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The understanding of the molecular mechanisms behind the
transmission and modulation of pain, as well as of the brain cir-
cuitry involved in the processing of sensory discriminative, affec-
tive, cognitive and motivational components of pain, has incre-
ased dramatically during recent years. In the present article we
give an outline of the pathways and brain regions involved in
pain processing, the most important mediators, receptors and ion
channels, as well as peripheral and central mechanisms for incre-
ased pain sensitivity and chronification of pain. We also touch on
the striking similarities between the way we process physical and
emotional pain, and the accumulating evidence that severe phy-
sical and social pain may alter brain function and that such
changes may contribute to the transition from acute to chronic
pain and to the comorbidity between chronic pain, depression
and anxiety disorders. We also provide some practical tips to
reduce pain, based on the recent neurobiological research, hand
in hand with firm clinical experience.

Pain - a significant part of life - still an elusive figure

Every time we feel pain, it is an individual and highly subjec-
tive experience. Like love, hunger and anger, pain cannot be
measured in quantitative (metric) terms. It can only, at best,
be broadly assessed by ourselves or someone that can inter-
pret our appearance and behavior in connection to pain. Both
the experience of pain and the responses to pain are multidi-
mensional involving sensory discriminative, affective, cogni-
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tive and motivational components. For example memory
processes and behavioral changes are powerfully driven by
pain experiences (1). It is therefore not surprising that infor-
mation about pain is handled by a number of brain regions,
which are also involved in our handling of many other as-
pects of our mental life. Furthermore, we are endowed with
numerous mechanisms that may alter pain sensitivity, both in
acute situations like most cases of toothache, and in chronic
pathological pain syndromes like temporomandibular joint
disorders (TMD). In the present article we try to describe some
aspects of peripheral and central pain processing and patho-
logical changes of possible relevance for the development and
treatment, and in best case even the prevention, of chronic
pain.

Pathways and brain regions involved in pain processing
Peripheral nociceptive fibers

The «pain sensors», the nociceptors, in for example the dental
pulp and oral mucosa, are the free nerve endings of primary
afferent fibers. There are two types of peripheral nociceptive
(«pain») fibers, A fibers, that are myelinated with medium
diameter, and C-fibers, that are thin and unmyelinated. A fi-
bers mediate the fast (first) pain, whereas C-fibers mediate the
slow (second) and poorly localized pain, in response to an
acute nociceptive stimulus. Like all other primary sensory
neurons, the C- and A -fibre-neurons have their cell bodies
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in the dorsal root ganglia (DRG) and the trigeminal ganglion
(innervation of the mouth and face). The central endings of these
neurons make synaptic contacts with neurons in the dorsal horn
of the spinal cord and in the spinal trigeminal complex, respec-
tively (Figure 1).
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Figure 1. Pathways and brain regions involved in the transmission
and modulation of pain signals. Primary afferent neurons, with
their cell bodies in the dorsal root ganglia, or trigeminal ganglion
(mouth and face), couple over to secondary neurons in the dorsal
horn of the spinal cord, or the spinal nucleus of the trigeminal com-
plex. The axons of the second order neurons cross the midline and
project to the thalamus and a variety of other targets in the medulla
oblongata, pons and mid brain, including the rostral ventral medulla
(RVM) and the periaqueductal grey (PAG). Third order neurons, with
their cell bodies in the thalamus, project to the somatosensory cor-
tex, responsible for the sensory-discriminative aspects (intensity, lo-
cation and quality) of pain, and to limbic cortical areas, such as the
anterior cingulate, insular, and the prefrontal cortex involved in the
mediation of the affective/emotional components (aversiveness) of
pain. Thalamic neurons also project to the amygdala, which in turn
interacts with the nucleus accumbens, a region involved in both
pain processing and the mediation of reward- motivational behavi-
or. These various brain regions also give input to the PAG, which via
the raphe nuclei in the RVM, and to the locus coeruleus, send de-
scending pain modulatory projections back to the first synapses in
the afferent pathways.

