol Neurobiol (2019) 56:1137-1166

141

vesicle proteins in the mPFC, which may be due to activation
of ERK1/2- and CaMKII-synapsin signaling cascades in pre-
synaptic axonal terminals [56]. The calmodulin-stimulated
adenylyl cyclases, AC1 and/or ACS, are also important in
mediating long-lasting enhanced presynaptic transmitter re-
lease in the ACC in mice with inflammatory pain [57]. The
intrinsic excitability of excitatory neurons in the prelimbic
cortex is decreased in rats with chronic pain, and knocking
down cyclin-dependent kinase 5 reverses this deactivation,
and has an antinociceptive effect. In addition, optogenetic ac-
tivation of prelimbic excitatory neurons is also found to exert
analgesic and anxiolytic effects in mice subjected to chronic
pain, whereas inhibition is anxiogenic in naive mice [58].

In contrast to ionotropic glutamate receptors, a pro-
nociceptive effect has generally been observed after activation
of metabotropic glutamate receptors in the mPFC. Upregulation
of mGluRS5 is found in the prelimbic region of the mPFC of
chronic neuropathic pain animals, and pharmacological block-
ade of mGIuRS5 in the prelimbic cortex ameliorates the aversive
behaviors including tactile hypersensitivity and depressive-like
activity [59]. In contrast, stimulation of mGIluRS in the
infralimbic cortex enhances nociception in healthy controls
and monoarthritic animals [55]. mPFC pyramidal neurons in
SNI rats exhibit increased input resistance and excitability as
well as mGluR5-mediated persistent firing [60], and both the
prototypical mGIuRS agonist CHPG and a positive allosteric
modulator for mGluR5 (VU0360172) increase synaptically
evoked spiking in mPFC pyramidal cells [61]. mGIuRS ago-
nists have also been reported to drive endocannabinoid signal-
ing in the mPFC [62]. Group II mGluRs (mGluR2 and
mGluR3) act on glutamatergic synapses to inhibit direct excit-
atory transmission onto pyramidal cells, resulting in reduced
pyramidal cell output [63].

GABA

Increased input to GABAergic neurons in the mPFC from other
parts of the brain could lead to inhibition of principal neurons in
the mPFC that project to the PAG and increased pain. The
paraventricular nucleus of the thalamus sends a projection to
the mPFC, which terminates on GABAergic inhibitory neu-
rons. Inhibition of the paraventricular neurons attenuates vis-
ceral pain and induces activation of the descending pain mod-
ulation pathway. In contrast, activation of glutamatergic princi-
pal neurons in the mPFC reverses visceral nociception [30].
Inflammatory pain due to intra-plantar carrageenan injection
increases GABA, resulting in cell deactivation of the pre-
limbic cortex, whereas the local application of a GABA, re-
ceptor selective antagonist, bicuculline, reduces mechanical
allodynia [64]. Neuropathic pain resulting from peripheral
nerve injury inhibits pyramidal cell firing in the prelimbic area
of the prefrontal cortex as a result of feed-forward inhibition,
mediated by parvalbumin-expressing GABAergic

interneurons. In accordance, optogenetic activation of inhibito-
ry archaerhodopsin or excitatory channelrhodopsin-2 in the
GABAergic inhibitory neurons decreases and increases
pain responses, respectively [65].

Opioids

Activation of opioid receptors on GABAergic neurons could
lead to disinhibition of neurons in the mPFC that are
projecting to the PAG, and anti-nociception. A human posi-
tron emission tomography (PET) study demonstrates that opi-
oid receptors are enriched in cortical projections of the medial
pain system in the cingulate cortex and PFC. This suggests
that the medial pain system is an important target for the
antinociceptive effect of opioids [66]. In accordance, patients
with central post stroke pain have reduced opioid receptor
binding in the contralateral thalamus, parietal, secondary so-
matosensory, insular and lateral prefrontal cortices, ACC, pos-
terior cingulate, and midbrain gray matter [67]. Patients with
peripheral neuropathic pain show decreased bilateral and sym-
metrical opioid receptor binding, while those with chronic
post-stroke pain show decreased opioid binding in the hemi-
sphere contralateral to pain [68]. Rheumatoid arthritis, trigem-
inal neuralgia, central post-stroke pain, and acute experimen-
tal pain all lead to decreased binding of opioid ligands in pain
processing regions such as the ACC, PFC, parietal and tem-
poral cortex, amygdala, thalamus, caudate, pons, and cerebel-
lum during the painful period, in contrast to pain free intervals
or healthy subjects [69, 70]. The decreased opioid binding
could indicate increased endogenous release of opioids, or
possibly, receptor internalization or loss of neurons carrying
these receptors [70]. n-Opioid receptor selective radiotracer-
labeled PET studies show that placebo effects are accompa-
nied by increased opioid neural transmission in pain-sensitive
brain regions, including the rostral ACC, PFC, insula, thala-
mus, amygdala, nucleus accumbens, and the PAG [71].
Stimulation of the primary motor cortex (M1) for the control
of pain also induces changes in the endogenous opioid system,
including changes in exogenous opioid ligand [''C]
diprenorphine binding in the middle cingulate gyrus and
PAG that are significantly correlated with pain relief [72].

In animals, unilateral microinjection of morphine into the
ventrolateral PFC dose-dependently suppresses the tail flick
reflex, and this effect is reversed by the opioid receptor antag-
onist naloxone [44]. In another study, the VLO is found to be
involved in opioid-induced inhibition of neuropathic pain,
with the effect mediated by p-opioid receptors [73]. There is
evidence that mPFC k-opioid signaling can regulate the flow
of emotional state information from the amygdala to the
mPFC during pain-induced stress and anxiety [74]. A marked
increase in k-opioid receptor and prodynorphin mRNA ex-
pression is found in the PFC 14 days after chronic constriction
injury of the sciatic nerve in mice [75]. Sleep impairments are
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a predictor of the occurrence of chronic pain, possibly as a
result of changes in dopamine and opioid systems that play a
role in endogenous pain inhibition [76].

Cannabinoids

The cannabinoid signaling system plays a complex and
somewhat controversial role in the regulation of pain. In
animals, chronic constriction injury produces a significant
decrease in cannabinoid receptor agonist WIN 55,212-2-
stimulated [(35) S] GTPyS binding in membranes prepared
from the ACC, suggesting desensitization of the cannabi-
noid 1 receptor (CB1) in the ACC in neuropathic pain [77].
An increase in endocannabinoid 2-arachidonoylglycerol
level is found in the PFC and plasma of mice with exper-
imental osteoarthritis, and peripheral blood lymphocytes of
patients with osteoarthritis, compared with healthy subjects
[78]. The excitation of mPFC neurons is inversely related
to the activity of the amygdala during pain, and CB1 acti-
vation reduces the excitation of inhibitory neurons that are
terminating on mPFC neurons, as a result of abnormally
increased amygdala output [79]. Consistent with this mod-
el, the endocannabinoid, palmitoylethanolamide, reduces
pain-related behaviors and restores glutamatergic synapses
in the mPFC of neuropathic mice [80]. Furthermore, daily
treatment with N-arachidonoyl-serotonin, a hybrid inhibi-
tor of the endocannabinoid-catabolyzing enzyme, fatty ac-
id amide hydrolase, and antagonist of vanilloid type 1
channel, restores cortical neuronal activity and reduces
allodynia after sciatic nerve injury in rats [81].

Dopamine

The PFC receives dopaminergic innervation from the VTA
in the midbrain [17]. Close appositions are found between
dopamine fibers and GABAergic interneurons in the ACC
[82]. In addition, the dopamine D2/D3 receptor availability in
the ventrolateral PFC has been reported to correlate with
recalled efficacy of placebo, suggesting a role of dopamine
in pain processing [83]. In animals, high-frequency stimula-
tion of the VTA produces long-lasting suppression of nocicep-
tive responses in the rat PFC, including the cingulate and
prelimbic areas. A D2R but not a DIR antagonist impairs
the long-lasting suppression evoked by high-frequency
stimulation, suggesting that dopamine may modify PFC
nociceptive responses via the D2R [49].

Noradrenaline
The PFC receives noradrenergic innervation from the
locus coeruleus in the midbrain [17]. This innervation

is significantly increased in nerve-injured animals compared
to controls [60]. Norepinephrine induces persistent firing of
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pyramidal neurons of the PFC. This effect is independent of
recurrent fast synaptic excitation, but involves presynaptic
al-adrenoceptors that facilitate glutamate release [84]. The
pain-inhibitory actions of antidepressant drugs may involve
elevated noradrenaline concentrations in the dorsal horn,
which occurs concurrently with activation of supraspinal fa-
cilitating systems that are dependent on «1-adrenoceptors in
the mPFC [85]. Neuropathic pain-associated depression and
anxiety have been associated with noradrenergic dysfunction
including increases in locus coeruleus bursting activity, in-
creases in tyrosine hydroxylase and noradrenaline transporter
expression, and enhanced expression and greater sensitivity of
«2-adrenoceptors in the locus coeruleus [86].

