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Abstract

Nociception, the encoding and processing of noxious environmental stimuli by sensory neurons,
functions to protect an organism from bodily damage. Activation of the terminal endings of certain
sensory neurons, termed nociceptors, triggers a train of impulses to neurons in the spinal cord.
Signals are integrated and processed in the dorsal spinal cord and then projected to the brain where
they elicit the perception of pain. A number of neuromodulators that can affect nociceptors are
released in the periphery during the inflammation that follows an initial injury. Serotonin (5-HT) is
a one such proinflammatory mediator. This review discusses our current understanding of the
neuromodulatory role of 5-HT, and specifically how this monoamine activates and sensitizes
nociceptors. Potential therapeutic targets to treat pain are described.
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Introduction

The peripheral somatosensory nervous system detects thermal, mechanical, and chemical
stimuli in the environment. Nociception is a submodality of somatosensation that encodes
both quantitative (temporal, spatial, and intensity characteristics) and qualitative (via distinct
subsets of nociceptors) information about noxious stimuli to protect against tissue damage
and bodily injury. Noxious stimuli activate specialized nerve endings in peripheral tissues
that detect and transduce this information into a pattern of action potentials that is
propagated to the spinal cord and medullary dorsal horn neurons. These neurons, in turn,
excite ascending pain pathways that reach higher cortical centers to elicit the perception of
pain.

Peripheral sensory neurons that respond to noxious stimuli are termed nociceptors.
Nociceptors terminate as free nerve endings in tissues where the naked processes are
exposed to the inflammatory milieu that is generated following tissue damage [1]. A number
of inflammatory mediators have been shown to activate and/or sensitize nociceptors and thus
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modulate pain processing at the level of the periphery [2]. A better understanding of the
actions of these inflammatory neuromodulators is critical to guide the development of novel
pain therapies that target the periphery. The main focus of this review is on the peripheral
actions of one important neuromodulator of nociception, serotonin (5 hydroxytryptamine, 5-
HT).

Peripheral Nociceptors

Peripheral tissues are densely innervated by a wide variety of nerve fibers that are
specialized for detecting environmental stimuli. Nociceptors that specialize in detecting and
transmitting noxious stimuli form a subset of these sensory fibers. Figure 1 illustrates the
principal neural components of peripheral nociceptive pathways. The peripheral processes of
a subset of sensory ganglion neurons that are dedicated to nociception extend into and
terminate in tissues as unmyelinated “free nerve endings”. These peripheral free nerve
endings are the sites that are activated by noxious stimuli. For example, human dental pulp, a
site that is exquisitely sensitive to pain, possesses abundant nociceptor endings (Fig. 1A).
Nociceptive fibers express Protein Gene Product 9.5 (PGP9.5) (Figure 1A, blue; white
arrow). These free endings lack associations with Schwann cells (S-100 immunostaining,
red; arrowhead) or myelin (myelin basic protein immunostaining; green; black arrow). Many
nociceptive fibers also express the transient receptor potential V1 (TRPV1) channel, such as
shown here in the skin (Fig 1B, red; PGP9.5, green). TRPVI is a nonselective cation channel
involved in detection of noxious chemical and thermal stimuli.

The cell bodies of the sensory neurons for peripheral nociceptors are located in dorsal root
ganglia alongside the spinal cord and in the trigeminal (V) ganglion (for cranial
nociceptors). Some of these sensory neurons show a high expression of 5-HT receptors,
including 5-HT2A (Figure 1C), and many of these same neurons coexpress TRPV1 (red,
arrows in Figure 1C and C”) (discussed in detail below). The central processes of dorsal root
sensory neurons terminate within the dorsal horn of the spinal cord and trigeminal neurons
within the sensory trigeminal nuclei (and especially the caudal medullary dorsal horn;
Figure 1D). The spinal dorsal horn and medullary dorsal horn contain many neurons (Fig
1D, NeuN; green). A subset of these neurons is activated by nociceptor stimulation. The
central processes of sensory ganglion cells are segregated to specific laminae of the spinal
and medullary dorsal horns. For example, primary afferents that express TRPV1 terminate in
the superficial laminae | and 11 (Fig 1D, red; asterisk). Acute noxious thermal, mechanical or
chemical stimuli activate nociceptors in a stimulus-response relationship, but a maintained
nociceptive stimulus such as during inflammation evokes increased neuronal discharge
(detailed information refer to [2]). This state of heightened neuronal activity is called
hyperalgesia and is characterized by hypersensitivity to noxious stimuli. During this barrage
of increased neuronal activity, nociceptors may undergo long-term changes that ultimately
contribute to chronic pain long after the initial insult has resolved [2] and that is resistant to
treatments.
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Interactions with Inflammatory Neuromodulators