Ascending central pathways

The axons of the second order neurons cross the midline and pro-
ject to the thalamus and a variety of other targets in the brain
stem, mid brain and fore brain. Third order neurons, with their
cell bodies in the thalamus, project to the primary and secondary
somatosensory cortex (S1 and S2), responsible for the sensory-
discriminative aspects (intensity, location and quality) of pain,
and to limbic cortical areas, such as the anterior cingulate cortex
(ACC) and the insular cortex, involved in the mediation of the af-
fective/emotional components (aversiveness) of pain (Figure 1).

Pain matrix

The ascending nociceptive pathways also, directly or indirectly,
gives input to other parts of the so called «pain matrix» involved
in the emotional and cognitive processing of pain. In addition to
the thalamus, the S1 and S2 brain cortex regions and the anterior
cingulate and insular cortex, the pain matrix also includes the
amygdala, nucleus accumbens, hippocampus and prefrontal cor-
tex as well as the periaqueductal grey (PAG), an important relay
station for (among other things) descending pain modulatory
pathways (Figure 1). PAG also receives descending input from
various cerebral cortical regions, amygdala and hypothalamus.
PAG neurons in turn project caudally to the raphe nuclei in the
rostral ventral medulla (RVM) and to the locus coeruleus which
send descending pain modulatory projections to the brain stem
and dorsal horn (Figure 1).

Neurochemistry of pain

The initiation of pain - the first steps in pain signaling

The understanding of the mechanisms by which various stimuli
activate the nociceptors, has grown immensely during recent ye-
ars. One important mile stone was the identification of the tran-
sient receptor potential (TRP) channels. This family of ion chan-
nels (i. e. «pores» in the cell membranes that regulate the passage
of ions and that, at the same time, serve as receptors for chemical
substances) has been conserved during evolution and can be
found in a vast number of species including yeast, invertebrates
and vertebrates, and serve a large range of functions (2). Some
members of this family, which are present in nociceptive nerve
endings of mammals including man, are activated by thermal sti-
muli, with different channels being responsible for different tem-
perature ranges, but also by chemical stimuli (3). For example,
painful heat (>43°C) activates the TRP vanilloid 1 (TRPV1) chan-
nel, that also responds to capsaicin, the pungent ingredient in
chili pepper, and protons (i e low pH). Activation leads to the in-
flow of positive (sodium and calcium) ions and hence depolari-
zation of the cell membrane (Figure 2). Conversely, the TRPM8
receptor responds both to cold temperatures and menthol. These
two examples explain the burning sensation after ingestion of
spicy («hot») food, and why menthol is experienced as «cold», re-
spectively. In addition, there are a broad range of receptors on
these nerve endings that may be activated by various substances
that are formed or released in connection to tissue damage and
inflammation, such as prostaglandins, nerve growth factor, bra-

DEN NORSKE TANNLEGEFORENINGS TIDENDE 2016; 126 NR 1

29



dykinin, serotonin, histamine and ATP, (Figure 2). Some of these
substances can alter neural excitability directly by activating ion
channels on the cell surface, e.g. serotonin, ATP and protons,
whereas others, e.g. bradykinin and NGF, mediate their effects
through second messengers (4).

Mediators and receptors at the first order synapses

The most important excitatory transmitter substance released by
the terminals of primary afferent neurons is glutamate (Figure 3,
Table 1). Two types of glutamate receptors are especially impor-
tant for this signaling. Under normal conditions (to evoke short-
lasting «everyday pain»), glutamate activates AMPA receptors on
neurons in the dorsal horn and spinal trigeminal complex. In re-
sponse to prolonged intense nociceptive stimulation, another
type of glutamate receptors, the NMDA-receptors are engaged,
acting as «turbo aggregates» in these synapses and believed to be
involved in sensitization mechanisms (see below). Other proalge-
sic mediators, released from primary afferent terminals and con-
tributing to sensitization and prolongation of pain (via their own
receptors), include substance P (SP), calcitonin gene related pep-
tide (CGRP) and adenosine triphosphate (ATP).