There is, however, evidence that noradrenergic neurons
in the locus coeruleus could also participate in the devel-
opment and maintenance of allodynia and hyperalgesia af-
ter nerve injury [85]. The activation of noradrenergic locus
coeruleus neurons that are projecting to the PFC has been
reported to result in exacerbation of spontaneous pain [87].
Whisker pad mechanical hypersensitivity after trigeminal
neuropathy was found to be alleviated by immunolesioning
of noradrenergic neurons in the locus coeruleus, or micro-
injection of the ol adrenergic antagonist, benoxathian, into
mPFC [88], suggesting a pronociceptive effect of exces-
sive «l-adrenergic stimulation in the mPFC.

o2 adrenoceptors modulate the voltage-dependent activa-
tion of hyperpolarization-activated cyclic nucleotide gated
(HCN) channels [89]. Systemic administration of a selective
2B receptor agonist, A-1262543, results in attenuation of
mechanical allodynia in animals with spinal nerve ligation
injury [90].

Cyclic Nucleotide Gated Channels

These channels are regulated by «2-adrenergic receptors.
Electrophysiological and behavioral studies demonstrate that
HCN channels and the cAMP/protein kinase A signaling axis
promote hyper-excitability and persistent firing in pyramidal
neurons of the mPFC, in rats with neuropathic pain [60].

Acetylcholine

Cholinergic neurons appear to play a role in mPFC function
and pain. One week after nerve injury, cholinergic modula-
tion of layer V pyramidal neurons is severely impaired.
The cause of this impairment is a 60% reduction of an m1
cholinergic receptor-coupled, pirenzepine-sensitive
depolarizing current [91]. Reciprocal interactions between
cholinergic and opioidergic modulation likely impact the
function and efficacy of both opioids and cholinomimetic
drugs [92].
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N-acetylaspatate

N-acetyl aspartate (NAA) is the second-most-concentrated
molecule in the brain after glutamate. It is present in neurons
of the adult brain, but its exact function remains to be
determined. In vivo single-voxel proton magnetic reso-
nance spectroscopy studies show reductions of NAA and
glucose in the DLPFC of patients with chronic back pain
[93]. Reduced levels of NAA in bilateral DLPFC and in-
creased levels of myo-inositol in the left orbitofrontal cor-
tex were also found in a patient with chronic pain due to
complex regional pain syndrome type I [94].

Brain-Derived Neurotrophic Factor

Brain-derived neurotrophic factor (BDNF) is an extracellular
growth factor that influences neuronal activity, function,
and survival, primarily by activating the receptor protein
kinase TrkB. Both neuronal BDNF and prodynorphin
mRNA levels are increased in the ACC and PFC of mice
subjected to chronic constriction injury of the right sciatic
nerve [95]. A role of BDNF in supraspinal pain regulation
is suggested by the observation of a reduction in BDNF
levels in the infralimbic cortex, but not in the prelimbic
cortex, 3 days after Complete Freund's Adjuvant induction
of inflammatory pain. In contrast, BDNF infusion into
bilateral infralimbic cortices alleviates inflammatory pain
and accelerates long-term recovery from pain, coincident
with increased regional c-fos activity [96]. These results
suggest an antinociceptive effect of increased mPFC activity
that is induced by BDNF.

Changes in the PFC During Acute Pain
Human Studies

fMRI studies show that the discrimination of pain intensity,
a non-spatial aspect of pain, activates a ventrally-directed
pathway extending bilaterally from the insular cortex to the
PFC. This activation is distinct from a dorsally-directed
activation of the posterior parietal cortex and right
DLPFC that occurs during spatial discrimination of pain
[4]. Using the technique of standardized low-resolution
brain electromagnetic tomography, significant activation
is found in the somatosensory, ACC, operculo-insular,
and DLPFC cortices during pain [97]. In an electroenceph-
alogram (EEG) study of healthy human subjects, the sub-
jective perception of tonic pain was shown to be selective-
ly encoded by gamma oscillations in the medial prefrontal
cortex [11]. These oscillations encode pain intensity rather
than spatial discrimination. In addition, analysis of EEG
data after right and left hand stimulation reveals that the

encoding of pain in the mPFC is independent of the side of
stimulation. Moreover, the interpretation of noxious stim-
ulus intensity as pain is associated with a change from
spatially specific alpha and beta oscillations in sensorimo-
tor areas to a spatially independent representation of pain
by gamma oscillations in the mPFC [98]. In a human ex-
perimental model for abdominal pain, LPS-treated healthy
subjects showed visceral pain and significant and transient
increases in inflammatory cytokines, along with impaired
mood and decrease in visceral pain thresholds. Pain sensi-
tization is accompanied by increased activity in several
brain regions, including the DLPFC [99]. A similar study
demonstrated that human subjects injected with LPS be-
came more sensitive to pain compared to the placebo
group, and increased pain sensitivity is accompanied by
greater activity in the anterior insular cortex, but decreased
activity in the ventrolateral PFC and the rostral ACC [100].
When pain is controllable, the DLPFC has been shown to
downregulate pain-evoked activation in important pain-
processing regions. In contrast, sensitization during uncon-
trollable pain is mediated by increased connectivity be-
tween the anterior insula and the mPFC [101].

The PFC receives afferents from the visual and auditory
association cortices that may have effects on antinociception.
Functional connectivity between the frontal and parietal cor-
tices and the rostral ACC/mPFC is positively associated with
the effect of visual cues on pain ratings [102]. Likewise, au-
ditory inputs have been reported to modulate pain perception,
and this is dependent on an intact connectivity between the
angular gyrus to the right DLPFC [103]. Acute periodontal
pain stimulus elicited by a periodontal probe induced an in-
crease in brain activity, as detected by brain oxygen utilization
using functional near-infrared imaging (FNIRS), in all areas of
the PFC [104].

Inter-individual differences in amount of cortical gray
matter is inversely related to the level of visceral pain. It
is found that increased sensitivity to rectal pain stimuli
correlates significantly with reduced grey matter volume
in several regions of the brain, including the thalamus,
insula, posterior cingulate cortex, ventrolateral and
orbitofrontal PFC, amygdala, and basal ganglia [105]. The
cerebellum has also been shown to have a role in pain pro-
cessing/modulation, possibly due to its extensive connections
with the PFC and brainstem regions involved in descending
pain control [106]. Analysis of human brain chemistry using
single-voxel proton magnetic resonance spectroscopy shows
that in healthy individuals, combined glutamine/glutamate
levels pooled across pain-related brain regions are positively
correlated with pain intensity, whereas no appreciable
relationship with GABA is found [107].

The PFC is also involved in empathy for pain. Bilateral
anterior insula, rostral ACC, brainstem, and cerebellum are
activated when subjects receive pain and also by a signal that
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a loved one is experiencing pain [108]. Another study shows
that empathy involves increased activation of the anterior
insula and ACC as well as the mPFC and temporal pole when
sharing other’s social suffering [109]. Ventro-mPFC responses
to somatosensory representations of others’ pain are present
even in patients with congenital insensitivity to pain [110].
Interestingly, recipients of social and emotional support have
increased activity in the left lateral/mPFC and some temporal
regions [111], which may help to produce anti-nociception,
and coping with pain.

Animal Studies

Changes in Global Gene Expression, Epigenetic Effects,
and Posttranslational Modifications

Global gene expression studies have detected significant
neuroimmune interactions after peripherally induced pain.
Microarray analyses of differentially expressed genes in the
PFC at 3 days after inflammatory pain induced by facial car-
rageenan injection showed ‘immune system process’ as the
dominant ontology term. Increased mRNA expression of
immune-related genes, S100a8, S100a9, Len2, I12rg, Fegrl,
Fcgr2b, Clgb, Ptpre, Ccll2, and Cd52, were verified by RT-
PCR. The mild neuroinflammation that occurs in the PFC
during peripheral inflammation may actually result in anti-
nociception. Facial carrageenan-injected mice showed signif-
icantly reduced nociceptive responses after injection of C ter-
minus of murine SI00A9 protein in the lateral ventricles and
PFC but not somatosensory cortex [112]. Epigenetic changes
have also been found in the PFC after pain. miRNA microar-
ray analysis shows significantly increased levels of miR-155
and miR-223 in the PFC of carrageenan-injected mice, and
changes in two of the miRNA targets, c/ebp Beta and granu-
locyte colony-stimulating factor (GCSF) were verified by
real-time RT-PCR. Increase in some of these markers may
similarly lead to neuroinflamamtion of the PFC [113].
Relatively little is known about posttranslational modifica-
tion of proteins such as phosphorylation or glycosylation in
the PFC during pain. In one study, rats with unilateral
infraorbital nerve chronic constriction injury show bilateral
trigeminal dynamic mechanical allodynia, and bilateral upreg-
ulation of pERK-1/2 in the ventro-mPFC 2 weeks after nerve
injury, suggesting that these changes may contribute to altered
pain perceptions [114]. Another study, however, found that
inflammatory pain induces persistent p38 mitogen-activated
protein kinase (P38) but not ERK or c-Jun N-terminal kinase
hyperphosphorylation in the prelimbic cortex [115].