Typically following an initial noxious insult, a number of substances that activate and
sensitize nociceptors are released in injured tissues. Moreover, immune cells, platelets, and
other cells are recruited to or activated within the injured area and these cells may synthesize
and release additional substances, named proinflammatory mediators, such as histamine,
serotonin, and bradykinin [1]. Proinflammatory mediators excite and sensitize sensory
neurons [3], further activating pain pathways. For example, in injured tissues bradykinin is
synthesized locally from inactive precursors that are normally present, and directly
stimulates peripheral nociceptors. Injecting bradykinin into human skin causes pain [4].
Inflammatory mediators can also sensitize nociceptors and lower their threshold for
activation by other stimuli.

There are many chemical factors and inflammatory mediators that activate or sensitize
nociceptors. For example, peripheral injury leads to the release of oxidized linoleic acid
metabolites such as 9-and 13-hydroxyoctadecadienoic acid (HODE). HODE potently
activates TRPV1, thereby exciting nociceptors and eliciting pain [5]. Sex hormones may
sensitize the peripheral pain system. For instance, injecting estradiol into ovariectomized
female rats triggers a massive (>50-fold) upregulation of prolactin in sensory neurons.
Prolactin sensitizes TRPV1 and elicits pain responses in female rats [6]. Another example of
peripheral modulation is the action of nerve growth factor. Administrating nerve growth
factor sensitizes nociceptors as well as upregulates TRPA1, another channel involved in
detecting noxious stimuli [7]. This review focuses on the role of another peripheral
modulator, serotonin, and its role in the modulation of peripheral nociceptors.

Serotonin (5-HT) as an Inflammatory Neuromodulator

The serotonergic system has gained much attention as a therapeutic target for treating
migraine pain [8-9] and is implicated in other pain conditions. While 5-HT is well known
for its central nervous system regulation of mood, appetite, and vasoconstriction, it is
becoming increasingly clear that 5-HT plays a modulatory role in various acute and
persistent pain states [10-15]. The vast majority of 5-HT in the mammalian body is located
in peripheral tissues where 5-HT is actively taken up and released with other chemical
mediators by platelets, mast cells, and immune cells [14]. Early in the immune response, 5-
HT acts as a pro-inflammatory mediator by inducing platelet aggregation and changes in
vascular tone [1]. 5-HT is also pronociceptive.

Inflammation in the rat hindpaw induces an increase in peripheral endogenous 5-HT levels
indicating an important role for 5-HT in inflammatory pain states [16]. Also, endogenous 5-
HT levels increase after thermal injury that results in inflammation in rats [17], and in
humans with joint movement pain [18], and in human muscle associated with allodynia [13,
19].

Serotonin evokes inflammation and thermal hyperalgesia

Administering exogenous 5-HT also elicits inflammation and hyperalgesia in humans [12—
13, 19-21] and rats [22-25]. Further, injecting 5-HT evokes itching [26-27] and may play
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an additional role in pain perception [28]. Local injection of 5-HT into the rat hindpaw
evokes a transient thermal hyperalgesia that peaks between 10-15 minutes and returns to
basal responses within 30 minutes [23, 25, 29]. These effects of 5-HT are likely to be
physiologically relevant. Thermal injury induces a local release of 5-HT [17] and peripheral
inflammation induces a 4-fold increase in 5-HT [15-16, 30]. Moreover, intraplantar
administration of 5-HT also induces significant edema [25]. Interestingly, injecting low
concentrations of 5-HT heightens sensitivity to noxious heat but does not induce edema,
indicating that distinct mechanisms may be involved in thermal hyperalgesia and edema
following 5-HT injection. Further studies identifying these mechanisms may aid in
understanding why certain therapeutics treat some pain disorders and not others.