It is not fully known, but likely, that the same receptors that
regulate function in the peripheral nerve terminals also are func-
tional at the central terminals of the primary afferents. For exam-
ple, prostaglandin-, bradykinin- and ATP-receptors as well as
TRPA1 and calcium channels act to increase transmitter (e g glu-
tamate) release and thus pain. In addition there are presynaptic
opioid, GABA, glycine and cannabinoid receptors, which reduce
transmitter release from the central nociceptive nerve terminals,
and hence, reduce pain (5). Opioid peptides and GABA, released
from local interneurons, are likely to be important for the «gate
control mechanism”, by which non-noxious input is able to sup-
press pain signaling at the first synapses, even though the regu-
lation has turned out to be more complex than was originally
foreseen (6).

Table 1. Examples of neurotransmitter substances in pain trans-
mitting and pain modulating systems in the central nervous sys-
tem (main source within parenthesis).

Proalgesic

e Glutamate (primary afferents and ascending pathways)

e Substance P (primary afferents)

* Serotonin (descending pathways, effect via excitatory serotonin
receptors)

e Cholecystokinin (local neurons in dorsal horn and brain)

Analgesic

* Opioid peptides (local neurons in dorsal horn and brain)

¢ Noradrenalin (descending pathways)

e Serotonin (descending pathways, effect via inhibitory serotonin
receptors)

e Dopamine (projection neurons in brain)

® Gamma amino butyric acid (local neurons in spinal cord)

Supraspinal pain signaling and pain modulation

Compared to the first order synapses in the afferent nociceptive
pathways, less is known about the messenger substances and re-
ceptors involved in the continued transmission of pain signals up
to (and in) the cerebral cortex, but glutamate and several other
neuro messengers are likely to be involved.