Changes in Glial Cells and Neuroinflammation

Glial cells respond or react to glutamate released from neu-
rons, and in turn produce inflammatory mediators which
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could further increase neuronal excitation [116]. This may
serve an adaptive function, in the sense that it could activate
cortical areas such as the mPFC that are involved in
supraspinal antinociception [112]. Over the long term, how-
ever, chronic neuroinflammation may lead to trimming of
dendritic branches, decreased synaptic connections, reduction
in pyramidal neuron output from the mPFC, and loss of
antinociception. Peripheral nerve injury has been reported to
activate microglia not only in the spinal cord but also the brain
[117]. Neuropathic pain as a result of nerve injury is associat-
ed with increased IL-13 expression in the damaged nerve,
dorsal root ganglia, spinal cord, brainstem, hippocampus,
and PFC [118]. Expression levels of cytokines IL-10 and IL-
13 are upregulated in the contralateral VLO of SNI rats [119],
and IL-1{3 expression and glutamatergic neurotransmission
are enhanced in the PFC of mice with neuropathic pain
[120]. Memory deficits, depressive, and pain behaviors are
modulated by peri-sciatic administration of IL-1( neutralizing
antibody in rats or deletion of IL-1 receptor type 1 in mice.
Increased expression of Toll-like receptor 4 (TLR4) is coupled
with enhanced glial activation in the PFC and increased levels
of proinflammatory cytokines. Moreover, central or peripheral
administration of a TLR4-specific antagonist, TAK-242,
attenuates visceral pain sensation [121]. TLR4 blockade
counteracts the hyperalgesia phenotype present in mice
fed on high-fat diet, indicating a role for this receptor in
visceral pain [122].

It has been suggested that proinflammatory mediators (e.g.,
cytokines) and activation of microglia and astrocytes could be
responsible for the structural, functional, and molecular
neuroplasticity changes observed in supraspinal structures, as-
sociated with pathological pain [123]. Bilateral increases in
the density of microglia are observed in the infralimbic cortex
ofrats 7 days post-injury, without any detectable change in the
other investigated regions, namely the ACC, prelimbic, and
agranular insular cortices [124]. Microglia are activated by
both SNI and intravenous injection of recombinant rat IL-
13, and this effect is reversed by peri-sciatic administration
of anti-IL-1 [125]. Expression of proinflammatory/M1 mi-
croglia is increased, and anti-inflammatory/M2 microglia is
decreased, in supraspinal regions after inflammatory pain. A
suppressor of microglial activation, minocycline, reduces M1
activation and increases M2 activation, and attenuates neuro-
pathic pain [126]. Minocycline promotes M2 microglia polar-
ization as evidenced by upregulation of CD206 and Argl
[127]. Besides microglia, astrocytes are also activated during
pain. A significant increase in glial fibrillary acidic protein
(GFAP), a marker of astrocytes, as well as changes in level
of glial glutamate or GABA transporters, and vesicular gluta-
mate or GABA transporters are found in the amygdala during
pain, which may alter the state of excitation or inhibition in
this nucleus [128], leading to downstream effects on its corti-
cal targets.
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There is evidence that inflammatory mediators could cause
an increase in neurotransmitter release and neuronal excitation.
Increased levels of TNF-alpha protein level are found in the
mouse ACC after inflammatory pain induced by hind paw
injection of Complete Freund’s Adjuvant, and in vitro whole-
cell patch-clamp recordings reveal that TNF-alpha significantly
enhances synaptic transmission through increased probability
of neurotransmitter release in the ACC [129]. Similarly, in-
creased expression of IL-8 is found in the ACC during the
chronic phases of complete Freud’s Adjuvant-induced periph-
eral inflammation, and in vitro whole-cell patch-clamp record-
ings show that IL-8 enhances synaptic transmission through
increased probability of neurotransmitter release in ACC slices
[130]. These results suggest that pain-induced cytokine
release and neuroinflammation may predispose to increased
neuronal excitability in the PFC. Such an increase in excitabil-
ity has been found, in layer V. mPFC pyramidal cells after
peripheral inflammation [131]. The carbon monoxide-
releasing compound (tricarbonyldichlororuthenium(Il)dimer)
oran heme oxygenase 1 (HO-1) inductor (cobalt protoporphy-
rin IX) exert potent anti-allodynic and anti-hyperalgesic effect
in sciatic nerve injured mice, likely due to their effects on
modulating microglial activation [132].

Potential Links with Chronic Pain

Continually increased neuronal activity as a result of untreated
pain could lead to neuroinflammation, and loss of neuronal
processes in the mPFC, resulting in decreased modulation of
pain. Another way in which persistent inflammation in the
PFC could cause the progression to chronic pain is that per-
sistent activation of the mPFC could result in increased
mPFC—nucleus accumbens connectivity, which has been
found to be associated with the chronification of pain (see
below). Animals with SNI have increased expression of IL-
13 not only in the injured sciatic nerve but also in CNS re-
gions that are closely associated with pain, memory, and emo-
tion, including the spinal dorsal horn, hippocampus, PFC,
nucleus accumbens, and amygdala [125]. SNI also produces
mechanical allodynia and depressive-like behaviors, and in-
creases the expression of microglial markers (Ibal, CD11b)
and M1, proinflammatory markers (CD68, iNOS, IL-13,
TNF-«, and 8-OH-dG) in the PFC[127]. Daily intrathecal
minocycline treatment to reduce microglial activation starting
from PODO for 2 weeks alleviated mechanical allodynia
before POD3, and attenuated anxiety on POD9 [133].
Alterations in microglia and astrocytes in cortical and limbic
brain regions have been suggested to be a cause of pain-
induced emotional and cognitive impairments [134].
Hence, targeting supraspinal pro-inflammatory mediators
might be a novel approach for the treatment of neuropathic
pain [135].

Changes in the PFC During Chronic Pain
Changes in Structure

Chronic pain is defined as pain lasting more than 1-3 months.
Many studies have shown that there is loss of grey matter in
the PFC, as a result of chronic pain. Patients with chronic back
pain have regional grey matter decreases in the bilateral mPFC
extending to the ACC and the right mPFC extending to the
orbitofrontal cortex [136]. In another study, patients with
chronic back pain show 5-11% loss of cortical gray matter
volume in bilateral DLPFC, as well as the right thalamus,
which is equivalent to the gray matter volume lost in 10—
20 years of normal aging [137]. Voxel-based morphometry
analysis reveals significant decreases in grey matter density
in areas associated with pain processing and modulation, i.e.,
the DLPFC, the thalamus and the middle cingulate cortex in
patients with chronic low back pain [138]. Similarly, reduced
gray matter volume is found in the right anterolateral PFC, the
right temporal lobe, the left premotor cortex, the right caudate
nucleus, and the right cerebellum gray and white matter, in
patients with chronic low back pain due to prolapsed interver-
tebral discs [139]. A weak negative correlation exists between
back pain intensity and grey matter volume in the left DLPFC,
ventrolateral PFC, and ACC [140]. Furthermore, patients with
ankylosing spondylitis back pain exhibit cortical thinning in
the primary somatosensory, insular, ACC, anterior mid-
cingulate cortices, and the supplemental motor area, and in-
creased gray matter volume in the thalamus and putamen,
compared to controls [141].

Atrophy of the ventro-mPFC gray matter in combination
with reduced white matter integrity and connectivity to the
basal ganglia is found in patients with chronic complex re-
gional pain syndrome [142]. These patients show a positive
correlation between pain and the volume of the left posterior
hippocampus and left amygdala, but a negative correlation
with the volume of the bilateral DLPFC [143]. Patients with
fibromyalgia have threefold greater age-associated decrease
in gray matter volume and significantly less gray matter den-
sity in the insula, cingulate, and medial frontal cortices and
parahippocampal gyri, than healthy controls [144]. Those
with chronic myofascial pain exhibit changes in grey-
matter density of the right DLPFC that correlate with pain
thresholds, i.e., the more atrophy, the lower pain threshold
[145]. Patients with pain disorder show gray matter loss in the
prefrontal, cingulate, and insular cortex [ 146], and those with
neuropathic pain after spinal cord injury show significant
differences in pain-related regions as well as regions of the
classic reward circuitry, that is, the nucleus accumbens and
orbitofrontal, DLPFC, and posterior parietal cortices [147].
These patients also show decreases of both metabolism and
gray matter volume in the left DLPFC, as well as hypo me-
tabolisminthe mPFC and gray matter volume loss in bilateral
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anterior insula and subgenual ACC [148]. Patients with cen-
tral post stroke pain show decreases in grey matter volume in
comparison to healthy controls, involving secondary so-
matosensory cortex, anterior as well as posterior insular cor-
tex, ventrolateral PFC and orbitofrontal cortex, temporal cor-
tex, and nucleus accumbens [149]. The presence of pain
symptoms is the main predictor of both grey matter volume
and NAA levels in the left DLPFC of patients with chronic
fatigue syndrome, i.e., more pain is associated with reduced
grey matter volume in these patients [150].

Patients with trigeminal neuralgia show gray matter vol-
ume reduction in the primary somatosensory and orbitofrontal
cortices, as well as the secondary somatosensory cortex, thal-
amus, insula, ACC, cerebellum, and DLPFC. Grey matter
volume decreases in the ACC, parahippocampus, and tempo-
ral lobe are correlated with increasing disease duration [151].
These patients also demonstrate gray matter volume reduc-
tions in the ACC and mid-cingulate cortex, insula, secondary
somatosensory cortex, M1, premotor area, and several regions
of the temporal lobe [152]. Patients with temporomandibular
disorder have decreased gray matter volume in the left ACC,
in the right posterior cingulate gyrus, the right anterior insular
cortex, left inferior frontal gyrus, as well as the superior tem-
poral gyrus bilaterally [153]. Those with burning mouth syn-
drome show decreased grey matter volume in the mPFC
[154]. Patients with neuropathic pain from recurrent herpes
simplex virus infections have decreased gray matter density
in the PFC and ACC [155].