Modulating Pain Thresholds via TRPV1

One mechanism whereby neuromodulators modify nociceptive signals is to alter the
threshold for noxious stimuli. TRPV1 channels play a critical role in nociception by
transducing thermal and chemical stimuli [31-34] and responding to oxidized linoleic acid
metabolites [5, 35] and inflammatory mediators [36—37]. Capsaicin, the pungent ingredient
in chili peppers, is an agonist for TRPV1. This compound is often used in functional studies
to identify nociceptors and when applied to the skin, elicits itch, pain, and the sensation of
heat. During inflammation, activation of TRPV1 by endogenous ligands leads to thermal
hyperalgesia [36—37]. Neuromodulators such as 5-HT may regulate the stimulus threshold
for sensory neurons by changing the properties of TRPV1 channels [38-39].

Does serotonin modulate TRPV1 channels?

Serotonin may act as a neuromodulator of nociception by altering TRPV1 during
inflammation. For example, in sensory neurons 5-HT increases excitability to thermal
stimuli and enhances capsaicin- and heat-evoked currents [40-41]. Heat and capsaicin alike
stimulate TRPV1. Depleting 5-HT attenuates visceral pain and reduces TRPV1 activation
[42]. Repeated application of capsaicin desensitizes TRPV1 and reduces afferent
transmission of painful stimuli [43]. Inflammatory mediators may act by altering
sensitization and desensitization of TRPV1 channels. For example, 5-HT stimulates
nociceptors for a greater duration than inflammation alone [44—-45] and this may be
mediated by alterations in TRPV1. However, detailed functional studies such as
electrophysiology or calcium imaging are required to determine whether 5-HT alters TRPV1
desensitization. Evidence for a role for serotonergic modulation of TRPV1 channels is
summarized in Table 1.

Serotonin Activates Capsaicin-sensitive Sensory Neurons

Activating TRPV1 channels by noxious thermal stimuli [31-34], by oxidized linoleic acid
metabolites [5, 35], and by inflammatory mediators [36—37] elicits calcium influx into
nociceptors. This, in turn, triggers these nociceptors to release inflammatory peptides,
primarily calcitonin gene-related peptide (CGRP). One mechanism by which 5-HT enhances
peripheral nociception may be by increasing TRPV1-mediated calcium influx and CGRP
release. Indeed, treating cultured sensory neurons with 5-HT enhances intracellular calcium
accumulation in sensory neurons that respond to the TRPV1 agonist capsaicin [41, 46].
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Stimulating TRPV1 increases CGRP release from nociceptive sensory neurons 4-fold. Thus,
measuring CGRP release provides a method, albeit indirect, to observe the effect of
inflammatory mediators on TRPV1 channels. 5-HT alone has no significant effect on CGRP
release from cultured sensory neurons. However, the pretreatment of sensory neurons with
5-HT doubles capsaicin-evoked CGRP release [46].

Serotonin Enhances CGRP Release from Human Dental Pulp

Human dental pulp is composed of many of the same cells, fibers and nociceptors as other
peripheral tissues, thus offering a readily available model for the study of human nociceptors
[47]. Nociceptors innervating the human dental pulp express TRPV1. These neurons also
contain CGRP [48]. Furthermore, 5-HT receptor protein is present in human pulp as
reported by western blot [49]. Using a recently-developed /n vitro superfusion method to
measure CGRP release from human dental pulp from extracted teeth [48], Loyd et al [49]
reported that 5-HT significantly enhances capsaicin-evoked CGRP release, similar to reports
in rat sensory neurons. Interestingly, this effect only occurred in dental pulp from females
with no effect of 5-HT on CGRP release observed in dental pulp from males. Furthermore,
the enhancing effect of 5-HT on CGRP release was mostly observed in tissue taken from
amenstrual females and females in the last week of menses [49]. This is likely due to
changes in hormonal status and may account for differences in pain disorders that are more
common in women, such as migraine and irritable bowel syndrome. A recent study reported
that peripheral administration of 5-HT evoked thermal hyperalgesia in hindpaws of intact
and ovariectomized female rats, comparable to male rats [25]. This finding indicates that
there are no sex differences in 5-HT-evoked thermal hyperalgesia in the rat hindpaw.
However, studies in models of trigeminal or visceral pain may support a sex difference in 5-
HT-evoked nociception. Further investigation may result in treatments that are better
designed for pain conditions in women.