For the further processing of nociceptive information in the
pain matrix, opioid peptides and the monoamine transmitter
dopamine are of obvious importance. The ACC is among the
brain regions richest in opioid peptides, and opioid receptors in
the ACC (as well as in several other regions) are activated during
placebo analgesia. The notion that placebo analgesia is indeed
due to an active neuronal mechanism, is illustrated by the fin-
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Figure 2. Mechanisms involved in of peripheral sensitization du-
ring inflammation. Tissue damage lead to the local formation and
release of numerous chemicals around the primary afferent nerve
endings due to disruption of cells and activation of various specia-
lized cells including macrophages, mast cells, T-cells, neutrophils
and other immune cells. Mediators released include protons (H+),
purines (e. g. adenosine triphosphate, ATP), nerve growth factor
(NGF), bradykinin (BK), tumor necrosis factor (TNF- ), interleukins (e.
g. IL-1 ), serotonin (=5-hydroxytrytamine, 5-HT), histamine (Hi) and
prostaglandins (e g PGE,). Prostaglandins are formed by cyclooxy-
genase (COX) enzymes (which are inhibited by non-steroid anti-in-
flammatory drugs, NSAIDs like e g ibuprofen and naproxen). To-
gether these (and other) mediators form the «inflammatory soup»
that contribute to an increased sensitivity of peripheral nociceptors
by coupling to membrane-bound ion channels (including transient
receptor potential (TRP) channels (e. g. TRPV1),, acid-sensitive ion
channels (ASICs) and purinergic (P2X) receptors) and kinase linked
receptors (eg NGF-, TNF- and IL-1 receptors) and G protein-cou-
pled receptors (e. g. bradykinin2- and prostaglandin-receptors). Alt-
ogether these mechanisms can lead to depolarization and excitation
of the neuron as well as long term alteration of gene requlation (e.
g. NGF and bradykinin increasing the expression of TRPV1 - and
prostaglandins increasing the expression of voltage gated sodium
channels (VGSC). In addition peripheral nociceptor terminals may
themselves release substance P (SP) and calcitonin gene related
peptide (CGRP), which cause vasodilatation and plasma extravasa-
tion (neurogenic inflammation).
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ding, almost 40 years ago (7) (and later confirmed see 8), that the
analgesic effect of placebo treatment, following e. g. tooth
extraction, can be counteracted by pretreatment with the opioid
antagonist naloxone. Placebo mechanisms also involve the acti-
vation of dopaminergic projections from the ventral tegmental
area (VTA) to the nucleus accumbens, ACC and prefrontal cortex
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Figure 3. Mechanisms involved in of central sensitization. Central
sensitization is largely due to synaptic potentiation between the
central terminals of nociceptive primary afferents (top of figure) and
secondary neurons in the dorsal horn (or in the trigeminal subnucle-
us caudalis). Presynaptic mechanisms may include an increased in-
flux of calcium that facilitates transmitter release, and an increase
of the releasable transmitter pool. Glutamate and substance P (SP)
are both excitatory transmitter substances released by the primary
afferents. Glutamate acts on AMPA and NMDA receptors which are
both ion channels that directly increase the inflow of calcium into
the secondary neurons, while SP acts on neurokinin-1 receptors
(NK1R) and increase intracellular calcium via signal transduction
(ST) mechanisms. A massive release of glutamate and substance P
and subsequent strong stimulation of AMPA and NK1R, will lead to
a removal of the magnesium-ion-block that is normally present in
the NMDA channel, allowing increased amounts of calcium ions to
flow into the postsynaptic cell. Via various ST mechanisms the in-
creased calcium concentration leads to an enhanced excitation of
the postsynaptic neuron and long term alterations of gene regulati-
on, which may in turn lead to for example more AMPA receptors in
the postsynaptic membrane and thereby enhanced transmission.
These mechanisms are triggered and/or facilitated by a large num-
ber of extracellular mediator molecules, many of which are released
by glial cells (astrocytes and microglia). Ingredients in this «painful
soupn includes prostaglandins (formed locally by cyclooxygenases,
COX), cytokines like interleukin (IL) 1 and IL 6 and tumor necrosis
factor-alpha (TNF- ), brain derived neurotrophic factor (BDNF),
nitric oxide (NO) and adenosine tri-phosphate (ATP). Together, all
this results in the amplification of pain messages being relayed to
higher brain centers. The receptors for these mediator molecules on
pre- and postsynaptic neurons are not indicated in figure.
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(8). These dopamine projections have well-established and cru-
cial importance for reward-motivational behavior in connection
to diverse activities such as gambling, jogging, smoking, alcoho-
lism and drug abuse (9, 10).

Descending pain modulation

Another important «output pathway» for the pain matrix is the
descending pain modulatory system, with serotonin- and nora-
drenalin-containing projections from the raphe nuclei and locus
coeruleus, respectively (Figurel). Under normal conditions, acti-
vations of these pathways inhibit pain signaling already at the
first order synapses, either by direct effects or via inhibitory (e.
g. opioidergic) interneurons in the dorsal horn and spinal trige-
minal nucleus. However, as mentioned above, there is accumula-
ting evidence, that in chronic pain patients, the balance in the
pain matrix and in descending pathways may be distorted, pos-
sibly by pain itself, or by various precipitating factors (11). Under
such conditions there may also be a shift of receptor subtypes,
making serotonin and opioids to act as proalgesic substances.

Increased pain sensitivity and chronification of pain

The special clinical problem of chronic pain

Peripheral and central sensitization mechanisms is a major feat-
ure when pain and pain hypersensitivity remains, even though
peripheral healing is complete after a trauma or a surgical inter-
vention. In most cases the pain successively declines and the
threshold for pain returns to pre-injury levels. In a small fraction
of patients, however, pain may persist and the acute pain trans-
formed to a chronic pain condition. Chronic pain typically causes
a special clinical problem since the pain does not correlate to any
peripheral pathology and is often difficult to alleviate. It should
emphasized that the mechanisms may differ between acute sen-
sitization and development of chronic pain as well as between
different chronic pain conditions.