Reduction of cortical gray matter is also found in patients
with visceral pain. Patients with functional dyspepsia have
decreased cortical thickness in the DLPFC, ventrolateral
PFC, mPFC, anterior/posterior cingulate cortex, insula, supe-
rior parietal cortex, supramarginal gyrus, and lingual gyrus
[156], and those with chronic pancreatitis have reduced corti-
cal thickness in brain areas involved in pain processing [157].
Patients with irritable bowel syndrome show generally de-
creased gray matter density in different parts of the brain,
including mPFC and ventrolateral PFC, posterior parietal cor-
tex, ventral striatum, and thalamus [158], or cortical thinning
of the left cuneus, left rostral middle frontal cortex, left
supramarginal cortex, right caudal anterior cingulate cortex,
bilateral insula [159], posterior parietal cortex, and DLPFC
[160]. A negative correlation is found between cortical thick-
ness with the severity and duration of pain in these patients
[159], although one study reported that thicker right lateral
orbitofrontal cortex is strongly associated with a decrease in
pain inhibition [161].

Proton spectroscopy imaging shows that chronic neuro-
pathic pain is associated with reduced free and bound proton
movement, indicators of subtle anatomical changes, in the
mPFC, ACC, and mediodorsal nucleus of the thalamus
[162]. In addition, microstructural abnormalities have been
found in the right ACC and mPFC of patients with chronic
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myofascial pain, that are related to pain intensity and the
course of the disease, which could account for the loss of
cerebral grey matter [163].

In animals, it has been reported that basal dendrites of py-
ramidal neurons from SNI rats are longer and have more
branches and spines, than their counterparts in sham-
operated animals [164]. Another study, however, found that
1 week after SNI, pyramidal cells in layer V of the rat mPFC
show reduced responses to excitatory glutamatergic inputs by
about 50%, as well as decreased frequency of spontaneous
excitatory synaptic currents. The apical dendrites are also
shorter and less complex in these animals [165]. It is possible
that shorter dendritic branches may contribute to reduced grey
matter volumes in patients with chronic pain.

Changes in Activity

Changes in activity have been found in the PFC during
chronic pain. Patients with chronic back pain show
aberrant blood oxygenation-level dependent (BOLD)
high-frequency dynamics in the mPFC which is correlated
with altered functional connectivity to pain signaling/
modulating brain regions [40]. These patients show signif-
icantly reduced blood flow in the PFC, but increased blood
flow in the cerebellum [166]. Fibromyalgia patients show
increased low- and high-frequency oscillatory
activity [167], and increases in theta, beta, and gamma
power along with a slowing of the dominant alpha peak
in the PFC [167]. Augmented frontal theta activity in FM
patients correlates with measures of tenderness and mean
tiredness scores [168]. Source localization analysis in pa-
tients with migraine reveals increased activity in the
somatosensory cortex, but reduced activation in the anteri-
or mPFC [169]. The activity in the DLPFC is inversely
correlated with secondary hyperalgesia in healthy controls,
but such correlation is absent in patients with fibromyalgia
[170]. Patients with migraine without aura have signifi-
cantly increased pain-evoked potential amplitudes and ac-
tivity in pain matrix regions such as the primary somato-
sensory cortex, but reduced activity in the orbitofrontal
cortex [171]. Likewise, studies on regional blood flow by
PET show that patients with atypical facial pain have de-
creased blood flow in the PFC in response to painful ther-
mal stimuli [172].

Experimental animal studies show neurons in the prelimbic
region of the mPFC increase firing rates after noxious stimu-
lation in rats. Chronic pain suppresses both basal spontaneous
and pain-evoked firing rates, but enhancing basal PFC activity
with low-frequency optogenetic stimulation scales up prefron-
tal outputs to inhibit pain [173]. Whole-cell recordings also
reveal a significant reduction in excitability of layer V cortico-
PAG projecting neurons contralateral to chronic constric-
tion injury in mice [174].
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Changes in Connectivity

The connectivity of other cortical areas to the PFC and its
subsequent projection to the PAG are important for its func-
tion in antinociception. Significant negative correlations be-
tween pain ratings and PAG-ventro mPFC/rostral ACC con-
nectivity is found in patients with chronic lower back pain,
after a pain-inducing maneuver [175]. These patients show
decreased connectivity of the mPFC to posterior constituents
of the default mode network but increased connectivity to the
insular cortex in proportion to the intensity of pain [176].
Large decreases in hippocampal connectivity with the mPFC
are also found in patients with back pain, compared to those
who recovered [177]. Decreased connectivity between pain-
and sensorimotor brain areas is found in patients with fibro-
myalgia, suggesting that weaker coupling between these areas
might contribute to less effective control of pain [178].
Patients with irritable bowel syndrome have increased
long- and short-range functional connectivity in primary
sensorimotor cortices, but decreased long- and short-
range functional connectivity in the anterior midcingulate
cortex, inferior parietal lobules, and decreased long-range
connectivity in the right anterior insula, and decreased
short-range connectivity in bilateral PFC, and mPFC re-
gions including the subgenual ACC [179]. Women with
primary dysmenorrhea have hypoconnectivity of the
DLPFC, the ventral mPFC and the PAG [180]. Similarly,
female migraine without aura patients have decreased
functional connectivity among pain-related brain regions
[181]. The connectivity of the PFC with the PAG is also
decreased in patients with migraine compared to healthy
individuals [182]. A study of the relationship between
white matter changes and pain intensity and pain affect in
elderly people shows that the presence of white matter
changes is related to increased pain affect, but not with
pain intensity [183].

The role of connectivity of the insula to the mPFC in chron-
ic pain still needs to be clarified, although most studies found
that, as with other cortical areas, reduced connectivity of the
insula to the mPFC is associated with increased pain.
Hypoconnectivity between anterior insula and mPFC and neg-
ative relation with the visual analogue scale is found in wom-
en with primary dysmenorrhea during menstruation [184].
The strength of mPFC-to-insula connectivity migraine with-
out aura patients is also negatively correlated with pain inten-
sity during migraine attacks. Results suggest that greater sub-
jective intensity of pain during a migraine attack is associated
with proportionally weaker mPFC-insula connectivity [185].
Compared with controls, patients with painful knee osteoar-
thritis show reduced functional connectivity between the right
anterior insula and other areas of the pain network [186]. In
addition, reductions of pain ratings under the influence of
acupuncture are significantly correlated with an increase of

connectivity between the insula and the mid-cingulate cortex
[187]. Some studies, however, report that increased connec-
tivity of the insula with the PFC is associated with increased
pain. Women with chronic pelvic pain have increased levels of
combined glutamine-glutamate within the anterior insula and
greater anterior insula connectivity to the mPFC [188], and
patients with rheumatoid arthritis show an increase in brain
connectivity between the insula and PFC [189].

The cause of the altered connectivity between brain regions
in pain is unknown. Nevertheless, diffuse abnormalities in the
microstructure of white matter tracts and lower fractional an-
isotropy or connectivity have been found in tracts adjacent to
the ventrolateral PFC and tracts coursing through the thalamus
in patients with temporomandibular disorder. The reductions
in brain functional anisotropy are associated with increases in
mean diffusivity and radial diffusivity, which are markers of
inflammation and edema [190]. Analysis of white matter mi-
crostructural differences of neuronal and non-neuronal origins
shows non-neuronal (e.g., neuroinflammation) white matter
density differences in the inferior fronto-occipital fasciculus
and the splenium of the corpus callosum of patients with
chronic musculoskeletal pain [191]. These results suggest
that, as with grey matter regions, neuroinflammation could
affect white matter tracts, leading to reduced connectivity to
the mPFC and PAG, and decreased anti-nociception. It is to be
noted however, that excessive connectivity between cortical
areas could result in pain rumination. Individual differences in
pain rumination in chronic pain patients have been correlated
with functional connectivity between the mPFC and the pos-
terior cingulate cortex, the retrosplenial cortex, the medial
thalamus, and the PAG [192].

Changes in Neurochemistry and Glial Cells

A survey of neurochemical changes in patients with chronic
low back pain by proton magnetic resonance spectroscopy
shows that chronic low back pain patients have reductions of
(1) NAA in the DLPFC, right M1, left somatosensory cortex,
left anterior insula, and ACC; (2) glutamate in the ACC; (3)
myo-inositol in the ACC and thalamus; (4) choline in the right
SSC; and (5) glucose in the DLPFC, compared to controls
[193]. The translocator protein (TSPO) is associated with
symptom severity and cerebral pain processing in patients
with fibromyalgia. This protein is upregulated during glial
activation, and compared to mixed/low TSPO affinity binders,
high TSPO affinity binders rated more severe pain and fibro-
myalgia symptoms. Results are consistent with a glial-related
mechanism of chronic pain [194].