Serotonin Interacts with Peripheral Nociceptors via Serotonin Receptors

5-HT1, 5-HT2 and 5-HT3 receptors are expressed in sensory neurons and are involved in
nociception. Yet, little is known about their specific expression in the subpopulation of
nociceptors that express TRPV1. Providing anatomical evidence of the co-expression of 5-
HT receptors and TRPV1 has proven difficult due to the lack of antibodies specific for 5-HT
receptor subtypes. Using combined /n situ hybridization and fluorescent
immunohistochemistry on trigeminal sensory neurons, Loyd et al [46] reported that 5-HT1B,
5-HT1D, 5-HT2A, and 5-HT3A, but not 5-HT2C, receptor mRNAs were detected in sensory
neurons that express TRPV1. TRPV1 is predominately expressed in small (<20 uM) to
medium diameter (20-40 uM) trigeminal ganglion sensory neurons in the rat. In these
TRPV1-positive cells, 5-HT1B, 5-HT1D, 5-HT2A, and 5-HT3A receptors are expressed in
medium diameter neurons. Co-expression of TRPV1 with 5-HT2A and 5-HT3A receptors
has also been reported in the rat dorsal root ganglion [50-51]. Collectively, these reports
provide an anatomical substrate for 5-HT modulation in the subpopulation of nociceptors
that respond to capsaicin.

Co-expression of multiple subtypes of 5-HT receptors with TRPV1 is critical for
understanding how 5-HT modulates nociceptor activity. Several cell signaling pathways
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engaged by 5-HT are known to alter TRPV1 activity, possibly by altering phosphorylation of
the channel. For example, 5-HT2 receptors are excitatory G protein-coupled receptors that
increase PLC/PKC signaling via Ga.g coupling. Activating this pathway can sensitize
TRPV1. 5-HT3 receptors are ligand-gated cation channels (ionotropic receptors) that
directly excite nociceptors [52-53]. In cultured sensory neurons, 5-HT2A and 5-HT3
receptors antagonists attenuate calcium signaling and reduce the ability of 5-HT to enhance
capsaicin-evoked CGRP release [46]. In contrast, 5-HT1 receptors are inhibitory G protein-
coupled receptors that couple to a decrease in cCAMP signaling via Gi/Go. Decreasing CAMP
might reduce nociceptive neurotransmission. In support of this notion, 5-HT1B/1D receptor
agonists significantly attenuate neurogenic inflammation [54] presumably by inhibiting the
release of neuropeptides [55]. The pretreatment of trigeminal ganglion sensory neurons with
sumatriptan, a 5-HT1B/1D receptor agonist used to ameliorate migraine headaches,
attenuates CGRP release from cultured neurons that are stimulated with 5-HT and capsaicin
[46].

5-HT1, 5-HT2 and 5-HT3 receptors also appear to play opposing roles after peripheral
administration in models of nociceptive behavior. For example, 5-HT1B/1D receptor
agonists attenuate hyperalgesia [25], while 5-HT2A and 5-HT3 agonists induce hyperalgesia
in rats [24, 41, 56]. Conversely, 5-HT2A and 5-HT3 antagonists reduce hyperalgesia [17, 24,
56]. Given systemically, ketanserin, a 5-HT2A receptor antagonist, attenuates 5-HT-evoked
thermal hyperalgesia; blocking 5-HT3 receptors has no effect [24]. Taken together, these
studies support a peripheral role of 5-HT3 receptors in modulating pain, while 5-HT2A
receptors are involved in central [57-59] and peripheral control of pain. Attenuating
hyperalgesia with anti-serotonergics has also been reported for 5-HT-evoked nocifensive
pain [29], formalin-evoked flinch [15, 30], and orofacial nocifensive behavior elicited by
Complete Freund’s Adjuvant [60].

Local injection of the 5-HT2A receptor antagonist ketanserin attenuates 5-HT-evoked edema
[25, 29], while granisetron, a 5-HT3 receptor antagonist, has no effect on edema [25]. These
results indicate that distinct 5-HT receptors control different mechanisms of pain and
inflammation. This conclusion is supported by reports of 5-HT2A receptor expression in
blood vessels [61] and 5-HT3 receptor expression on nociceptors [50]. Collectively, the
studies indicate that the complexity of the peripheral 5-HT system in different pain states
may be due, in part, to activation of a broad range of 5-HT receptor subtypes that are co-
localized with TRPV1 on nociceptor sensory neurons.