Peripheral sensitization and the inflammatory soup

Peripheral sensitization is the process whereby the nociceptor
due to a change in the chemical milieu reduces its activation
threshold and increases the responsiveness. This leads to increa-
sed pain sensitivity (hyperalgesia). During tissue trauma inflam-
matory mediators are released due to disruption of cells, but also
by degranulation of mast cells and activation of platelets,
macrophages, and immune cells, forming the so-called «inflam-
matory soup» (Figure 2). By binding to their respective receptors
a cascade of events is initiated. Early steps in this process inclu-
de- the activation of multiple intracellular signal transduction
pathways in the primary afferent neurons. These include the pro-
tein-kinases A (PKA) and C (PKC) and mitogen-activated protein
kinases (MAPK) ERK and p38. Activation of these pathways leads
to various gene regulations in the cell nuclei of the afferent neu-
rons in the trigeminal and dorsal root ganglia, including increa-
sed transcription (production of «RNA-copies”) of the genes en-
coding for TRPs (e. g. TRPV1) and voltage gated sodium channels
(VGSCQ), such as Nav1.7, Nav1.8 and Nav1.9, and to increased
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synthesis of the channels via translation (protein synthesis using
RNA as template). The channels are then transported to the cell
membrane of the primary afferents (protein trafficking) where
they are phosphorylated, leading to lowered activation threshold
of the channels and sensitization of the nociceptor (primary hy-
peralgesia) (12).

Activation of nociceptive neurons may also lead to release of
neuropeptides such as SP and CGRP from their peripheral nerve
endings. Both these mediators are strong vasodilators and cause
plasma extravasation and may provoke further release of inflam-
matory mediators from activated platelets, mast cells and
immune cells. This neurogenic inflammation enhances sensitiza-
tion and makes pain worse. (12) (Figure 2).

Central sensitization - sensitization at first order synapses

If a peripheral stimulus is particularly intense, maintained for a
prolonged time, and when the peripheral sensory afferent is sen-
sitized, the second order neuron, with its cell body in the spinal
dorsal horn/trigeminal subnucleus caudalis, may become sensiti-
zed. Even if central sensitization in many ways is comparable to
peripheral sensitization, it differs mechanistically. First, second
order neurons may receive convergent input not only from noci-
ceptive A and C-fibers, but also from A fibers. Therefore, input
from A fibers, such as touch, will be perceived as painful (allo-
dynia) during central sensitization. Second, due to the conver-
gence of many fibers, hyperalgesia will also occur in areas adja-
cent to the injured site (secondary hyperalgesia). Convergence of
superficial as well as deep afferent inputs, from orofacial structu-
res to the second order neurons in the trigeminal complex, may
explain our poor ability to localize dull aching pain from deep
structures of head and neck (13).

Because central sensitization results in changes within the CNS
and thus is not coupled to the presence, intensity or duration of
peripheral input, it may also increase pain sensitivity for a pro-
longed time after the peripheral pathology has disappeared. Thus
central sensitization represents an increased amplification of the
input signal from the primary afferent neurons (14). In most cases
central sensitization successively attenuates when peripheral pat-
hology is resolved.

Clinically central sensitization may be distinguished from
peripheral sensitization based on the following observations: 1)
pain evoked by innocuous stimuli (allodynia), 2) pain hypersen-
sitivity in areas with no demonstrable pathology, 3) pain that
outlasts the stimulus (after sensations), 4) enhanced temporal
summation, and 5) the maintenance of pain by low frequency sti-
muli that normally do not evoke any ongoing pain (15).

Another «spicy soup» around central nerve endings

On the molecular level repeated activation of peripheral afferents
increase the release of transmitters such as glutamate and SP at
their central terminals with subsequent activation of their respec-
tive postsynaptic receptors (Figure 3). Of specific importance for
increasing neuronal excitability is the activation of NMDA re-
ceptors. Under normal circumstances NMDA receptors are inacti-

vated by a magnesium ion blocking the channel, but sustained
release of glutamate may remove this magnesium block and thus
activate several intracellular pathways that contribute to the de-
velopment and maintenance of central sensitization (14). In ad-
dition to the critical role of NMDA receptors for central sensiti-
zation, other receptors and ion channels are involved. These can
separately or together, initiate the activation of multiple intracel-
lular signaling pathways, including PKA and PKC as well as ERK
and p38 MAPK (which are also involved in sensitizing mechanis-
ms in primary afferent neurons, see above) that lead to the estab-
lishment of increased sensitivity in dorsal horn and trigeminal
subnucleus caudalis neurons (13, 14, 16). Furthermore, animal
studies indicate a reduction in the spinal level of GABAergic and
glycinergic inhibition in neuropathic pain, suggesting that the
normal «gate-control» of afferent impulses is out of function (17).