In animals, inflammatory pain induces persistent p38
hyperphosphorylation in the prelimbic cortex. Inhibiting p38
phosphorylation in the prelimbic cortex reverses the aggravat-
ed nociceptive responses to the formalin test, implying that
persistent hyperphosphorylation of p38 underlies aggravated
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nociceptive responses in rats with chronic inflammatory pain
[115]. Transcriptome-wide RNA sequencing performed
6 months after nerve injury reveals 1147 differentially regu-
lated transcripts in the PFC in nerve-injured vs. control mice,
including those related to the NMDA receptor, neurite out-
growth, gliosis, vesicular release, and neuronal excitability
[195]. Decreased global methylation is found in the PFC
and amygdala, but not the visual cortex or thalamus in mice,
six months after peripheral nerve injury [196]. In addition,
long-term changes in DNA methylation and upregulation of
a gene involved with synaptic function, synaptotagmin II, is
detected in the PFC of mice after chronic pain [197].
Genome-wide DNA methylation assessed at 9 months post
SNI and sham rats reveals a large difference in the DNA
methylation landscape in the brain and a remarkable overlap
(72%) between differentially methylated probes in T cells and
the PFC [198].

Early life exposure to pain might predispose to later pain.
This could occur through long-term changes in brain opioid
receptors in the PFC and PAG, and may involve the gut mi-
crobiota [199] and glial cells. Painful stimuli in the neonatal
period produces pain behaviors immediately after injury that
persist into adult life, and is accompanied by an increase in
glial activation in cortical areas that process or interpret pain.
These results suggest a role of glial cells in the PFC, in the
chronification of pain [200].

Changes During Chronification of Pain

The corticostriatal circuit exerts a modulatory function in the
acute pain state. Optogenetic activation of this corticostriatal
circuit in rats gave rise to bilateral relief from peripheral
nociceptive inputs. Activation of this circuit also provided
important control for the aversive response to transient
noxious stimulations [201, 202]. However, this pathway
could potentially also lead to the chronification of pain.
A longitudinal brain imaging study of subacute back pain
patients who were followed over the course of 1 year
showed that when pain persisted, brain gray matter density
decreased. Initially, greater functional connectivity of the
PFC to the nucleus accumbens predicted pain persistence,
implying the corticostriatal circuitry is causally involved in
the transition from acute to chronic pain [40]. Patients with
a single sub-acute back pain episode have white matter
fractional anisotropy differences that accurately predicts
pain persistence over the next year. Local fractional anisot-
ropy is correlated with functional connectivity between the
mPFC and the nucleus accumbens, consistent with the
finding that this circuit is important for the chronification
of pain [203]. The cortico-amygdala projection also ap-
pears to play a role in pain chronification. A 3-year longi-
tudinal study of subacute back pain patients indicates that
greater functional connections between the dorsal mPFC-
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mygdala-accumbens circuit contributes to risk of chronic
pain [42]. In animals, a longitudinal fMRI study in awake
rats shows that innocuous air-puff stimuli evokes a distrib-
uted sensory network of activations, including contralater-
al somatosensory cortices, thalamus, insula, and cingulate
cortex. After peripheral nerve injury, however, the PFC and
nucleus accumbens display abnormal activities to normally
innocuous stimuli, when such stimuli induce tactile
allodynia [43]. Compared to other brain regions, the nucle-
us accumbens plays a dominant role in the global network
in a chronic pain state, and it has been suggested that hip-
pocampal hyperexcitability may contribute to alterations in
synaptic plasticity within the nucleus accumbens and pain
chronification [204].

Pain is experienced by the majority of patients with
Parkinson’s disease. These patients have a loss of dopamine-
containing neurons in the substantia nigra pars compacta, and
the dopaminergic deficit in this disease lowers multimodal
pain thresholds that are amenable’s to correction following
L-DOPA treatment [205]. Parkinson disease symptom sever-
ity is negatively correlated with ACC-DLPFC connectivity,
and impaired functional coupling to pain modulatory regions,
with disease progression [206]. A reduction in brain dopamine
signaling due to compensatory downregulation of dopamine
receptors could also occur as a result of addiction. In this
context, smoking status at baseline is found to be predictive
of persistence of back pain one year from symptom onset, and
back pain persistence by smoking is correlated with synchro-
ny of fMRI activity between the mPFC and the nucleus ac-
cumbens. The strength of this synchrony decreased in sub-
acute back pain or chronic back pain patients who ceased
smoking [207]. Such alterations may involve downregulation
of striatal D2 receptors as a result of use of addictive drugs or
substances [208], and could lead to increased corticostriatal
input. The release of dopamine via the VTA-projection is a
key part of the brain reward pathway [208], and pleasurable
stimuli, including reward, inhibit pain. A study on healthy
participants who underwent fMRI while playing a wheel of
fortune game with simultaneous thermal pain stimuli and
monetary wins or losses showed that winning decreased pain
perception compared to losing [209]. In animals, there is ev-
idence that the reward pathway is, itself, affected by pain. Rats
with visceral pain show depressed intracranial-self stimulation
and extracellular levels of nucleus accumbens dopamine
[210]. It has been suggested that changes in the brain reward
pathway could have an impact on the proclivity for depression
and suicide, in patients with chronic pain [211].

The cerebral cortex is connected to the basal nuclei and
thalamus by several cortico-basal nuclei-thalamo-cortical
loops. In the case of the mPFC/ACC, this involves: mPFC/
ACC -> nucleus accumbens -> ventral pallidum/substantia
nigra pars retiulata -> mediodorsal nucleus of the thalamus
-> mPFC/ACC and possibly, insula. The PFC has been
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defined as the projection area of the mediodorsal nucleus of
the thalamus, but this is no longer true in both directions [212].
In macaques, the mediodorsal nucleus also sends axons to
cortical areas other than the PFC, such as the insular cortex
[213-215]. Moreover, it is known that these loops do not only
end in the cortical area of origin, but also in an adjacent area,
i.e., they could form ‘spirals’ in addition to loops [216]. Hence
it is conceivable that corticostriatal inputs originating from the
mPFC may not only terminate in the mPFC, but also the
insula. Based on this possibility, we postulate that one func-
tion of dopamine D2 receptors in the nucleus accumbens is to
counteract the effects of excessive glutamatergic input from
the mPFC—that through the above loop/spiral could lead to
excessive stimulation of the thalamus and insula, which is the
cortical area most commonly associated with the sensation of
pain [7].

In this scenario, the mPFC could serve dual, opposing roles
in pain: (1) it mediates antinociceptive effects, due to its con-
nections with other cortical areas and serving as the main
source of cortical afferents to the PAG for modulation of pain,
and (2) depending on chronic neuroinflammatory processes,
and the level of dopamine receptor activation (or lack of) in
the VTA-nucleus accumbens reward pathway, it could in-
duce pain chronification via its corticostriatal projection
and possibly, the mPFC-basal nuclei-thalamo-mPFC/insula
loop/spiral. More research is needed in this area (Fig. 1).

Role of the PFC in Management of Chronic
Pain

Chronic pain is best managed using a multidisciplinary,
biopsychosocial approach. The goal is not only the reduction
of pain but also to enable patients and their loved ones to cope
with their pain (Table 1).

rTMS

Repetitive transcranial magnetic stimulation (rTMS) of the
PFC or M1 is a non-invasive strategy that could have the
potential to relieve chronic pain. rTMS stimulation of the left
DLPFC in healthy subjects is found to exert a bilateral control
on pain system. rTMS is also associated with increases in
thermal and mechanical pain thresholds, compared to sham
treatment [237]. Similarly, left DLPFC-rTMS delivered at 10
or 20 min after capsaicin application significantly decreases
spontaneous pain in both hands, whereas no significant effect
is reported after right DLPFC rTMS [238]. rTMS is associated
with increased activity in the posterior cingulate gyrus,
precuneus, right superior frontal gyrus, right insula, and bilat-
eral postcentral gyrus. Activity in the right superior PFC is
negatively correlated with pain ratings [217]. rTMS-induced
analgesia is associated with elevated blood oxygenation-level

dependent (BOLD) signal in Brodmann areas 9 and 10, and
diminished BOLD signal in the ACC, thalamus, midbrain,
and medulla [239]. Patients with fibromyalgia who received
active TMS over 2 weeks showed a 29% reduction in pain as
well as improvement in depression symptoms, compared to
baseline [240]. Those with chronic migraine experienced a
significant reduction of the frequency of attacks during treat-
ment by high-frequency rTMS over the left DLPFC [241], and
a short-course of rTMS over the left DLPFC was found to
alleviate mild traumatic brain injury-related headache symp-
toms [242]. Other studies, however, indicate that stimulation
of M1 is more effective than the DLPFC in producing an
antinociceptive effect in patients with migraine [243].
Patients with burning mouth syndrome who received rTMS
showed decreases in pain intensity by 67% compared to base-
line [244]. rTMS may also be useful for the management of
visceral pain. Patients with gastric bypass surgery who received
rTMS over the left PFC showed 36% less patient-controlled
morphine pump use compared to sham-treated controls [245].