Serotonin Enhances Capsaicin-evoked Thermal Hyperalgesia

Loyd et al [25] evaluated the effect of 5-HT on TRPV1-evoked thermal hyperalgesia and
reported that 5-HT enhanced and prolonged capsaicin-evoked thermal sensitivity. Capsaicin
alone evokes thermal hyperalgesia peaking between 5-15 minutes [62]. However, after 5-HT
pretreatment, the peak thermal sensitivity is prolonged up to 30 minutes. Although
behavioral methods do not distinguish a direct from an indirect effect of 5-HT on TRPV1,
the findings clearly demonstrate that peripheral 5-HT significantly exacerbates sensitivity to
noxious thermal heat. This may be the case with visceral hypersensitivity as well, as it has
been reported that 5-HT enhances capsaicin-induced visceral pain [42] and capsaicin-evoked
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currents in mouse colon sensory neurons [40]. Loyd et al [25] also reported that the 5-HT
receptor antagonists ketanserin and granisetron failed to attenuate capsaicin-evoked thermal
hyperalgesia, while both antagonists blocked the ability of 5-HT to enhance TRPV1-evoked
thermal hyperalgesia, possibly by altering rates of channel phosphorylation, when 5-HT was
administered prior to capsaicin. This is important because 5-HT is released when tissues are
injured. Consequently, nociceptors that co-express TRPV1 channels and 5-HT receptors will
be affected and the pain may be exacerbated.

Targeting Peripheral Nociceptors for Pain Therapy

Therapeutics targeting 5-HT receptors and 5-HT re-uptake are being examined in clinical
trials for their ability to treat the pain associated with migraine [8-9], fibromyalgia [63], and
irritable bowel syndrome [64]. To date, the triptan class of medications used to treat
migraine and cluster headache, including the 5-HT1B/1D agonist sumatriptan, are the only
5-HT selective therapeutics that treat pain successfully in the clinic. Other centrally-acting
drugs, such as venlafaxine and duloxetine, that act as dual norepinephrine and 5-HT
reuptake inhibitors, have shown some efficacy in the treatment of various pain symptoms,
including fibromyalgia [65].

Because 5-HT is pronociceptive in the peripheral nervous system, it may be effective to
target the peripheral serotonergic system as a therapeutic option. However, few studies have
investigated peripheral administration of serotonergic blocking agents for pain treatment. In
preclinical studies, local pretreatment with ketanserin or granisetron significantly blocks 5-
HT-evoked thermal hyperalgesia [25]. This appears to be mediated peripherally;
administration of these drugs into the contralateral hindpaw has no effect on hyperalgesia in
the inflamed paw. Importantly, peripheral granisetron evokes a steady, dose-response
attenuation of thermal hyperalgesia [25]. This finding is consistent with its ability to block
5-HT-enhancement of proinflammatory neuropeptide release /n7 vitro [46], indicating that it
may serve as a valuable peripheral pain therapeutic [66-67]. In support, clinical studies have
reported that local injection of graniestron reduces hyperalgesia and allodynia in humans
[66, 68]. Moreover, a topical application of another 5-HT3 receptor antagonist, odansetron,
attenuates nociception induced by intradermal capsaicin [69]. Other 5-HT receptors may
also be useful therapeutic targets, such as the 5-HT7 receptor. It was recently reported that
CGRP release may be reduced by administration of a selective 5-HT7 receptor antagonist in
an animal model of experimental migraine [70]. Further studies analyzing the anatomical
expression and therapeutic relevance of the 5-HT receptors more recently reported to be
involved in peripheral pain processing are warranted.