Role of glial cells for central sensitization - not only glue!

It was previously believed that the role of glial cells was to pro-
vide structural support to the neurons (glia means glue in Greek).
However, during recent years it has become clear that glial cells
also play an important role in central sensitization. It is now evi-
dent that tissue trauma and inflammation leads to infiltration of
macrophages into the spinal dorsal and trigeminal ganglia. This
activates satellite glial cells (microglia and astrocytes) which in
turn activates ERK and p38 MAPK intracellular pathways. Also
release of SP and CGRP from primary afferent neurons modulates
satellite glial cell activity. Further, gap junctions (“unnatural»
new connections) are established between satellite glial and neu-
ronal cells leading to increased afferent input and enhanced neu-
ronal excitability (13, 18).

In the spinal dorsal horn and trigeminal subnucleus caudalis,
activation of microglia and astrocytes cause the release of cyto-
kines that via feedback loops modulate the activity in sensory
neurons. Release of cytokines from glial cells further increase
AMPA and NMDA receptor activity and thus increase neuronal
excitability. Other mediators released from microglia and of
importance for central sensitization are chemokines, BDNF, ATP
and nitric oxide (13, 14,16) (Figure 3). Interestingly, animal rese-
arch suggests different underlying mechanisms in glial activation
mediating central sensitization in males and females, but further
research is needed to establish a possible role for this sex diffe-
rence in chronic pain states (16).

Importance of the pain matrix for chronification of pain and
the overlap between brain regions handling physical and
emotional pain

During recent years it has become increasingly evident, not least
from studies with brain imaging technique (e. g. functional mag-
netic resonance imaging, fMRI), that the pain matrix is not only
processing physical pain, but also emotional pain, as for example
in connection to social exclusion (19). There is also accumulating
evidence that severe physical and social pain may alter brain
function (20, 21), and that such changes may contribute to the
transition from acute to chronic pain (22) and to the comorbidity
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between chronic pain, depression and anxiety disorders (23). Stu-
dies with fMRI on patients with chronic maladaptive pain condi-
tions, e. g. fibromyalgia, show an altered balance between the
different components in the pain matrix including the descen-
ding pain control from PAG and RVM, allowing much more ner-
ve activity to pass up-streams to the pain matrix (11). Recent
brain imaging studies also indicate that patients with trigeminal
neuropathic pain or temporomandibular joint disorders have
functional changes in multiple brain regions, suggesting a role
for emotional and cognitive modulation as well as reward
processing in orofacial pain (24). These findings not only ads
complexity to the previously described pain amplifying mecha-
nisms at nociceptor level in the periphery and in the dorsal horn
of the spinal cord/trigeminal brainstem sensory nuclear complex,
but may also open new avenues for treatment of chronic pain
(20). It also emphasizes the importance of the clinician’s attitude
and skills when pain is present or to be expected (see clinical
box). Thus, basic pain mechanisms are influenced by factors as
fear, expectation and the clinical handling and atmosphere (8).

Conclusion

The knowledge about the neurochemical circuitry involved in pe-
ripheral, spinal and supraspinal pain processing has increased
enormously during recent years, but is even though still incom-
plete. Obviously a large number of both facilitating and inhibi-
tory mechanisms interact in a most intriguing and complicated
way. With increased knowledge within this field, new targets for
treatment are likely to emerge, that may not only permit the im-
mediate counteraction of pain, but also make it possible to pre-
vent the development of chronic pain.
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