The antinociceptive effect of rTMS likely involves activa-
tion of opioid receptors. A single session of postoperative
prefrontal rTMS is associated with a reduction in patient-
delivered morphine use after gastric bypass surgery [246]. In
addition, rTMS of area 9 of the left DLPFC produces analge-
sic effects on postoperative and laboratory-induced pain, but
this effect was reduced by pretreatment with an opioid recep-
tor antagonist, naloxone, suggesting that rTMS-induced anal-
gesia requires opioid activity [247]. Moreover, rTMS reduces
p-opioid receptor availability compared to sham rTMS sug-
gesting release of endogenous opioids in the right ventral stri-
atum, medial orbitofrontal, PFC, ACC, left insula, superior
temporal gyrus, DLPFC, and precentral gyrus [248]. In anoth-
er study, naloxone injection significantly decreased the anal-
gesic effects of M1 stimulation, but did not change the effects
of r'TMS to the DLPFC, or sham rTMS. This suggests that the
analgesic effects induced by the rTMS at these two cortical
sites are mediated by different mechanisms [249].

The analgesic effects of M1 or DLPFC rTMS are also
decreased by ketamine. Since ketamine is an inhibitor of
NMDA receptors, this suggests that rTMS-induced
antinociception is dependent on NMDA receptors and may in-
volve long-term potentiation (LTP) mechanisms [250].
Lipidomic analysis of the PFC of rats after rTMS indicate loss
of plasmalogen species with long-chain polyunsaturated fatty
acids, with an increase in their corresponding lysophospholipids,
suggesting endogenous release of long-chain fatty acids such as
docosahexaenoic acid (DHA) after rTMS [251]. DHA may be
metabolized to resolvin D1 by 15-lipoxygenase-1 (Alox15),
which has been shown to play an important role in LTP [252,
253] and antinociception [252, 253] . Results suggest that LTP-
like mechanisms likely play a role in the antinociceptive effects
of ITMS [254], possibly through the involvement of endogenous
opioids and fatty acids (Table 1).

@ Springer



1150

Mol Neurobiol (2019) 56:1137-1166

Transcranial Direct Current Stimulation

Anodal transcranial direct current stimulation (tDCS) to the
DLPFC has been shown to improve symptoms in a range of
domains including working memory, mood, and pain percep-
tion [218-220]. tDCS of the left DLPFC in healthy subjects
induces increased perfusion in brain regions that are anatom-
ically connected to the DLPFC [221]. The beta band power at
EEG is increased, and the alpha band power is decreased after
anodal tDCS [255]. tDCS to the left DLPFC induces an anal-
gesic effect, which is correlated with reduced perfusion to the
posterior insula and thalamus [256]. tDCS is associated with a
23% reduction in patient-controlled opioid usage after lumbar
surgery, and a 31% reduction is observed in pain-at-its-least
ratings from admission to discharge [257]. Likewise, patients
who received real tDCS report no pain exacerbation or worse
mood after total knee arthroplasty, compared with those who
received sham treatment [258]. Patients with chronic pain due
to myofascial pain syndrome report decreased mean visual
analog scale values, after tDCS to the DLPFC [259]. Anodal
tDCS over the left DLPFC ameliorates neuropathic pain in
patients with multiple sclerosis [260], and tDCS stimulation
of either left M1 or DLPFC reduces headache and pain inten-
sity in patients with migraine [261]. Other studies, however,
found that tDCS over M1 but not DLPFC produces pain relief
in patients with diabetic neuropathy [262]. Ratings for others’
pain also increased in subjects that received anodal tDCS of
the DLPFC, consistent with a role of the PFC in empathy for
pain [263]. There is evidence that analgesic effects of M1-
tDCS may involve endogenous p-opioids [264] (Table 1).

Antidepressants

A variety of medications are used to treat chronic pain, includ-
ing gabapentin, pregabalin, noradrenaline, or serotonin-
noradrenaline reuptake inhibitor antidepressants including
duloxetine, tricyclic antidepressants such as amitriptyline,
capsaicin, lidocaine patches, tramadol, botulinum toxin, and
opioids. Rectal pain induces significant activation of the
perigenual ACC, right insula, and right prefrontal cortex.
Treatment with the tricyclic antidepressant, amitriptyline, is
associated with reduced pain-related cerebral activations in
the perigenual ACC and the left posterior parietal cortex, but
only during stress [265]. In another study, duloxetine treat-
ment is associated with a significant reduction in brain re-
sponses to painful stimulation in major depressive disorder
patients in regions generally showing abnormally enhanced
activation at baseline. Clinical improvement is associated with
pain-related activation reductions in the pregenual anterior
cingulate cortex, right prefrontal cortex, and pons, but inter-
estingly, increased baseline activations in the right prefrontal
cortex and reduced deactivations in the subgenual anterior
cingulate cortex predicted treatment responders at week 8
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[222]. Changes related to Regulator of G protein signaling 4,
a signal transduction protein that controls the function of
monoamine, opiate, muscarinic, and other G protein-coupled
receptors, have been detected in the brain, after antidepressant
treatment [266]. In another study, reductions in clinical pain
scores during treatment with milnacipran, a selective serotonin
and norepinephrine reuptake inhibitor (SNRI), in fibromyal-
gia patients are correlated with decreased baseline functional
connectivity between the insula and ACC [267].

In animals, chronic treatment with tricyclic antidepressant,
amitriptyline, results in altered somatic nociceptive responding
following peripheral nerve-injury, and these effects are associ-
ated with a reduction of glial activation and suppression of
neuroinflammation [268]. Treatment of rats with tapentadol, a
norepinephrine reuptake inhibitor with p-opioid receptor ago-
nistic activity, has recently been introduced for the treatment of
moderate to severe pain, which results in a dose-dependent
increase in cortical dopamine and norepinephrine levels with
a mean maximum increase of 600 and 300%, respectively
[269]. Mice that have been treated with the antidepressant,
tianeptine, show abrogation of downregulation of BDNF and
p-CREB in the mPFC and hippocampus [270]. Treatment of
mice with the noradrenaline-reuptake (NRI)/tricyclic antide-
pressant, maprotiline, results in increased expression of an en-
zyme, calcium independent phospholipase A, (iPLA,), that is
related to its antidepressant-like [271] and antinociceptive ef-
fects [272]. iPLA2 acts on membrane phospholipids to release
DHA, and the latter is metabolized by Alox15 to resolvin DI.
Both DHA and resolvin D1 have anti-inflammatory properties,
and Alox15 plays a role in hippocampo-PFC LTP, and has
antinociceptive effects in a mouse partial infraorbital nerve
ligation model of neuropathic orofacial pain [252, 253]
(Table 1).

Acupuncture

Acupuncture has long been used for the control of pain.
Patients with painful osteoarthritis who were scanned by
PET show that real acupuncture and placebo (with the same
expectation of effect as real acupuncture) results in greater
activation of the right DLPFC, ACC, and midbrain, compared
to skin prick (with no expectation of a therapeutic effect)
[223]. fMRI analysis shows that acupuncture induces activa-
tion of the amygdala and ACC, PAG, and hypothalamus and
relatively persistent activation of the anterior insula and PFC
[224]. Patients with chronic back pain had reduced connectiv-
ity within the pain network, including the DLPFC, mPFC,
ACC, and precuneus, but after acupuncture, connectivity
was restored almost to the levels of healthy controls, and
was correlated with a reduction in pain [273]. In patients with
carpal tunnel syndrome, electroacupucture at distal acupoints
results in PFC activation and reduction in pain [274]. The
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analgesic effects of acupuncture may involve the release of
endogenous opioids in the brain [275] (Table 1).

Transcutaneous Electrical Nerve Stimulation

Patients receiving low-frequency transcutaneous electrical
nerve stimulation (TENS) show significant decreases in per-
ceived pain intensity, which are correlated with pain-specific
activation of the contralateral thalamus, PFC, and the ipsilat-
eral posterior parietal cortex [225]. Furthermore, connectivity
between the lateral PFC and the PAG is increased by TENS,
which could result in antinociception [276].

Cognitive Behavioral Therapy

A variety of psychological conditions can predispose to pain,
including depression, anxiety, post-traumatic stress syndrome,
somatoform disorders, addiction, and problems with person-
ality. Some of these conditions may benefit from psychother-
apy, including cognitive behavioral therapy, mindfulness
training, acceptance and commitment therapy, making mean-
ing, and counselling. Psychological factors (Axis 2 factors)
commonly co-occur with physical causes (Axis 1 factors) in
patients presenting with chronic pain. Cognitive behavioral
therapy results in increased activation of the ventrolateral
PFC and lateral orbitofrontal cortex, suggesting that therapy
changes the brain’s processing of pain [226]. In another study,
patients with mixed chronic pain types have decreased pain
catastrophizing after 11 weeks of cognitive-behavioral
therapy, that is associated with increased grey matter volume
in the left DLPFC and ventrolateral PFC, right posterior
parietal cortex, somatosensory cortex, and ACC [277].

Mindfulness

Mindfulness practitioners but not controls are able to reduce
pain unpleasantness and anticipatory anxiety during a mindful
state. This is associated with increased rostral ACC activation
during the anticipation of pain [227]. In other studies, reduc-
tion in pain during mindfulness is associated with activa-
tion of brain regions including the orbitofrontal, subgenual
ACC, anterior insular cortex, and the DLPFC [228, 229].

Music

Music modulates pain responses in different parts of the CNS.
Brain regions with increased activity when listening to plea-
surable music include the DLPFC, PAG, and rostral ventro-
medial medulla, which are parts of the descending pain mod-
ulatory system [230]. In another study, a significant increase in
the amplitude of low-frequency fluctuations of the BOLD
signal is detected in the left angular gyrus after listening to

music, which correlates with increased functional connectivity
with the right DLPFC and analgesia [103].