It is critical for drug development to understand the mechanisms by which 5-HT, and other
proinflammatory mediators, evoke pain. One hypothesis is that 5-HT may be acting via 5-
HT receptors colocalized with TRPV1 on nociceptors to modulate the activation and/or
sensitization of sensory neurons and/or upregulating the expression of TRPV1 (Figure 2).
Because the different 5-HT receptor subtypes trigger a variety of downstream signaling
pathways, 5-HT may excite or depress nociceptors (Figure 2). 5-HT may also alter the
function or expression of other ligand-gated or voltage-gated ion channels to modulate
peripheral nociceptors, however, this effect in sensory neurons is unclear. Alternatively, 5-
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HT may excite nociceptors indirectly by augmenting the release of cytokines and
neurotrophins (Figure 2). Future studies examining these proposed mechanisms will yield
important information for the development of novel pain therapeutics targeting the
peripheral 5-HT system. Furthermore, studies utilizing a variety of animal models of pain,
such as visceral pain and orofacial pain, will be especially useful for a better understanding
of the ability of peripherally administered therapeutics to treat various pain conditions.

Summary and Conclusions

Based on the current literature, it can be concluded that peripherally acting 5-HT enhances
nociceptor activity as observed by (a) increased calcium influx in nociceptive sensory
neurons, (b) increased proinflammatory peptide release from sensory neurons, and (c)
enhanced behavioral hyperalgesia. There are a number of possible mechanisms through
which 5-HT evokes pain, including recent evidence of a modulatory role of 5-HT on the
nociceptors that express TRPV1 (Figure 2). While the specific mechanisms by which 5-HT
and other neuromodulators affect nociception remain to be elucidated, it is important to
continue to investigate these pathways to aid in the development of new and better
therapeutics for pain conditions.
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. Review of serotonin’s modulatory role in peripheral pain processing
. Preclinical evidence of serotonin enhancement of thermal hyperalgesia
. Serotonin may evoke hyperalgesia via the TRPV1 population of

Sensory neurons
. Hyperalgesia can be attenuated with local serotonergic blocking agents

. Future studies should examine the therapeutic potential of peripheral
serotonergics
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Figure 1. Overview of pain pathways and their cellular components
Top, Hlustration showing the major neural components of the peripheral nociceptive

pathway including peripheral nociceptors in human dental pulp (A) and skin (B), sensory
neurons located in the dorsal root ganglion or trigeminal ganglion (C) and the termination of
the central endings of nociceptors within the rat medullary dorsal horn or spinal dorsal horn
(D). A, Confocal micrograph of dental pulp immunostained for Protein Gene Product 9.5
(PGP9.5) to identify nerve fibers (blue; white arrow), S-100 to identify Schwann cells (red,;
arrowhead), and myelin basic protein (MBP; green-black arrow) to illustrated myelin. Note
that in this merged micrograph, blue + red + green immunostaining appear as white, i.e.
myelinated axons express all three markers. Nociceptors are identified as unmyelinated free
nerve endings (red) that lack association with Schwann cells. B, Confocal micrograph of
human skin. Immunostaining for TRPV1 (red) and PGP9.5 (green) identifies nociceptors in
the dermis (arrowhead) and epidermis (asterisk; arrow illustrating fine nerve endings
expressing TRPV1 and PGP9.5). Cell nuclei are stained with Topro (blue). C, /n situ
hybridization for 5-HT2A receptors (arrows) in the rat trigeminal ganglion. C,
Corresponding micrograph of same tissue immunostained for TRPV1 (red). D, Confocal
micrograph of the sensory trigeminal nuclei immunostained for neuronal nuclei (green) to
identify neurons and TRPV1 (red) that identify afferents terminating in the superficial
laminae (asterisk).
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C' V Ganglion

Figure 2.
Schematic illustrating 5-HT receptor signaling pathways expressed in sensory neurons. 5-

HT1 receptors are inhibitory G protein coupled (Gi/Go) receptors that couple to a decrease
in CAMP. A decline in cAMP may reduce nociceptive neurotransmission (dotted line
represents hypothetic relationship). 5-HT2 receptors are excitatory G protein coupled (Ga.q)
that couple to an increase in DAG and IP3, which increases intracellular calcium and PKC
signaling. Increasing PKC activity may lead to phosphorylation of TRPV1 or other ion
channels. 5-HT3 is a ligand-gated cation channel (i.e., ionotropic receptor) that directly
excites nociceptors. Also illustrated is the potential for 5-HT enhancement of the release of
other endogenous mediators to indirectly activate nociceptors, i.e. cytokines and
neurotrophins.
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