Physical Activity and Exercise

Greater physical activity is associated with decreased pain
ratings to repeated heat stimuli in patients with fibromyalgia
[278]. These patients also show decrease in pain sensitivity
and significantly greater activity in the anterior insula and the
left DLPFC after exercise [231].

Viewing Partner Pictures

Viewing pictures of a romantic partner reduces experimental
pain, which is suggested to involve the brain reward pathway
[279]. This is associated with reduced pain-related neural
activity in the dorsal ACC and anterior insula, but increased
activity in the ventro-mPFC and reduced self-reported ratings
of pain [232].

Meditation

In contrast to mindfulness, meditation appears to have an
effect on decreasing activity in different parts of the brain.
Meditators show lower pain-evoked event-related poten-
tials in the midcingulate cortex, and lower unpleasantness
ratings compared to controls, and this response is predicted
by lifetime meditation experience [233]. Pain patients who
have learnt Transcendental Meditation and practiced it for
5 months show decreased activity in the brain, including a
40-50% reduction in the thalamus and the PFC [234].
Likewise, practitioners of Zen meditation have reduced
activity in executive, evaluative, and emotion areas, including
the PFC, amygdala, and hippocampus during pain, compared
with controls [235] (Table 1).

Religious Prayer

In contrast to the most of the above mechanisms, but perhaps
similar to meditation, religious prayer reduces the activity of a
large parietofrontal network to produce an antinoiceptive
effect. Naloxone has no significant effect on pain ratings or
neural activity, suggesting that the effect is not opioid re-
lated. These results suggest that prayer may attenuate pain
through a reduction in processing of pain stimulus salien-
cy, rather than through known descending pain inhibitory
systems [236] (Table 1).

Changes in the PFC During Placebo Analgesia

Placebo was originally conceptualized as a commonplace
method or medicine prescribed in order to please the

@ Springer



1152

Mol Neurobiol (2019) 56:1137-1166

patient and not because of its efficacy. In recent years,
however, the placebo effect has been a topic of consid-
erable interest, and the psychosocially induced changes
in the patient’s brain and body may, in turn, affect the
course of the disease [280]. Placebo analgesia is associ-
ated with decreased activation of first-order pain sensory
areas, but increased activation of the DLPFC and mPFC.
fMRI experiments show that placebo analgesia is related
to decreased brain activity in pain-responsive brain re-
gions, such as the thalamus and insula, but increased
activity in the PFC [281]. Placebo response can be iden-
tified a priori in chronic back pain, in that neuronal in-
teractions between pain processing regions (bilateral
insula) and prefrontal regions (left mPFC) predetermine
the probability of placebo response in chronic pain pa-
tients [282]. A study on esophageal pain in healthy
adults that received placebo reveals large reductions in
activity of the thalamus, somatosensory cortices, insula,
and ACC, but increased activity in the ventrolateral PFC,
which correlates with decreased pain extent and visual
analog scale values [283]. Moreover, low-frequency rTMS
that transiently disrupted left and right DLPFC function
completely blocked placebo analgesia in volunteers subjected
to a heat-pain paradigm, highlighting the importance of the
DLPFC in the placebo response [284].

Placebo effects and expectations for reduced pain elicit
reliable increases in activation in the PFC and the PAG
[285], and placebo analgesic effects are positively correlated
with fractional anisotropy in the right DLPFC, left rostral an-
terior cingulate cortex, and the PAG [24]. In addition, greater
left hemisphere DLPFC to PAG connectivity and right hemi-
sphere, thalamus to DLPFC connectivity are predictive of fu-
ture placebo responses [286]. Significantly greater couplings
are found between brain regions involved in cognitive pro-
cesses [287], and between these areas and the brainstem and

spinal cord, during placebo analgesia [288]. Placebo analgesia
may be limited to the location at which pain relief is expected,
suggesting spatial specificity in the pain modulatory pathway
[289]. Besides the mPFC—PAG connection, the PFC—ven-
tral striatum connection is also important for the placebo
response.

In aversive and appetitive reinforcement learning, learned
effects show extinction when reinforcement is discontinued.
However, during placebo analgesia, little extinction occurs,
and effects persist after the discontinuation of reinforcement.
This has been found to be related to the suppression of pre-
diction error processing in the ventral striatum by the prefron-
tal cortex [290]. There is evidence that the efficacy of placebo
response might be predicted based on baseline PFC structure
and function. In patients with dementia, the placebo analgesic
response can be significantly diminished, when neurodegen-
erative changes are prominent in the PFC [280]. Moreover,
reduction in migraine days after placebo treatment was signif-
icantly associated with the baseline gray matter volume of the
mPFC which could predict post-treatment groups with high
accuracy [291].

PET studies using the p-opioid selective radiotracer,
['!C]carfentanil, show that the placebo effect is associated
with activation of endogenous opioid neurotransmission in
different brain areas such as the ACC, orbitofrontal PFC and
DLPFC, anterior and posterior insula, nucleus accumbens,
amygdala, thalamus, hypothalamus, and PAG [292-294].
Placebo-induced activation of p-opioid receptor-mediated
neurotransmission is found in both higher-order and sub-
cortical brain regions, which include the pregenual and
subgenual rostral ACC, DLPFC, insular cortex, and the
nucleus accumbens [295]. The use of a placebo results in
reduced pain in 35% of patients, and almost the same per-
centage (36%) of patients respond to treatment with mor-
phine. This suggests a close relation between the placebo

Table 1 Effect of

biopsychosocial pain No. Therapy Effect on Reference(s)
management strategies on PFC PFC activity
activity
1 rTMS Increased [217]
2 tDCS Increased [218-221]
3 Antidepressants Increased [222]
4 Acupuncture Increased [223, 224]
5 Transcutaneous electrical Increased [225]
nerve stimulation
6 Cognitive behavioral therapy Increased [226]
7 Mindfulness Increased [227-229]
8 Music Increased [230]
9 Physical activity and exercise Increased [231]
10 Viewing partner pictures Increased [232]
11 Meditation Decreased in thalamus and PFC [233-235]
12 Religious prayer Decreased in large parietofrontal network [236]
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effect and the opioid system [296]. In addition, the dopa-
minergic innervation of the PFC from the VTA could play
a role in the placebo effect [297].

Links Between Pain and Depression, Anxiety
and Cognition, and Potential Reversibility
of Chronic Pain-Induced Changes in the PFC

Link with Depression

The presence of depressive mood may increase pain sensation
and vice versa. Clinical studies and animal models have dem-
onstrated that this interaction appears to involve the PFC. For
example, the effect of mood on pain perception was demon-
strated in an experimental pain study of female patients suf-
fering from major depressive disorder. Compared to control
subjects, depressed patients showed hyper activation in the
left ventrolateral thalamus, the right ventrolateral PFC and
DLPFC, as well as a stronger parametric BOLD signal in-
crease in the right ventrolateral PFC, DLPFC, and in the con-
tralateral insula, after painful stimulation [298]. Symptoms of
depression and the presence of major depressive disorder are
also associated with the magnitude of pain-evoked neuronal
activations in brain regions associated with affective pain pro-
cessing, such as the amygdala and contralateral anterior insula
[299]. In addition, healthy subjects who report the largest in-
crease in pain unpleasantness after sad mood induction show
greater activation of the inferior frontal gyrus and amygdala,
indicating a correlation between emotional regulation and
pain affect [300]. State depression scores of chronic pain pa-
tients are also correlated with changes in the thalamus and the
cingulate, DLPFC, and hippocampal cortices [301]. In pa-
tients with joint pain, there are significant correlations be-
tween Beck Depression Inventory scores, mPFC activation,
and signals in limbic areas, suggesting that these areas are
important in mediating the link between pain and depression
[302]. A correlation also exists between Beck Depression
Inventory scores and pain in patients with burning mouth
syndrome [154].

In animals, long-term neuropathic pain at 28 days after
injury results in depressive and anxiogenic-like behaviors, that
are even more intense than the averseness associated with the
primary pain stimulus [86]. Furthermore, rats with a
depression-like history display increased ongoing pain behav-
ior in the formalin test, although their thermal pain thresholds
are unchanged [303]. Rats that show increased depression-like
behaviors after neuropathic injury display higher levels of
proinflammatory cytokines (e.g., IL-1[3, IL-6) as well as im-
balance of pro/anti-inflammatory cytokines, compared with
rats without depression-like phenotype and sham-operated
rats [304]. In addition, a substantial number of signaling
pathway-associated genes with similar changes in expression

have been found by next-generation RNA sequencing and
pathway analysis, in mice with SNI and those subjected to
chronic unpredictable stress. This suggests common molecu-
lar pathways in the PFC between pain and chronic stress/
depression [305, 306].

Link with Anxiety

Pain is often associated with anxiety, but whether these two
entities are present in the same brain structure is less well-
known. Human studies suggest that analgesic and anxiolytic
effects could be served by distinct neural mechanisms and that
multiple pathways are operating in the top-down modulation
of pain [307]. In contrast, animal studies have provided evi-
dence for overlapping pain/anxiety pathways. For example, it
has been suggested that activation of ERK1/2 in the mPFC
may contribute to the process of stress-induced cognitive and
emotional disorders, leading to an increase in pain sensitivity
[308]. Another study has found that optogenetic activation of
prelimbic excitatory neurons exerts analgesic and anxiolytic
effects in mice subjected to chronic pain, whereas inhibition is
anxiogenic in naive mice [58].

Link with Cognition

Many structural and molecular imaging studies highlight the
extent of damage the brain sustains when patients experience
prolonged, unrelieved chronic pain [309]. An fMRI study
demonstrates that cognitive demands decrease pain-related
brain activation. Attenuation of pain-related activity occures
in the primary and secondary somatosensory cortices and the
anterior insula when patients are engaged in cognitive tasks
[310]. Inversely, painful stimuli may affect cognition—the
mPFC and the mediodorsal nucleus of the thalamus form in-
terconnected neural circuits that are important for spatial cog-
nition and memory, and in chronic pain states, the mPFC is
deactivated and mPFC-dependent tasks such as attention and
working memory are impaired [311]. Patients with chronic
low back pain show significantly less activation in the
cingulo-frontal-parietal cognitive/attention network including
the right DLPFC, the ACC, and bilateral superior parietal
cortex during an attention-demanding multi-source interfer-
ence task, compared to healthy controls [312]. Those with
fibromyalgia have pain scores that are negatively correlated
with grey matter values in the mPFC, whereas performance in
a non-verbal working memory task is positively correlated
with grey matter values in the left DLPFC [313]. Patients with
complex regional pain syndrome have reduced cortical thick-
ness in the DLPFC and the ventro-mPFC compared to healthy
controls. This correlates with executive dysfunction, persev-
eration errors on the Wisconsin Card Sorting Test, and longer
stop-signal task reaction times [306]. The number of words
generated during the verbal fluency task in patients with
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somatoform pain disorder are significantly fewer than con-
trols, and is correlated with a reduction in activated area of
the PFC [314]. Patients with mild traumatic brain injury and
severe pain in the hour preceding testing have reduced mid-
DLPFC activation during a working memory task and poorer
performance on the task [315]. Pain reduces cognitive task
consistency/speed in P-type individuals who are distracted
by pain relative to A-type, non-distracted subjects, and this
disparity is related to differences in functional connectivity
involving the DLPFC [316]. There is evidence that orofacial
pain affects cognition. Patients with temporomandibular dis-
order perform poorly in neuropsychological tests of cognitive
function, and have sluggish Stroop reaction times for all
Stroop tasks [317].

Considering this bidirectional relationship between pain
and cognition, it has been suggested that the level of cognition
could be used to predict responsiveness to pain treatment.
Patients who were studied 6 and 12 months after surgery show
that premorbid limited cognitive flexibility and memory ca-
pacities are associated with pain chronicity and probably also
its neuropathic quality [318]. Conversely, an improvement in
attention test is found to be a reliable predictor of the treatment
response, even before there is a reduction in the perception of
pain [319]. Not all cognitive tasks involving the PFC are af-
fected by pain, however, and some pain patients are able to
perform certain working memory tasks as well as healthy
subjects [320]. Pain and cognitive functions may also not be
present in identical regions of the mPFC. Pain has been re-
ported to be localized ventral to the cingulate sulcus while
cognition is more dorsally placed in the ACC [321]. In addi-
tion, collation of data from different studies indicates that pain
representations are localized to the anterior midcingulate cor-
tex, negative emotion representations to the ventromedial pre-
frontal cortex, and cognitive control representations to por-
tions of the dorsal midcingulate cortex [322].

Animal models provide further evidence for the negative
effect of pain on cognitive functions of the PFC. Inflammatory
pain disrupts orbitofrontal neuronal activity and risk-assessment
performance in a rodent decision-making task [323], and causes
impairment of spatial working memory performance that is as-
sociated with changes in the activity of the mPFC-medial dorsal
nucleus of the thalamus circuit [31]. In the SNI model of neu-
ropathy, chronic pain reduces the overall amount of information
flowing in the fronto-hippocampal circuit [324]. Chronic pain
also impairs cognitive flexibility and engages novel learning
strategies in rats [325]. Surgical incision-induced nociception
reduces the level of synaptic NMDA receptor 2B in the mPFC
of mice, and this reduction has been suggested to contribute to a
loss of cognition [326]. In addition, mice with SNI-induced pain
demonstrate an increase of the insoluble form of A3 1-42 in
the hippocampus and display cognitive impairments and
depression-like effects. These changes were normalized
by administration of D-aspartate [327].
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Potential Reversibility of Chronic Pain-Induced
Changes in the PFC

There is evidence that chronic pain-associated loss of gray mat-
ter in the PFC and the associated decrease in cognitive function
may be reversible after successful treatment of pain. Individuals
from the general population with ongoing pain show regional
decreases in gray matter volume in the cingulate, PFC, and
motor/premotor cortices, whereas no gray matter volume de-
creases are found in the group with pain that has stopped for >
12 months [328]. In addition, another study shows that patients
with chronic lower back pain have reduced cortical thickness in
the left DLPFC, but that cortical thickness is restored after pain
treatment [329]. Partial recovery of abnormal insula and
DLPFC connectivity to cognitive networks is found in patients
after treatment of chronic low back pain [330]. Compared with
healthy controls, patients with chronic pain due to hip osteoar-
thritis show gray matter decreases in the ACC, right insular
cortex and operculum, DLPFC, amygdala, and brainstem, but
patients who were pain-free after total hip replacement surgery
showed gray matter increases in the DLPFC, ACC, amygdala,
and brainstem [331]. Likewise, compared to controls, patients
with chronic pain due to unilateral coxarthrosis have signifi-
cantly less gray matter in the ACC, insular cortex and opercu-
lum, DLPFC, and orbitofrontal cortex, but when the patients
were pain-free after recovery from endoprosthetic surgery,
gray matter increases were found in nearly the same areas
[332].

Longitudinal analysis of cortical thickness in patients with
osteoarthritis of the knee and treated with acupuncture indi-
cates that those who received verum acupuncture had greater
thickness of the left posterior mPFC and reduced pain, com-
pared to controls who received sham acupuncture [333].
Reduced connectivity between the DLPFC, mPFC, ACC,
and precuneus was found in patients with chronic low back
pain than in healthy controls, but after acupuncture, reductions
in clinical pain were correlated with increases in connectivity
[273]. A similar result is found in children with complex re-
gional pain syndrome who were treated with intensive inter-
disciplinary psychophysical pain treatment. This resultes in
reduced pain and increased gray matter in the DLPFC, thala-
mus, basal ganglia, amygdala, and hippocampus, and en-
hanced functional connectivity between the DLPFC and the
PAG [334]. Reduced hyperconnectivity from the amygdala to
multiple cortical/subcortical regions is found in chronic pain
patients after pain rehabilitation treatment [33]. Interestingly,
cognitive behavioral therapy has also been found to result in
increased gray matter in patient with chronic pain [277]. These
results suggest that decreases in gray matter and alterations in
functional connectivity in chronic pain do not reflect perma-
nent brain damage, but rather, are a reversible consequence of
chronic nociceptive transmission, which normalizes when the
pain is successfully treated [331].
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A Perspective and Conclusion

Pain is the main (if not the unique) sign which induces a
person to consult a physician. It is also extremely important
from an adaptive point of view, leading to behaviors in which
the PFC and basal ganglia circuits play a fundamental role in
selecting the most appropriate action module. PFC activity is a
consequence of a perceptual cortical activity (a cognitive ac-
tivity) in which pain information (pain stimuli or nociceptive
stimuli) are integrated with other information including mem-
ories, mood, spatial awareness, and many more. The percep-
tual result, or result of this integration processing is, in turn,
utilized to control pain at the peripheral level through PAG
efferent signals toward dorsal horn neurons (or brainstem neu-
rons). At this level, PAG signals are utilized to modulate no-
ciceptive stimuli, i.e., still not perceptual nociceptive stimuli.
This loop shows how on one side a sensory stimulus is trans-
formed into a pereptual signal through high brain processing
activity, and how perceptual activity is utilized to control the
flow of afferent sensory stimuli at their entrance (dorsal horn)
into the CNS. Many studies indicate that chronic pain is asso-
ciated with loss of gray matter in the PFC, but that these
changes may be potentially reversible, upon successful treat-
ment of pain. They point to the importance of prevention and
treatment of chronic pain, and associated depression, anxiety,
and loss of cognition.

The management of chronic pain is particularly amenable
to holistic approaches that are embodied by the biopsychosocial
model of management. In this context, it has been sug-
gested that cognitive brain networks may be exploited for
the treatment of chronic pain [335]. Bearing in mind that
the best way to prevent chronic pain is to inhibit the per-
sistence and stabilization of acute pain, early interventions
should be performed to mitigate the identifiable causes of
the acute pain. This would then prevent aberrant plasticity
from occurring in the CNS. Future studies are also needed
to identify the spectrum of effective interventions, which
may include utilizing nutraceuticals, physical and mental
exercise, intermittent fasting, or other strategies to
strengthen PFC function. Together with social support,
cognitive behavioral therapy, and other measures to im-
prove the functioning of the brain reward pathway, these
approaches have the potential to take advantage of our
emerging knowledge of the role of functional connectivity
in the regulation of pain experience. It is likely that this
will then provide methods for prevention and management
of chronic pain that are more effective than the current
standard of medical care.
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